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ABSTRACT
Introduction
High levels of saturated fatty acids (SFAs), such as palmitate, are associated with
insulin resistance of muscle, fat and liver. Skeletal muscle, which accounts for up
to 80% of peripheral glucose disposal, is particularly vulnerable to increased levels
of SFAs. Rooibos (Aspalathus linearis) and its unique dihydrochalcone Cglucoside, aspalathin, shown to reduce hyperglycemia in diabetic rats, could play
a role in preventing or ameliorating the development of insulin resistance. This
study aims to establish whether rooibos and its major phenolic compounds
(aspalathin, orientin, isoorientin and rutin) can ameliorate palmitate-induced
insulin-resistance in C2C12 skeletal muscle cells, 3T3-L1 adipocytes and in C3A
liver cells. The efficacy of rooibos will also be assessed in an obese insulinresistant (OB/IR) rat model.

Methods
C2C12 myotubules, 3T3-L1 adipocytes and C3A liver cells were made insulinresistant by culturing them with 0.75 mM palmitate for 16 h under standard culture
conditions. Thereafter the muscle, fat and liver cells were cultured for 3 h in DMEM
with or without 0.75 mM palmitate and insulin (1 µM) supplemented with either an
aqueous fermented rooibos extract (FRE), organic solvent-based aspalathinenriched unfermented rooibos extract (GRE) or the compounds aspalathin,
orientin, isoorientin or rutin, respectively. The extracts were used at a
concentration of 10 µg/mL and the compounds at 10 µM. Glucose uptake,
palmitate uptake, mitochondrial activity and adenosine triphosphate (ATP)
concentrations were determined. Messenger RNA and protein expression of
effector proteins relevant to insulin-signalling, 5’ adenosine monophosphate
activated protein kinase (AMPK), lipid metabolism and palmitate-induced
inflammatory pathways, were investigated by RT-PCR and Western blot analyses.
To confirm the in vitro findings OB/IR rats were treated at various doses (32, 97
and 195 mg/kg BW) of GRE for 12 weeks. Body weights and blood glucose
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concentrations were monitored weekly and fasting insulin concentrations were
assessed after 12 weeks treatment. Gene and proteins relevant to insulin
resistance, insulin transduction and AMPK expression were performed on the
skeletal muscle and liver.

Results
High-performance liquid chromatography with diode-array detection (HPLC-DAD)
analysis showed that GRE, apart from aspalathin, had significantly higher levels of
the other major phenolic compounds than were present in FRE. After 16 h culture
with palmitate (0.75 mM) insulin resistance was confirmed in all three cell lines by
a reduction in insulin-stimulated glucose uptake. Treating the cells for 3 h with FRE
and GRE reversed the inhibitory effects of palmitate on insulin-stimulated glucose
uptake, mitochondrial activity and ATP concentrations. The phenolic compounds
tested were shown to have similar effects. Gene and protein studies were
conducted on cells treated with GRE and aspalathin, respectively, to further
elucidate the mechanism(s) of action. At a mechanistic level both GRE and
aspalathin down-regulated protein kinase C theta (PKCθ) activation in C2C12
muscle cells and nuclear factor kappa beta (NF-κB) activation in 3T3-L1
adipocytes. PKCθ and NF-κB are known to be activated by palmitate and are
involved in insulin resistance. GRE and aspalathin also increased the activation of
the key regulatory proteins threonine kinase B (AKT) and AMPK, which are
involved in insulin and non-insulin regulated signalling pathways of glucose and
lipid metabolism. Protein expression of glucose transporter 4 (GLUT4), the insulin
responsive glucose transporter, was also increased in C2C12 muscle and 3T3-L1
adipocytes, while glucose transporter 2 (GLUT2) expression was increased in C3A
liver cells. GRE and aspalathin also increased the expression of peroxisome
proliferator-activated receptor gamma (PPAR) and carnitine palmitoyltransferase
one (CPT1) that regulate lipid metabolism in 3T3-L1 adipocytes and C3A liver
cells. Malonyl CoA, the rate-limiting substrate for lipid oxidation was also reduced
in 3T3-L1 adipocytes and C3A liver cells. In the OB/IR rat model GRE lowered
elevated insulin concentrations and improved insulin sensitivity as calculated by
iv

homeostasis model assessment-estimated insulin resistance (HOMA-IR). At a
genetic level, results showed that GRE increased insulin receptor (Insr),
phosphatidylinositol 3-kinase (Pi3k), Ampk and Glut4 in muscle and Insr, insulin
receptor substrate 1 and 2 (Irs1 and 2), Pi3k and Ampk mRNA expression in liver.
The activation of AMPK was also enhanced. The findings in the OB/IR rat model
are strongly supported by the in vitro results whereby GRE enhanced insulin
signalling via PI3K. Activation of AMPK by GRE is another important pathway that
could further ameliorate palmitate-induced insulin resistance. The inhibition of
PKCθ in muscle cells and NF-κB activation in adipocytes suggest that GRE also
supressed the palmitate-induced inflammatory pathway. The similar mechanistic
effects induced by aspalathin in vitro suggest that aspalathin could contribute
significantly to the effects observed for GRE. Activation of AKT and AMPK, along
with the suppression of PKCθ and NF-κB offer a plausible mechanistic explanation
for this ameliorative effect on insulin-resistance.
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Chapter 1
Introduction to the present study
Insulin resistance is a characteristic feature for many metabolic abnormalities. It has
been proposed to be the strongest risk factor for the development of obesity and type
2 diabetes (T2D). An unhealthy lifestyle and diet high in fat content, refined
carbohydrates and sugars are associated with an increased risk for developing
metabolic diseases including obesity and T2D (Daudon et al., 2006; Weickert, 2012;
Li et al., 2013). Traditionally T2D was considered a disease of developed nations,
however, the prevalence of T2D is increasing at an alarming rate in developing
countries. In sub-Saharan Africa, the prevalence of T2D is estimated at 10.8 million
and expected to rise to 18.7 million by 2025 (Ayah et al., 2013). Reasons for the high
incidence of T2D in the developing world includes, amongst others, increased
prosperity, urbanisation and a shift towards a “Westernised lifestyle” (Wild et al., 2004).

Studies have revealed that insulin resistance is exacerbated by weight gain, inactivity
and poor diet. Diets rich in carbohydrates particularly those with a high glycemic index
(GI) contribute to weight gain which has been shown to increase postprandial glucose
and insulin levels. This impairs fat oxidation and glucose metabolism (Riccardi and
Rivellese, 2000). The excessive intake of saturated fatty acids (SFAs) has been shown
to exacerbate insulin resistance. Changes in lifestyle (dietary and physical activity) has
been reported to have positive effects on insulin sensitivity and insulin resistance
(McAuley et al., 2002; Corcoran et al., 2007; Colberg et al., 2010,). Several studies
have reported that substituting SFA with polyunsaturated fatty acids (PUFAs) including
omega 3 (-3) and omega 6 (-6) fatty acids improved insulin sensitivity. Substituting
your SFAs with monounsaturated fatty acids (MUFAs) such as oleic acid could also
help to ameliorate insulin resistance (Ghafoorunissa et al., 2005; Rasmussen et al.,
2006; De Santa Olalla et al., 2009; Kurotani et al., 2013). Research has also shown
that consumption of less refined carbohydrates with lower glycemic indices (GI) could
improve insulin resistance in patients with T2D (Willett et al., 2002; Anderson et al.,
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2009). A high dietary fibre intake has also been reported to have a beneficial effect by
reducing postprandial glucose (Jenkins et al., 2003; Weickert et al., 2008).

Polyphenols have become a popular area of research mainly due to their perceived
health benefits. Increasing the phenolic content of a diet, apart from its antioxidant
benefit, has an effect on essential signalling molecules involved in carbohydrate and
lipid metabolism (Hanhineva et al., 2010; Lobo et al., 2010; Skrobuk, 2012; Bahadoran
et al., 2013). These effects could potentially protect against metabolic disease and the
harmful effects of insulin resistance, thereby slowing or preventing downstream
metabolic deterioration and progression towards serious disease such as obesity and
the development of T2D (Hanhineva et al., 2010; Shao et al., 2012). This study aims
to demonstrate that Aspalathus linearis (rooibos) and its major phenolic compounds
could protect against insulin resistance and elucidate the mechanisms involved.

The objects of this study are to assess the efficacy of rooibos and its major phenolic
compounds, the dihydrochalcone C-glycoside, aspalathin, a novel rooibos compound,
and its flavone oxidation products orientin and isoorientin, as well as one of its flavonol
O-glycosides, rutin for the prevention and/or reversal of experimentally-induced insulin
resistance by palmitate in C2C12 muscle, 3T3-L1 adipocytes and C3A liver cells and
to elucidate the biological mechanism/s involved. Furthermore, the in vivo metabolic
and cell signalling effects of rooibos in a diet-induced obese insulin resistant (OB/IR)
Wistar rat model will be assessed.

Initially, a dose study will be performed on the C2C12 muscle, 3T3-L1 adipocytes and
C3A liver cells using log dilutions at six concentrations to determine the optimal
concentration to be used for further in vitro study. For the in vitro study, the effect of
an aqueous fermented rooibos extract (FRE), a solvent-based aspalathin-enriched
unfermented green rooibos extract (GRE) and the selected flavonoids (aspalathin,
orientin, isoorientin and rutin) will be assessed in the respective palmitate-induced
insulin resistant cells.

Insulin resistance will be induced by adding 0.75 mM palmitate to the culture media of
C2C12 skeletal muscle, 3T3-L1 adipocytes and C3A liver cells for 16 h. These insulin
resistant cells will then be treated with FRE, GRE and the flavonoids aspalathin,
2

orientin, isoorientin and rutin for 3 h. The effects of the extracts and compounds on
basal and insulin-stimulated glucose and lipid metabolism will be assessed. The effect
on mRNA and proteins relevant to insulin transduction and other relevant pathways
will be determined to elucidate the molecular mechanism(s) of action.
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Chapter 2
Literature review
2.1. Insulin
Insulin is a peptide hormone produced by pancreatic beta cells located in the islets of
Langerhans. In humans insulin has a molecular weight of 5808 Da and consists of an
A chain which has 21 amino acids and a B chain with 30 amino acids. It is a potent
anabolic hormone that is important for regulating glucose, lipid and protein metabolism
(Chang et al., 2004). Insulin maintains glucose homeostasis by stimulating the uptake,
utilisation and storage of glucose in muscle and adipose tissue, and inhibits hepatic
glucose production (Pessin and Saltiel, 2000; Chang et al., 2004; Skrobuk, 2012). In
the liver and muscle insulin stimulates the storage of glucose in the form of glycogen
(Wilcox, 2005; DeFronzo and Tripathy, 2009; Olson, 2012). Insulin is also important
for lipid metabolism where it promotes synthesis of fatty acid in the liver, and inhibits
breakdown of fat (lipolysis) in fat cells or adipocytes. A lack of insulin, or an inability of
cells to adequately respond to insulin, leads to the development of diabetes mellitus
(DM) (Lebovitz, 1999; Saltiel and Kahn, 2001).

2.2. Insulin receptor (INSR)
When insulin binds to the insulin receptor (INSR), the receptor initiates a well-defined
transduction cascade culminating in the translocation of the insulin responsive glucose
transporter isoform 4 (GLUT4) to the cell surface of insulin sensitive tissues such as
muscle and adipose tissue thereby regulating glucose uptake (Chang et al., 2004;
Suryawan et al., 2003). In addition, insulin transduction initiates and regulates its
various other cellular responses, including lipid and protein metabolism (Rhodes and
White, 2002). The INSR is a glycoprotein transmembrane, tetrameric enzyme complex
consisting of two - and two β-subunits. When insulin binds to the receptor binding
sites on the extracellular α-subunit, tyrosine kinase activity in the β-unit is increased
and phosphorylation of the cytoplasmic β-subunit is initiated. Initially, the first β-subunit
activates the second unit by transphosphorylation which increases tyrosine catalytic
4

activity and results in autophosphorylation of the intracellular tail portions as well as
the juxtamembrane regions of the receptor (Kahn and White, 1988; Li et al., 2001).
Once phosphorylated, the cytoplasmic and membrane portion of the subunit
phosphorylates the insulin receptor substrate (IRS) on its tyrosine residues thereby
initiating the activation of a series of membrane-bound and cytoplasmic effector and
adaptor molecules (Kasuga et al., 1990; Kahn and Saad, 1992).

2.2.1. Insulin receptor signal transduction

Several intracellular proteins have been identified as phosphorylation substrates for
the insulin receptor. These substrates include insulin receptor substrates 1 and 2
(IRS1, IRS2) and src homology and collagen protein (SHC). The best-studied of these
proteins are IRS1. IRS1 is mainly responsible for perpetuating the insulin signal in
muscle and adipose tissue, while IRS2 is the major substrate in the liver cells (White,
1997; Draznin, 2006; DeFronzo and Tripathy, 2009). The activation and membrane
docking of phosphatidylinositol 3 kinase (PI3K), following binding of the
phosphorylated IRS to the p85 regulatory subunit of PI3K, is a crucial and pivotal step
in downstream insulin signalling. This releases the inhibitory effect of the “regulatory”
p85 subunit on the p110 catalytic subunit of PI3K and activates PI3K. Once activated,
the membrane-bound PI3K phosphorylates phosphatidylinositol-(4,5)-biphosphate
(PI-4,5-P2) to form phosphatidylinositol-3,4,5-triphosphate (PIP3) (Gruzman et al.,
2009). Active PIP3 interacts with phosphosinsositide-dependent kinase 1 (PDK1)
which recruits and phosphorylates AKT (also known as protein kinase B) and protein
kinase C  (PKC) (Giri et al., 2004). Activation of AKT promotes cell survival through
activation of metabolic processes and protein kinase C (PKC) is involved in a wide
array of cellular processes such as cell proliferation, differentiation and apoptosis
(Anhê et al., 2006). The activation of AKT and PKC results in the translocation of
GLUT4 via exocytosis from intracellular vesicles to the plasma membrane (Wang et
al., 1999). In muscle and fat cells this causes a surge in glucose uptake as a response
to insulin binding to the receptor.
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2.3. Glucose transporters
Glucose transporters (GLUTs) are integral membrane proteins that transport glucose
and related hexoses across the lipid plasma membrane, either from the extracellular
space into the cytoplasm or from within the cell to the extracellular space (Ludewig
and Frommer, 2002; Shi, 2013). Binding of glucose to the glucose transporter
provokes a conformational change initiating transport and the release of glucose
across the membrane. Each glucose transporter isoform plays a specific role in
glucose transport determined by its tissue distribution, substrate specificity, transport
kinetics, and regulated expression in different physiological conditions (Thorens and
Mueckler). Glucose transporter isoform 1 (GLUT1) is present in all cells and is largely
responsible for regulating basal glucose and ensuring a steady influx of glucose into
cells. It also plays a role in transporting glucose across epithelial and endothelial
barrier tissues. Makni et al. (2008) reported that GLUT1 polymorphisms are associated
with T2D in the Tunisian population. Glucose transporter protein isoform 4 (GLUT4) is
expressed exclusively in fat and muscle. It is responsible for increased glucose
disposal into these tissues postprandially, thereby maintaining normoglycemia. Insulin
stimulation results in GLUT4 translocation from intracellular vesicles within a cell to
the plasma membrane and thereby increases glucose uptake. When insulin levels
decrease in the blood and insulin receptors are no longer occupied, the glucose
transporters are recycled back into the cytoplasm. Failure of GLUT4 to translocate to
the plasma membrane results in insulin resistance and T2D (Funaki et al., 2004). The
glucose transporter isoform 2 (GLUT2) is a high-Km glucose transporter expressed in
hepatocytes, pancreatic beta cells, and the basolateral membranes of intestinal and
renal epithelial cells. GLUT2, in contrast to the other transporters, facilitates
bidirectional glucose transport into and out of the cell (Thorens and Mueckler, 2010).
In enterocytes it facilitates glucose uptake from the gut. In the kidney, proximal
convoluted tubule epithelial cells transport of reabsorbed glucose back into the
circulation is facilitated via GLUT2 (Stümpel et al., 2001; DeFronzo and Davidson,
2012). In pancreatic β-cells GLUT2 is involved in sensing circulating glucose levels
and thereby regulation of insulin secretion. In the liver, insulin regulates GLUT2
glucose uptake and the release of hepatic neogenic glucose back into the circulation.
Single nucleotide polymorphisms (SNPs) in the GLUT2 gene of Finish subjects with
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impaired glucose tolerance were associated with a threefold risk for developing T2D
(Laukkanen et al., 2005). In addition to the facilitative glucose transporters, described
above, sodium dependent glucose transporters (SGLTs) contribute to glucose
absorption, reabsorption and uptake into the cell. On the apical (luminal) membrane
of the proximal convoluted tubule epithelial cell, SGLT 2 accounts for about 90% of
glucose reabsorption from the glomerular filtrate (Su, 2009, DeFronzo and Davidson,
2012; Dokken, 2012). SGLT 2 inhibitors have become an important drug target for the
treatment of T2D (Valentine, 2012). SGLT 2 is also implicated in the transport of
flavonoids across the cell membrane (Walgren et al., 2000; Kottra and Daniel, 2007).

2.4. Glucose metabolism
Glucose is a major source of energy in all living organisms. To facilitate uptake into
the cell, glucose is actively transported across the cell membrane into the cytosol.
After entering the cell, glucose is converted to ATP, glycogen or fatty acids (Da Poian
et al., 2010). The fate of glucose in the cell is tightly regulated and is dependent on a
number of factors such as the concentrations of ATP, glycogen and fat energy stores.
Glycolysis is a catabolic pathway in which glucose is broken down to pyruvate in the
cytoplasm. It involves several steps such as the phosphorylation of glucose to glucose6-phosphate (G6P) by hexokinase (Blin, 1999; Buchakjian and Kornbluth, 2010). G6P
can be converted to glycogen during glycogenesis or it can be utilized as an energy
source during glycolysis (O’Boyle and Beamish, 1977; Berg et al., 2002). The final
product of glycolysis is pyruvate. The enzyme pyruvate dehydrogenase converts
pyruvate to oxaloacetic acid and acetyl-CoA. Acetyl-CoA and oxaloacetic acid enters
the TCA cycle where it is fully oxidised to CO2 yielding 12 molecules of ATP and water
(Fig. 2.1).
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Figure 2.1 A schematic diagram of glycolysis and the tricarboxylic acid cycle. During glycolysis,
glucose is broken down in the cytoplasm to pyruvate which enters the mitochondrion and is converted
to acetyl-CoA. Acetyl-CoA is either converted to ATP via the tricarboxylic acid cycle (TCA) or is
transported back to the cytoplasm as citrate for lipid synthesis
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2.5. Fatty acids
Fatty acids are elongated hydrocarbon chains with a terminal carboxylate group. Apart
from being a source of fuel, fatty acids have various other functions. Fatty acids serve
as building blocks for phospholipids, glycolipids and act as hormones or intracellular
messengers (Dutta-Roy, 2000; Berg et al., 2002; Kalish et al., 2012). They can be
categorised into four major classes. Saturated fatty acids (SFAs) which lack double
bonds in the hydrocarbon chain and therefore are saturated with hydrogen atoms
(Marcel and Suzue, 1972). SFAs, especially long-chain fatty acids are generally
regarded as unhealthy (Belfort et al., 2005). Unsaturated fatty acids (UFAs) have at
least one double bond on the hydrocarbon chain and are regarded to be healthier than
saturated fats (Risérus, 2008; Gao et al., 2009; Montel-Hagen et al., 2009). Palmitate
(C16:0), a saturated fatty acid commonly found in plants and animals, is associated
with the development of insulin resistance, while unsaturated fatty acids such as oleic
(C18:1) acids have been demonstrated to have insulin sensitising effects, thus
considered to be more healthy (Mozaffarian et al., 2004; Risérus, 2008). Essential fatty
acids or PUFAs such as omega 3 (18:3) and omega 6 fatty acids (18:2) with more than
one double bond are an integral component of cell membranes. Diets rich in essential
fatty acids increase the cell membrane PUFA content, fluidity and enhances insulin
receptor activity (Haag and Dippenaar, 2005; Risérus, 2008; De Santa Olalla et al.,
2009; Siriwardhana et al., 2012).

2.5.1. Fatty acid transport

Lipids are hydrophobic in nature, therefore could passively diffuse across the lipophilic
cell membrane, evidence suggests that the majority of free fatty acid uptake into the
cell occurs through active transport facilitated by membrane associated proteins.
These

proteins

include

the

peripheral

membrane

protein

(PABPpm),

the

transmembrane protein, fatty acid translocase or CD 36 and the fatty acid transport
proteins 1-6 (FATP 1-6) (Dutta-Roy, 2000; Glatz et al., 2010). Studies have shown
that FABPpm and CD 36 co-transport free fatty acid, especially very long-chain fatty
acids. In skeletal muscle CD 36 plays a major role in transporting palmitate into the
cell (Pelsers et al., 2008; Sebastián et al., 2009). In skeletal muscle and adipocytes,
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translocation of GLUT4 and CD 36 coordinate insulin-stimulated postprandial glucose
and lipid uptake (Corcoran et al., 2007; Sebastián et al., 2009). The FATPs are tissue
specific with FATP 1, 4 and 6 expressed in skeletal muscle, while FATP 1 is mainly
expressed in adipose tissue, and FATP 2, 3, 4 and 5 are expressed in the liver. (Frayn
et al., 2006; Wu et al., 2006; Karpe et al., 2011; Li et al., 2013). In 3T3-L1 adipocytes
FATP 1 was found to affect basal lipid uptake. In rat skeletal muscle both FATP 1 and
FATP 4 were involved in lipid uptake, however it appears that FATP 4 is the more
effective transporter. It further appears that the FATPs are fatty acid specific with FATP
1, 4 and 6 being involved in palmitate transport (Glatz et al., 2010). Although the
precise role of caveolins in FA transport is still controversial it appears that at least for
HepG2 and 3T3-L1 adipocytes, caveolin 1 and CD 36 coordinate and facilitate
endocytotic fatty acid uptake (Pohl et al., 2002; Pohl et al., 2004). In muscle, caveolin
3 is co-localised with CD 36 indicating some collaboration during fatty acid uptake
(Keizer et al., 2004). Esterification of fatty acids by acetyl-CoA synthetase provides a
concentration gradient to drive fatty acid transport across the plasma membrane.
Dissociation of the fatty acids from the lipophilic plasma membrane to the hydrophilic
cytosol is facilitated by binding of the transported fatty acids to FABPC (Glatz et al.,
2010).
2.5.2. Fatty acid metabolism and β-oxidation

For lipid oxidation, long-chain fatty acyl CoA has to be transported across the
mitochondrial membranes by the carnitine shuttle system (Koonen et al., 2005;
García-Martínez et al., 2005). This shuttle system consists of malonyl-CoA sensitive
carnitine palmitoyltransferase 1 (CPT I) that resides on the mitochondrial outer
membrane and transesterifies long-chain acyl CoA to long-chain acylcarnitine. Longchain acylcarnitine is translocated to the inner mitochondrial membrane by carnitine:
acylcarnitine translocase were carnitine palmitoyltransferase II (CPT II) located on the
inner membrane converts the long-chain acylcarnitine back to long chain acyl-CoA. In
the mitochondrial matrix long-chain acyl CoA is converted to acetyl-CoA by βoxidation. The acetyl-CoA produced enters the TCA cycle. The final product produced
by β oxidation in the TCA cycle is NADH and FADH2 which is used by the electron
transport chain to produce ATP (Berg, 2002) (Fig. 2.2). Malonyl-CoA concentrations
inhibit CPT-1 activity thereby regulating fatty acid oxidation depending on cellular
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energy demand (Kerner and Hoppel, 2000; Koonen et al., 2005; Frayn et al., 2006;
Glatz et al., 2010) (Fig. 2.2). In addition to CPT-1, fatty acid transporters such as CD
36 and FABPpm, but mainly CD 36, also present in the mitochondrial membrane.
Mitochondrial CD 36 is involved with regulation of fatty acid oxidation in skeletal
muscle during periods of increased energy demand such as exercise (Holloway et al.,
2007).

Free fatty acid
Extracellular compartments
Plasma membrane

FATP

Cytoplasm

FAT/CD36

Fatty acid
FACS
Acyl carnitine

Fatty Acyl CoA
CPT1

CAT
CPT2
Fatty Acyl CoA

Acyl carnitine

Acetyl CoA

 oxidation

TCA cycle
NADH/FADH2

ATP production

Electron transport chain

Mitochondria

Figure 2.2. An illustration on fatty acid oxidation. Fatty acids are transported by fatty acid
transporters from outside the cell into the cell. Once inside the cell fatty acids are converted to fatty acyl
CoA by fatty acyl-CoA synthase (FACS) and carnitine palmitoyltransferase 1 (CPT1) convert the fatty
acyl CoA to Acyl carnitine where is it transported by carnitine translocase into the mitochondria once
inside the mitochondria palmitoyltransferase 2 (CPT2) converts the Acyl carnitine back to fatty acyl CoA
where it enters the TCA cycle as acetyl CoA for β-oxidation. Illustration adapted from Fillmore et al.,
(2011).
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2.6. Insulin stimulated glucose uptake and metabolism
Skeletal muscle accounts for approximately 70-80% of peripheral glucose disposal
and therefore plays a major part in maintaining normoglycemia. Skeletal muscle uses
both glucose and free fatty acids (FFAs) as fuel sources for energy (Corcoran et al.,
2007). In the fasting state, circulating plasma glucose concentrations decrease while
the plasma fatty acids become more readily available, in this situation the muscle
switches to using fatty acids as its primary source of fuel (Abdul-Ghani and DeFronzo,
2010). Postprandially, plasma glucose levels increase, stimulating the release of
insulin from the pancreatic β-cells ( Kim et al., 2008). When insulin binds to the insulin
receptor, present on the cell membranes of most cells including skeletal muscle, liver,
fat and kidney cells, the insulin receptor is phosphorylated. This activates a complex
signalling cascade of protein kinases and transcriptional proteins, culminating in the
translocation of GLUT4 from the intracellular compartment into the cell membrane in
muscle and fat cells. In addition insulin stimulates the biosynthesis of glucose
transporters including GLUT1, GLUT2 and GLUT4 thereby increases glucose uptake
capacity in various cells (Abdul-Ghani and DeFronzo, 2010). Once glucose enters the
cell it is phosphorylated by hexokinase, converting glucose to G6P which is either
catalyzed by glycolysis and oxidation to pyruvate and ATP when energy is required or
stored as glycogen and lipid when glucose levels are increased (Dimitriadis et al.,
2011; Von Wilamowitz-Moellendorff et al., 2013).

2.7. Alternative pathways involved in glucose uptake and
metabolism
2.7.1. AMP-activated protein kinase (AMPK)

Alternative non-insulin-dependent pathways linked to glucose uptake and metabolism
are regulated by adenosine monophosphate-activated protein kinase (AMPK). AMPK,
a heterotrimeric serine/threonine protein kinase protein is responsible for maintaining
cellular energy levels and controls glucose and lipid metabolism in various organs,
especially in skeletal muscle and liver (Gruzman et al., 2009). Cellular energy
consuming events such as periods of starvation, exercise and hypoxia decrease
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cellular ATP content, with concomitant increases in AMP and ADP levels. AMP and/or
ADP allosterically bind to the γ-subunit of AMPK causing conformation changes and
phosphorylation of the Thr 172 residues of -subunit by the liver kinase B1 (LKB1)
(Towler and Hardie, 2007; Gruzman et al., 2009). AMPK activation is regulated by
antagonistic binding of ATP to the γ-subunit sites (Hardie, 2011). AMPK can also be
activated independently of AMP and ADP by rising cytosolic Ca2+ levels via
calmodulin-dependent protein kinase kinase (CaMKK) (Hawley et al., 2010). As Ca2+
influx into the cytosol initiates various energy consuming processes, it is proposed that
the activation of AMPK by this mechanism is in anticipation of increased energy
expenditure (Hardie, 2011). In skeletal muscle activation of AMPK via CaMKK
increases mitochondrial activity and increases GLUT4 synthesis via myocyte
enhancer factor (MEF) mediated transcription. During exercise, AMPK increases
glucose transport in skeletal muscle by enhancing GLUT4 expression and
translocation (Ojuka et al., 2012). This is also taught to be the mechanism whereby
GLUT4 expression is increased during myocytic differentiation of C2C12 myoblasts
(Richardson et al., 1993) and during differentiation of 3T3-L1 adipocytes (Kaestner et
al., 1990). In muscle, as with other cell types, AMPK activation rapidly acts by
promoting catabolic pathways yielding ATP such as glycolysis and lipid oxidation (Musi
and Goodyear, 2006). It also appears that in skeletal muscle fatty acids such as
palmitate could directly active AMPK by enhancing LKB1 activity. For palmitate,
activation of AMPK appears to be concentration and time dependent (Watt et al., 2006;
Pimenta et al., 2008). In muscle this mechanism makes sense as the downstream
effects include inhibition of lipid synthesis and therefore limits the accumulation
excessive amounts of intracellular lipids and of potentially harmful fatty acid
intermediate metabolites such as ceramide and diacylglycerol (DAG). To facilitate long
chain fatty acid oxidation, AMPK activation inhibits acetyl-CoA carboxylase (ACC) and
stimulates malonyl-CoA decarboxylase, which together decreases malonyl-CoA
concentrations. Concomitantly, fatty acid transport into the mitochondria is increased
by releasing the rate limiting effects of malonyl-CoA on CPT1 and thereby enhancing
fatty acid oxidation (Watt et al., 2006).
In adipocytes and hepatocytes, AMPK activation suppresses glycerophosphate
acyltransferase (GPAT) activity, which controls triglyceride and phospholipid synthesis
(Daval et al., 2005). In adipocytes, AMPK controls lipolysis by suppressing hormone13

sensitive lipase (HSL) and adipose triglyceride lipase (ATGL) (Daval et al., 2005). In
differentiated 3T3-L1 adipocytes (Salt et al., 2000) and in primary isolated rat
adipocytes (Wu et al., 2003), as with muscle, AMPK activation enhanced glucose
uptake by increasing GLUT4 translocation. However, Gaidhu et al. (2006) using
isolated rat adipocytes, found that activation of AMPK with 5-aminoimidazole-4carboxamide-1-β-D-ribofuranoside (AICAR) inhibited both basal and insulin stimulated
glucose uptake, lipid uptake, lipid synthesis, glucose and lipid oxidation. The authors
proposed that in adipocytes, AMPK has contrasting effects to that of muscle and the
liver (Gaidhu et al., 2006). However in 2009, the same author demonstrated that
chronic activation of AMPK with AICAR (15 h) supressed adipocytic lipogenesis,
increased lipid oxidation and suppressed lipolysis through modulation of HSL and
ATGL. This demonstrated that in adipocytes, AMPK-induced effects on lipid and
glucose metabolism was time dependent, probably due to AMPK-induced genetic
alterations in the expression of key adipogenic and lipolytic genes such as PPAR and
PPAR which occurs during prolonged activation of AMPK (Gaidhu et al., 2009).
Pharmacological

targeting

of

AMPK

by

drugs

such

as

biguanides

and

thiazolidinediones effectively reduces high blood glucose levels in T2D. Suppression
of hepatic glucose release into the circulation is taught to be the major mechanism
responsible for the hypoglycemic effects of these drugs. As with muscle and adipose
tissue, activation of AMPK suppresses fatty acid, cholesterol and glycerolipid
synthesis mainly via its inhibitory effects on ACC and 3-hydroxy-3-methylglutarylcoenzyme (HMG-CoA) reductase and glycerolphosphate acyltransferase (GPAT),
while increasing CPT1 activity enhances lipid oxidation (Viollet et al., 2010). However
the major effect of AMPK activation in the liver is related to its suppressive effects on
transcription of genes that control endogenous hepatic glucose production. AMPK
activation

inhibits

gluconeogenesis

and

glycogenolysis

by

suppressing

phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phophatase (G6Pase)
activity. The inability of insulin to substantially inhibit hepatic glucose production by
inactivating PEPCK and G6Pase contributes greatly to diabetic hyperglycemia. During
periods of fast, and in T2D, PEPCK increases gluconeogenenic substrate by
converting oxalacetic acid to phosphoenolpyruvate while G6Pase initiates the final
step of gluconeogenesis and glycogenolysis by converting G6P back to glucose, which
is transported back into the circulation via GLUT2. The gluconeogenic activity of
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PEPCK and G6Pase is further regulated by Forkhead box protein O1 (FOXO1), which
is phosphorylated by AKT, thereby linking insulin signalling with AMPK activation
(Huang et al., 2012).

2.8. Insulin resistance
Insulin resistance, which is more prevalent than T2D, is a major pathophysiological
risk factor for developing T2D (D’Adamo and Caprio, 2011). Insulin resistance is
defined as the impairment of insulin to achieve its physiological effects (Kraegen et
al., 1991; Weigert et al., 2003; Bouzakri et al., 2006; Prashanth et al., 2009). This
affects the action of insulin in major target tissues such as muscle, fat and liver, leading
to an increase in circulating fatty acids and hyperglycemia (Storlien et al., 1987).
Insulin resistance, sometimes referred to as pre-diabetes, ultimately leads to T2D
(Goalstone and Draznin, 1997; Prashanth et al., 2009). To maintain euglycaemia and
compensate for insulin resistance, the pancreatic β-cells produce more insulin, but this
is at the expense of the negative physiological effects of chronic hyperinsulinemia. In
the liver hyperinsulinemia is associated with hepatic steatosis (Reaven, 2005). The
prolonged demand on β-cells to produce excessive amounts of insulin results in a
progressive apoptotic loss of β-cells, and failure to compensate for the demand leads
to the development of impaired glucose tolerance and eventually T2D (Kahn et al.,
1993; Youngren, 2007; Corpeleijn et al., 2009). Therefore approaches to treat T2D
must target insulin resistance as enhancement in insulin action allows endogenous
insulin to be more effective, protects β-cells and reduces several associated metabolic
risk factors.

2.8.1 Mitochondrial dysfunction and insulin resistance

Mitochondria are small oblong organelles found in most eukaryotic cells.
Ultrastructurally they consist of an outer and inner membrane enclosing the inner
compartment or matrix. Their main function is to produce energy in the form of ATP.
The catalytic enzymes and their coenzymes responsible for electron transport and
oxidative phosphorylation are bound to the inner mitochondrial membrane. The matrix
contains the enzymes of the tricarboxylic acid cycle (TCA cycle) and fatty acid
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oxidation as well as the mitochondrial DNA, RNA, and ribosomes for making
mitochondrial proteins (Szewczyk and Wojtczak, 2002). In mitochondria energy in the
form of ATP, the final product of glycolysis and β oxidation is produced by the
respiratory chain where NADH and FADH2 are oxidised leading to the phosphorylation
of ADP to ATP (Lodish et al., 2000; Schrauwen and Hesselink, 2002). Recent studies
have reported that insulin resistance is associated with reduced mitochondrial ATP
synthesis (Kim et al., 2008; Abdul-Ghani and DeFronzo, 2010). A study conducted by
Lim et al. (2006) showed that oligomycin reduced mitochondrial ATP synthase activity
in myotubules, resulting in increased intracellular fat content and impaired insulin
signalling, thereby linking mitochondrial dysfunction to insulin resistance and T2D
(Befroy et al., 2007; Sivitz and Yorek, 2010, Martins et al., 2012).

2.8.2. Obesity and insulin resistance

Globally, the incidence of obesity is increasing rapidly with more than 1 billion adults
overweight and at least 300 million of them clinically obese (Bhutani and Gohil, 2010).
Obesity is closely linked to insulin resistance, however, the molecular mechanisms
underlying the link between obesity and insulin resistance are not fully understood and
thought to be multifactorial (Li et al., 2013). Obesity represents a state of chronic
inflammation, with increased levels of inflammatory cytokines, including IL-6 and TNF, which are produced by macrophages in the adipose tissue, resulting in pathological
changes to insulin-sensitive tissues and β-cells (Qatanani and Lazar, 2007). In obese
individuals the limited capacity of adipose tissue to properly store fat is over-run with
resultant hyperlipidemia which leads to increased ectopic lipid storage in organs such
as the liver and skeletal muscle (Heilbronn et al., 2004; Snel et al., 2012). Chronic
hyperlipidemia eventually exceeds the ability of the liver to secrete fatty acids in the
form of very-low-density lipoprotein (Fabbrini et al., 2010), causing non-alcoholic fatty
liver disease. This surplus lipid storage in the liver causes lipid-induced dysfunction
(Fabbrini et al., 2010) and lipid-induced programmed cell death (lipoapoptosis)
(Shimabukuro et al., 1998). In obese individuals intracellular levels of intermediate lipid
metabolites such as DAG and ceramide inhibit insulin signalling in skeletal muscle and
have cytotoxic effects on liver and β-cells thereby impairing function, survival and
regeneration (Nguyen et al., 2010). Adipose tissue, apart from being a fatty storage
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depot, functions as an endocrine organ to secrete a variety of hormones or adipokines
such as adiponectin and leptin (Nguyen et al., 2010). Adiponectin, by activating AMPK
and PPAR plays a major role in regulating ACC phosphorylation, fatty acid oxidation
and reduces hepatic glucose production (Yoon et al., 2006). In obese individuals, the
increasing

insulin

resistance

is

associated

with

decreasing

adiponectin

concentrations. In contrast to adiponectin, leptin secretion is proportional to fat mass
and obesity is linked to hyperleptinemia. Leptin regulates appetite and satiety via its
hypothalamic actions and controls adipogenesis and lipolysis by activation of PPAR
(Yadav et al., 2013). Leptin or leptin-receptor deficiency cause spontaneous obesity
in animals. Paradoxically obese individuals normally present with hyperleptinemia
resulting from leptin resistance. In muscle leptin resistance is mediated by
overexpression of suppressor of cytokine signalling 3 (SOCS3), which causes ectopic
accumulation of lipids and insulin resistance (Jorgensen et al., 2013). Furthermore,
hyperleptinemia perpetuates obesity-related inflammation by enhancing macrophage
activation (Loffreda et al., 1998).

2.9. Effect of lipids on insulin resistance
Lipid accumulation has been strongly associated with development of insulin
resistance (Martins et al., 2012). As mentioned previously, SFAs such as palmitate
have been reported to cause insulin resistance in muscle fat and liver. In adipocytes
inadequate lipid storage causes increased circulating FAs and this has been
associated with insulin resistance (Karpe et al, 2011). Increased circulating FAs and
chronic hyperglycemia, caused by insulin resistance, increases ectopic lipid
accumulation in the liver and skeletal muscle which results in reduced glucose uptake,
increased hepatic glucose release, fatty acid oxidation and lipotoxicity (Fig. 2.3).
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Figure 2.3. Illustration of lipid-induced insulin resistance in adipocytes, liver and muscle.
Illustration obtained from Galgani et al., 2008. Insulin resistance is related to the ineffective actions of

insulin on its target organs. Under the control of insulin, circulating fatty acids (FA) are removed from
the circulation and stored in adipose tissue. However, if insulin action is impaired, adipose tissues fail
to remove FA effectively from the circulation and FA accumulates in other tissues such as the skeletal
muscle and liver. In the muscle and liver the metabolites of saturated FA further exacerbates insulin
resistance.

2.10. Signal transduction defects in insulin resistance in muscle fat
and liver
The chronic exposure of cells to increased levels of FAs, particularly SFAs such as
palmitate, results in the accumulation of intracellular intermediate lipid metabolites
including ceramide and DAG (Boden et al., 1994; Criddle et al., 2006; Glatz et al.,
2010). These lipid metabolites lead to increased serine (307) phosphorylation of the
IRS1 facilitated by protein kinase C theta (PKCθ) activation, while in the muscle these
metabolites activate the inflammation pathway nuclear factor kappa-light-chainenhancer of activated B (NF-κB). In the liver these metabolites activate protein kinase
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C epsilon (PKCϵ). Taken together in muscle and fat, serine (307) phosphorylation of
IRS1 attenuates downstream insulin transduction and ultimately glucose transporter
type 4 (GLUT4) translocation to the cell membrane, resulting in deficient insulinstimulated glucose uptake (Bhattacharya et al., 2007; Yuzefovych et al., 2010). In a
recent review by Ragheb and Medhat (2011), it was suggested that muscle insulin
resistance was associated with a defective lipid metabolism and high levels of
circulating SFAs. The mechanism(s) whereby high levels of SFAs, particularly
palmitate, contribute to insulin resistance are still contradictory. Accumulation of the
intermediate lipid metabolites, DAG and ceramide, has been reported in palmitatetreated cells (Yuzefovych et al., 2010). Furthermore, Jové et al. (2006) demonstrated
that palmitate causes an increase in the gene expression of TNF- in skeletal muscle,
and this was strongly associated with activation of PKCθ. Dimopoulos et al. (2006)
showed that palmitate impaired insulin sensitivity and glucose uptake by reducing
activation of AKT in L6 muscle cells. In the adipocytes Wang et al. (2009) reported
that palmitate induced insulin resistance through the activation of NF-kB and c-jun Nterminal kinase activation (JNK) pathway and this was reversed by curcumin.

2.11 Interaction between carbohydrate and lipid metabolism
In addition to substrate competition, as hypothesized by Randle et al. (1964), other
processes and factors are known to regulate lipid metabolism. Recent evidence
suggests that once inside the cell, fatty acids bind and activates peroxisome
proliferators-activated receptors (PPARs), which are members of the steroid hormone
receptor superfamily. Their natural activating ligands are fatty acids and lipid-derived
substrates (Yoon, 2009).

There are three subtypes of peroxisome proliferators-activated receptors, PPAR,
PPAR and PPAR. They play a key role in the regulation of energy homeostasis and
inflammation (Berger et al., 2005; Rakhshandehroo et al., 2010). PPAR is expressed
predominantly in tissues that have a high level of fatty acid catabolism and lipoprotein
metabolism, such as liver, heart, and skeletal muscle (Ferré, 2004; Berger et al.,
2005). Fibrates, a class of PPAR ligand, have been used for the treatment of
dyslipidemia due to their ability to lower plasma triglyceride levels and elevate HDL
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cholesterol levels (Staels and Fruchart, 2005; Oyekan, 2009). Furthermore PPAR
activators have been shown to regulate obesity in rodents by both increasing hepatic
fatty acid oxidation and decreasing the levels of circulating triglycerides (Jeong and
Yoon, 2009). PPAR is a dominant isoform found in fat cells. Several in vitro studies
have demonstrated that this receptor is important for adipocyte differentiation, and that
it promotes lipid accumulation in adipocytes (Rosen et al., 2000; Berger et al., 2005;
Sanderson et al., 2014). As mentioned previously PPAR activation alters the
expression of genes involved in lipid metabolism and enhance adipocyte insulin
signalling, lipid uptake and attenuates lipolysis and FFA release (Fabris et al., 2001).

2.12. Diabetes mellitus
Diabetes mellitus (DM) is a common metabolic disease, characterised by elevated
blood glucose levels, either because in type 1 diabetes mellitus (T1D) insulin
production is inadequate, or in type 2 diabetes mellitus cells do not respond properly
to insulin. The onset of T1D normally occurs in adolescence and is due to the inability
of the pancreas to secrete insulin (Skyler, 2007; Van Belle et al., 2011). T2D has an
adult-onset and is the most common type of diabetes accounting for approximately
90% of diabetes (Lieberman, 2003; Nolan et al., 2006). T2D is characterised by high
blood glucose levels and reduced insulin sensitivity (Prashanth et al., 2009). Currently,
T2D is a major cause of morbity and mortality worldwide. Approximately 347 million
individuals worldwide are affected with T2D (Danaei et al., 2011). Predictions are that
this figure is expected to rise to 366 million individuals by 2030 (Wild et al., 2004;
Kumar and Singh, 2010). In addition to hyperglycemia, T2D is characterized by
dyslipidemia due to defective or inaffective insulin signalling,a major risk factor for
cardiovascular disease (CV) (Prashanth et al., 2009; Fernandes et al., 2010). Insulin
resistance, obesity, hyperglycemia, hyperlipidemia and mitochondrial dysfunction are
causal risk factors associated with T2D (Qatanani and Lazar 2007).
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Chapter 3
Rooibos composition and bioactivity
3.1. Overview of Aspalathus linearis (rooibos) and its metabolic
effects
3.1.1. Aspalathus linearis

Aspalathus linearis known as rooibos is a shrub-like bush that is endemic to South
Africa and grows naturally in the Cederberg area, 250 km north of Cape Town where
it is extensively cultivated for its commercial use as herbal tea (Fig. 3.1) (Joubert and
De Beer, 2011).

Clanwilliam

Cape Town

Figure 3.1. Distribution of rooibos. A geographical map illustrating the production and distribution
areas of Aspalathus linearis in the Western Cape Province of South Africa.
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Rooibos is an upright growing shrub, which can grow up to 2 m in nature. The branches
are often reddish in colour, with green needle-like leaves. In spring and summer, the
plant yields yellow flowers in dense groups at the tips of the branches (Fig. 3.2 A and
B). After harvesting the leaves and stems are bruised and then left to “ferment” prior
to drying (fermented) or dried immediately to avoid oxidation (unfermented). During
the fermentation process the colour changes from green to red-brown due to oxidation
(Fig. 3.2 C). The unfermented product remains green in colour and is referred to as
green or unfermented rooibos (Fig. 3.2 D) (Joubert and De Beer, 2011).

Figure 3.2. Rooibos plants (A) and its flowers (B), fermented rooibos (C) and unfermented or
green rooibos (D). Photographs were obtained from Prof. E Joubert (A), Dr. C Muller (B and C) and
(D) downloaded from http://www.carmientea.co.za/tea-variants/rooibos/.
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3.2. Chemical composition and bioactivity of rooibos
The consumption of rooibos is increasing worldwide (Joubert and De Beer, 2011). The
reason for its popularity, apart from its taste and aroma, can be attributed to its
perceived health benefits. Pure rooibos tea contains no additives, colourants or
preservatives and is caffeine-free. Rooibos is low in tannins compared to green or
black teas (Erickson, 2003). There is strong anecdotal evidence that rooibos alleviates
many conditions such as colic, allergies, asthma, increases appetite and helps with
dermatological problems such as eczema (Joubert and Schulz, 2006; Joubert et al.,
2008). Green rooibos is particularly rich in antioxidants. Many of the health benefits of
rooibos have been attributed to the antioxidant activity of its polyphenolic constituents.
However, recently, there is growing scientific evidence that rooibos could directly affect
glucose and lipid metabolism. Its effects include modulation or stimulation of biological
signal transduction pathways, particularly those affected by metabolic disease.
Rooibos has been demonstrated to have anti-diabetic effects, cardiovascular
protection and anti-obesity properties. Muller et al. (2012) showed that unfermented
rooibos reduced blood glucose in vivo. A study conducted in humans by Marnewick et
al. (2011) showed that six cups of rooibos per day reduced several relevant
biomarkers associated with cardiovascular disease. Pantsi et al. (2011) showed that
rooibos protected rat hearts from ischemia, whereas Dludla et al. (2013) demonstrated
that a fermented rooibos extract (same extract used in this study referred to as FRE)
protected isolated diabetic rat cardiomyocytes from exogenous oxidants and ischemic
stress. In terms of anti-obesity properties, Beltrán-Debón et al. (2011) reported that
rooibos reduced serum cholesterol, triglyceride and fatty acid levels in mice with dietinduced hyperlipidemia. Sanderson et al. (2014) demonstrated that a fermented
rooibos infusion inhibited adipogenesis in 3T3-L1 adipocytes, suggesting its potential
in inhibiting obesity. Rooibos has the ability to protect vulnerable tissues, such as the
liver against exogenous toxin-induced injury. Rooibos was shown to protect rat livers
against the effects of the known liver toxins, carbon tetrachloride and tert-butylhydroperoxide. The hepatoprotective effects were related to the in vivo antioxidant
capacity of rooibos that prevented lipid peroxidation-induced cell damage (Uličná et
al., 2003, 2008; Ajuwon et al., 2013). In STZ-induced diabetic rats, rooibos reduced
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advanced glycation end-products and malondialdehyde levels, both associated with
diabetic complications including β-cell dysfunction and apoptosis (Uličná et al., 2006).

The phenolic content of rooibos tea differs greatly according to agro-processing
methods (fermented and unfermented rooibos), as well as seasonal variation and time
of harvest (Joubert and De Beer, 2011). This phenomenon is not unique to rooibos but
is a complication common to all phytochemical research. In addition, complex mixtures
such as extracts contain a whole plethora of chemical constituents with different
physical and biochemical characteristics. Although when present in a mixture, effects
such as synergism and antagonism may play a role, it is important to establish the
bioactivity of the chemical constituents to gain understand the possible affect when
present in these extracts. The most abundant flavonoid of rooibos, aspalathin a C-C
linked dihydrochalcone glucoside (Fig. 3.3 A), is unique to this herbal tea (Joubert et
al., 2008). Many of the health benefits of rooibos has been attributed to aspalathin
(Kreuz et al., 2008; Kawano et al., 2009; Fernandes et al., 2010; Son et al., 2013).
Another dihydrochalcone, present in rooibos, is nothofagin, a 3-deoxy analog of
aspalathin. Rooibos also contains several C-C linked β-D- glucopyranosyl flavones
such as orientin, isoorientin (Fig. 3.3 B and C), vitexin and isovitexin (Rabe et al.,
1994). These are some of the major constituents of rooibos (Joubert et al., 2012,
2013). Orientin has been shown to protect human lymphocytes against the effect of
radiation. This radioprotection was associated with its antioxidant activity (Vrinda and
Devi, 2001). In addition, orientin was shown to suppress adipogenesis and lipid
accumulation in 3T3-L1 cells by inhibiting C/EBP and PPAR protein expression,
suggesting that orientin could have anti-obesity properties (Kim et al., 2010). In a study
conducted by Alonso-Castro et al. (2012), isoorientin showed to exert anti-diabetic
effects by ameliorating TNF- induced insulin resistance and activating genes
involved in the insulin signalling pathway in adipocytes. In another study isoorieintin
protected HepG2 cells against oxidative stress injury by increasing endogenous
antioxidant enzyme activity of NAD(P)H:quinone acceptor oxidoreductase 1 (NQO1).
The protective effect was mediated by PI3K/AKT transduction and involved Nrf 2
transcription (Lim et al., 2007). A study conducted by Sezik et al. (2005) showed that
isoorientin had antihyperlipidemic and antihypoglycemic effects in STZ-induced
diabetic rats. Isoorientin has also been shown to have significant PPAR ligand activity
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and therefore shows potential as a novel antidiabetic drug candidate (Fidan et al.,
2009). Also present in significant amounts are flavonols such as rutin (Fig. 3.3 D),
quercetin-3-O-robinobioside, hyperoside and isoquercitrin (Joubert et al., 2012). Rutin
has been shown to be effective in attenuating the high-fat diet induced symptoms of
metabolic syndrome by reducing oxidative stress and inflammation within the liver and
heart of rats (Panchal et al., 2011). Al-Rejaie et al. (2013) reported that rutin protected
rats from hepatotoxicity induced by a high cholesterol diet, concluding that this
hepatoprotective effect might be mediated by mechanisms that ameliorate oxidative
stress genes. A recent study conducted by Renuka et al. (2013) showed that rutin
improved glucose and fatty acid metabolism by reducing body weight, plasma
triglycerides and total cholesterol in high fructose fed rats. For this study we assessed
the bioactivity of rooibos and its major phenolic compound constituents (aspalathin,
orientin, isoorientin and rutin). Specific emphasis was placed on the activity of
aspalathin, as it is unique to rooibos, on glucose and lipid metabolism.

Aspalathin

Orientin

Isoorientin

Rutin

Figure 3.3. Structure of aspalathin (A) orientin (B), isoorientin (C) and rutin (D).
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Chapter 4
Experimental models of insulin resistance
4.1. In vitro models
In vitro models are widely used as an initial method for screening products such as
extracts and plant-derived compounds for their effects on cell physiology and
metabolism (Fidock et al., 2004). The advantage of using in vitro models is that they
offer a controlled environment such as temperature, pH and nutrient concentrations to
test a specific cellular and molecular hypothesis. Using in vitro models to test for
efficacy prior to in vivo studies is ethically more appropriate, saves time and allows for
complex down-stream molecular testing. Furthermore in vitro models allow
researchers to study chemical metabolism, evaluating mechanism of toxicity, measure
enzyme kinetics and examine dose response studies (Soldatow et al., 2013). In this
study we used immortalized cell lines derived from skeletal muscle (C2C12),
adipocytes transformed from fibroblasts (3T3-L1) and liver (C3A) cells. These cell lines
were selected as they represent the major tissues involved in glucose hemostasis.

4.1.1 C2C12 muscle cells

C2C12 cells are murine myoblast cells derived from satellite cells, which have
characteristics of skeletal muscle cells. In culture, C2C12 myoblasts differentiate into
myocytes that spontaneously form myotubules (Burattin et al., 2004). During muscle
differentiation a group of transcriptional factors known as myogenic regulatory factors
(MRFs) play a crucial role. MRFs, Myf5 and MyoD are essential for the development,
proliferation and survival of skeletal muscle, while myogenin controls the differentiation
process (Montesano et al., 2013). Expression of MyoD is linked to the conversion of
myocytes to myotubules, contractile function and expression of increased levels of
muscle proteins including GLUT4, the insulin responsive glucose transporter (Andrés
and Walsh, 1996). C2C12 muscle cells provide a good in vitro model and have been
used to study cell proliferation and differentiation, glucose metabolism and insulin
signalling (Li et al., 2013). Several studies have been done on glucose metabolism
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using C2C12 myotubes. Elkalaf et al. (2013) showed that low glucose concentrations
enhances oxidative mitochondrial metabolism in C2C12 myoblasts and myotubes.
Capell et al. (2010) reported that fatty acids increase glucose uptake and metabolism
in C2C12 myoblasts stably transfected with human lipoprotein lipase.

4.1.2. 3T3-L1 pre-adipocytes

The 3T3-L1 pre-adipocyte was originally derived from murine Swiss 3T3 cells. They
are embryonic fibroblasts that are chemically transformed in culture into lipidaccumulating adipocytes (Reed et al., 1977; Zebisch et al., 2012). The most commonly
used agents for differentiation are insulin, dexamethasone and isobutylmethylxanthine
(IBMX) that initiates transcriptional activation of genes involved in adipogenesis.
Adipocyte differentiation is a highly regulated process that involves sequential
activation of several transcription factors, such as CCAAT-enhancer-binding proteins
beta and alpha (C/EBPβ and C/EBP) and PPAR. Once differentiated, 3T3-L1
adipocytes display similar characteristic to adipocytes in vivo, and are therefore a good
model to study adipocytes metabolism (Sakoda et al., 2000; Giri et al., 2006; Ejaz et
al., 2009; Dudhia et al., 2013; Ikeda et al., 2013; Sanderson et al., 2014).

4.1.3. C3A liver cells

C3A, also known as HepG2/C3A cells, are a clonal derivative of the human hepatoma
cell line (HepG2) that is commonly used to resemble liver cells for in vitro screening
(Zhou et al., 2012). C3A cells display many liver specific characteristics, including
gluconeogenesis, glycogen synthesis in response to insulin stimulation, synthesizes
cholesterol as well as liver specific proteins, such as alpha-fetoprotein and express
GLUT2. Zang et al. (2006) demonstrated that the plant stilbene, resveratrol, activated
AMPK and lowered intracellular lipid content in HepG2 cells. Similarly Lian et al. (2011)
reported that a novel AMPK activator, WS070117, ameliorated oleic acid-induced
steatosis by activating AMPK in HepG2 cells, which suppressed HMG-CoA and ACC,
key enzymes in liver cholesterol and lipid synthesis. Xie et al. (2003) showed that
estrogen ameliorated insulin resistance in HepG2 cells and increased the activity of
enzymes and genes involved in glucose metabolism. In a recent study, Do et al. (2013)
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reported that phillyrin prohibited lipid accumulation by hindering the expression of
sterol regulatory element-binding protein-1c (SREBP-1c) and fatty acid synthase
(FAS) via the activation of LKB1/AMPK in HepG2 cells.

4.2. Induction of insulin resistance in C2C12 muscle, 3T3-L1
adipocytes and C3A liver cells
Insulin resistance is a physiological condition whereby tissues such as muscle, fat and
liver fail to respond to insulin action (Morton and Schwartz, 2011; Ye, 2013). To help
understand the mechanism of insulin resistance several studies have been conducted
using in vivo and in vitro models in which insulin resistance is experimentally induced
(Li and Messina, 2009). Zhang et al. (2010) showed that culturing C2C12 muscle cells
with palmitate at a concentration of 0.25 mM had no effect, while exposure to
concentrations of 0.5 and 0.75 mM for 16 h induced insulin resistance as defined by a
reduction in insulin-stimulated glucose uptake and activation of NF-κB. In another
study, Tsuchiya et al. (2010) reported that 1.0 mM palmitate down-regulated sortilin
and impaired GLUT4 protein expression confirming insulin resistance in C2C12
muscle cells. Feng et al. (2012) reported that C2C12 muscle cells cultured with 0.5
mM palmitate for 16 h became insulin-resistant which was confirmed by a reduction in
AKT phosphorylation. Yang et al. (2013) demonstrated that treating C2C12 muscle
cells with lower concentrations of palmitate (0.2- 0.6 mM) for 24 h reduced glucose
uptake, AKT phosphorylation and Glut4 gene expression. In 3T3-L1 adipocytes,
McCall et al. (2010) reported that exposure to 0.75 mM palmitate for 16 h increased
IRS1 (Ser307) phosphorylation which is associated with insulin resistance, however
no effect was observed for AKT activation. In HepG2 liver cells, Lee et al. (2012)
showed that incubation with 0.5 mM palmitate overnight induced insulin resistance
defined by increased JNK and reduced AKT phosphorylation. Furthermore, Gao et al.
(2010) showed that HepG2 hepatocytes cultured with 0.15 to 0.35 mM palmitate
became insulin resistant with a concomitant reduction in intracellular glycogen
synthesis. Based on the above and our own findings in C2C12 muscle, 3T3-L1
adipocytes and C3A liver cells for this study we decided to use 0.75 mM for 16 h to
induce insulin resistance.
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4.3. In vivo models
There are a number of in vivo models that are available for use in research specifically
in T2D research such as monogenic obese models (ob/ob mice, db/db mice and
Zucker diabetic rats) and polygenic models (KK mice, NZO mice and OLETF rat)
(Wang et al., 2013). Son et al. (2013) used the ob/ob mice model to assess the effect
of aspalathin on hyperglycemia and glucose intolerance.

For this study a diet-induced obese insulin resistant rat model was used. Feeding
Wistar rats a high fat diet (40% fat calorific content) for 12 weeks from weanling
induced obesity and insulin resistance that was associated with impaired insulinstimulated glycolysis and glycogen synthesis (Krygsman et al., 2010). At 12 weeks the
peripheral insulin-responsive tissues, such as muscle and adipose tissue, displayed
an impaired response to insulin resulting in increased glucose and fatty acids in the
circulating blood (Kim et al., 2000). The ensuing insulin resistance results in a
decrease in glycolysis which in turn initiates gluconeogenesis and glycolysis in the
liver, both of which are controlled by insulin under normal conditions. Insulin resistance
also differentially affects tissues involved with maintaining homeostatic glucose levels
such as muscle, fat and kidney. To compensate for insulin resistance, the pancreatic
β-cells produce more insulin, resulting in chronic hyperinsulinemia. Hyperinsulinemia
leads to several negative physiological effects including hepatic steatosis and an
attenuated insulin response in responsive tissues such as skeletal muscle and fat
(Reaven, 2005).
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Chapter 5
Materials and methods
5.1. Materials
Murine C2C12 myoblasts (ATTC Cat. No. CRL 1722), murine 3T3-L1 fibroblasts
(ATTC Cat No. CL-173), and human C3A liver cells (ATTC Cat. No. CRL-10741)
originating from the American Type Culture Collection, VA, USA were used in this
study. The rooibos extracts FRE and GRE, and aspalathin used in this study, were
supplied by Professor E Joubert, Post-Harvest and Wine Technology Division,
Agricultural Research Council (ARC), Infruitec-Nietvoorbij, Stellenbosch, South Africa.
Orientin and isoorientin were purchased from Extrasynthese (Genay Cedex, France),
while rutin was purchased from Sigma-Aldrich (St Louis, MO, USA). All other
materials, suppliers and product numbers are listed in Appendix 1.

5.2. Methods
5.2.1. Cell Culture
5.2.1.1. Thawing of cells

Cryopreserved cells, stored under liquid N2 in freezing media (Appendix 2) adapted
specifically for C2C12 cells, 3T3-L1 adipocytes and C3A liver cells, respectively, were
thawed by placing cells in a 37 °C water bath. Immediately, after thawing, cell
suspensions were transferred from cryotubes to 15 mL tubes containing 10 mL of prewarmed 37°C growth media (Table 5.1). Cells were pelleted by centrifugation at 800
g for 5 min. The supernatant was gently removed by aspiration and the cell pellet was
lightly vortexed. Cells were resuspended in 5 mL growth media (Table 5.1) and gently
mixed by pipetting. For consistency between experiments and to prevent depletion of
specific cell phenotypes by excessive passaging, for all experiments, sub-culturing of
cells were kept below 20 passages.
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Table 5.1. Media used for for different cell type.
Cell type

Media

Supplement

C2C12 muscle cells

DMEM, with 4.5 g/L glucose, with L-glutamine

10% FCS

3T3-L1 adipocytes

DMEM, with 4.5 g/L glucose, with L-glutamine

10% NCS

C3A liver cells

EMEM with Earle’s balanced salt solution, essential amino acids, and sodium
pyruvate, without L-glutamine

10%FCS

5.2.1.2. Counting of cells

A sample of the cell suspension was stained with 0.4% (w/v) trypan blue in phosphate
buffered saline (PBS) and counted using Countess®

automated cell counter

(Invitrogen, Paisley, Scotland,UK). Briefly, 10 µl trypan blue solution was added to 10
µl of the cell suspension and mixed. Thereafter, 10 µl of the trypan blue/cell
suspension was pipetted into the cell counting chamber (Fig. 5.1). The cells were
counted using a Countess® automated cell counter to determine cells/mL.

Figure 5.1 An illustration of Countess® automated cell counter. Cells suspension is mixed with
trypan blue, pipetted into the counting chamber then counted with the countess automated cell
counter.Picture dowloaded from: http://product.invitrogen.com/ivgn/product/C10227?ICD=searchproduct
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5.2.1.3. Sub-culture of cells
After counting, cells were seeded in 75 cm2 flasks at a density of 2.5 x 104 cells/mL for
C2C12 muscle cells, 2.0 x 104 cells/mL for 3T3-L1adipocytes and 5.5 x 104 cells/mL
for C3A liver cells. A total volume of 18 mL of pre-warmed growth media was added
to the cells. Cells were then incubated at 37°C in 5% CO2 and humidified air for three
days until they were approximately 70% confluent. Media was refreshed every second
day.

5.2.1.4. Seeding of cells into multi-well plates

When cells were approximately 70% confluent, media was removed by aspiration and
cells were rinsed with 8 mL warm (37°C) Dulbecco`s phosphate buffered saline
(DPBS). Cells were trypsinized by adding 2 mL trypsin/versene to the cell culture and
incubated at 37°C in 5% CO2 and humidified air for 7min to allow cells to dislodge from
the flask. An inverted light microscope was used to confirm that cells have been
dislodged. Trypsinization was stopped by adding 8 mL of growth media (Table 5.1).
To ensure a single cell suspension and minimise clumping, the cell suspension was
mixed by pipetting up and down against the growth surface of the flask. The cells were
counted as previously described in section 5.2.1.2. Cells were seeded into multi-well
plates at the densities listed in (Table 5.2). Cells were incubated at 37°C in 5% CO2
and humidified air for three days until 80-90% confluence was reached, thereafter
C2C12 cells and 3T3-L1 cells were differentiated according to the below protocol
described in section 5.2.1.5 and 5.2.1.6 respectively. The C3A liver cells do not require
differentiation therefore the relevant assays were perfomed in sub-confluent cultures.
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Table 5.2.Cell densities used for seeding different cells and plate types.
Cell type

C2C12

3T3

C3A

Plate type

Cell concentration

Volume (μl)

Cell density

96 well

2.5 x 104 cells/mL

200 μl

5 x 103 cells/well

24 well

2.5 x 104 cells/mL

1000 μl

2.5 x 104 cells/well

6 well

2.5 x 104 cells/mL

3000 µl

7.5 x 104 cells/well

96 well

2.0 x 104 cells/mL

200 μl

4 x 103 cells/well

24 well

2.0 x 104 cells/mL

1000 μl

2.0 x 104 cells/well

6 well

2.0 x 104 cells/mL

3000 µl

6.0 x 104 cells/well

96 well

5.5 x 104 cells/mL

200 μl

11.0 x 103 cells/well

24 well

5.5 x 104 cells/mL

1000 μl

5.5 x 104 cells/well

6 well

5.5 x 104 cells/mL

3000 µl

1.65 x 105 cells/well

96 well plates were used for the colourometric glucose uptake, MTT and ATP assays, 24 well plates were
used for the 2-deoxy-[3H]–D-glucose assays and 6 well plates were used for Western blot and RNA assays.

5.2.1.5. Myoblast differentiation (C2C12 muscle cells)

To induce differentiation of myoblasts into myocytes that form myotubes, the growth
media (Table 5.1) was replaced when cells reached 80-90% confluency (after
approximately three days) with Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 2% horse serum (HS) (growth factor poor media) and incubated at 37°C in
5% CO2 and humidified air for a further two days. Myotubule formation was observed
and confirmed using an inverted microscopy and phase contrast (Olympus ck x31).
Thereafter the cells were treated with the rooibos extracts and compounds and various
assays were perfomed.
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5.2.1.6. Adipocyte differentiation (3T3-L1 pre-adipocytes)

3T3-L1 pre-adipocytes were cultured in DMEM growth medium (Table 5.1) at 37°C in
humidified air with 5% CO2 for three days until confluent. At confluence the growth
media was replaced with differentiation media containing 10% FBS, dexamethasone
(1 μM), 3-isobutyl-1-methylxanthine (0.5 mM) and insulin (1 µg/mL). After a further
three days of culture, the differentiation media was substituted with adipocyte
maintenance medium (DMEM, 10% FBS, 1 µg/mL insulin) and cells were cultured for
a further two days. On day five, the 3T3-L1 cells were fully differentiated, the adipocyte
medium was changed to DMEM containing 10% FBS and cells were cultured for a
further two days, prior to performing the relevant treatments and assays.

5.3. Preparation of Extracts
The aspalathin-enriched green rooibos extract SB1, previously investigated by Muller
et al. (2012) was used “as-is” and for the purpose of this study designated GRE (green
rooibos extract). The manufacturing process of aspalathin-enriched green rooibos
extract from unfermented rooibos was done according to a patented process (GrünerRichter et al., 2008). This entailed in short extraction of the plant material with an 80%
ethanol-water mixture at room temperature, filtration and vacuum-drying, followed by
extraction with ethyl acetate to reduce the chlorophyll content. The fermented rooibos
extract (FRE), previously investigated by Dludla et al. (2013), was prepared on an
industrial scale. In brief, the processing entailed hot water (> 90°C) extraction of a 1:10
solid: solvent mixture (m/m) for 30 min (ca 11% dry extract yield), followed by
centrifugation, concentration, high-temperature short-time sterilization and vacuumdrying. The phenolic composition of GRE and FRE, previously characterised in terms
of phenolic composition by HPLC-DAD was published by Muller et al. (2012); Dludla
et al. (2013) and is summarised in Table 5.3.
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Table 5.3. Phenolic content (g/100 g extract) of GRE and FRE
Compound

GRE

FRE

Aspalathin

18.440

0.364

Nothofagin

1.292

0.070

Orientin

1.050

0.721

Isoorientin

2.054

0.924

Luteolin-7-O-glucoside

nd

0.069

Vitexin

0.270

0.152

Isovitexin

0.389

0.140

Rutin

0.531

0.185

Quercetin-3-O-robinobioside

1.053

0.446

Hyperoside

0.266

0.087

Isoquercitrin

0.377

0.063

PPAG

0.491

0.713

Total

26.218

3.931

FRE and GRE composition as reported by Dludla et al. (2013) and Muller et al. (2012), respectively.
PPAG, Z-2-(β-D-glucopyranosyloxy)-3-phenylpropenoic acid nd = not detected

5.4. Dose study
5.4.1. Preparation of extract and compounds for in vitro dose study

The effect of the extracts and compounds on glucose uptake by C2C12 muscle cells,
3T3-L1 adipocytes and C3A liver cells were used to determine the optimal effective
concentration in vitro. The extracts FRE and GRE were freshly made up in cell culture
tested sterile water at a stock concentration of 0.1 mg/µl, the stock solution was further
diluted 1:10 in DMEM to give a working solution of 100 µg/µl and log dilutions were
then prepared from the working solution. For the compounds (aspalathin, orieintin,
isorieintin and rutin), Weighed amounts of ca. 10 mg were dissolved in 100 µL DMSO
(100%), the molar amounts calculated e.g. 10 mg aspalathin (MW 452.41) in 100 µL
= 221.03 mM. The compounds dissolved in DMSO were then aliquoted and stored at
– 80 ºC for subsequent use. Stock solutions of 1 mM were prepared by diluting the
appropriate amounts of concentrated compound into DMEM yielding a final DMSO
content for the stock solution of < 0.001%. This was further diluted by at least 1:10 of
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the working solutions (100, 10, 1, 0.1, 0.01, 0.001, 0.0001 µM). In comparison to the
aqueous vehicle controls, DMSO at a concentration of 0.01% did not have any
significant effect on glucose uptake, MTT and ATP concentrations (appendix 3).The
controls (1 µM insulin), working solutions and dilutions thereof were prepared in DMEM
without phenol red or pyruvate containing 8 mM glucose and pre-warmed to 37°C
before use.

5.5. Glucose uptake (fluorometric method)
To quantify glucose uptake by the cells treated with the extracts and compounds at
different concentrations, an indirect method that measures the amount of glucose
remaining in the media after incubation was used. The two extracts GRE and FRE and
four compounds, aspalathin, orientin, isoorientin and rutin were tested at various
concentrations descibed in section 5.4.1.

After 1 h incubation with the extracts, compounds or insulin, the concentration of
glucose remaining in the media was determined by transferring 10 µl of culture media
into a new 96 well plate. The medium sample was diluted by adding 90 µl of deionised
water, and further diluted to 1:10 with deionised water and the glucose concentration
was determined using a commercial kit according to the manufacturer’s instructions
(Biovision Glucose Assay kit).
A standard curve was prepared by pipetting 0, 2, 4, 6, 8, and 10 µl of a 0.1 nmol/μl
glucose standard in a 96 well plate and adjusted to 50 µl using glucose reaction buffer.
Ten microlitres of diluted media samples and standards were added to the 384 well
plate. Thereafter, 10 µl of glucose reaction mix consisting of substrate detecting dye,
glucose oxidase and reaction buffer was added to the wells. The plate was incubated
at 37°C for 30 minutes, thereafter the plate was read at Ex/Em of 535/590 in a BioTek ®
ELX 800 microplate plate reader using Gen 5® software. Glucose uptake was
calculated using the formula:
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Concentration = Sample amount from standard curve (Sa) nmol X 100
Sample volume added into the sample (Sv) µl

Results were expressed to % activity of control (8 mM glucose).
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5.6. Insulin-resistant models
5.6.1. Free fatty acid preparation

Palmitate (16:0) containing culture media was prepared using a modified method
described by Dimopoulos et al. (2006) with slight modifications. Briefly, 75 mM
palmitate was dissolved in ethanol and heated to 95°C, filter sterilised, diluted 1:100
in DMEM containing 8 mM glucose supplemented with 2% bovine serum albumin
(BSA) to yield a final working concentration of 0.75 mM palmitate. The palmitite/BSA
solutions were kept at 37°C for 1 h to allow palmitate to conjugate with the BSA. The
final concentration of ethanol was >1%. The presence of the palmitate did not affect
the pH of the media which remained between 7.4 -7.5. The effect of 1% ethanol on
C2C12 and 3T3-L1 cells were previously tested in our laboratory. No measurable
differences on glucose uptake and cell viability in comparison to the aqueous vehicle
controls were demonstrated (Mazibuko, 2011).

5.6.2. Preparation of extracts and compounds

The extracts FRE and GRE were freshly made up in cell culture tested sterile water
prior to each assay at a stock concentration of 0.1 mg/µl. The stock solutions were
diluted to a concentration of 10 µg/µl in DMEM containing 0.75 mM palmitate, 2% BSA
and 8 mM glucose. For each of the flavonoids, aspalathin, orientin, isoorientin and
rutin, stock solutions of 100 µM were prepared in DMSO, which was then diluted to a
final working solution of 10 µM in DMEM containing 75 mM palmitate, 2% BSA and 8
mM glucose.

5.6.3. Experimental design

To induce insulin resistance in C2C12 muscle, 3T3-L1 adipocytes and C3A liver cells,
the cells were pre-exposed to palmitate by culturing in DMEM containing 5 mM
glucose supplemented with 0.75 mM palmitate for 16 h. Thereafter, cells were glucose
and serum starved by incubating them with Dulbecco’s phosphate buffered saline
(DPBS) at 37°C in 5% CO2 and humidified air for 30 min. After glucose starvation the
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cells were exposed to DMEM containing 8 mM glucose with or without 0.75 mM
palmitate, containing either GRE, FRE, aspalathin, orientin, isoorientin, rutin or
metformin (1 µM) for 3 h at 37°C in 5% CO2 and humidified air. Insulin (1 µM) and
metformin were used as positive controls and a vehicle control (8mM glucose) served
as an untreated control. Insulin was added during the last 15 min of the 3 h incubation
period. Thereafter relevant assays were performed. The controls were treated exactly
the same as the samples although they were not treated with the compounds or
extracts.

5.7. 2-Deoxy-[3H]-D-glucose uptake
The determination of 2-deoxy-[3H]-D-glucose (3H-2-DOG) uptake involves adding
radioactively labelled 3H-2-DOG to cells and then measuring the concentration of
intracellular 3H-2-DOG . 2-Deoxy-D-glucose is a fierce competitor with D-glucose for
glucose transport across the cell membrane and can therefore be used to estimate the
rate of D-glucose uptake. Once transported into the cell labeled 2-deoxy-D-glucose is
phosphorylated by hexokinase to 2-deoxy-D-glucose-6-phosphate but unlike Dglucose, due to a missing hydroxyl group, it cannot be metabolised further and remains
as an inert intracellular metabolite. Liquid scintillation counting was used to measure
intracellular 3H-2-DOG.

To quantify glucose uptake, cells were treated as described in section 5.6.3, media
was removed and cells were washed twice with 1 mL of warm DPBS. Thereafter, 250
µL of DMEM containing 8 mM glucose, 2% BSA and 0.5 µCi/mL 3H-2-DOG was added
to each well. Cells were incubated at 37°C in 5% CO2 and humidified air for 15 min.
After incubation 3H-2-DOG uptake was stopped by washing the cells with 1 mL of ice
cold DPBS twice. Cells were lysed by adding 500 µL of 0.3 M sodium hydroxide
(NaOH)/1% sodium dodecyl sulfate (SDS) and incubated for 45 minutes at 37 ⁰C.
Lysed cells were mixed into suspension by pipetting. Five microlitres of the cell lysate
was used for protein determination using the Bradford method as described below
(see sub-section 5.8 below).
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For scintillation analyses, the cell lysate was thawed at room temperature and the
entire suspension was added to a scintillation vial containing 1 mL distilled water.
Thereafter, 2.5 mL of Ready Gel Ultima Gold scintillation fluid was added to the vials
and the samples were mixed by vigorous shaking until a whitish gel formed. Vials were
placed into a liquid scintillation analyser (2200 CA, Parkard Tricarb series) and left in
the analyser overnight to allow samples to equilibrate to room temperature and
darkness. The following day, the samples were read with a program for quantifying the
3H-isotope.

Results were calculated using the counts per minute (CPM) to determine

3H-2-DOG

uptake, and disintegrations per minute (DPM) to determine counter

efficiency. The specific radioactivity of 3H-2-DOG and the counter efficiency were used
to determine CPM/fmol. The averaged CPM and protein values were used to
determine the fmol/mg. Results were reported as 3H-2-DOG fmol/mg protein using the
GraphPad radioactivity calculator (GraphPad software):
(http://graphpad.com/quickcalcs/radcalcform.cfm).

5.8. Protein determination (Bradford method)
Protein concentrations of cell lysates were determined using the Bradford protein
method according to the manufacturer’s instructions. A BSA protein standard curve
was included in the 96 well plates by adding 5 µl of BSA standards (0.125, 0.25, 0.5,
0.75, 1, 1.5 and 2.0 mg/mL) into the first row. Thereafter, 5 µl of each sample as
prepared in section 5.7.2 were added to the remaining wells of the 96 well plate in
duplicate for each sample. Two hundred and fifty microlitres of Bradford reagent was
then added to each well containing standards or samples and mixed by pipetting up
and down twice. The plate was incubated at room temperature for 10 min and the
absorbance was read at 570nm in a BioTek® ELX800 plate reader (BioTek Instruments
Inc., Winooski, VT, USA). The amount of protein in the sample was quantified by
subtracting the absorbance of the blank from the standard and sample absorbance
values. A standard curve was graphed by plotting absorbance values of the BSA
standards against their concentrations. The protein concentrations of samples were
determined from the BSA standard curve. Protein concentration expressed as mg/mL
was used to normalise the 3H-2-DOG uptake results.
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5.9. [4, 5-Dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide
(MTT) assay
The method described by Mossman. (1983) was used to assess the effect of the
rooibos extracts and compounds on cell viability. After the cells were treated as
described in sub-section 5.6.3, MTT solution (2 mg/mL DPBS) was added to each well
of the plate containing controls or treated cells and incubated for 1 h at 37˚C in
humidified air and 5% CO2. Absorbance was read at 570 nm, using a BioTek® ELX
800 plate reader and Gen 5® software for data acquisition.

5.10. ATP assay
Cells seeded in 96 well plates were treated as previously described in section 5.6.3.
Thereafter, an ATP assay was performed using the ViaLight™ plus ATP kit according
to the manufacturer’s recommendations. Briefly, 50 µL of lysis buffer was added to
each well of a 96 well plate and incubated at room temperature for 10 min, thereafter
100 µl ATP reaction mixture was added for further 2 min at room temperature before
reading the luminescence in a BioTek® FLX 800 plate reader using Gen 5® software.

5.11. Enzyme-linked immunosorbent assay (ELISA) assay
For IRS1 (Ser 307) in C2C12 muscle cells, an enzyme-linked immunosorbant assay
(ELISA) was conducted using a commercial kit, according to the manufacturer’s
instructions. Briefly C2C12 muscle cell lysates were added in a ratio of 1:1 with the
sample diluent from the kit in a 96 well plate coated with primary antibody and
incubated overnight at 4°C. The following day the content of the 96 well plates were
discarded and the plates were washed three times with wash buffer. Thereafter 100
µL detection antibody was added for 1 h and incubated at 37°C, followed by thorough
washing and addition of HRP-linked secondary antibody for 30 min. The TMB
substrate was added to each well and further incubated for 30 min. The reaction was
terminated by adding 100 µL of stop solution. The plate was shaken for ~10 sec and
absorbance was read at 570 nm, using a BioTek® ELX 800 plate reader and Gen 5®
software for data acquisition.
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5.12. 14C palmitate uptake
To determine palmitate uptake, cells were treated as described in section 5.6.3. Briefly
upon induction of insulin resistance, cells were glucose and serum starved by
incubating them with Dulbecco’s phosphate buffered saline (DPBS) at 37°C in 5% CO2
and humidified air for 30 min. After glucose starvation, the cells were cultured in DMEM
containing 8 mM glucose with 1 µCi/mL

14C

palmitate containing either, GRE, FRE,

aspalathin, orientin, isoorientin and rutin for 3 h at 37°C in 5% CO2 and humidified air.
Insulin (1 µM) was added during the last 15 min. After incubation

14C

palmitate was

stopped by washing the cells with 1 mL of ice cold DPBS twice. Cells were lysed by
adding 500 µL of 0.3 M sodium hydroxide (NaOH)/1% sodium dodecyl sulfate (SDS)
and incubated for 45 minutes at 37⁰C. Lysed cells were mixed into suspension by
pipetting. Five microlitres of the cell lysate was used for protein determination using
the Bradford method as described in section 5.8. Samples were analysed using the
scintillation analyses as described before using the the isotope 14C.

5.13. Western blots
5.13.1. Cell extraction

Western blot analyses was performed using a standardised protocol (Mahmood and
Yang, 2012). Briefly, cells were seeded in 6 well plate and treated as described in
section 5.6.3. After treatment, cells were lysed with 300 µL of lysis buffer (50 mM Tris
pH 7.5, 1 mM DTT, 50 mM NaF, 100 µM Na3VO4, 1% NP40, 1% Triton X114, 25 µg/mL
RNase, 1 mM PMSF, protease and phosphatase inhibitor tablets). Three replicates
were pooled into a 2 mL Eppendorf tube and stored at -20°C until extraction .

5.13.2. Protein isolation

Cells frozen in 2 mL tubes were thawed on ice, a stainless bead ball was added and
the tubes transferred into pre-cooled tissue lyser blocks. Samples were then
homogenised in a tissue lyser at 25 Hz for 60 sec, and samples put back on ice after
every 60 sec (this step was repeated 5 times). Tubes containing cell lysate were then
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centrifuged for 15 min at 13 000 rpm at 4°C. The supernatant was carefully removed
and added to a clean 1.5 mL tube.

5.13.3. Protein concentration determination

Protein concentrations were determined using the reducing agent and detergent
compatible (RC DC) protein assay as per manufactures recommendations. A BSA
protein standard curve was included in the 96 well plates by adding 5 µL of BSA
standards (0, 0.2, 0.5, 1, 1.4 and 2.0 mg/mL) into the first two row. Thereafter 5 µL of
the samples isolated as described in section 5.13.2 were added into a 96 well plate
in duplicate. Twenty five microlitres of reagent A was added to all the wells including
the standards. Two hundred microlitres of reagent B was added and the 96 well plate
placed on a shaker and mixed for 10 sec. Thereafter the plate was incubated at room
temperature for 10 min and the absorbance read at 695 nm in a BioTek® ELX 800
plate reader.

5.13.4. Gel profiling

To check if the isolated proteins were intact, gel profiling was performed for all the cell
lines after protein determination. Briefly 20 µg of protein was diluted 1:1 with sample
buffer and mixed well. Proteins were denatured by heating at 95°C for 5 min on the
heating block, spun down and placed on ice.Thereafter 5 µl of page ruler was added
in the first lane and 20 µg of sample was added to the remaining lanes of the 10%
SDS-PAGE gel. The gel was run for 70 min at 150 V or until the dye reached the
bottom of the gel. The gel was then stained with Coomassie brilliant blue stain
overnight. The following day it was destainied with destaining solution until clear. After
the gel was destained the gel profilling picture was captured using Biorad Chemidoc.

5.13.5. Running gels (Electrophoresis)

SDS-PAGE gels were prepared using a standard protocol (Mahmoon and Yang, 2012)
as described above in sub-section 5.13.4, except that 40 µg of protein was loaded into
each lane. To facilitate the transfer of proteins, Santa Cruz Marker™ molecular weight
standards (HRP-labeled marker) were added to the last lane.
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5.13.6. Transfer of gel to a PVDF membrane for Western blots

An illustration of the assemble and transfer sandwich is seen below (Fig. 5.2). Briefly,
the sandwich was set in a following order: Fiber pad/sponge, Whatman paper, gel,
Polyvinylidene fluoride (PVDF) membrane, Whatman paper and fiber pad/sponge was
loaded into a transfer cassette. The casset was then placed in the tank with the
cassette facing the corresponding colour coded electrode, black to black and red to
red. Enough transfer buffer was added to cover the casset and the transfer performed
at 4°C for 20 h at 30 V.
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Figure 5.2 Schematic representation of the transfer Sandwich used to transfer proteins for
Western blots. Illustration was obtained from Mahmood and Yang, 2012.

5.13.7. Ponceau S stain

Following the transfer the PVDF membrane was removed from the sandwich and
placed in a container with Ponceau S stain and shaken gently on an orbital shaker for
5 min at room temperature. Thereafter membrane was rinsed with distilled water until
the back ground was clear. To confirm that the proteins were successfully transferred
an image of the membrane was taken using the Biorad Chemidoc system. To remove
the stain the membrane was washed with 1X TBST buffer (Appendix 2).
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5.13.8.Western blot analyses

After removal of the ponceau S stain, non-specific protein labelling was blocked by
incubating the membrane in 5% (w/v) low-fat milk powder in TBST at room
temperature for 2 h. Membranes were then labelled with the relevant primary antibody
overnight (Table 5.4). The following day membranes were washed in 1X TBST 3 times
for 10 min each, and incubated with horseradish peroxidase (HRP) conjugated
secondary antibodies diluted in TBST with 2.5% (w/v) low-fat milk powder. Proteins
were detected and quantified by chemiluminenscence using a Chemidoc-XRS imager
and Quantity One 1-D software (Biorad), respectively. β-actin was used as the
reference control. The proteins that were assesed in C2C12 muscle, 3T3-L1
adipocytes and C3A liver cells respectively, are listed in Table 5.4.
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Table 5.4. List of antibodies, dilutions and gel concentrations used for Western blot analyses
C2C12 muscle cells

Dilution

% gel

Phosphoprotein kinase thetha (PKC)

1:1000

10

Insulin receptor (INSR)

1:1000

10

Threonine kinase B (AKT)

1:1000

10

1:800

10

Glucose transporter 4 (GLUT4)

1:500

7.5

Phosphatidylinositol 3 kinase (PI3K)

1:800

7.5

3T3-L1 adipocytes cells

Dilution

% gel

Nuclear factor kappa beta (NFkB)

1:1000

10

Insulin receptor (INSR)

1:1000

10

Threonine kinase B (AKT)

1:1000

10

1:800

10

Glucose transporter 4 (GLUT4)

1:500

7.5

Phosphatidylinositol 3 kinase (PI3K)

1:800

7.5

Malonly CoA

1:2500

7.5

Carnitine palmitoyltransferase I (CPT1)

1:1000

10

1:1000

10

1:1000

10

C3A liver cells

Dilution

% gel

Phosphatidylinositol 3 kinase (PI3K)

1:800

7.5

Glucose transporter 2 (GLUT2)

1:500

7.5

1:800

7.8

FOXO1

1:1000

10

Malonly CoA

1:2500

7.5

Carnitine palmitoyltransferase I (CPT1)

1:1000

10

5’adenosine monophosphate activated protein
kinase (AMPK)

5’adenosine monophosphate activated protein
kinase (AMPK)

Peroxisome proliferator-activated receptor gamma
(PPAR)
Peroxisome proliferator-activated receptor gamma
(PPAR)

5’adenosine monophosphate activated protein
kinase (AMPK)
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5.14 In vivo OB/IR Wistar rat model
5.14.1. Diet-induced obese insulin-resistant Wistar rat model

Three weeks old weaning male Wistar rats were fed a high fat diet (40% fat as energy)
and 30% sucrose and fructose (1:1) in the drinking water ad libitum for 12 weeks to
induce obesity and insulin resistance (OB/IR).

5.14.2. Ethical approval

The Ethical approval for this study was granted by the ethics committee at the Medical
Research Council of South Africa (ECRA 11/03/H). The study was performed in
accordance with the principles and guidelines of the South African Medical Research
Council as outlined in Guidelines on Ethics for Medical Research: Use of Animals in
Research and Training, 2004 (http://www.mrc.ac.za/ethics/ethicsbook3.pdf).

5.14.3. Animal housing

Male Wistar rats (n = 64) bred at the Medical Research Council (MRC), Primate Unit
were used in this study. All procedures were carried out at the Primate Unit and the
rats were maintained and managed according to standard operating procedures
(SOP) of the Primate Unit. The rats were maintained in a temperature controlled room
of 24-26°C, humidity of 45-55% with 15-20 air changes per hour and on a 12 h
light/dark cycle.

5.14.4. Diet and calorie composition

The high fat diet consisted of 40% fat, of which 18.3% was saturated fats and 44%
carbohydrates (2.06 Kcal/g). In addition, 30% sucrose/fructose (1:1 w/w) were added
to the drinking water contributing a further 6 Kcal/100 mL. After 12 weeks on the
obesity diet, the rats were maintained on the diet for a further 12 weeks with daily
administration of GRE at different doses.
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5.14.5 Dosages for rooibos extract (GRE)

Rooibos dosages were extrapolated from human equivalent consumption of 1 (32
mg/kg), 3 (97 mg/kg) and 6 (195 mg/kg) cups of tea daily. The dose was calculated by
dividing the soluble solid content of a cup of rooibos infusion (~230 mg/200 mL) by 70
(average human weight) and then multiplying the sum with an equivalent surface area
dosage conversion factor of 10x for rats (Freireich et al., 1966). Vildagliptin, the drug
reference control, was administred at a dose of 10.0 mg/kg, previously shown to be
effective (Muller et al., 2012).

5.14.6. Experimental design of the study

After 12 weeks on the respective diets, rats were divided into 5 groups:
Group 1: control group of OB/IR rats (n = 14) received jelly with no extract for 12
weeks.
Group 2: treated group of OB/IR rats (n = 13) received jelly containing 10.0 mg/kg of
Vildagliptin daily for 12 weeks.
Group 3: treated group of OB/IR rats (n = 12) received jelly containing 32 mg/kg of
GRE daily for 12 weeks.
Group 4: treated group of OB/IR rats (n = 12) received jelly containing 97 mg/kg of
GRE daily for 12 weeks.
Group 5: treated group of OB/IR rats (n = 12) received jelly containing 195 mg/kg of
GRE daily for 12 weeks.

5.14.7. Administration of extracts and vildagliptin

Gelatine-jelly (80 g of gelatine-jelly was dissolved in 450 mL of water and 7 g additional
gelatine added to increase the consistency of the jelly) was used as a vehicle to
administer GRE and vildagliptin. Specific dosages were aliquoted into moulds
equivalent to the body weight of a specific rat. The jelly was allowed to set in a 4°C
before feeding to the rats.
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5.14.8. Body weight and fasting plasma glucose

Rats were fasted for 4 h (food was removed and juice replaced with normal drinking
water) prior to glucose measurements. A drop of blood was collected from the tip of
the tail and the blood glucose concentration determined using a glucometer
(OneTouch Select®, LifeScan Inc., Milipitas, CA). Body weights and blood glucose
concentrations were determined every 4 weeks.

5.14.9. Oral glucose tolerance tests (OGTT)

After 12 weeks of treatment with GRE, oral glucose tolerance tests were performed.
Rats were starved for 16 h (food was removed and juice replaced with normal drinking
water). Fasting rats were gavaged with GRE treatments (t = -60 min) and 1 h later a
glucose bolus (t = 0 min) was gavaged at 2 g/kg glucose (50% Dextrose-Fresenius
50%, Intramed, Port Elizabeth, S.A.). Plasma glucose concentrations were determined
at -60 and at 0, 15, 30, 60, 120 and 240 min relative to the glucose bolus (t = 0).

5.14.10. Blood collection and organ harvesting

Rats were fasted for 16 h (food was removed and sucrose/fructose containing water
was replaced with normal drinking water). After 16 h fast the rats received their final
treatment dose of GRE in jelly, 2 h before being anaesthetised by inhalation of 98%
oxygen and 2% fluothane. Paddle reflex was tested to establish response under
anaesthesia and blood was collected in Vacutainer® SST™ gel tubes from the
abdominal vena cava. After blood collection the rats were euthanised by
exsanguination under anaesthesia, the muscle and liver tissues were removed,
weighed and stored in the RNA later solution to preserve the mRNA integrity. The
other tissues were frozen in liquid nitrogen and stored at -80°C for the Western blots
analyses.
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5.14.11. Serum insulin

After collection, the blood was centrifuged at 4000 rpm for 15 min at 4°C and serum
was removed and stored at -20°C for the insulin determination. Serum insulin
concentrations were determined by radioimmunoassay (RIA) using a Linco rat insulin
kit. The procedure was done over two days. On the first day, standards and quality
controls were prepared according to manufacturer’s instructions and samples were
prepared in duplicate. Two hundred microliters of assay buffer was added to
borosilicate tubes followed by 100 µl of the rat serum samples. One hundred
microliters of

125I-Insulin

were then added to samples. One hundred microliters of rat

insulin antibody was added to all the samples. Samples were vortexed, covered and
incubated overnight (20-24 h) at 4 °C. The following day, 1 mL precipitating reagent
was added, the samples vortexed and incubated for 20 min at 4 °C. Samples were
centrifuged at 4 °C for 30 min at 4000 x g. The supernatant was aspirated and the
visible pellet remaining in tube was resuspended. Samples were analysed using a
gamma counter (Perkin-Elmer Wizard 1470 automatic gamma counter, Monza, Italy).
Results were expressed in ng/mL.

5.14.12. Calculation of homeostatic model assessment of insulin resistance
(HOMA-IR)

HOMA-IR was used to estimate the degree of insulin resistance (Bonora et al.,
2002).HOMA-IR was calculated using the fasting plasma glucose concentrations
(fPG) (mmol/L) multiplied by the fasting serum insulin concentrations (fINS) (ng/mL)
divided by 22.5 ((fPG x fINS) / 22.5). A low HOMA-IR value indicates high insulin
sensitivity and a high HOMA-IR indicates low insulin sensitivity (insulin resistance)
(Bonora et al., 2002).

51

5.15. mRNA analyses on muscle and liver tissue
5.15.1. RNA extraction

In brief: The muscle and liver tissues were removed from the RNA later solution
weighed and ~30 mg placed into a new 2 mL tube containing 1 mL of Trizol and a
stainless steel bead. Tissues were then homogenized using the Qiagen Tissue lyser
at 25Hz for 2 min and this was repeated twice.
The lysate was centrifuged at 12 000 g for 10 min at 4°C and the supernatant was
transferred to a new Eppendorf tube. Thereafter, 0.2 mL of chloroform was added to
each tube, mixed intermittently for 3 min and then centrifuged at 12 000 g for 15 min
at 4°C. The upper aqueous phase was transferred to a new 1.5 mL Eppendorf tube
without disturbing the interphase or organic phase. For RNA precipitation, 0.5 mL of
isopropanol was added and mixed thoroughly and samples incubated at -20°C
overnight. The following day, the RNA was pelleted by centrifuging at 12 000 g for 20
minutes at 4°C. The supernatant was discarded, the RNA pellet was washed with 1
mL 75% ethanol and centrifuged at 12 000 g for 15 min at 4°C. This wash step was
repeated. After the final wash, the fluid was drained from the Eppendorf tubes by
blotting on paper towel and the pellet in the tube was allowed to air dry for 15 min. The
RNA pellet was re-suspended by adding 100 µL RNase free water, mixed by pipetting
up and down ten times and then incubated at 55°C for 10 min. Thereafter, RNA was
cleaned up using the RNeasy Mini kit according to the instructions given by the
manufacturer.

A volume of 350 µL of RLT lysis buffer was added to the RNA solution, followed by
250 µL of 96% ethanol and mixing by pipetting the samples up and down. The samples
were transferred to an RNeasy spin column in a 2 mL collection tube and centrifuged
at 12 000 g for 15 sec. The flow-through was discarded. Five hundred microliters RPE
buffer was added to the RNeasy spin column, centrifuged at 12 000 g for 15 sec and
the flow-through discarded. This step was repeated twice. Thereafter, the RNeasy spin
column was placed in a new 2 mL collection tube and centrifuged at 12 000 g for 1
min to ensure that the membrane was completely dry. To elute the RNA following the
washing steps described above, the RNeasy spin column was placed in a new 1.5 mL
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collection tube and 40 µL of RNase free water was added directly to the spin column
membrane. Samples were allowed to stand at room temperature for 1 min before RNA
was eluted by centrifugation at 12 000 g for 1 min. The elution step was repeated to
ensure that all RNA was retrieved from the spin column. Thereafter RNA elutants were
pooled and placed on ice for RNA quantification.

5.15.2. RNA quantification and purity

Nucleic acids (RNA and DNA) absorb at 260 nm (A260), while proteins and other
contaminants absorb at 280 nm (A280). Thus, the ratio of 260 nm to 280 nm was used
to assess the purity of a sample. A ratio of two is generally accepted as sufficiently
pure for RNA analyses. The ratio of A260 to A230 is used as a secondary measure of
purity, and indicates DNA contaminants that absorb at or near 230 nm. RNA
concentration and purity was determined by measuring the absorbance at A 260, A280
and A230 in a Nanodrop 1000 spectrophotometer. The spectrophotometer was
initialised by pipetting 2 µL distilled water onto the pedestal of the spectrophotometer,
and blanked with 2 µL RNase free water. Thereafter, 2 µL sample was pipetted onto
the pedestal and the absorbance determined. Each sample was read in triplicate.

5.15.3. DNase treatment

RNA samples were DNase treated to remove contaminating genomic DNA from RNA
preparations by using a Turbo DNase kit according to the manufacturer’s
recommendations. Briefly, 5 µL of 10x DNase buffer and 1.5 µL of DNase was added
to 20 µg of RNA and RNase-free water in a total reaction volume of 50 µL. Samples
were mixed and incubated at 37°C for 30 min, after which another 1.5 µL of DNase
was added and incubated at 37°C for a further 30 min. The reaction was stopped by
adding 10 µL DNase inactivation reagent and mixed by placing tubes on an orbital
shaker for two min. Thereafter, the tubes were centrifuged at 10 000 g for 1.5 min and
the supernatant transferred to a new tube. RNA concentrations were determined using
a Nanodrop 1000 spectrophotometer.
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5.15.4. Reverse transcription

Total RNA was reverse transcribed into cDNA using the High-Capacity cDNA kit
according to the manufacturer’s instructions. One microgram DNase treated RNA
sample was added to 10 µL RNase-free water and placed on ice. A reaction mix
consisting of reaction buffer, dNTPs, random primers, RNase-inhibitor (5000
units/mL), reverse transcriptase and nuclease-free water was prepared into two
separate tubes labelled RT plus and RT minus. The RT minus reaction mix tube
(negative control) contained the same reaction mix as the RT plus tube, but with the
reverse transcription enzyme replaced by water (Table 5.5). After adding the RT plus
and RT minus mix components, the prepared reaction mixes were mixed by pipetting
and the tubes centrifuged briefly. Ten microlitres of plus or minus RT reaction mixes
were added to 0.2 mL tubes containing RNA samples. The tube contents were mixed,
briefly centrifuged and placed in a 2720 thermal cycler. Reactions were incubated at
25°C for 10 min, 37°C for 120 min, and 85°C for 5 sec to inactivate the reverse
transcriptase enzyme. Samples were stored at -20°C until gene expression analyses
by quantitative real-time PCR. The RT minus tube (negative control) was used to
calculate the amount of genomic DNA contamination.
Table 5.5. Components used for the reverse transcription reaction
Component

Volume (µL)
Plus RT

Minus RT

1 g DNase-treated RNA in RNase-free water

10

10

10 x RT buffer

2

2

25 x dNTP mix

0.8

0.8

10 x random primers

2

2

RNase inhibitor

1

1

Nuclease-free water

3.2

4.2

Reverse Transcriptase

1

0

Total volume

20

20
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5.15.5.

Quantitative

Real-time

PCR

determination

of

genomic

DNA

contamination

To assess the extent of genomic DNA contamination in RNA samples, cDNA
generated from plus and minus reverse transcription reactions were amplified with
exon spanning primers that would amplify both mRNA and genomic DNA. A reaction
mix consisting of 12.5 µL SYBR Green mix, 1 µL of 10 M ActB Forward Primer (400
nM), 1 µL of 10 µM ActB Reverse Primer (400 nM) and H2O to a final volume of 24 µL
was prepared. The reaction mix was scaled up according to the number of test
samples.

Twenty four microlitres of reaction mix was aliquoted into a PCR plate, followed by 1
µL (50 ng) of undiluted cDNA (plus or minus RT reactions). The plate was sealed with
adhesive film, mixed on a plate shaker for 10 min and then briefly centrifuged at 3 000
g. The PCR reactions were conducted on the ABI 7500 Sequence Detection System
Instrument (Applied Biosystems) using the Absolute Quantification (AQ) Software
(SDS V1.4). Universal cycling conditions; 50ºC for 2 min and 95ºC for 10 min, followed
by 40 cycles of 95°C for 15 sec and 60°C for 1 min were used. A dissociation curve
was added for secondary product detection. Data was acquired during the extension
step (60°C for 1 min). After the run, default settings for the threshold cycle (Ct) and
baseline were used and Ct values were exported to Microsoft Excel for analyses.

5.15.6. Quantitative Real-time PCR for gene expression analyses

Quantitative real-time PCR (qRT-PCR) is one of the most sensitive and commonly
used techniques to study gene expression. In this study Taqman® gene expression
assays from Applied Biosystems were used. Taqman® gene expression assays
consists of a Taqman® probe with a FAM™ or VIC® dye label and minor groove binder
(MGB) moiety on the 5' end, and non-fluorescent quencher (NFQ) dye on the 3' end.
For qRT-PCR, a reaction mixture consisting of 5 µL of Taqman® universal PCR master
mix, 0.5 µL of pre-developed Taqman® gene expression assays and water to a final
volume of 9 µL was prepared.
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Standard curve was prepared from Total Rat Liver RNA (Ambion). The reaction mix
was scaled up according to the number of samples to be analysed. Nine microlitres of
the reaction mix was aliquoted into a well of the PCR plate, followed by 1 µL of a 10fold dilution series of the standard curve or test samples cDNA. A No Template Control
(NTC) negative control used to rule out cross contamination of reagents and surfaces
was included by using water instead of cDNA. The NTC was used as a negative control
in all PCR reactions. All samples were analysed in duplicate. PCR plates were covered
with adhesive film, briefly centrifuged for 10 sec and placed in a shaker for 10 min and
again briefly centrifuged at 3000 g. The PCR reactions were conducted on the ABI
7500 Sequence Detection System Instrument (Applied Biosystems) using universal
cycling conditions as described before in sub-section 5.15.5. Data generated on the
ABI 7500 Instrument was analysed with the ABI Standard Quantification (AQ) software
(SDS V1.4) using a Ct of 0.1 and a baseline of between 3 and 15 cycles. Taqman ®
gene expression assays, Beta actin (ActB) and glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) (Table 5.6) were used as endogenous controls. Messenger
RNA levels in test samples were normalised to the average of the two endogenous
controls. The Taqman® gene expression assays that were used in this study are listed
in (Table 5.6). The suffix _m represents an assay whose probe spans an exon-exon
junction of the associated gene and therefore will not detect genomic DNA.
Table 5.6. Taqman® gene probes that were used in the study
Probes

Assay ID

Insulin receptor (Insr)

mM01211875_m1

Insulin receptor substrate 1(Irs1)

Mm01278327_m1

Insulin receptor substrate 2 (Irs2)

Mm03038435_m1

Phosphatidylinositol 3 Kinase (Pi3k )

Mm00803160_m1

5’adenosine monophosphate activated protein kinase (Ampk)

Mm01297600

Glucose transporter 4 (Glut4)

mM01245502

Glucose transporter 2 (Glut2)

Mm01245502_m1

Beta actin (ActB)

4352339E

Glyceraldehyde-3-phosphate dehydrogenase (Gapdh)

4352341E
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5.16. Western blots on muscle and liver tissue
Western blot analyses were performed as previously described in section 5.13 with
minor modifications to accommodate protein extraction from tissues. Briefly, 100 mg
of tissue (muscle and liver) was weighed and placed in 2 mL tube and washed in cold
DPBS. The DPBS was discarded, replaced with 500 µL lysis buffer and the tissue
lysed in a Qiagen Tissue lyser at 25Hz for 1 min (this was repeated 5 times). Thereafter
protein was extracted and Western blots performed.

5.17 Statistical analyses
In vitro results are expressed as the mean ± SEM of three independent experiments.
Statistical significance were calculated using an one-way multivariate ANOVA
statistical assessment with Turkey post hoc test if p  0.05, which was deemed
significantly different.
The in vivo results are expressed as mean ± SEM of n = 6 animals per group. An oneway ANOVA with a Dunnett’s post hoc if p  0.05, which was performed to demonstrate
significant differences between groups (Graphpad Prism version 5.0) was used. Area
under the curve values were calculated using the trapezoidal method with Graphpad
Prism version 5.
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CHAPTER 6
RESULTS
6.1. Dose finding
The use of in vitro studies to evaluate the glucose uptake in cell lines following
stimulation with insulin and other active compounds including plant extracts, is a direct
and sensitive method of determining the glucose lowering effect of these agents. It
allows for rapid screening of extracts and compounds in terms of their efficacy and
toxicity in an ethically acceptable manner. C2C12 muscle, 3T3-L1 adipocytes and C3A
liver cells were selected for screening as they represent three tissues primarily
involved in insulin-stimulated glucose uptake and are directly involved with glucose
homeostasis. The first approach of this project was to perform an in vitro glucose
uptake study to determine the most active concentration for FRE, GRE and the major
phenolic compounds present in rooibos including the flavonoids aspalathin (ASP),
orientin (ORE), isoorientin (ISO) and rutin (RUT).The cells screening dosage for GRE
in C2C12 muscle cells was not performed as this was already established in our
laboratory by Muller et al. (2012).

6.1.1. Phenolic composition of rooibos extracts

The total phenolic content of GRE and FRE (Table 5.3) was 26.2 and 3.9%
respectively. The GRE extract contained substantially higher levels of all the phenolic
compounds determined except for PPAG. Luteolin-7-O-glucoside was not detected in
GRE, but was present in FRE. The largest difference in content of the individual
compounds between GRE and FRE was for the dihydrochalcones, aspalathin and its
3-deoxy analogue, nothofagin (respectively 50.7 and 18.5 times higher in GRE). The
other compounds were 1.5 to 6 times higher in GRE compared to FRE. The major
compound in FRE was isoorientin (0.92%), one of the flavone analogues of aspalathin.
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6.1.2. Dose-response effect of fermented rooibos extract (FRE) in C2C12 muscle,
3T3-L1 adipocytes and C3A liver cells

Glucose uptake was perfomed using a fluorometric method to determine the doseresponse of FRE in C2C12 muscle, 3T3-L1 adipocytes and C3A liver cells. Insulin (1
µM) and metformin (1 µM) were used as positive controls. Results showed that both
insulin and metformin increased glucose uptake from 100.0 ± 3.1% to 128.8 ± 5.1% (p
< 0.01) and 130.5 ± 4.1% (p < 0.001). In the C2C12 muscle cells FRE significantly
increased glucose uptake in the concentration range of 0.0001 to 10 µg/mL (Fig. 6.1
A). In 3T3-L1 adipocytes and C3A liver cells FRE increased glucose uptake in all the
concentrations tested from 0.0001 to 100 µg/mL (Fig. 6.1 B and C).
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Figure 6.1. The effect of fermented rooibos extract (FRE) on glucose uptake in C2C12 muscle
cells (A), 3T3-L1 adipocytes (B) and C3A liver cells (C). Cells were cultured in 8 mM glucose in
DMEM without phenol red and pyruvate containing FRE at log concentrations for 1 h in C2C12 muscle
and for 3 h in 3T3-L1 adipocytes and C3A liver cells, respectively. Glucose uptake was measured using
a fluorometric assay. Results are expressed as the mean of three independent experiments expressed
relative to control (8 mM glucose) at 100% ± SEM; *p < 0.05, **p <0.01 and ***p < 0.001.
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6.1.3. Dose response for aspalathin-enriched unfermented green rooibos extract
(GRE) in 3T3-L1 adipocytes and C3A liver cells

A dose response for GRE was only perfomed for 3T3-L1 adipocytes and C3A liver
cells. An effective dose for C2C12 muscle cells has previously been established to be
between 0.05 and 50 µg/mL (Muller et al., 2012). In 3T3-L1 adipocyes and C3A liver
cells glucose uptake was enhanced in a dose-dependent manner by GRE at all
concentrations tested (Fig. 6.2 A and B).
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Figure 6.2. The effect green rooibos extract (GRE) on glucose uptake on 3T3-L1 adipocytes (A)
and C3A liver cells (B). Cells were cultured in 8 mM glucose in DMEM without phenol red and pyruvate
containing log dilutions of GRE for 1 h in C2C12 muscle and for 3 h in 3T3-L1 adipocytes and C3A liver
cells, respectively. Glucose uptake was measured using a fluorometric assay. Results are expressed
as the mean of three independent experiments expressed relative to control (8 mM glucose) at 100% ±
SD; ***p < 0.001.
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6.1.4. Dose response for aspalathin in C2C12 muscle, 3T3-L1 adipocytes and
C3A liver cells

Glucose uptake was perfomed in C2C12 muscle, 3T3-L1 adipocytes and C3A liver
cells, using the fluorometric method described previously. Results showed that
treatment with aspalathin increased glucose uptake at all concentrations tested in
C2C12 muscle cells (Fig. 6.3 A). In 3T3-L1 adipocytes glucose uptake was enhanced
in a dose dependant manner (Fig. 6.3 B). Similar results were observed in C3A liver
cells whereas treatment with aspalathin increased glucose uptake in a dosedependent manner at all concentrations tested (Fig. 6.3 C).
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Figure 6.3. The effect of aspalathin on glucose uptake in C2C12 muscle cells (A), 3T3-L1
adipocytes (B) and C3A liver cells (C). Cells were cultured in 8 mM glucose in DMEM without phenol
red and pyruvate containing log dilutions of aspalathin for 1 h in C2C12 muscle and for 3 h in 3T3-L1
adipocytes and C3A liver cells, respectively. Glucose uptake was measured using a fluorometric assay.
Results are expressed as the mean of three independent experiments expressed relative to control (8
mM glucose) at 100% ± SEM; *p < 0.05, **p < 0.01 and ***p < 0.001.
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6.1.5. Effect of orientin on glucose uptake in C2C12 muscle, 3T3-L1
adipocytes and C3A liver cells
Orientin significantly increased glucose uptake in C2C12 musle cells at concentrations
of 10 and 100 µM, respectively (Fig. 6.4 A). In 3T3-L1 adipocytes and C3A liver cells
orientin increased glucose uptake at all concentrations tested (Fig. 6.4 B and C).
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Figure 6.4. The effect of orientin on glucose uptake in C2C12 muscle cells (A), 3T3-L1 adipocytes
(B) and C3A liver cells (C). Cells were cultured in 8 mM glucose in DMEM without phenol red and
pyruvate containing log dilutions of orientin for 1 h in C2C12 muscle and for 3 h in 3T3-L1 adipocytes
and C3A liver cells, respectively. Glucose uptake was measured using a fluorometric assay. Results
are expressed as the mean of three independent experiments expressed relative to control (8 mM
glucose) at 100% ± SEM; *p < 0.05, **p < 0.01 and ***p < 0.001.
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6.1.6. Effect of isoorientin on glucose uptake in C2C12 muscle, 3T3-L1 and C3A
liver cells

Isoorientin was most effective at increasing glucose uptake in C2C12 muscle cells at
the concentrations of 0.001 to 10 µM (Fig. 6.5 A). In 3T3-L1 adipocytes and C3A liver
cells at all the concentrations tested increased glucose uptake (Fig. 6.5 B and C).
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Figure 6.5 .The effect isoorientin on glucose uptake in C2C12 muscle cells (A), 3T3-L1
adipocytes (B) and C3A liver cells (C). Cells were cultured in 8 mM glucose in DMEM without phenol
red and pyruvate containing log dilutions of isoorientin for 1 h in C2C12 muscle and for 3 h in 3T3-L1
adipocytes and C3A liver cells, respectively. Glucose uptake was measured using a fluorometric assay.
Results are expressed as the mean of three independent experiments expressed relative to control (8
mM glucose) at 100% ± SEM; *p < 0.05, **p < 0.01 and ***p < 0.001.
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6.1.7. Effect of rutin on glucose uptake in C2C12 muscle, 3T3-L1 adipocytes and
C3A liver cells

In C2C12 muscle cells treated with rutin showed an increase in glucose uptake within
a relatively narrow concentration range of 10 to 100 µM (Fig. 6.6 A). In 3T3-L1
adipocytes and C3A liver cells rutin significantly increased glucose uptake across all
the concentrations tested (Fig. 6.6 B and C).
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Figure 6.6. The effect of rutin on glucose uptake in C2C12 muscle cells (A), 3T3-L1 adipocytes
(B) and C3A liver cells. Cells were cultured in 8 mM glucose in DMEM without phenol red and pyruvate
containing log dilutions of rutin for 1 h in C2C12 muscle and for 3 h in 3T3-L1 adipocytes and C3A liver
cells, respectively. Glucose uptake was measured using a fluorometric assay. Results are expressed
as the mean of three independent experiments expressed relative to control (8 mM) at 100% ± SEM;
*p < 0.05, **p < 0.01 and ***p < 0.001.
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6.2 Glucose metabolism and insulin resistance in muscle cells
The results below describes the induction of insulin resistance in C2C12 muscle cells,
by palmitate (16:0), a SFA. The results further cover the effects of the extracts and
phenolic compounds using singular concentrations (10 µg/mL for FRE and GRE and
10 µM for aspalathin, orientin, isoorientin and rutin) on glucose metabolism. The
aspalathin-enriched green rooibos extract (GRE) at 10 µg/mL and aspalathin at a
concentration of 10 µM, were chosen to assess their effects on the glucose and lipid
molecular mechanisms in insulin resistant cells.
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6.2.1 Palmitate-induced insulin resistance in C2C12 muscle

Insulin resistance was confirmed by the lower insulin-stimulated glucose uptake (34.7
± 2.8%; p < 0.001) in the palmitate-treated C2C12 muscle cells compared to the
normal control C2C12 cells. In the normal control cells insulin (1 µM) and metformin
(1 µM), used as controls, increased glucose uptake (129.6 ± 3.4%; p < 0.001 and
116.0 ± 2.4%; p < 0.001, respectively), however, insulin and metformin failed to
increase glucose uptake by the palmitate-treated C2C12 muscle cells (Fig. 6.7).
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Figure 6.7. Effect of palmitate on glucose uptake. C2C12 muscle cells, cultured in 8 mM glucose
with or without 0.75 mM palmitate for 16 h, were treated with 1 µM insulin (15 min) or 1 µM metformin
(3 h). Glucose uptake was measured using [3H]-2-deoxy-D-glucose. Results are expressed as the mean
of three independent experiments relative to the control set at 100% ± SEM. Bars with different letters
denote statistical differences at p  0.05.
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6.2.2 Effect of rooibos extracts (FRE and GRE) on glucose uptake, mitochondrial
dehydrogenase activity (MTT) and intracellular ATP content in insulin-resistant
C2C12 muscle cells

The ability of rooibos extracts to protect or reverse palmitate-induced insulin resistance
was assessed by adding FRE or GRE for 3 h to the media of palmitate-treated C2C12
muscle cells. Results showed that basal glucose uptake was increased by rooibos
treatment from 34.7 ± 2.8% to 70.2 ± 7.1% (p < 0.001) and 93.4 ± 6.2% (p < 0.001)
for FRE and GRE, respectively. Insulin-stimulated glucose uptake increased from 30.3
± 2.5% to 66.2 ± 5.2% (p < 0.001) and 103.7 ± 9.0% (p < 0.001) for FRE and GRE,
respectively. Compared to FRE, GRE was more effective at increasing both basal and
insulin-stimulated glucose uptake. In addition, GRE normalised basal glucose uptake
by palmitate-treated cells compared to the normal controls not exposed to palmitate
(Fig. 6.8 A). Mitochondrial dehydrogenase activity was determined using the MTT
assay and intracellular ATP was determined with a luminescence kit. Results obtained
from the MTT assay showed that FRE increased mitochondrial activity in both basal
and insulin-stimulated palmitate-treated C2C12 cells from 37.4 ± 1.0% to 131.7 ±
11.7% (p < 0.001) and 38.5 ± 1.7 to 134.4 ± 8.1 % (p < 0.001), respectively. Similar
results were obtained for GRE (37.4 ± 1.0% to 98.9 ± 5.1%; (p < 0.001) and 38.5 ± 1.7
to 114.1 ± 3.9%; (p < 0.001) (Fig. 6.8 B). In terms of ATP content FRE treatment
increased basal and insulin-stimulated ATP concentrations from 40.7 ± 0.8 to 140.4 ±
11.4% (p < 0.001) and from 34.1 ± 0.7 to 149.4 ± 13.35 (p < 0.001), respectively. GRE
increased the basal and insulin-stimulated ATP from 40.7 ± 0.8 to 135.2 ± 17.0% (p <
0.001) and 34.1 ± 0.7 to 165.0 ± 11.6% (p < 0.001), respectively (Fig. 6.8 C).
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Figure 6.8. Effect of rooibos extracts (FRE and GRE) on glucose uptake (A), mitochondrial
dehydrogenase activity (B) and intracellular ATP content (C). C2C12 muscle cells, cultured in 8
mM glucose with or without 0.75 mM palmitate for 16 h, were treated with FRE or GRE (10 µg/mL) for
3 h. Insulin (1 µM) was used for insulin-stimulated glucose uptake. Glucose uptake was measured using
[3H]-2-deoxy-D-glucose method, mitochondrial dehydrogenase activity was measured using the MTT
assay and intracellular ATP was measured using the ATP luminescence kit. Results are expressed as
the mean of three independent experiments relative to the respective normal control at 100% ± SEM.
Bars with different letters denote statistical differences at p  0.05.
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6.2.3. Effect of phenolic compounds on glucose uptake mitochondrial
dehydrogenase activity (MTT) intracellular ATP content in insulin-resistant
C2C12 muscle cells

The effect of four major flavonoids present in rooibos (aspalathin (ASP), orientin
(ORE), isoorientin (ISO) and rutin (RUT)) on palmitate-induced insulin resistance was
assessed. Results demonstrated that aspalathin, orientin, isoorientin and rutin
increased basal glucose uptake from 34.7 ± 2.8% for the palmitate-treated control to
96.5 ± 19.2%, 95.3 ± 10.4% and 106.9 ± 17.3% and 82.9 ± 6.3% (p < 0.001),
respectively. Insulin-stimulated glucose uptake was increased by orientin, isoorientin
and rutin from 30.3 ± 2.5% for the palmitate-treated control to 95.9 ±10.4% ,102.7 ±
15.2% and 77.5 ± 5.1%, (p < 0.001) respectively. Although there were no significant
differences between the individual compounds, orientin and isoorientin appeared to
have the greatest effect on insulin-stimulated glucose uptake (Fig .6.9 A).

The effect of aspalathin, orientin, isoorientin and rutin on mitochondrial activity and
cellular ATP was assessed in insulin-resistant C2C12 muscle cells. Results showed
that aspalathin, orientin, isoorientin and rutin increased basal mitochondrial activity
from 37.4 ± 1.0% to 118.1 ± 4.1%, 145.8 ± 14.9%,144 ± 7.9% and 115.9 ± 9.2% (p <
0.001) and by insulin-stimulation from 38.5 ± 1.7% to 113.7 ± 3.7%, 156.9 ± 12.3,
153.2 ± 12.9% and 97.99 ± 9.2%, (p < 0.001) respectively (Fig. 6.9 B). Of these
phenolic compounds, orientin and isoorientin appeared to be most effective at
increasing the MTT activity. In terms of ATP content results showed that aspalathin,
orientin, isoorientin and rutin increased basal energy production in C2C12 muscle cells
from 40.7 ± 0.7% to 100.5 ± 7.3%, 100.6 ± 12.9%, 85.3 ± 1.6% and 159.3 ± 7.8% (p
< 0.001) and insulin-stimulated ATP content from 34.1 ± 0.7% to 106.5 ± 11.2%, 93.9
± 7.7%, 89.9 ± 4.9% and 115.9 ± 7.8% (p < 0.001), respectively (Fig. 6.9 C).
Interestingly it appeared that rutin had the greatest effect on ATP content.
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Figure 6.9. Effect of aspalathin (ASP), orientin (ORE), isoorientin (ISO) and rutin (RUT) on
glucose uptake (A) mitochondrial dehydrogenase activity (B) and ATP content (C). C2C12 muscle
cells, cultured in DMEM with 8 mM glucose with or without 0.75 mM palmitate for 16 h, were treated
with aspalathin, orientin, isoorientin or rutin (10 µM) for 3 h. Glucose uptake was measured using [3H]2-deoxy-D-glucose method. Mitochondrial dehydrogenase activity was measured using the MTT assay
and ATP content determined using a luminescence kit. Results are expressed as the mean of three
independent experiments relative to control cells (100%) ± SEM. Bars with different letters denote
statistical differences at p  0.05.
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6.2.4. Aspalathin-enriched green rooibos extract (GRE) and aspalathin downregulated PKCθ activation in palmitate-treated C2C12 muscle cells
Western blot analyses showed that palmitate increased basal PKCθ activation from
100.0 ± 9.2% to 265.9 ± 25.7% (p < 0.001) and from 43.2 ± 4.7% to 321.2 ± 15.2% (p
< 0.001) following insulin stimulation, respectively. GRE and aspalathin reduced the
pPKC θ / tPKCθ ratio in basal and insulin-stimulated palmitate-treated C2C12 muscle
cells. Basal pPKCθ ratio levels were reduced from 265.9 ± 25.7% to 153.7 ± 31.3% (p
< 0.01) and 103.9 ± 11.0% (p < 0.001); and insulin-stimulated levels were reduced
from 321.2 ± 15.1% to 93.3 ± 23.2% (p < 0.001) and 135.8 ± 9.1% (p < 0.001) for GRE
and aspalathin treatments, respectively (Fig. 6.10).
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Figure 6.10. Effect of green rooibos extract (GRE) and aspalathin (ASP) on PKCθ activation.
C2C12 muscle cells, cultured in DMEM with 8 mM glucose with or without 0.75 mM palmitate for 16 h,
were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was used for insulin
stimulation. Cells were lysed and subjected to Western blot analyses. The % of pPKCθ/tPKCθ was
used to estimate the level of PKCθ activation. Results are expressed as the mean of three independent
experiments relative to control at 100% ± SEM. Bars with different letters denote statistical differences
at p  0.05.

79

6.2.5 Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on insulin receptor (INSR) protein expression

GRE and aspalathin increased basal INSR protein expression from 70.2 ± 3.0% to
159.0 ± 6.3% and 123.1 ± 6.2% (p < 0.001) and the insulin-stimulated INSR expression
from 70.2 ± 3.0% to 165.4 ± 5.5% (p < 0.001) and 132.1 ± 1.5% (p < 0.01), compared
to palmitate-treated controls, respectively (Fig. 6.11 ).
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Figure 6.11. Effect of green rooibos extract (GRE) and aspalathin (ASP) on INSR protein
expression. C2C12 muscle cells, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was
used for insulin stimulation. Cells were lysed and subjected to Western blot analyses. Results are
expressed as the mean of three independent experiments relative to control at 100% ± SEM. Bars with
different letters denote statistical differences at p  0.05.
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6.2.6 Effect of aspalathin-enriched green rooibos (GRE) and aspalathin on IRS1
(Ser 307)

Enzyme-linked immunosorbent assay (ELISA) was used to determine the protein
expression of IRS1 (Ser 307). The results showed that palmitate treatment of C2C12
muscle cells increased the protein expression of IRS1 (Ser 307) (76.2 ± 5.5% to 223.8
± 40.1% (p < 0.05)). This occurs both with and without insulin stimulation and the
effects can be attenuated by addition of aspalathin or neutralised by GRE (223.8 ±
40.1% to 111.1 ± 22.9% (p < 0.01)) (Fig. 6.12).
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Figure 6.12. Effect of green rooibos extract (GRE) and aspalathin (ASP) on IRS1 (Ser 307) protein
expression. C2C12 muscle cells, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was
used for insulin stimulation. Cells were lysed and subjected to ELISA. Results are expressed as the
mean of three independent experiments relative to control at 100% ± SEM. Bars with different letters
denote statistical differences at p  0.05.
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6.2.7. Aspalathin-enriched green rooibos extract (GRE) and aspalathin
increased protein expression of pPI3K (p85) in palmitate-induced insulinresistant C2C12 muscle cells

Treatment with GRE and aspalathin significantly increased phosphorylation of insulinstimulated PI3K (p85) in palmitate-treated C2C12 muscle cells from 88.8 ± 4.8% to
144.2 ± 5.7% (p < 0.001) and 158.5 ± 10.9% ( p< 0.001), respectively. The basal pPI3K
(p85) levels were also increased by GRE and aspalathin to above that of the normal
controls, however, the increase was not significant for GRE (Fig. 6.13).
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Figure 6.13. Effect of green rooibos extract (GRE) and aspalathin (ASP) on PI3K(p85) activation.
C2C12 muscle cells, cultured in DMEM with 8 mM glucose with or without 0.75 mM palmitate for 16 h,
were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was used for insulin
stimulation. Cells were lysed and subjected to Western blot analyses. The % of pPI3K /tPI3K was used
to estimate the levels of PI3K p85) activation. Results are expressed as the mean of three independent
experiments relative to control at 100% ± SEM. Bars with different letters denote statistical differences
at p  0.05.
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6.2.8. Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on pAKT (Ser 473) protein expression in insulin-resistant C2C12 muscle cells

Insulin stimulation increased AKT (Ser 473) activation from 100.0 ± 27.7% to 4215.0
± 213.2% (p < 0.001). Culturing with palmitate significantly reduced this increased from
4215 ± 213.2% to 1438.0 ± 342.7% (p < 0.001). In palmitate-treated C2C12 muscle
cells, GRE and aspalathin increased AKT (Ser 473) phosphorylation in the presence
of insulin from 1438.0 ± 342.7% to 3722.0 ± 468.5%; ( p < 0.001) and 2911.0 ± 224.9%;
(p < 0.001), respectively. GRE and aspalathin had no effect on basal (non-insulinstimulated) AKT (Ser 473) phosphorylation (Fig. 6.14).
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Figure 6.14 Effect of green rooibos extract (GRE) and aspalathin (ASP) on AKT (Ser 473)
activation. C2C12 muscle cells, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with GRE (10 µg/mL) or ASP (10 µM) for 3 h. Insulin (1 µM) was used
for insulin stimulation. Cells were lysed and subjected to Western blot analyses. The % of pAKT/tAKT
was used to estimate the level of AKT (Ser 473) activation. Results are expressed as the mean of three
independent experiments relative to control at 100% ± SEM. Bars with different letters denote statistical
differences at p  0.05.
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6.2.9. Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on pAMPK in palmitate-induced insulin-resistant C2C12 muscle cells

Treatment with GRE had no effect on AMPK activation. Aspalathin increased the
percentage of phosphorylated basal AMPK in palmitate-treated C2C12 muscle cells
from 145.6 ± 52.2% to 368.0 ± 49.1% (p < 0.05) (Fig. 6.15).
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Figure 6.15. Effect of green rooibos extract (GRE) and aspalathin (ASP) on AMPK activation.
C2C12 muscle cells, cultured in DMEM with 8 mM glucose with or without 0.75 mM palmitate for 16 h,
were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was used for insulin
stimulation. Cells were lysed and subjected to Western blot analyses. The % of pAMPK/tAMPK was
used to estimate the level of AMPK activation Results are expressed as the mean of three independent
experiments relative to control at 100% ± SEM. Bars with different letters denote statistical differences
at p  0.05.
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6.2.10. Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on GLUT4 protein expression

GRE and aspalathin increased insulin-stimulated GLUT4 protein expression
compared to palmitate-treated controls from 66.9 ± 18.4% to 196.1 ± 14.9% (p < 0.001)
and 183.1 ± 22.5% (p < 0.01), respectively. The GRE extract increased basal GLUT4
expression from 100.0 ± 8.9% to 227.2 ± 11.4% (p < 0.001) (Fig. 6.16).
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Figure 6.16. Effect of green rooibos extract (GRE) and aspalathin (ASP) on GLUT4 protein
expression. C2C12 muscle cells, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was
used for insulin stimulation. Cells were lysed and subjected to Western blot analyses. Results are
expressed as the mean of three independent experiments relative to control AT 100% ± SEM. Bars with
different letters denote statistical differences at p  0.05.
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6.3. Glucose metabolism and insulin resistance in 3T3-L1
adipocytes
The following results describe the induction of insulin resistance in differentiated
adipocytes using palmitate. The effects of fermented rooibos (FRE) and aspalathinenriched green rooibos (GRE) at a concentration of 10 µg/mL and aspalathin, orientin,
isoorientin and rutin at a concentration of 10 µM in insulin-resistant 3T3-L1 adipocytes
will be further demonstrated. Insulin (1 µM) was used for insulin stimulation. GRE (10
µg/mL) and aspalathin at a concentration of 10 µM, were chosen to assess their effects
on the glucose and lipid molecular mechanisms in insulin-resistant 3T3-L1 adipocyte.
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6.3.1. Palmitate reduces insulin sensitivity in 3T3-L1 adipocytes

The effect of palmitate on 3T3-L1 adipocyte insulin sensitivity was assessed using a
glucose uptake assay. In the normal control cells insulin (1 µM) and metformin (1 µM)
were used as controls. Both insulin and metformin increased glucose uptake from
100.0 ± 3.1% to 189.4 ± 10.9% (p < 0.001) and 130.6 ± 14.9% (p < 0.001), respectively
compared to the normal control. Results showed that palmitate reduced insulin activity
in 3T3-L1 adipocytes from 100.0 ± 3.1% to 69.9 ± 1.8% (p < 0.05). In palmitate-treated
cells insulin increased glucose uptake compared to the palmitate control. Metformin,
however had no effect on glucose uptake in palmitate-treated 3T3-L1 adipocytes (Fig.
6.17).
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Figure 6.17. Effect of palmitate on glucose uptake in 3T3-L1 adipocytes. 3T3-L1 adipocytes were
cultured in DMEM with 8 mM glucose with or without 0.75 mM palmitate for 16 h, then treated with 1
µM insulin (15 min) or 1 µM metformin (3 h). Glucose uptake was measured using [ 3H]-2-deoxy-Dglucose. Results are expressed as the mean of three independent experiments relative to the control
set at 100% ± SEM. Bars with different letters denote statistical differences at p  0.05.
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6.3.2. Fermented rooibos extract (FRE) and aspalathin-enriched green rooibos
extract (GRE) increased glucose uptake, MTT activity and ATP content in
insulin-resistant 3T3-L1 adipocytes

Rooibos extracts (FRE and GRE) ameliorated palmitate-induced insulin resistance in
3T3-L1 adipocytes. This was evaluated by culturing insulin-resistant 3T3-L1
adipocytes with FRE or GRE in the media that contained 0.75 mM palmitate for 3 h.
Results showed that basal glucose uptake was significantly increased by GRE from
69.9 ± 1.8% to 128.5 ± 3.6% (p < 0.001). Insulin-stimulated glucose uptake increased
from 126.3 ± 6.8% to 175.0 ± 6.1% (p < 0.001) and 177.3 ± 5.7% (p < 0.001) for FRE
and GRE, compared to palmitate control (Fig. 6.18 A). Palmitate treatment of 3T3-L1
adipocytes reduced basal 100.0 ± 2.2% to 67.2 ± 2.8% (p < 0.001) and insulinstimulated mitochondrial dehydrogenase activity from 102.2 ± 2.6% to 72.8 ± 3.7% (p
< 0.001) respectively. Culturing 3T3-L1 adipocytes with FRE and GRE increased basal
mitochondrial dehydrogenase activity that was suppressed palmitate from 67.2 ± 2.8%
to 106.7 ± 2.9% and 106.9 ± 2.5% (p< 0.001), and for insulin-stimulated activity from
72.8 ± 3.7% to 103.9 ± 3.9% and 108.3 ± 2.8% (p < 0.001), respectively (Fig. 6.18 B).
Intracellular ATP content was reduced by palmitate from 100.0 ± 2.7% to 77.1 ± 3.5%
(p < 0.001) in basal and from 109.2 ± 3.3% to 80.9 ± 3.9% (p < 0.05) in insulinstimulated 3T3-L1 adipocytes, respectively. Addition of FRE to palmitate-treated cells
increased basal and insulin-stimulated ATP content from 77.1 ± 3.5 to 104.6 ± 4.6%
(p < 0.001) and from 80.9 ± 3.9% to 114.8 ± 4.5%, (p < 0.001),respectively. Similarly
GRE increased the basal and insulin-stimulated ATP content from 77.1 ± 3.5 to 112.1
± 5.8% (p < 0.001) and 80.9 ± 3.9 to 126.4 ± 5.8% (p < 0.001), respectively (Fig. 6.18
C).
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Figure 6.18. Effect of rooibos extracts (GRE and FRE) on glucose uptake (A), mitochondrial
dehydrogenase activity (B) and intracellular ATP content (C). 3T3-L1 adipocytes, cultured in DMEM
with 8 mM glucose with or without 0.75 mM palmitate for 16 h, were treated with FRE or GRE (10
µg/mL) for 3 h. Insulin (1 µM) was used to assess insulin-stimulated glucose uptake. Glucose uptake
was measured using [3H]-2-deoxy-D-glucose method, mitochondrial dehydrogenase activity was
measured using the MTT assay and intracellular ATP content was measured using the ATP
luminescence kit. Results are expressed as the mean of three independent experiments relative to the
control at 100% ± SEM. Bars with different letters denote statistical differences at p  0.05.
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6.3.3 Effect of aspalathin, orientin, isoorientin and rutin on glucose metabolism
in palmitate-induced insulin-resistant 3T3-L1 adipocytes

To evaluate the effect of rooibos flavonoids on palmitate-induced insulin resistance,
aspalathin, orientin, isoorientin and rutin were added to the media of palmitate-treated
3T3-L1 adipocytes for 3 h. Results showed that rutin increased basal glucose uptake
from 69.9 ± 1.8% to 176.8 ± 9.3% (p < 0.001) compared to the palmitate control.
Insulin-stimulated glucose uptake was increased by all the compounds tested from
125.3 ± 7.7% to 163.1 ± 6.1% (p < 0.01), 164.8 ± 3.6% (p < 0.001), 158.6 ± 7.4% (p <
0.05) and 171.9 ± 7.5% (p < 0.001) for aspalathin, orientin, isoorientin and rutin,
respectively (Fig. 6.19 A).
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reduced
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mitochondrial

dehydrogenase activity from 100.0 ± 2.2% to 67.2 ± 2.8% (p < 0.001) and from 102.2
± 2.6% to 72.8 ± 3.7% (p < 0.001) for the insulin-stimulated cells. Futhermore, results
showed that 3T3-L1 adipocytes treated with aspalathin, orientin, isoorientin or rutin
increased basal mitochondrial activity from 67.2 ± 2.8% to 115.5 ± 5.1%, 102.8 ± 3.6%,
108.2 ± 3.5% and 101.8 ± 3.3% (p < 0.001), respectively. In the insulin-stimulated cells
MTT activity was increased from 72.8 ± 3.7% to 104.6 ± 4.2%, 103.5 ± 2.2, 108.0 ±
5.6% and 102.0 ± 3.03% (p < 0.001) for the respective compounds compared to the
palmitate-treated control (Fig. 6.19 B). In terms of intracellular ATP content, results
showed that palmitate reduced basal ATP content from 100.0 ± 2.7% to 77.1 ± 3.5%
(p < 0.001) and from 109.2 ± 3.3% to 80.9 ± 3.9% (p < 0.05) for basal and insulinstimulated cells compared to the normal control. Aspalathin, orientin, isoorientin and
rutin increased the basal cellular ATP content from 77.1 ± 3.5% to 108.9 ± 4.7%, 110.5
± 5.6%, 112.7 ± 7.2% and 115.0 ± 6.7% (p < 0.001) and insulin-stimulated ATP from
80.9 ± 3.9% to 121.6 ± 4.2% (p < 0.01), 123.8 ± 4.4%, 134.4 ± 4.4% and 129.5 ± 5.1%
(p < 0.001), respectively (Fig. 6.19 C).
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Figure. 6.19. Effect of aspalathin (ASP), orientin (ORE), isoorientin (ISO) and rutin (RUT), on
glucose uptake (A) mitochondrial dehydrogenase activity (B) and ATP content (C) in 3T3-L1
adipocytes. 3T3-L1 adipocytes, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with aspalathin, orientin, isoorientin and rutin (10 µM) for 3 h. Insulin (1
µM) was used for insulin stimulation. Glucose uptake was measured using [ 3H]-2-deoxy-D-glucose
method, mitochondrial dehydrogenase activity was measured using the MTT assay and intracellular
ATP content was measured using the ATP luminescence kit. Results are expressed as the mean of
three independent experiments relative to the control at 100% ± SEM. Bars with different letters denote
statistical differences at p  0.05.
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6.3.4 Effect of an aspalathin-enriched green rooibos extract (GRE) and
aspalathin on NF-κB activation in 3T3-L1 adipocytes

We investigated the effect of GRE and aspalathin on the NF-κB activation. Western
blot analyses showed that palmitate activated NF-κB expression three-fold from 100.0
± 16.8% to 304.8 ± 65.8% (p < 0.001). GRE and aspalathin reduced palmitate-induced
basal NF-κB activation from 304.8 ± 65.8% to 18.2 ± 3.7% (p < 0.001) and 53.6 ± 8.9%
(p < 0.001), respectively. Insulin-stimulated NF-κB activity was reduced from 90.6 ±
4.4% to 31.1 ± 10.5% (p < 0.001) and 66.9 ± 6.4% (p < 0.001), respectively (Fig. 6.20).
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Figure 6.20. Effect of green rooibos extract (GRE) and aspalathin (ASP) on NF-κB activation.
3T3-L1 adipocytes, cultured in DMEM with 8 mM glucose with or without 0.75 mM palmitate for 16 h,
were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was used for insulin
stimulation. Cells were lysed and subjected to Western blot analyses. The % of pNF-κB/tNF-κB was
used to estimate the level of NF-κB activation. Results are expressed as the mean of three independent
experiments relative to control cells at 100% ± SEM. Bars with different letters denote statistical
differences at p  0.05.
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6.3.5 Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on insulin receptor (INSR) protein expression in 3T3-L1 adipocytes

We evaluated the effect of GRE and aspalathin on INSR protein expression in 3T3-L1
adipocytes. Treating 3T3-L1 adipocytes with palmitate reduced INSR protein
expression from 100.0 ± 14.7% to 79.3 ± 5.5% (p < 0.05). Aspalathin increased basal
and insulin-stimulated INSR protein expression compared to palmitate-treated
controls from 79.3 ± 5.5% to 157.3 ± 9.7% (p < 0.01) and from 91.6 ± 8.4% to 181.6 ±
5.2% (p < 0.001), respectively. The GRE had no effect on the INSR protein expression
(Fig. 6.21).
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Figure 6.21. Effect of green rooibos extract (GRE) and aspalathin (ASP) on INSR protein
expression. 3T3-L1 adipocytes, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was
used for insulin stimulation. Cells were lysed and subjected to Western blot analyses. Results are
expressed as the mean of three independent experiments relative to control set at 100% ± SEM. Bars
with different letters denote statistical differences at p  0.05.
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6.3.6. Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on PI3K (p85) protein activation on 3T3-L1 adipocytes

Albeit not significant, insulin stimulation increased PI3K (p85) activation in normal
cells. Culturing cells with palmitate had no effect on 3T3-L1 adipocytes, similarly GRE
and aspalathin had no effect on PI3K (p85) activation (Fig. 6.22).
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Figure 6.22. Effect of green rooibos extract (GRE) and aspalathin (ASP) on PI3K (p85) protein
expression. 3T3-L1 adipocytes, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was
used for insulin stimulation. Cells were lysed and subjected to Western blot analyses. The % of
pPI3K/tPI3K was used to estimate the level of PI3K (p85) activation. Results are expressed as the mean
of three independent experiments relative to control at 100% ± SEM.
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6.3.7. Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on AKT (Ser 473) protein expression in 3T3-L1 adipocytes

The protein expression results showed that insulin increased AKT (Ser 473)
phosphorylation in 3T3-L1 adipocytes from 100.0 ± 3.7% to 399.4 ± 23.9% (p < 0.001).
Addition of palmitate to the culture media of 3T3-L1 adipocytes reduced insulinstimulated AKT (Ser 473) protein expression from 399.4 ± 3.7% to 90.7 ± 10.5% (p <
0.001) of the normal control. Both the GRE and aspalathin increased AKT (Ser 473)
phosphorylation in the presence of insulin from 90.7 ± 10.5% to 257.7 ± 24.5 % (p <
0.001) and 174.0 ± 26.3% (p < 0.001), respectively. GRE and aspalathin had no effect
on basal (non-insulin-stimulated) AKT (Ser 473) phosphorylation (Fig. 6.23).
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Figure 6.23. Effect of green rooibos extract (GRE) and aspalathin (ASP) on AKT (Ser 473) protein
expression. 3T3-L1 adipocytes, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was
used for insulin stimulation. Cells were lysed and subjected to Western blot analyses. The % of
pAKT/tAKT was used to estimate the level of AKT (473) activation. Results are expressed as the mean
of three independent experiments relative to control at 100% ± SEM. Bars with different letters denote
statistical differences at p  0.05.
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6.3.8. Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on AMPK activation in 3T3-L1 adipocytes

At a protein level, addition of palmitate to culture media of 3T3-L1 adipocytes
increased the activation of AMPK in both basal and insulin-stimulated adipocytes from
100.0 ± 5.9% to 1383.0 ± 124.8% and from 102.4 ± 7.1% to 1501.0 ± 169.1% (p <
0.001), respectively. GRE had no effect on basal and insulin-stimulated AMPK
activation compared to the normal control, however, if compared to the palmitate
control, AMPK activation was reduced from 1383.0 ± 124.8% to 125.7 ± 23.1% (p <
0.001) for basal and from 1501.0 ± 169.1% to 163.1 ± 26.2% (p < 0.001) for the insulinstimulated adipocytes, respectively. Although not significant, aspalathin increased the
basal AMPK phosphorylation compared to the normal control (Fig. 6.24).
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Figure 6.24. Effect of green rooibos extract (GRE) and aspalathin (ASP) on AMPK protein
expression. 3T3-L1 adipocytes, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was
used for insulin stimulation. Cells were lysed and subjected to Western blot analyses. The % of
pAMPK/tAMPK was used to estimate the level of AMPK activation. Results are expressed as the
mean of three independent experiments relative to control set at 100% ± SEM. Bars with different
letters denote statistical differences at p  0.05.
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6.3.9. Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on GLUT4 protein expression in 3T3-L1 adipocytes

GRE increased basal GLUT4 protein expression compared to palmitate-treated
controls from 116.5 ± 17.1% to 199.0 ± 10.9% (p < 0.001 and from 143.1 ± 18.0% to
188.0 ± 11.9% (p < 0.01) for insulin-stimulated GLUT4 protein expression. Aspalathin
slightly increased both basal and insulin-stimulated GLUT4 protein expression
although this was not significant (Fig. 6.25).
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Figure 6.25. Effect of green rooibos extract (GRE) and aspalathin (ASP) on GLUT4 protein
expression. 3T3-L1 adipocytes, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was
used for insulin stimulation. Cells were lysed and subjected to Western blot analyses. Results are
expressed as the mean of three independent experiments relative to control at 100% ± SEM. Bars
with different letters denote statistical differences at p  0.05.
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6.3.10. Lipid metabolism studies in 3T3-L1 adipocytes

6.3.10.1. Effect of rooibos extracts on palmitate uptake in 3T3-L1 adipocytes

Fatty acid uptake was measured using radiolabelled

14C

palmitate. Addition of

palmitate reduced the fatty acid uptake both in basal and insulin-stimulated cells from
100.0 ± 4.4% to 43.0 ± 7.7% (p < 0.01) and from 101.7 ± 13.8% to 42.1 ± 8.6% (p <
0.01), respectively. Treating the palmitate-induced insulin-resistant 3T3-L1 adipocytes
with FRE and GRE, increased palmitate uptake from 43.0 ± 7.7% to 122.7 ± 9.3% (p
< 0.001) and 110.2 ± 3.9% (p < 0.001) for basal cells and from 42.1 ± 8.6% to 98.1 ±
8.8% (p < 0.001) and 89.5 ± 10.9 (p < 0.05) for insulin-stimulated cells, respectively
(Fig. 6.26).

150
a

% Palmitate uptake

- Insulin
+Insulin

ac
ac

a

ac
ac

100

b

b

50

0
Normal
control

Palmitate
control

FRE

GRE

0.75 mM Palmitate

Figure 6.26. Effect of rooibos extract (GRE and FRE) on palmitate uptake. 3T3-L1 adipocytes,
were cultured in DMEM supplemented with 8 mM glucose with or without 0.75 mM palmitate for 16 h,
and treated with FRE or GRE (10 µg/mL) for 3 h. Palmitate uptake was measured using 14C palmitate.
Results are expressed as the mean of three independent experiments relative to the control at 100%
± SEM. Bars with different letters denote statistical differences at p  0.05.
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6.3.10.2. Effect of aspalathin, orientin, isoorientin and rutin on palmitate uptake
in 3T3-L1 adipocytes

Aspalathin, orientin, and rutin increased basal palmitate uptake in palmitate treated
cells from 43.0 ± 7.7% to 90.2 ± 10.1% (p < 0.05), 110.7 ± 6.5% (p < 0.001) and 102.1
± 8.5% (p < 0.001), respectively. Isoorientin did not significantly affect basal palmitate
uptake in palmitate treated cells. Orientin, isoorientin and rutin enhanced insulinstimulated palmitate uptake from 42.1 ± 8.6% to 107.3 ± 5.9% (p < 0.001), 93.7 ± 3.7%
(p < 0.001) and 107.8 ± 8.5 (p < 0.001), respectively. Aspalathin did not significantly
affect insulin-stimulated palmitate uptake compared to the palmitate treated controls.
It should be noted however that, aspalathin, orientin, isoorientin and rutin were equally
effective at normalising palmitate uptake relative to the normal controls not exposed
to palmitate (Fig. 6.27).
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Figure 6.27. Effect of aspalathin (ASP), orientin (ORE), isoorientin (ISO) and rutin (RUT) on
palmitate uptake. 3T3-L1 adipocytes, were cultured in DMEM containing 8 mM glucose with or
without 0.75 mM palmitate for 16 h, and treated with ASP, ORE, ISO and RUT (10 µM) for 3 h.
Palmitate uptake was measured using 14C palmitate. Results are expressed as the mean of three
independent experiments relative to the control at 100% ± SEM. Bars with different letters denote
statistical differences at p  0.05.
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6.3.10.3. Effect of aspalathin-enriched green rooibos extract (GRE) and
aspalathin on PPAR protein expression

Treatment with palmitate induced a slight, non-significant reduction in the PPAR
protein expression in 3T3-L1 cells. GRE had no effect on PPAR expression in 3T3L1 adipocytes, while the aspalathin increased both basal and insulin-stimulated
PPAR protein expression from 62.7 ± 8.4% to 234.8 ± 31.4% (p < 0.001) and from
77.8 ± 2.8% to 172.4 ± 23.5% (p < 0.01), respectively compared to the palmitatetreated control (Fig. 6.28).
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Figure 6.28. Effect of green rooibos extract (GRE) and aspalathin (ASP) on PPAR protein
expression. 3T3-L1 adipocytes, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was
used for insulin stimulation. Cells were lysed and subjected to Western blot analyses. Results are
expressed as the mean of three independent experiments relative to control set at 100% ± SEM. Bars
with different letters denote statistical differences at p  0.05.
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6.3.10.4. Effect of aspalathin-enriched green rooibos extract (GRE) and
aspalathin on PPAR protein expression

Insulin stimulation of palmitate treated cells increased PPAR protein expression from
100.0 ± 14.4% to 175.4 ± 10.1% (p < 0.05). GRE had no effect of PPAR expression
in 3T3-L1 adipocytes while the aspalathin increased insulin-stimulated protein
expression from 117.3 ± 9.8% to 181.6 ± 5.2% (p < 0.05), compared to the palmitatetreated control (Fig. 6.29).
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Figure 6.29. Effect of green rooibos extract (GRE) and aspalathin (ASP) on PPAR protein
expression. 3T3-L1 adipocytes, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was
used as insulin stimulation. Cells were lysed and subjected to Western blot analyses. Results are
expressed as the mean of three independent experiments relative to control at 100% ± SEM. Bars
with different letters denote statistical differences at p  0.05.

104

6.3.10.5. Effect of aspalathin-enriched green rooibos extract (GRE) and
aspalathin on malonyl-CoA protein expression

Albeit not significant, culturing with palmitate increased malonyl-CoA protein
expression compared to the normal control, while aspalathin reduced this increase
(Fig. 6.30).
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Figure 6.30. Effect of green rooibos extract (GRE) and aspalathin (ASP) on malonyl-CoA
protein expression. 3T3-L1 adipocytes, cultured in DMEM with 8 mM glucose with or without 0.75
mM palmitate for 16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM)
was used as insulin stimulation. Cells were the lysed and subjected to Western blot analyses. Results
are expressed as the mean of three independent experiments relative to control at 100% ± SEM. Bars
with different letters denote statistical differences at p  0.05.
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6.3.10.6. Effect of aspalathin-enriched green rooibos extract (GRE) and
aspalathin on carnitine palmitoyltransferase I (CPT1) protein expression

Palmitate reduced CPT1 protein expression from 100.0 ± 3.4% to 44.3 ± 3.3% (p <
0001) in 3T3-L1 adipocytes. Addition of GRE and aspalathin increased the basal CPT1
protein expression from 44.3 ± 3.3% to 111.1 ± 5.7% and 93.9 ± 6.3 (p < 0.001),
respectively. In the insulin-stimulated palmitate-treated 3T3-L1 cells aspalathin
increased CPT1 protein expression from 54.1 ± 5.6% to 87.6 ± 8.6% (p < 0.05) (Fig.
6.31).
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Figure 6.31. Effect of green rooibos extract (GRE) and aspalathin (ASP) on CPT1 protein
expression. 3T3-L1 adipocytes, cultured in DMEM with 8 mM glucose with or without 0.75 mM
palmitate for 16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Insulin (1 µM) was
used for insulin stimulation. Cells were lysed and subjected to Western blot analyses. Results are
expressed as the mean of three independent experiments relative to control set at 100% ± SEM. Bars
with different letters denote statistical differences at p  0.05.
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6.4. Insulin resistance in C3A liver cells
Following results describe the induction of insulin resistance in C3A liver cells by
palmitate. The effects of fermented rooibos extract (FRE) and aspalathin-enriched
green rooibos extract (GRE) at a concentration of 10 µg/mL and aspalathin (ASP),
orientin (ORE), isoorientin (ISO) and rutin (RUT) at a concentration of 10 µM in insulinresistant C3A liver cells will be further demonstrated. Insulin (1 µM) was used for
insulin stimulation. GRE (10 µg/mL) and aspalathin at a concentration of 10 µM, were
chosen to assess their effects on the glucose and lipid molecular mechanisms in
insulin resistant C3A liver cells.
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6.4.1. Effect of palmitate on glucose uptake in C3A liver cells

Addition of palmitate to C3A liver cells reduced basal glucose uptake and induced
insulin resistance. This was confirmed by a reduction of basal and insulin-stimulated
glucose uptake from 100.0 ± 4.8% to 69.8 ± 4.6% and from 122.0 ± 4.6% to 63.8 ±
7.9% (p < 0.01) compared to the control cells not exposed to palmitate (Fig. 6.32).
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Figure 6.32. Effect of palmitate on glucose uptake in C3A liver cells. C3A liver cells were cultured
in DMEM with 8 mM glucose with or without 0.75 mM palmitate for 16 h, and treated with insulin (15
min) or metformin (3 h), respectively. Glucose uptake was estimated using [3H]-2-deoxy-D-glucose.
Results are expressed as the mean of three independent experiments relative to the control set at 100%
± SEM. Bars with different letters denote statistical difference at p  0.05.
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6.4.2. Effect of fermented rooibos extracts (FRE) and aspalathin-enriched green
rooibos extract (GRE) on glucose uptake, mitochondrial dehydrogenase activity
and intracellular ATP content in palmitate-treated C3A liver cells

Addition of FRE for 3 h to the media of palmitate-treated C3A liver cells enhanced
insulin-stimulated glucose uptake from 63.8 ± 7.9% to 97.4 ± 6.2% (p < 0.01), GRE
also increased insulin-stimulated glucose uptake, however, the increase was not
significant compared to the palmitate control (Fig. 6.33 A).Treating C3A liver cells with
palmitate for 16 h had no effect on MTT activity however in the palmitate treated cells
GRE increased MTT activity from 90.6 ± 3.0% to 129.8 ± 13.3% compared to palmitate
control respectively (Fig. 6.33 B). Palmitate treatment reduced ATP content. FRE and
GRE increased the ATP content under basal conditions from 76.2 ± 6.2% to 130.4 ±
6.7 (p < 0.0001) and 139.8 ± 11.9% (p < 0.01), respectively. FRE and GRE increased
insulin-stimulated ATP content in palmitate-treated cells from 90.1 ± 6.8% to 119.9 ±
7.3% (p < 0.01) and 138.6 ± 7.3% (p < 0.001), respectively compared to the palmitate
control (Fig. 6.33 C).
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Figure 6.33. Effect green rooibos extracts (FRE and GRE) on glucose uptake (A), mitochondrial
activity (B) and intracellular ATP content (C). C3A liver cells were cultured in DMEM with 8 mM
glucose with or without 0.75 mM palmitate for 16 h, and then treated with insulin (15 min). Glucose
uptake was measured using [3H]-2-deoxy-D-glucose, mitochondrial dehydrogenase activity was
measured using the MTT assay and ATP content was measured using a luminescent assay. Results
are expressed as the mean of three independent experiments relative to the control, which was set at
100% ± SEM. Bars with different letters denote statistical differences at p  0.05.
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6.4.3. Effect of aspalathin, orientin, isoorientin and rutin on glucose uptake,
mitochondrial dehydrogenase activity and intracellular ATP content in
palmitate-treated C3A liver cells

Of the compounds tested, only rutin had a significant effect on the palmitate-induced
reduction of basal glucose uptake from 69.8 ± 4.7% to 91.9 ± 2.8% (p <0.05). In terms
of insulin-stimulated glucose uptake, aspalathin, orientin and isoorientin had no effect.
(Fig. 6.34A). Treating C3A liver cells with palmitate for 16 h had no effect on MTT
activity. Aspalathin and rutin increased basal MTT activity from 90.6 ±3.0% to 138 ±
143% and 137.9 ± 14.5% compared to palmitate control (Fig. 6.34 B). Aspalathin,
orientin, isoorientin and rutin increased basal ATP content from 76.2 ± 6.2% to 145.1
± 7.6%, 141.1 ± 10.2%, 137.3 ± 7.5% and 146.0 ± 10.1% (p < 0.001), respectively,
and insulin-stimulated ATP content from 90.1 ± 6.8% to 137.3 ± 7.3%, 144.7 ± 8.9%,
137.1 ± 6.8% and 135.5 ± 12.3% (p < 0.001), respectively with respect to basal and
insulin-stimulated palmitate controls. As demonstrated for GRE and FRE, treatment
with the compounds induced similar increases between the basal and insulinstimulated ATP content (Fig. 6.34 C).
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Figure 6.34. Effect of aspalathin (ASP), orientin (ORE), isoorientin (ISO) and rutin (RUT), on
glucose uptake (A), mitochondrial activity (B) and intracellular ATP content (C). C3A liver cells
were cultured in DMEM with 8 mM glucose with or without 0.75 mM palmitate for 16 h, and then treated
with insulin (15 min). Glucose uptake was measured using [3H]-2-deoxy-D-glucose, mitochondrial
dehydrogenase activity was measured using the MTT assay and ATP content was measured using a
luminescent assay. Results are expressed as the mean of three independent experiments relative to
the control which was set at 100% ± SEM. Bars with different letters denote statistical differences at p
 0.05.
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6.4.4. Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on PI3K (p85) activation in C3A liver cells

Palmitate reduced the basal levels of activated PI3K (p85) but had no effect on the
insulin-stimulated activation of PI3K (p85). GRE and aspalathin increased basal PI3K
(p85) activation relative to the normal control (not exposed to palmitate) and the
palmitate-treated controls, respectively. Under basal conditions levels of activated
PI3K were increased from 86.6 ± 11.1% to 171.0 ± 3.5% (p < 0.001) and 195.6 ±
22.2% (p < 0.001) for GRE and aspalathin relative to the palmitate-treated control.
(Fig. 6.35).
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Figure 6.35 Effect of green rooibos extract (GRE) and aspalathin (ASP) on PI3K activation.
C3A liver cells were cultured in DMEM supplemented with 8 mM glucose with or without 0.75 mM
palmitate for 16 h and then treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Cells were lysed
and subjected to Western blot analyses. The % of pPI3K/tPI3K was used to estimate the level of PI3K
activation. Results are expressed as the mean of three independent experiments relative to the control
at 100% ± SEM. Bars with different letters denote statistical differences at p  0.05.
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6.4.5. Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on AKT (Ser 473) activation in C3A liver cells

In normal C3A liver cells insulin stimulation increased AKT (Ser 473) activation by ~
400 % (p < 0.001). Palmitate reduced insulin-stimulated AKT (Ser 473) activation from
418.1 ± 15.6% to 151.9 ± 25.3% (p < 0.001) compared to the normal control. GRE
increased AKT (Ser 473) phosphorylation in the presence of insulin from 151.9 ±
25.3% to 300.0 ± 39.5 % (p < 0.001). Aspalathin had no effect on basal and insulinstimulated AKT (Ser 473) phosphorylation (Fig. 6.36).
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Figure 6.36. Effect of green rooibos extract (GRE) and aspalathin (ASP) on AKT (Ser 473)
activation. C3A liver cells were cultured in DMEM supplemented with 8 mM glucose with or without
0.75 mM palmitate for 16 h and then treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Cells
were lysed and subjected to Western blot analyses. The % of pAKT/tAKT was used to estimate the
level of AKT (Ser 473) activation. Results are expressed as the mean of three independent
experiments relative to controls set at 100% ± SEM. Bars with different letters denote statistical
differences at p  0.05.
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6.4.6. Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on AMPK activation in C3A liver cells

GRE and aspalathin increased AMPK activation from 228.8 ± 14.7% to 332.7 ± 4.4%
and 580.1 ± 20.4% (p < 0.001) in basal and from 279.2 ± 16.4% to 533.0 ± 14.2% and
485.0 ± 11.8% (p < 0.001) in the insulin-stimulated cells respectively (Fig. 6.37).
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Figure 6.37. Effect of green rooibos extract (GRE) and aspalathin (ASP) on AMPK activation.
C3A liver cells were cultured in DMEM containing 8 mM glucose with or without 0.75 mM palmitate for
16 h and then treated with GRE (10 µg/mL) or ASP (10 µM) for 3 h. Cells were lysed and subjected to
Western blot analyses. The % of pAMPK/tAMPK was used to estimate the level of AMPK activation.
Results are expressed as the mean of three independent experiments relative to the control set at 100%
± SEM. Bars with different letters denote statistical differences at p  0.05.
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6.4.7. Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on GLUT2 protein expression in C3A liver cells

Treating C3A liver cells with palmitate reduced insulin-stimulated GLUT2 protein
expression from 106.1 ± 11.9% to 43.7 ± 4.2% (p < 0.05). Addition of GRE and
aspalathin to the palmitate-treated C3A liver cells increased basal GLUT2 protein
expression from 59.4 ± 3.4% to 114.4 ± 18.7% (p < 0.05) and 137.5 ± 11.2% (p <
0.01),respectively. Insulin-stimulated GLUT2 protein expression was also increased
from 43.7 ± 4.2% to 105.2 ± 10.2% (p < 0.01) and 175.8 ± 12.7%, respectively.
Aspalathin significantly increased insulin-stimulated GLUT2 protein expression
relative to the normal control, palmitate control and GRE treated C3A cells (Fig. 6.38).
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Figure 6.38. Effect of green rooibos extract (GRE) and aspalathin (ASP) on GLUT2 protein
expression. C3A liver cells were cultured in DMEM containing 8 mM glucose with or without 0.75 mM
palmitate for 16 h and then treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Cells were
lysed and subjected to Western blot analyses. Results are expressed as the mean of three
independent experiments relative to the control at 100% ± SEM. Bars with different letters denote
statistical differences at p  0.05.
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6.4.8. Lipid metabolism in insulin-resistant C3A liver cells
6.4.8.1. Effect of rooibos extracts on palmitate uptake in C3A liver cells

Palmitate uptake was measured using radiolabelled

14C

palmitate. In the normal

controls, insulin increased palmitate uptake but not significantly. Addition of palmitate
reduced palmitate uptake, both under basal and insulin-stimulated conditions from
100.0 ± 4.1% to 65.0 ± 3.6% (p < 0.01) and from 149.6 ± 24.9% to 61.2 ± 2.3% (p <
0.01), respectively. Treating the palmitate-induced insulin-resistant C3A liver cells with
FRE and GRE increased palmitate uptake from 65.0 ± 3.6% to 150.7 ± 12.2% (p <
0.01) and 137.7 ± 6.9% (p < 0.5), respectively under basal conditions. Insulinstimulation increased palmitate uptake of GRE and FRE treated cells from 61.2 ± 2.3%
to 111.0 ± 19.1% (p < 0.05) and 132.8 ± 7.7 (p < 0.05), respectively (Fig. 6.39).
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Figure 6.39. Effect of rooibos extracts (GRE and FRE) on palmitate uptake. C3A liver cells were
cultured in DMEM supplemented with 8 mM glucose with or without 0.75 mM palmitate for 16 h and
treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Palmitate uptake was measured using 14C
palmitate. Results are expressed as the mean of three independent experiments relative to the control
set at 100% ± SEM. Bars with different letters denote statistical differences at p  0.05.
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6.4.8.2. Effect of aspalathin, orientin, isoorientin and rutin on palmitate uptake

Aspalathin, orientin , isoorientin and rutin reversed the palmitate-induced reduction of
basal palmitate uptake from 65.0 ± 3.6% to 152.8 ± 5.9% (p < 0.001), 139.9 ± 6.0% (p
< 0.001), 122.6 ± 11.8% (p < 0.05) and 150.9 ± 5.5% (p < 0.05),respectively. Although
the compounds tested increased insulin-stimulated palmitate uptake, only orientin and
isoorientin showed significant increases from 61.2 ± 2.3% to 118.1 ± 12.5% (p < 0.05)
and 121.8 ± 10.1% (p < 0.05), respectively (Fig 6.40).
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Figure 6.40. Effect of aspalathin (ASP), orientin (ORE), isoorientin (ISO) and rutin (RUT) on
palmitate uptake. C3A liver cells were cultured in DMEM containing 8 mM glucose with or without
0.75 mM palmitate for 16 h and treated with ASP, ORE, ISO and RUT (10 µM) for 3 h. Palmitate
uptake was measured using 14C palmitate. Results are expressed as the mean of three independent
experiments relative to the control set at 100% ± SEM. Bars with different letters denote statistical
differences at p  0.05.
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6.4.10. Aspalathin-enriched green rooibos extract (GRE) and aspalathin reduced
malonyl-CoA protein expression

Palmitate increased malonyl-CoA protein expression, in both basal and insulinstimulated C3A liver cells by ~ 23.0% and 54.0% (p < 0.01), respectively. Treating the
C3A liver cells with GRE or aspalathin reduced the palmitate-induced increase of
malonyl-CoA from 123.7 ± 3.9% to 77.2 ± 6.2% (p < 0.001) and 84.7 ± 10.9% (p <
0.01) for basal cells and from 123.0 ± 5.5% to 85.3 ± 9.9% (p < 0.001) and 76.6 ± 3.7%
(p < 0.001), respectively for insulin-stimulated cells (Fig. 6.41).
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Figure 6.41. Effect of green rooibos extract (GRE) and aspalathin (ASP) on malonyl-CoA
protein expression. C3A liver cells, cultured in 8 mM glucose with or without 0.75 mM palmitate for
16 h, were treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Cells were lysed and subjected
to Western blot analyses. Results are expressed as the mean of three independent experiments
relative to the control set at 100% ± SEM. Bars with different letters denote statistical differences at p
 0.05.
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6.4.11 Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on CPT1 protein expression

Palmitate reduced basal CPT1 protein expression in C3A liver cells by ~59% (p <
0.05). GRE and aspalathin increased the protein expression of CPT1 in palmitatetreated C3A liver cells from 41.4 ± 2.4% to 120.0 ± 8.1% (p < 0.001) and 209.2 ± 4.2%
(p < 0.001) for basal and from 73.5 ± 7.7% to 168.9 ± 11.5% (p < 0.001) and 318.9 ±
37.3% (p < 0.001) for insulin-stimulated CPT1 protein expression, respectively (Fig.
6.42).
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Figure 6.42. Effect of green rooibos extract (GRE) and aspalathin (ASP) on CPT1 protein
expression. C3A liver cells were cultured in DMEM supplemented with 8 mM glucose with or without
0.75 mM palmitate for 16 h, and treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Cells
were lysed and subjected to Western blot analyses. Results are expressed as the mean of three
independent experiments relative to the set at 100% ± SEM. Bars with different letters denote
statistical differences at p  0.05.
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6.4.12. Effect of aspalathin-enriched green rooibos extract (GRE) and aspalathin
on FOXO1 activation in C3A liver cells
Insulin increased FOXO1 activation by ~ 51% compared to the normal control.
Palmitate treatment inhibited insulin-stimulated activation of FOXO1 from 151.7 ±
13.4% to 87.7 ± 10.6% (p < 0.01). GRE and aspalathin reversed the palmitate-induced
inhibition of insulin-stimulated FOXO1 activation from 87.7 ± 10.6% to 203.3 ± 12.4%
(p < 0.001) and 196.5 ± 12.8% (p < 0.001),respectively. In addition, aspalathin
significantly increased basal activation by ~ 200% (p < 0.001) (Fig. 6.43).
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Figure 6.43. Effect of green rooibos extract (GRE) and aspalathin (ASP) on FOXO1 activation.
C3A liver cells were cultured in DMEM supplemented with 8 mM glucose with or without 0.75 mM
palmitate for 16 h and treated with GRE (10 µg/mL) or aspalathin (10 µM) for 3 h. Cells were lysed and
subjected to Western blot analyses. The % of pFOXO1/tFOXO1 was used to estimate FOXO1
activation. Results are expressed as the mean of three independent experiments relative to the control
cells set at 100% ± SEM. Bars with different letters denote statistical differences at p  0.05.
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6.5. Effect of an aspalathin-enriched green rooibos extract (GRE) on
obese insulin-resistant Wistar rats
In this study, male Wistar rats were fed an obesity-inducing diet ad libitum from
weaning for twelve weeks to induce obesity and insulin resistance. OB/IR rats were
treated daily with GRE at various doses (32, 97 and 195 mg/kg BW) for 12 weeks.
Vildagliptin, a dipeptidyl peptidase-4 (DPP-4) inhibitor and a new generation
hypoglycemic drug, was selected as a positive drug reference control. Vildagliptin
improves dyslipidemia and reduces hyperglycemia in T2D. (Ahrén et al., 2005). The
purpose of the study was to investigate the effect of GRE on insulin resistance in dietinduced obese insulin-resistant Wistar rats.

6.5.1. Effects of aspalathin-enriched green rooibos extract (GRE) on body weight
and fasting blood glucose concentrations in OB/IR Wistar rats

Body weights were measured before treatment (baseline), during and after treatment
(4 weeks, 8 weeks and 12 weeks). There were no significant differences in body weight
in any of the treatment groups for the duration of the study (Fig. 6.44 A and B). The
GRE extract at doses of 97 and 195 mg/kg/day reduced glucose concentrations at 4
and 8 weeks compared to their baseline values. However, after 12 weeks of treatment
GRE had no effect on blood glucose concentrations.
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Figure 6.44. Body weights (A) and blood glucose (B) of OB/IR Wistar rats treated with GRE.
The body weights and blood glucose concentrations of OB/IR rats treated daily with GRE were
measured at baseline, 4 weeks, 8 weeks and 12 weeks. The results are presented as mean ± SEM. *
p  0.05, ** p < 0.01, *** p < 0.001, vs. respective baseline values; # p  0.05, ### p < 0.001 vs. untreated
.control at 4 weeks after treatment.
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6.5.2. Aspalathin-enriched green rooibos extract (GRE) reduces insulin
concentrations after 12 weeks of treatment in OB/IR Wistar rats

The results showed that after 12 weeks of treatment, GRE at a dose of 195 mg/kg/day
significantly reduced insulin concentrations compared to the control after a 16 h fast
(Fig. 6.45 A) and reduced HOMA-IR values compared to control (Fig. 6.45 B).
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Figure 6.45. Insulin concentrations (A) and HOMA-IR values (B) of OB/IR Wistar rats after 12
weeks of treatment. HOMA-IR as calculated from fasting glucose and insulin concentrations after 12
weeks of treatment. The results are presented as mean ± SEM. * P  0.05.
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6.5.3. Effect of aspalathin-enriched green rooibos extract (GRE) on insulin
receptor (Insr) mRNA and protein expression in muscle of OB/IR Wistar rats

GRE (195 mg/kg) increased Insr mRNA expression from 100.0 ± 25.9 to 1223.0 ±
404.7% (p < 0.001) (Fig. 6.46 A.). In contrast to mRNA expression, GRE and
vildagliptin reduced INSR protein expression albeit not significantly (Fig. 6.46 B).
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Figure 6.46. Effect of green rooibos extract (GRE) on Insr mRNA (A) and INSR protein
expression (B) in the muscle of OB/IR Wistar rats. OB/IR rats were treated with Vildagliptin (10
mg/kg) or GRE (195 mg/kg) for 12 weeks. Messenger RNA was extracted from skeletal muscle tissue
and quantified by RT-PCR. Protein expression was analysed by Western blot. Data are reported as
mean ± SEM of OB/IR rats (n = 6). Bars with different letters denote statistical differences between
results at p  0.05.
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6.5.4. Effect of aspalathin-enriched green rooibos extract (GRE) on Irs1 and Irs2
mRNA expression in the muscle of OB/IR Wistar rats

The effect of GRE on Irs1 and Irs2 mRNA expression was measured. The Irs1 mRNA
expression was slightly increased compared to the non-treated control, however, this
increase was not significant (Fig. 6.47 A). Similar results were observed with Irs2
expression in muscle (Fig. 6.47 B).
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Figure 6.47. Effect of green rooibos extract (GRE) on Irs1 (A) and Irs2 (B) mRNA expression in
the muscle of OB/IR Wistar rats. OB/IR rats were treated with Vildagliptin (10 mg/kg) or GRE (195
mg/kg) for 12 weeks. Messenger RNA was extracted from skeletal muscle tissue and quantified by
RT-PCR. Data are reported as mean ± SEM of OB/IR rats (n = 6).
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6.5.5. Effect of aspalathin-enriched green rooibos extract (GRE) on Pi3k, mRNA
and protein expression in the muscle of OB/IR male Wistar rats

OB/IR rats treated with GRE for 12 weeks showed an increase in Pi3k mRNA
expression from 100 ± 19.9% to 249 ± 69.5% (p < 0.05) (Fig. 6.48 A). GRE had no
detectable effect on PI3K protein expression (Fig.6.48 B).
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Figure 6.48. Effect of green rooibos extract (GRE) on Pi3k mRNA (A) and PI3K protein (B)
expression in the muscle of OB/IR Wistar rats. OB/IR rats were treated with Vildagliptin (10 mg/kg)
or GRE (195 mg/kg) for 12 weeks. Messenger RNA was extracted from skeletal muscle tissue and
quantified by RT-PCR. Protein expression was analysed by Western blot. Data are reported as mean
± SEM of OB/IR rats (n = 6). Bars with different letters denote statistical differences between results at
p  0.05.
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6.5.6. Effect of aspalathin-enriched green rooibos extract (GRE) on
Ampk mRNA and protein expression in the muscle of OB/IR rats

GRE significantly increased Ampk mRNA expression from 100.0 ± 18.4% to 358.0 ±
61.4% (p < 0.001) (Fig. 6.49 A). At a protein level, GRE resulted in a slight nonsignificant increase in AMPK activation (Fig. 6.49 B).
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Figure 6.49. Effect of green rooibos extract (GRE) on Ampk mRNA expression (A) and AMPK
protein expression (B) in the skeletal muscle of OB/IR Wistar rats. OB/IR rats were treated with
Vildagliptin (10 mg/kg) or GRE (195 mg/kg) for 12 weeks, Messenger RNA was extracted from
skeletal muscle tissue and quantified by RT-PCR. Proteins were analysed by Western blot. Data are
reported as mean ± SEM of OB/IR rats (n = 6). Results are reported as mean ± SEM of n = 6 rats.
Bars with different letters denote statistical differences between results at p  0.05.
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6.5.7. Effect of aspalathin-enriched green rooibos extract (GRE) on Glut4 mRNA
expression in the muscle of OB/IR Wistar rats

GRE increased Glut4 mRNA expression in the skeletal muscle of OB/IR rat from 100
± 10.3% to 223 ± 29.2% (p < 0.01) compared to untreated control (Fig. 6.50).
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Figure 6.50 Effect of green rooibos extract (GRE) on Glut4 mRNA expression in the skeletal
muscle of OB/IR Wistar rats. OB/IR rats were treated with Vildagliptin (10 mg/kg) or GRE (195
mg/kg) for 12 weeks. Messenger RNA was extracted from skeletal muscle tissue and quantified by
RT-PCR. Data are reported as mean ± SEM of OB/IR rats (n = 6). Bars with different letters denote
statistical differences between results at p  0.05.
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6.5.8. Effect of aspalathin-enriched green rooibos extract (GRE) on
insulin receptor (Insr) mRNA and protein expression in the liver of
OB/IR Wistar rats

GRE significantly increased Insr mRNA expression from 100 ± 9.8% to 170.4 ± 7.8%
(p < 0.01) (Fig. 6.51A). GRE had no detectable effect on INSR protein expression (Fig.
6.51 B).
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Figure 6.51. Effect of green rooibos extract (GRE) on Insr mRNA (A) and INSR protein (B)
expression in the liver of OB/IR Wistar rats. OB/IR rats were treated with Vildagliptin (10 mg/kg) or
GRE (195 mg/kg) for 12 weeks. Messenger RNA was extracted from liver tissue and quantified by
RT-PCR. Protein expression was analysed by Western blot. Data are reported as mean ± SEM of
OB/IR rats (n = 6). Bars with different letters denote statistical differences between results at p  0.05.

134

5.5.9. Effect of aspalathin-enriched green rooibos extract (GRE) on Irs1 and Irs2
mRNA expression in the liver of OB/IR rats

GRE increased Irs1 mRNA expression in the liver from 100.0 ± 18.3% to 400.7 ±
68.9% (p < 0.05) (Fig. 6.52 A). Similarly, GRE enhanced the Irs2 mRNA expression
from 100.0 ± 6.9% to 190.4 ± 36.9% (p < 0.05) (Fig. 6.52. B).
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Figure 6.52. Effect of green rooibos extract (GRE) on Irs1 (A) and Irs2 (B) mRNA expression in
the liver of OB/IR Wistar rats. OB/IR rats were treated with Vildagliptin (10 mg/kg) or GRE (195
mg/kg) for 12 weeks. Messenger RNA was extracted from liver tissue and quantified by RT-PCR.
Data are reported as mean ± SEM of OB/IR rats (n = 6). Bars with different letters denote statistical
differences between results at p  0.05.
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6.5.10. Effect of aspalathin-enriched green rooibos extract (GRE) on Pi3k gene
and protein expression in the liver of OB/IR Wistar rats

GRE increased Pi3k mRNA expression from 100.0 ± 54.2% to 220.7 ± 28.6% (p <
0.01) (Fig. 6.53 A). GRE had no detectable effect on PI3K protein expression (Fig.
6.53 B).
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Figure 6.53. Effect of green rooibos extract (GRE) on the Pi3k mRNA (A) and PI3K protein (B)
expression in the liver of OB/IR Wistar rats. OB/IR were treated with Vildagliptin (10 mg/kg) or
GRE (195 mg/kg) for 12 weeks. Messenger RNA was extracted from liver tissue and quantified by
RT-PCR. Protein expression was analysed by Western blot. Data are reported as mean ± SEM of
OB/IR rats (n = 6). Bars with different letters denote statistical differences between results at p  0.05.
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6.5.11. Effect of aspalathin-enriched green rooibos extract (GRE) on
AMPK mRNA and protein expression

GRE significantly increased Ampk mRNA expression from 100.0 ± 14.6 to 320.4 ±
54.9% (p < 0.001) (Fig. 6.54 A). GRE had no detectable effect on AMPK protein
expression (Fig 6.54 B).
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Figure 6.54. Effect of green rooibos extract (GRE) on Ampk mRNA (A) and AMPK protein (B)
expression in the liver of OB/IR Wistar rats. OB/IR rats were treated with Vildagliptin (10 mg/kg) or
GRE (195 mg/kg) for 12 weeks. Messenger RNA was extracted from liver tissue and quantified by
RT-PCR. Proteins were analysed by Western blot. Data are reported as mean ± SEM of OB/IR rats (n
= 6). Bars with different letters denote statistical differences between results at p  0.05.
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6.5.12. Effect of aspalathin-enriched green rooibos extract (GRE) on
Glut2 mRNA expression in the liver of OB/IR Wistar rats

OB/IR Wistar rats treated with GRE had no effect on the Glut2 mRNA gene expression
in the liver (Fig. 6.55).
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Figure 6.55. Effect of rooibos extract (GRE) on Glut2 mRNA gene expression of in the liver of
OB/IR Wistar rats. OB/IR rats were treated with Vildagliptin (10 mg/kg) or GRE (195 mg/kg) for 12
weeks. Messenger RNA was extracted from liver tissue and quantified by RT-PCR. Data are reported
as mean ± SEM of OB/IR rats (n = 6). The figure shows representative data presented as the mean ±
SEM of n = 6 rats.
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6.6. Summary of results
Table 6.1. Summary of the in vitro metabolic effects of FRE, GRE, aspalathin, orientin,
isoorientin and rutin in C2C12 muscle cells, 3T3-L1 adipocytes and C3A liver cells.

C2C12

Palmitate
uptake

MTT

ATP

C3A

Basal

Insulinstimulation

Basal

Insulinstimulation

Basal

Insulinstimulation

FRE

↑

↑

NE

↑

NE

↑

GRE

↑

↑

↑

↑

NE

NE

ASP

↑

NE

↑

↑

NE

NE

ORE

↑

↑

↑

↑

NE

NE

ISO

↑

↑

↑

↑

NE

NE

RUT

↑↑

↑↑

↑

↑

NE

NE

Parameter Treatment

Glucose
uptake

3T3-L1

FRE

ND

ND

↑

↑

↑

↑

GRE

ND

ND

↑

↑

↑

↑

ASP

ND

ND

↑

↑

↑

↑

ORE

ND

ND

↑

↑

↑

↑

ISO

ND

ND

↑

↑

↑

↑

RUT

ND

ND

↑

↑

↑

↑

FRE

↑↑

↑↑

↑

↑

NE

NE

GRE

↑

↑

↑

↑

NE

NE

ASP

↑

↑

↑

↑

NE

NE

ORE

↑↑

↑↑

↑

↑

NE

NE

ISO

↑↑

↑↑

↑

↑

NE

NE

RUT

↑

↑

↑

↑

NE

NE

FRE

↑

↑

↑

↑

↑

↑

GRE

↑

↑↑

↑

↑↑

↑

↑

ASP

↑

↑

↑

↑

↑

↑

ORE

↑

↑

↑

↑

↑

↑

ISO

↑

↑

↑

↑

↑

↑

RUT

↑↑

↑↑

↑

↑

↑

↑

Activity relevant to the palmitate treated controls are indicated as follows:
NE no significant effect detected, ↑ increased from relevant palmitate control, ↑↑ increased relative to
palmitate and normal controls and ND not done.
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Table 6.2. Summary of signalling protein expression in palmitate-treated C2C12 muscle cells,
3T3-L1 adipocytes and C3A liver cells treated with GRE and aspalathin.

C2C12

*N-FkB

IR

IRS1 Ser 307

†PI3K(p85)

†AKT(Ser 473)

†AMPK

GLUT4

GLUT2

PPARg

PPARα

Malonyl CoA

CPT1

†FOXO1

C3A

Basal

Insulinstimulation

Basal

Insulinstimulation

Basal

Insulinstimulation

GRE

↓

↓

ND

ND

ND

ND

ASP

↓

↓

ND

ND

ND

ND

GRE

ND

ND

↓

↑

ND

ND

ASP

ND

ND

↓

↓

ND

ND

GRE

↑

↑

↑

NE

ND

ND

Proteins Treatment
*PKCθ

3T3-L1

ASP

↑

↑

↑

↑

ND

ND

GRE

NE

NE

ND

ND

ND

ND

ASP

NE

NE

ND

ND

ND

ND

GRE

NE

NE

NE

NE

↑

NE

ASP

↑

↑↑

NE

NE

↑

NE

GRE

NE

↑

NE

↑↑

NE

↑

ASP

NE

↑

NE

↑

NE

NE

GRE

NE

NE

↓

↓

↑↑

↑↑

ASP

↑

NE

NE

NE

↑↑

↑↑

GRE

↑

↑

↑

↑

ND

ND

ASP

NE

↑

NE

NE

ND

ND

GRE

ND

ND

ND

ND

↑

↑

ASP

ND

ND

ND

ND

↑

↑↑

GRE

ND

ND

NE

NE

ND

ND

ASP

ND

ND

↑

↑

ND

ND

GRE

ND

ND

NE

NE

ND

ND

ASP

ND

ND

NE

↑

ND

ND

GRE

ND

ND

NE

NE

↑

↑

ASP

ND

ND

NE

NE

↑

↑

GRE

ND

ND

↑↑

NE

↑

↑

ASP

ND

ND

↑

↑

↑

↑↑

GRE

ND

ND

ND

ND

↑

↑

ASP

ND

ND

ND

ND

↑

↑

Protein expression expressed relative to β actin. Palmitate treated controls are indicated as follows:
†Indicates the activated protein as determined by total protein/phosphorylated protein % ratio.
NE no significant effect detected, ↑ increased from relevant palmitate control, ↑↑ increased relative to
palmitate and normal controls and ND not done.
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Table 6.3. Summary of muscle and liver gene and protein expression results following
treatment of OB/IR Wistar rats with GRE for 12 weeks.

Proteins

Muscle

Liver

Genes

Muscle

Liver

IR

NE

NE

Ir

↑

↑

IRS1

ND

↑

Irs1

↑

↑

IRS2

ND

↑

Irs2

↑

↑

PI3K

NE

NE

Pi3k

↑

↑

†AMPK

↑

↑

Ampk

↑

↑

GLUT4

ND

ND

Glut4

↑

ND

GLUT2

ND

ND

Glut2

ND

NE

Protein expression expressed relative to β actin are indicated as follows:
†Indicates the activated protein as determined by total protein/phosphorylated protein % ratio.
NE no significant effect detected, ↑ increased from relevant palmitate control, ↑↑ increased relative to
palmitate and normal controls and ND not done
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Chapter 7
Discussion
7.1. Preparation and phenolic composition of rooibos extracts
Most commonly rooibos is consumed as an infusion of fermented rooibos. For this
study two extracts, a hot water extract produced from fermented rooibos (FRE) and a
solvent-based aspalathin-enriched extract from unfermented or green rooibos (GRE)
were used. The phenolic composition of the hot water extract of fermented rooibos is
similar to that of a hot water infusion of rooibos (“cup of tea”) (Joubert et al., 2012).
The solvent-based extract of green rooibos provided not only increased levels of
aspalathin, but also that of other flavonoids. To eliminate batch-to-batch variation,
which presents a major problem for plant-based research, the extracts used in this
study were from the same batches as previously used by Dludla et al. (2013) and
Muller et al. (2012) for FRE and GRE, respectively. Extracts were stored under
vacuum desiccation at room temperature. Based on HPLC-DAD analysis of the
extracts the total content of the quantified phenolic compounds was approximately
670% higher in GRE compare to FRE, with aspalathin comprising ~70%. The other
phenolic compounds shown to be present in increased amounts in GRE included
orientin, isoorientin and rutin. Enolic phenylpyruvic acid-2-O-glucoside (PPAG) was
the only phenolic compound present at a higher concentration in FRE.

7.2. Motivation for selecting rooibos extracts (GRE and FRE)
Many of the beneficial metabolic effects of rooibos have been attributed to the
presence of the flavonoid, aspalathin. Kawano et al. (2009) reported that aspalathin
increases glucose uptake in muscle cells and insulin secretion from pancreatic β-cells.
In our laboratory, we confirmed the hypoglycemic activity of GRE both in vitro and in
vivo (Muller et al., 2012). Beltrán-Debón et al. (2011) demonstrated a hypolipidemic
effect of an aqueous extract of rooibos in LDLr-/- mice fed a high fat diet, but this effect
was stringently dependent on diet type. Although not explicitly stated, the total phenolic
content of the extract as determined by the Folin-Ciocalteu method (25 g/100 g),
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compared to previous chemical composition analyses of fermented and green rooibos
extracts by Joubert et al. (2008), suggests the extract was prepared from fermented
rooibos. Currently limited information is available on the effect of rooibos in insulin
resistance, and no comparative studies that relate to the phenolic composition and
efficacy of rooibos extracts are available. Previously Muller et al. (2012) demonstrated
an effective concentration response for GRE on in vitro glucose uptake in C2C12
muscle and Chang cells. Furthermore, they also demonstrated that GRE was more
effective than the single compounds, aspalathin and rutin. However, aspalathin and
rutin in a 1:1 (m/m) combination further enhanced glucose uptake providing evidence
of possible synergistic or addictive effects between the different polyphenolic
compounds.

7.3. In vitro concentration response study
Optimal concentration-response studies for FRE and GRE, as well as the phenolic
compounds aspalathin, orientin, isoorientin and rutin, were established by measuring
glucose uptake in normal insulin responsive C2C12 muscle, 3T3-L1 adipocytes and
C3A liver cells. Muller et al. (2012) showed that GRE increased glucose uptake in a
concentration dependent manner within a concentration range of 0.00005 to 50 µg/mL
in C2C12 muscle cells. Subsequently, FRE was shown to have a similar efficacy within
a range of 0.0001-10 µg/mL. Maximal activity was shown to be in a range of 5 to 10
µg/mL (Fig. 6.1 A). For 3T3-L1 adipocytes and C3A liver cells both FRE and GRE
enhanced glucose uptake across the concentration range tested (0.0001-100 µg/mL)
(Fig. 6.1 B, C and 6.2 B, C). Although, we anticipated that, based on the higher
flavonoid content of GRE, it would be more effective than FRE, the concentrationresponse studies showed that in terms of glucose uptake, MTT activity and
intracellular ATP content, the extracts had similar activity. In FRE, however, the
increased amount of Z-2-(β-D-glucopyranosyloxy)-3-phenylpropenoic acid (PPAG),
previously shown to enhance glucose uptake (Muller et al., 2013), could have
enhanced its efficacy. The higher level of PPAG in FRE, however, can not fully explain
the similar activity of FRE and GRE. Other factors such as synergistic effect, rather
than the concentrations of the active compounds present in GRE and FRE, and
compounds not considered could have contributed to the efficacy of the extracts.
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Based on these findings 10 µg/mL for FRE and GRE was selected for all subsequent
experiments.

For the phenolic compounds, based on the efficacy of orientin and rutin, shown to
have the lowest activity and only effective in the 10-100 µM range in C2C12 muscle
cells (Fig. 6.4 A and Fig. 6.6 A), a concentration of 10 µM was selected for further in
vitro testing for all compounds. This is in agreement with Muller et al. (2012) who
showed that aspalathin was effective in C2C12 muscle cells within a dose range of
0.05-50 µM. Furthermore, Son et al. (2013) showed increased glucose uptake by
aspalathin in L6 muscle cells in a dose dependent manner from a concentration of 25100 µM. No cytotoxicity was observed for the selected concentration ranges (results
not shown).

7.4. Induction of insulin resistance by palmitate in muscle cells
Several other studies have reported on the effect of palmitate on glucose uptake (Usui
et al., 1999; Gaster et al., 2005; Sawada et al., 2012). Yang et al. (2013) showed a
reduction in glucose uptake by palmitate at a concentration range of 0.1 to 0.6 mM,
while Tsuchiya et al. (2010) reported a reduction in glucose uptake at a concentration
of 0.5 mM. For this study, the addition of 0.75 mM palmitate significantly reduced
glucose uptake in C2C12 muscle cells, 3T3-L1 adipocytes and C3A liver cells over a
16 h period (Fig. 6.7; 6.17 and 6.32) Insulin resistance was confirmed by the blunted
effect of insulin on glucose uptake following palmitate exposure. In palmitate-treated
C2C12 muscle and C3A liver cells insulin had no effect on glucose uptake, while in
3T3-L1 adipocytes some insulin response was still present, albeit significantly
attenuated compared to the cells not exposed to palmitate. Metformin, a commonly
used oral hypoglycemic drug to which an insulin sensitizing effect is attributed, failed
to restore or to ameliorate insulin resistance.
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7.5. Effect of rooibos extracts (FRE and GRE) and compounds on
palmitate-induced insulin resistance
7.5.1. Glucose uptake and metabolism

Exposure of C2C12 muscle cells to FRE significantly increased basal glucose uptake
from the reduced levels of the palmitate controls. However, glucose uptake was still
significantly lower than that of the normal untreated control cells. FRE had no effect
on insulin sensitivity as glucose uptake was not enhanced compared to basal glucose
uptake. Treating palmitate-induced insulin resistant C2C12 muscle cells with GRE
normalised basal glucose uptake, but failed to normalise insulin-stimulated glucose
uptake compared to the insulin response of normal control cells (Fig. 6.8 A). In contrast
to the insulin-resistant C2C12 muscle cells, FRE was able to normalise basal glucose
uptake and to restore insulin sensitivity in 3T3-L1 adipocytes. GRE significantly
increased basal glucose uptake, and restored insulin sensitivity relative to normal
controls not exposed to palmitate (Fig. 6.18 A). In C3A liver cells, both FRE and GRE
normalised basal glucose uptake but failed to restore insulin sensitivity (Fig. 6.33 A).

To further estimate the effect of the extracts on glucose metabolism, mitochondrial
dehydrogenase activity and cellular ATP content were evaluated in palmitate-induced
insulin-resistant cells. In palmitate-treated C2C12 muscle cells both FRE and GRE
reversed the palmitate-induced reduction in mitochondrial dehydrogenase activity
(Fig. 6.8 B). In terms of cellular ATP content, both FRE and GRE increased the ATP
content to above that of the insulin-stimulated normal control (Fig. 6.8 C). In 3T3-L1
adipocytes, mitochondrial dehydrogenase activity was normalised by both FRE and
GRE (Fig. 6.18 B). The palmitate-induced decrease in ATP content was reversed by
both FRE and GRE and, in the case of GRE, insulin-stimulated ATP content was
increased to above the normal control (Fig. 6.18 C). Similarly, significant increases in
cellular ATP content were demonstrated for FRE and GRE in C3A liver cells, while the
extracts had no effect on mitochondrial activity (Fig. 6.33 B).

In C2C12 muscle cells, the phenolic compounds tested (aspalathin, orientin,
isoorientin and rutin) normalised basal glucose uptake from the palmitate-induced
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decreased levels, however no significant increase in glucose uptake was detected
following insulin stimulation (Fig. 6.9 A). In 3T3-L1 adipocytes basal glucose uptake
was normalised by aspalathin, orientin and isoorientin. Rutin was most effective by
increasing basal glucose uptake to the same level achieved by insulin in the normal
control cells. Aspalathin, orientin, isoorientin and rutin significantly increased and
restored insulin sensitivity (Fig. 6.19 A). However, with rutin insulin stimulation did not
further increase the insulin-stimulated glucose uptake from the already increased
basal glucose uptake level. This probably indicates that rutin maximally stimulates
basal glucose uptake in 3T3-L1 adipocytes and therefore has reached saturation
levels for adipocytes. In the C3A liver cells, aspalathin, orientin, isoorientin and rutin
normalised basal glucose uptake, but did not improve the insulin-stimulated glucose
response (Fig. 6.34 A).

In C2C12 muscle cells, mitochondrial activity was either restored (aspalathin and rutin)
from the decreased palmitate-induced levels or increased in the case of orientin and
isoorientin, however the compounds had no effect on insulin stimulation (Fig. 6.9 B).
Similar results were evident for ATP where ATP content were normalised to basal
levels and insulin stimulation had no additional effect (Fig. 6.9 C). Similar effects were
observed in 3T3-L1 adipocytes for basal mitochondrial activity (Fig. 6.19 B). In 3T3-L1
adipocytes, aspalathin, orientin, isoorientin and rutin normalised basal ATP content,
while insulin stimulation significantly increased ATP content to above the levels in the
normal controls (Fig. 6.19 C). In C3A liver cells, aspalathin, orientin, isoorientin and
rutin restored and increased basal ATP concentrations to above that of the normal
control. However, the increases in basal ATP were not further stimulated by insulin
(Fig. 6.34 B).

These results demonstrate clearly that both FRE and GRE enhanced glucose uptake,
and that the four phenolic compounds tested (aspalathin, orientin, isoorientin and rutin)
had similar effects on palmitate-induced insulin resistant muscle, fat and liver cells. It
further appears that both FRE and GRE and the phenolic compounds stimulate
glycolysis in these cells as demonstrated by increased mitochondrial activity with a
resultant increase in cellular ATP. In the insulin-resistant state, glucose uptake in
muscle is repressed by the accumulation of glucose-6-phosphate (G6P), which is a
rate-limiting step in glucose uptake. The accumulation of G6P is the result of a
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diminished activity of glycolytic flux substrate towards oxidative phosphorylation
(Simoneau and Kelley, 1997). In adipocytes, glycolysis is mainly used to produce
glycerol-3-phosphate and generate pyruvate that is further metabolised in the
mitochondria to form acetyl CoA, a substrate for fatty acid synthesis. In the liver
increased glycolysis results in either glycogen synthesis, glucose oxidation and ATP
content or fatty acid synthesis via pyruvate and acetyl CoA (Guo et al., 2012). It is
interesting that the 3T3-L1 adipocytes appeared to be less insulin-resistant.
Furthermore, although palmitate treatment reduced glucose uptake, some insulin
sensitivity was retained. This insulin sensitivity was further enhanced by the extracts
and compounds. In the C3A liver cells, basal glucose levels were restored by the
extracts and compounds. However, because C3A liver cells do not express GLUT4,
the insulin responsive glucose transporter, insulin did not further enhance glucose
uptake. The increase in ATP following palmitate treatment further suggests that the
increase in glucose uptake induced by FRE, GRE and the compounds was mainly as
a result of increased glucose oxidation by the mitochondria. Although we present
strong evidence for increased ATP production through mitochondrial respiration as
supported by increased MTT levels, it is also true that the MTT assay could be affected
by phenolic compounds (Han et al., 2010). For this study, method controls to estimate
the interaction between the MTT reagent and the extracts and compounds, at the
respective concentrations used, did not have any direct measurable effect.
Furthermore, the integrity of the MTT results are supported by the high degree of
similarity to the ATP results.

Recently Beauvieux et al. (2013) using nuclear magnetic resonance (NMR),
demonstrated that the stilbene resveratrol, increased ATP cellular concentrations in
perfused and isolated liver cells via cytosolic glycolysis and not via oxidative
phosphorylation. The authors further proposed that resveratrol might directly act on
the

glyceraldehyde-3-phosphate

dehydrogenase/3-phosphoglycerate

kinase

(G3PDH/PGK) complex or alternatively via stimulation of AMPK, which stimulated
phosphofructokinase activity (PFK) thereby increasing glycolytic flux. For this study,
glycolytic substrates were not measured and therefore it is not possible to speculate
whether the increased ATP content induced by the extracts and compounds, resulted
from mitochondrial oxidation or cytosolic ATP synthesis. From our evidence, we
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hypothesise, at least in part, that the increased ATP content were due to increased
glucose oxidation.

7.6. Effect of rooibos extracts (FRE and GRE) and compounds on
palmitate uptake by 3T3-L1 adipocytes and C3A liver cells
As both adipocytes and liver cells are involved in fatty acid synthesis, it was of interest
to determine whether palmitate uptake would be affected by the extracts and phenolic
compounds. Chronic palmitate exposure of 3T3-L1 adipocytes and C3A liver cells
significantly reduced C14 palmitate uptake from the media. Both FRE and GRE and the
compounds (aspalathin, orientin, isoorientin and rutin) were able to reverse the
reduced palmitate uptake induced by chronic palmitate exposure (Fig 6.26, 6.27 and
6.39 and 6.40). Adipose tissue and the liver are the primary sites for fatty acid uptake
from the circulation. The enhancement of lipid uptake by the extracts and compounds
in 3T3-L1 adipocytes and C3A liver cells supports several in vivo findings
demonstrating the anti-dyslipidemic effect of rooibos and aspalathin, previously
demonstrated in db/db mice and humans at risk for developing CVD (Kawano et al.,
2009; Marnewick et al., 2011).

7.7. Effect of rooibos extracts (FRE and GRE) on signalling in
C2C12 muscle cells
To gain insight into the possible mechanism(s) of action whereby the extracts elicit
their bioactivity, biochemical signalling pathways involved with glucose metabolism
and insulin palmitate-induced insulin resistance were assessed in C2C12 cells. These
finding were published recently (Mazibuko et al., 2013). We demonstrated that both
extracts down-regulated PKCθ activation which is associated with palmitate-induced
insulin resistance and inflammation. Furthermore, the extracts increased activation of
the key regulatory proteins, AKT and AMPK, involved in insulin-dependent and noninsulin regulated signalling pathways. Protein expression of GLUT4, the glucose
transporter involved in glucose transport via these two pathways, were also increased.
The inhibition of PKCθ activation and increased activation of AMPK and AKT offer a
plausible mechanistic explanation for this ameliorative effect that the extracts had on
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palmitate-induced insulin resistance. Due to the similar mechanism of action
demonstrated in these insulin-resistant C2C12 cells, and the fact that GRE was more
effective, together with high costs involved in molecular analyses, it was decided to
only perform further molecular mechanistic studies using GRE. Furthermore, because
of the uniqueness of aspalathin to rooibos, and in terms of bioactivity (glucose uptake,
MTT and ATP) in which no significant differences were observed between the efficacy
of the compounds at an equimolar concentration (10 µM), it was decided to select
aspalathin as a compound for further molecular studies.

7.8. Effect of aspalathin-enriched green rooibos extract (GRE) and
aspalathin on insulin signalling
In a recent review by Ragheb and Medhat. (2011), muscle insulin resistance was
associated with a defective lipid metabolism and high levels of circulating saturated
FFAs. The mechanism(s) whereby high levels of SFA, particularly palmitate contribute
to insulin resistance are still contradictory. Accumulation of the intermediate lipid
metabolites, DAG and ceramide, in palmitate-treated cells could at least in part affect
insulin signalling (Yuzefovych et al., 2010). In muscle, increased levels of DAG and
ceramide activate the serine kinase PKCθ, which phosphorylates IRS1 at the Ser 307
site and inhibits tyrosine phosphorylation resulting in attenuated downstream insulin
signalling via IRS1 and PI3K. This reduces glucose uptake into the cell by GLUT4
(Yuzefovych et al., 2010). Furthermore, Jové et al. (2006) demonstrated that palmitate
causes an increase in the gene expression of the pro-inflammatory cytokine TNF- in
skeletal muscle, and this was strongly associated with activation of PKC. As
expected, our results confirmed that palmitate increased PKC activation by ~300%
in C2C12 muscle cells and that GRE and aspalathin reversed the palmitate-induced
activation of PKC (Fig. 6.10). This study confirmed that palmitate significantly
increased IRS1 phosphorylation at the serine 307 residue in C2C12 muscle cells and
that both GRE and aspalathin attenuated the activation of IRS1 (Ser 307) (Fig. 6.11).
In 3T3-L1 adipocytes palmitate activated NF-κB, which is strongly associated with
inflammation in adipocytes (Kennedy et al., 2009; Han et al., 2010; McCall et al.,
2010). Our results showed that GRE and aspalathin reversed the palmitate-induced
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activation of NF-κB (Fig. 6.20). As both PKC and NF-κB supress insulin signalling via
phosphorylation of IRS1 (Ser 307), it is plausible that at a mechanistic level, inhibition
of these pathways could enhance insulin signalling.

In C2C12 muscle cells and 3T3-L1 adipocytes palmitate only had a marginal effect on
insulin receptor protein expression (Fig. 6.12 and 6.21). However, both GRE and
aspalathin enhanced insulin receptor expression compared to the palmitate-treated
cells. In C2C12 muscle cells GRE increased INSR protein expression to above that of
the normal controls. In 3T3-L1 adipocytes aspalathin was more effective than GRE at
increasing INSR protein expression. In terms of PI3K, palmitate reduced the activation
of PI3K in C2C12 muscle cells. Deng et al. (2012) reported similar results. GRE and
aspalathin increased PI3K activation in C2C12 muscle with aspalathin showing the
greater increase in PI3K activity (Fig. 6.13). In 3T3-L1 adipocytes and C3A liver cells,
palmitate appeared to have no effect on the activation of PI3K (Fig. 6.22 and 6.35). In
terms of AKT, the downstream target of PI3K, palmitate significantly decreased
activation of AKT by insulin in all three cell lines (Fig. 6.14, 6.23 and 6.36). These
findings are in agreement with previous findings in L6 muscle cells showing that
palmitate impaired insulin sensitivity and glucose uptake by reducing activation of AKT
(Dimopoulos et al., 2006). GRE and aspalathin increased insulin-stimulated AKT
activation from the reduced levels induced by palmitate, however, in the case of GRE,
it normalised the activation of AKT by insulin. Aspalathin significantly improved AKT
activation, but it was less effective than GRE. Similar results were reported by Deng
et al., (2012), showing that polyphenols such as the green tea flavanol,
epigallocatechin gallate (EGCG) and the tumuric curcuminoid, curcumin, inhibited
palmitate-induced PKC activation and suppressed phosphorylation of IRS1 (Ser 307),
thereby enhancing PI3K/AKT signalling, suggesting ameliorative affectivity against
palmitate-induced insulin resistance in C2C12 muscle cells. Alonso-Castro et al.
(2012) showed that isoorientin, which is also present in GRE in high quantities;
increased phosphorylation of AKT in TNF- induced insulin-resistant adipocytes. Lim
et al. (2007) reported that isoorientin protected HepG2 liver cells against oxidative
damage by activating the Nrf2 pathway, which increased the expression of the
endogenous antioxidant NQO1. The mechanism whereby isoorientin elicited the
protective effect was PI3K/AKT dependent. Our study demonstrated that both GRE
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and aspalathin activated the PI3K/AKT pathway in C3A liver cells and therefore,
although we did not study the Nrf2 pathway, we can speculate that both GRE and
aspalathin could have similar protective effects in the liver. It is interesting; however,
that isoorientin at a high concentration (80 µM) inhibits AKT phosphorylation and
induces apoptosis in HepG2 liver cells (Yuan et al., 2012). In another study conducted
by Lee et al. (2012), rutin and the combination of rutin and quercetin, a minor rooibos
flavonoid (Joubert et al., 2012) improved glucose uptake and activated AKT in
hepatocytes.

In terms of GLUT4 protein expression in C2C12 muscle cells, palmitate significantly
decreased insulin stimulated GLUT4 protein expression. GRE and aspalathin
reversed the palmitate-induced decrease (Fig. 6.16). In 3T3-L1 adipocytes palmitate
had no effect on GLUT4 protein expression, however GRE appeared to increase
GLUT4 protein expression (Fig. 6.25). Further, we showed that FRE and GRE
increased pAKT (Ser 473) and GLUT4 protein expression. AKT is a pivotal insulinsignalling protein responsible for GLUT4 expression and translocation to the cell
membrane thereby increasing glucose uptake in response to insulin-signalling. It
should be kept in mind that in this study, the total GLUT4 protein expression does not
necessarily relate to the insulin-stimulated translocation of GLUT4, which was not
determined.

In the C3A liver cells, GLUT2 is the major glucose transporter (Fisette et al., 2013).
GLUT2 protein expression was significantly decreased following palmitate treatment,
while GRE and aspalathin normalised, and in a case of aspalathin even increased
insulin-stimulated GLUT2 protein expression (Fig. 6.38).

7.9. Effect of aspalathin-enriched green rooibos extract (GRE) and
aspalathin on AMPK
Activation of AMPK increases glucose uptake and ATP synthesis independently of
insulin and is regarded as a major drug target in the treatment of T2D (Sajan et al.,
2010). During periods of starvation and deprivation of cellular energy, ATP content
decrease with concomitant increases in AMP and ADP. AMPK, an energy-sensing
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enzyme, responds to these shifts in the energy balance (AMP/ADP: ATP ratios) and
acts by activating energy replenishing catabolic pathways that increase ATP, such as
glycolysis and lipid oxidation at the expense of energy-consuming synthesising
pathways (Musi and Goodyear, 2006).

In 3T3-L1 adipocytes and C3A liver cells, palmitate significantly activated AMPK, but
it had little or no effect on the C2C12 cells (Fig. 6.24, 6.37 and 6.15). Previous studies
have confirmed that AMPK is activated independently of AMP/ADP by increasing
levels of cellular fatty acids including palmitate. AMPK was only activated by palmitate
in L6 muscle at high concentrations (250 µM) and not at lower concentrations (75 µM)
(Watt et al., 2006), such as was used in this study. Of particular interest was that AMPK
activation in both C2C12 muscle and 3T3-L1 adipocytes by aspalathin was more
effective at increasing basal and insulin-stimulated AMPK activation. These findings
are in keeping with those of Son et al. (2013) who demonstrated that aspalathin
promoted AMPK phosphorylation in L6 cells. Activation of AMPK with metformin
increased glucose uptake in human primary myocytes (Sarabia et al., 1992) and in L6
myotubules (Ouyang et al., 2011). The increase was shown to be related to increased
translocation of GLUT1 and GLUT4 to the plasma membrane (Hundal et al., 1992). In
adipocytes AMPK plays a central role by inhibiting fatty acid synthesis and lipolysis
(Daval et al., 2005). Activation of AMPK suppresses acetyl-CoA carboxylase (ACC)
activity thereby decreasing malonyl-CoA levels (inhibit synthetises and enhances
breakdown by malonyl-CoA decarboxylase). By decreasing malonyl-CoA levels the
inhibition of carnitine palmitoyl-transferase I (CPT1) is eased by increasing the entry
of long-chain fatty acyl-CoA into mitochondria and fatty acid oxidation (Hardie, 2011).
In 3T3-L1 adipocytes, AMPK activation enhances basal glucose uptake by a
mechanism independent of insulin-signalling but involving translocation of GLUT4
(Salt et al., 2000; Sakoda et al., 2000). In C3A liver cells both GRE and aspalathin
effectively increased AMPK activation. In the liver AMPK activation increases glucose
uptake by enhancing energy producing catabolic processes such as glycolysis and
fatty acid oxidation in favour of energy consuming synthesis pathways including those
involved with glycogen, lipid and protein synthesis (Viollet et al., 2010).
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7.10. Effect of aspalathin-enriched green rooibos extract (GRE) and
aspalathin on lipid metabolism in 3T3-L1 adipocytes and C3A liver
cells
In 3T3-L1 cells palmitate treatment did not significantly affect the protein expression
of peroxisome proliferator-activated receptor gamma (PPAR) and alpha (PPAR),
two key genes involved in adipogenesis, lipolysis and regulation of lipid oxidation. In
both cases, aspalathin, but not GRE, significantly increased the protein expression of
both these PPAR isoforms (Fig. 6.28 and 6.29). The PPAR agonists,
thiazolidinediones, used in the treatment of T2D, are known to reduce insulin
resistance by restoring sensitivity to insulin in muscle and adipose tissue and by
inhibiting hepatic gluconeogenesis (Kovacs and Stumvoll, 2005). The increased
glucose uptake in 3T3-L1 adipocytes by kaempferol and quercetin has been attributed
to the ability of these flavonoids to act as ligands to PPAR (Fang et al., 2008).
Phenolic acids such as gallic acid have also been previously demonstrated to activate
PPAR expression (Sugii et al., 2009; Huang et al., 2005). Furthermore, Sheng et al.
(2008) reported that cinnamon improved insulin sensitivity in db/db mice by increasing
PPAR and PPAR expression. Other downstream effects of GRE and aspalathin on
3T3-L1 adipocytes lipid metabolism included a slight, but not significant decrease in
insulin-stimulated malonyl-CoA levels of the palmitate-treated cells and a concomitant
increase of basal CPT1 levels (Fig. 6.30 and 6.31). In the C3A liver cells palmitate
significantly increased both basal and insulin-stimulated malonyl-CoA levels which
were reversed by both GRE and aspalathin (Fig. 6.41). GRE and aspalathin also
significantly increased both basal and insulin-stimulated CPT1 protein expression (Fig.
6.42). In the liver, lipid oxidation is regulated both at the transcriptional level involving
PPAR and by allosteric regulation of CPT1 by malonyl CoA (Muoio and Newgard,
2008). As discussed previously, by decreasing malonyl-CoA and increasing CPT1
protein expression, the capacity to transport long chain Acyl CoA into the mitochondria
increases and therefore fatty acid oxidation is enhanced (Rasmussen et al., 2002;
Zammit, 2008; Hardie, 2011).

153

7.11. Effect of aspalathin-enriched green rooibos extract (GRE) and
aspalathin on FOXO1
In the C3A liver cells, palmitate decreased insulin-stimulated FOXO1 activation.
Treating the cells with GRE and aspalathin increased both basal and insulin-stimulated
FOXO1 activation (Fig. 6.43). FOXO1 is known to play a central role in the regulation
of glucose metabolism in the liver in particular, its role in promoting glyconeogenesis
and lipid mobilisation, while supressing glycolysis and lipid synthesis during times of
fast is important for maintaining normoglycemia. FOXO1 also enhances insulin
signalling by promoting AKT phosphorylation and glycogen synthase kinase-3 activity
when glucose levels are increased (Matsumoto et al., 2006; Gross et al., 2008).

7.12. Effect of aspalathin-enriched green rooibos extract (GRE) in
the OB/IR rat
As the bioavailability of rooibos flavonoids, including aspalathin, is generally
considered to be low and found to be almost undetectable in pig and human plasma
(Kreuz et al., 2008; Stalmach et al., 2009), and in order to assess if we could
corroborate the in vitro findings, GRE was administered daily to adult diet-induced
OB/IR Wistar rats. Previously, Muller et al. (2012) demonstrated that GRE reduced
glucose concentrations in STZ diabetic rats and OB/IR rats. GRE had no effect on
body weight (Fig. 6.44 A). Importantly, however, GRE reduced fasting insulin
concentrations by ~44%, thereby ameliorating diet induced insulin resistance, as
calculated by HOMAR-IR (Fig. 6.45 A and B). To gain some insight into mechanism(s)
of action at a gene level, the effect of GRE on key genes involved with insulin signalling
and AMPK was assessed. In muscle and liver mRNA expression demonstrated
increases in insulin receptor (Insr) (Fig. 6.46 A and 6.51 A), phosphatidylinositol 3kinase (Pi3k) (Fig. 6.48 A and 6.53 A) and AMP-activated protein kinase (Ampk) (Fig
6.49 A and 6.54 A), while insulin receptor substrate 1 and 2 (Irs1 and 2) expression
was increased in the liver but not in the muscle (Fig 6.52 A, B and 6.47 A, B).
Messenger RNA expression of Glut4, the insulin sensitive glucose transporter, was
increased in muscle (Fig. 6.50). With the exception of AMPK expression in muscle (Fig
6.49 A and B), the lack of correlation between mRNA expression and Western blot
154

protein expression in the liver and muscle tissue is an unfortunate aspect of the in vivo
study. In terms of mRNA expression, the results are relevant to the effects observed
following treatment. The discrepancy could be due to a technical issue in that our
Western blot methods were not sensitive enough to detect the differences in tissue.
This is particularly disappointing as proteins are the final effectors of biological
processes. At a physiological level it is also possible that the the differences could be
due to posttranslational effects such as protein synthesis regulation by mRNA
degradation whereby a transcript for a particular protein is made, but the translation is
never made or is restricted. Increased mRNA expression of key regulators in insulin
transduction is of particular importance as the liver and skeletal muscle are the major
tissues responsible for glucose disposal from the portal and peripheral circulation,
respectively. Furthermore, the increased gene expression of the insulin signalling
proteins Irs1/2 in the liver and of PI3K, demonstrated for both the muscle and liver
along with GLUT4 in muscle, provides further evidence that GRE enhanced insulinsignalling. A number of studies have provided evidence suggesting that insulin
resistance, the main cause of T2D, can potentially be treated by targeting PI3K itself
or its modulators such as IRS (Jiang and Zhang, 2002; Karnieli and Armoni, 2008).
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7.13. Mechanism of action whereby aspalathin-enriched green
rooibos extract (GRE) and aspalathin ameliorate insulin resistance.
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Figure 7.1. Schematic representation reflecting the mechanism of action whereby GRE and
aspalathin ameliorate insulin resistance. GRE and aspalathin inhibit palmitate-induced activation of
PKCθ and NF-κB, thereby suppressing the inflammatory pathway and restoring insulin sensitivity.
Insulin transduction is enhanced by (i) increased INSR expression, (ii) activation of the PI3K/AKT and
(iii) AMPK culminating in enhanced glucose transport and metabolism. Glucose transport capacity is
improved by increasing GLUT4 (muscle and adipocytes) and GLUT2 (liver) expression. Reduced
malonyl CoA and increased CPT1 protein expression favour fatty acid transport in to the mitochondria
for oxidation. By increasing lipid oxidation, the accumulation of intracellular lipid metabolites such as
DAG and ceramides, known to be responsible for insulin resistance, is reduced. The expression of
PPAR and FOXO1 further enhances insulin sensitivity by enhancing the activation of AMPK and by
protecting tissues such as muscle and liver against lipid overload.
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7.14. Conclusions
Rooibos and the major phenolic compounds present therein were shown to ameliorate
experimentally-induced insulin resistance in vitro and in vivo. In terms of glucose
metabolism suppressed by palmitate, FRE and GRE proved to be equally effective at
restoring glucose uptake, mitochondrial dehydrogenase activity and intracellular ATP
content in muscle, adipocytes and liver cells. The phenolic compounds (aspalathin,
orientin, isoorientin and rutin) demonstrated similar ameliorative effects. In terms of
mechanism of action GRE and aspalathin enhanced insulin-signalling by reducing
palmitate-induced activation of PKCθ and NF-kB, thereby reducing IRS1 (Ser 307)
phosphorylation known to attenuate insulin-signalling. Concomitantly, insulinsignalling effectors such as PI3K and AKT, as well as AMPK, were activated.
Activation of these proteins are associated with enhanced glucose and lipid uptake.
Increased protein expression of GLUT4 and GLUT2 provides further evidence for
increased glucose uptake capacity in muscle, fat and liver cells, respectively. GRE
and aspalathin increased palmitate uptake in 3T3-L1 adipocytes and C3A liver cells.
In terms of lipid metabolism, GRE and aspalathin decreased malonyl-CoA and
increased CPT1 protein expression, thereby increasing fatty acid oxidation. Increased
levels of PPAR and FOXO1 protein expression support the insulin sensitising effect
of GRE and aspalathin in fat and liver, respectively. In an OB/IR rat model, GRE
improved insulin resistance by reducing hyperinsulinemia. Gene and protein studies
on the muscle and liver tissue collaborated the mechanism(s) of action demonstrated
in the C2C12 muscle and C3A liver cells. Strong evidence is presented that
amelioration of insulin resistance in an OB/IR rat involved enhanced insulin signalling,
AMPK activation and increased Glut4 expression.

This study provides compelling evidence in support of the potential health benefits of
rooibos and its phenolic compounds in the prevention of insulin resistance.
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7.15. Shortcomings of the study
Due to budget restrictions and lack of laboratory resources, the following analyses
were not performed:
Accumulation of intracellular SFA metabolites, such as DAG, and ceramide, were not
determined. The presence of these intermediate lipid metabolites have been identified
as an important additional parameter to estimate the level of insulin resistance in
muscle, fat and liver cells.
Lipid metabolism studies, particularly palmitate uptake, were only done in 3T3-L1
adipocytes and C3A liver cells, which are the cell types primarily involved in lipid
metabolism.
For Western blot analyses we had to prioritise and limit protein expression studies to
the key proteins involved in transduction.
Western blot analysis was limited to cells treated with GRE and aspalathin.
In terms of glucose transport, it would have been valuable to look at GLUT4
translocation, in addition to protein expression.
Performing Western blot analyses on proteins with higher molecular weights such as
IRS1, IRS2 and ACC were not successful due to technical reasons (proteins were not
successfully transferred). As an alternative IRS1 (Ser 307) protein expression was
assessed using ELISA. Due to the increased cost of the ELISA kit, the study was
limited to C2C12 muscle cells.
In the OB/IR rat study, mRNA determination was limited to muscle and liver tissue.
Attempts to extract mRNA from adipose tissue was unsuccessful due to its high fat
content.

7.16. Future Studies
Providing sufficient funding is obtained, the following future studies are proposed:
Expand the study to include the effects of the other phenolic compounds present in
GRE (orientin, isoorientin and rutin) on insulin resistance. This will give us a better
understanding of how different phenolic compounds could differentially affect the
metabolism thereby giving insight into structure-function relationships of these
compounds.
158

Clarity the effect of rooibos and its compounds on cellular metabolism by analyses of
metabolic substrates and enzymes to provide additional information regarding
metabolic processes such as glycolysis, gluconeogenesis, glycogenolysis, oxidation,
glycogen and lipid synthesis.
Gain a better understanding of the molecular mechanism(s) involved, by using specific
inhibitors, genes silencing, and specific gene knock out animal models to provide
definitive proof of concept.
In addition to mRNA and protein expression, GLUT4 translocation in response to
insulin stimulation will provide functional proof that insulin signalling and AMPK
activation is effective.
Perform pharmacokinetic studies to determine in vivo bioavailability and stability of the
phenolic compounds. This will allow us to determine an optimal effective dosage for
further in vivo experiments.
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Appendix 1
List of reagents used in this study

Product name

Catalogue number Supplier

2-deoxy-[3H]-D-glucose

ART 0200C

American Radiolabeled Chemicals, St
Louis, MO, USA

M2003

Sigma-Aldrich , St Louis, MO, USA

I5879

Sigma-Aldrich , St Louis, MO, USA

Mm01297600

Applied Biosystems, Foster City, CA,
USA

2532

Cell Signalling Technology, Danvers,
MA, USA

2603

Cell Signalling Technology, Danvers,
MA, USA

sc-2012

Santa Cruz Biotechnology, Santa Cruz,
CA, USA

3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium
bromide (MTT)
3-isobutyl -1-methylxanthine (IBMX)
5’adenosine
monophosphate activated
protein kinase (Ampk)
5’adenosine
monophosphate activated
protein kinase (AMPK)
5’adenosine
monophosphate protein
kinase (AMPK)
Anti-Rabbit IgG
(Horseradish peroxidase
labeled secondary
antibody)
ATP assay kit
Beta actin (ActB)
Bio-Rad Bradford protein
assay kit
Bio-Rad chemiDoc

LT27-008

ViaLight, Whitehead Scientific, JHB, SA
Santa Cruz Biotechnology, Santa Cruz,
CA, USA

Sc-47778
500-0201

Bio-Rad, Hercules, CA, USA

170-8265

Bio-Rad, Hercules, CA, USA

Biovision glucose kit
Bovine serum albumin
(BSA)
Bovine serum albumin
(BSA) fatty acid free
Carbon dioxide (CO2)
Cell counting chamber
slides

K646

Biovision, Mountain View, CA, USA

100-10SB

Sigma-Aldrich , St Louis, MO, USA

A1302-25G

Separations Scientific, JHB, SA

K239C

Cell extraction lysis Buffer

FNN0011

CELLBIND -24 well plates

3337

Air Products, Centurion, SA
Life Technologies Corporation, Carlsbad,
CA, USA
Life Technologies Corporation, Carlsbad,
CA, USA
Corning, MA, USA

CELLBIND -6 well plates

3335

Corning, MA, USA

CELLBIND -96 well plates
Centrifuge tubes (15mL;
50mL)
Centrifuge:(Temperature
control) Tubes;mL;2.0mL
Chloroform

3300

Corning, MA, USA

GEN-1860 5810R

Sigma-Aldrich , St Louis, MO, USA

K82967 3906

Sigma-Aldrich , St Louis, MO, USA

136112-00-0

Sigma-Aldrich , St Louis, MO, USA

Coomasie blue stain

161-0437

Bio-Rad, Hercules, CA, USA

C10228
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Countess automated cell
counter
Cruz Marker Molecular
Weight Standards
Cryotubes

C10311

Invitrogen, Carlsbad, CA, USA

430659

Santa Cruz Biotechnology, Santa Cruz,
CA, USA
Corning, MA, USA

Dexamethasone
Dimethyl sulfoxide
(DMSO)
Donkey anti-rabbit (IgGHRP)
Dulbecco`s modified
Eagle`s medium (DMEM
without glucose)
Dulbecco`s modified
Eagle`s medium (DMEM)
Dulbecco`s phosphate
buffered saline (DPBS)
Eagle’s minimum essential
medium (EMEM)
Eppendorf tubes

D4902

Sigma-Aldrich , St Louis, MO, USA

276855

Sigma-Aldrich , St Louis, MO, USA

sc-2317

Santa Cruz Biotechnology, Santa Cruz,
CA, USA

51442C

Sigma-Aldrich , St Louis, MO, USA

12-604Q

Lonza, Walkersville, MD, USA

17-513F

Lonza, Walkersville, MD, USA

BE12-662F

Lonza, Walkersville, MD, USA

30123301

Sigma-Aldrich , St Louis, MO, USA

Ethanol
Ethanol absolute, 200
proof for molecular
Fetal bovine serum

2875

Sigma-Aldrich , St Louis, MO, USA

E7023-500

Sigma-Aldrich , St Louis, MO, USA

BC/S0615-HI

Lonza, Walkersville, MD, USA

Filter Pads
FLX800 Fluorescence
microplate reader

23385

Sigma-Aldrich , St Louis, MO, USA

Gen5v.1.05

Bio-Tek, Winooski, VT, USA

FOXO1

CST9454S

Gelatin

9000-70-8

Cell Signalling Technology, Danvers,
MA, USA
Sigma-Aldrich , St Louis, MO, USA

Glucose powder
Glucose transporter 4
(GLUT4)
Glucose transporter 2
(Glut 2)
Glucose transporter 2
(GLUT2)
Glucose transporter 4
(Glut4)
Glyceraldehyde-3phosphate dehydrogenase
(Gapdh)
Graphpad Prism ®

D5030

Sigma-Aldrich , St Louis, MO, USA

AB654

Abcam Inc., Cambridge, MA, USA

Mm01245502

Applied Biosystems, Foster City, CA,
USA

AB54460

Abcam Inc., Cambridge, MA, USA

mM01245502

Applied Biosystems, Foster City, CA,
USA

4352341E

Life Technologies Corporation, Carlsbad,
CA, USA

Version 5.02

Graphpad Software Inc , CA, USA

High capacity cDNA kit

Am 197

Ambion, Austian, USA

Horse serum

308

Highveld biological, SA

Insulin

I92785

Sigma-Aldrich , St Louis, MO, USA

Insulin powder

10516

Insulin receptor (INSR)

3025-S

Sigma-Aldrich , St Louis, MO, USA
Cell Signalling Technology, Danvers,
MA, USA
Applied Biosystems, Foster City, CA,
USA
Applied Biosystems, Foster City, CA,
USA

Insulin receptor substrate
(Insr)
Insulin receptor substrate
1(Irs1)

sc-2035

Mm01211875
Mm01278327
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Insulin receptor substrate
2 (Irs2)
Isopropanol
Linco rat insulin kit
Liquid scintillation
analyser (ParkardTricarb
series)
Low fat free milk powder
LumiGlo Reserve
Chemiluminescent
Substate kit

I9516

Applied Biosystems, Foster City, CA,
USA
Sigma-Aldrich , St Louis, MO, USA

EZRMI-13K

Millipore, Bellerica, MA, USA

2200 CA

Perkin Elmer, CA, USA

2082054

Clover, JHB, SA

54-71-01

KPL, Gaithersburg, Maryland, USA

9803

Mm03038435

Malonly CoA

Ab9594

Cell Signalling Technology, Danvers,
MA, USA
Abcam,Cambridge, MA,USA

Metformin

1115-70-4

Sigma-Aldrich , St Louis, MO, USA

Methanol
Newborn Calf Serum
(NCS)
Nuclear factor kappa beta
(NFkB)
Nuclease free water

67-56-1

Sigma-Aldrich , St Louis, MO, USA

BC/S0125-HI

The Scientific Group, JHB, SA

Lysis buffer

Cell Signalling Technology, Danvers,
MA, USA
Ambion, Austian, USA

8242-S
Am9937

Palmitic acid

P5585

PCR plates

N8010560

Peroxisome proliferatoractivated receptor alpha
(PPARα)
Peroxisome proliferatoractivated receptor gamma
(PPAR)
Phosho threonine kinase
B (AKT)
Phosphatidylinositol 3
Kinase (Pi3k )
Phosphatidylinositol 3
kinase (PI3K)
Phospho FOXO1
Phospho nuclear factor
kappa beta (NFkB)
Phospho
phosphatidylinositol 3
kinase (PI3K)
Phosphoprotein kinase
PKC thetha (PKC)
PKC thetha (PKC)

Sigma-Aldrich , St Louis, MO, USA
Applied Biosystems, Foster City, CA,
USA

Ab8934

Abcam, Abcam,Cambridge, MA,USA

2430-S

Cell Signalling Technology, Danvers,
MA, USA

4051-S
Mm00803160
4292
CST9461S
8242-S

Cell Signalling Technology, Danvers,
MA, USA
Applied Biosystems, Foster City, CA,
USA
Cell Signalling Technology, Danvers,
MA, USA
Cell Signalling Technology, Danvers,
MA, USA
Cell Signalling Technology, Danvers,
MA, USA
Cell Signalling Technology, Danvers,
MA, USA

4228-S

Cell Signalling Technology, Danvers,
MA, USA
Cell Signalling Technology, Danvers,
MA, USA

9376-S
2059-S

PolyvinylideneFluoridine
Membrane (PVDF)
Ponceau S Stain

88585

Pierce, Rockford, IL, USA

p23295

Sigma-Aldrich , St Louis, MO, USA

Protease Inhibitors

11206893001

Roche, Basel, Switzerland

Quantity One Software

170-9600

Bio-Rad, Hercules, CA, USA

Ready gel Ultima Gold

6013329

Merck, Whitehouse Station, NJ, USA

Ready gels

161-0993

Bio-Rad, Hercules, CA, USA
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RNase free water

Am9937

RNase Inhibitor

N8080119

RNeasy mini kit

74106

Ambion, Austin, TX, USA
Life Technologies Corporation, Carlsbad,
CA, USA
Qiagen, Hilden, Germany

Running buffer SDS

161-0772

Bio-Rad, Hercules, CA, USA

Rutin

5143

Sigma-Aldrich , St Louis, MO, USA

Scintillation vials

80-370-02

CJ Labs, JHB, SA

Sodium dodecyl sulfate

L3771

Sigma-Aldrich , St Louis, MO, USA

Sodium hydroxide (NaOH)
Stainless steel beads
5mm
Sterile TC water

109140

Merck, Whitehouse Station, NJ, USA

69989

Qiagen, Hilden, Germany

59900C

SYBR Green mix

4385612

T75 Flasks

658975

Threonine kinase B (AKT)

4685-S

Tissue lyser

85600

Sigma-Aldrich , St Louis, MO, USA
Applied Biosystems, Foster City, CA,
USA
Greiner bio-one, Frickenhausen,
Germany
Cell Signalling Technology, Danvers,
MA, USA
Qiagen, Hilden, Germany

TRIzol reagent

T3809

Sigma-Aldrich , St Louis, MO, USA

Trypan blue

15050-065

Invitrogen, Carlsbad, CA, USA

Trypsin

2500-056

Tubes-15ml

188261

TURBO DNA-free kit

AM 1907

Millipore, Bellerica, MA, USA
Greiner bio-one, Frickenhausen,
Germany
Ambion, Austian, USA

Tween-20

58980C

Vildagliptin

CAS 274901-16-5

Whatman3MMChr sheets

3030-931

β-Actin (C4)

sc-4778-78

β-mercaptoethanol

60-24-2
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Sigma-Aldrich , St Louis, MO, USA
Santa Cruz Biotechnology, Santa Cruz,
CA, USA
Sigma-Aldrich , St Louis, MO, USA
Santa Cruz Biotechnology, Santa Cruz,
CA, USA
Sigma-Aldrich , St Louis, MO, USA

Appendix 2
Buffers and media used in this study

Destaining solution for Western blots
Destaining solution consisted of 15% methanol and 20% acetic acid in distilled water.

Freezing media for cryopreservation of C2C12, 3T3-L1 and C3A cells


Freezing media for C2C12 muscle cells consisted of DMEM with 10% fetal calf serum
(FCS) and 7% (v/v) dimethyl sulfoxide (DMSO)



Freezing media for 3T3-L1 adipocytes was prepared with DMEM containing10%
newborn calf serum (NCS) and 7% (v/v) DMSO.



C3A cell freezing mediacinsted of Eagle's minimal essential medium (EMEM)
containing 10% FCS and 7% (v/v) DMSO.

Preparation of 75 mM palmitate
To prepare a 75 mM stock solution, 19.23 mg palmitic acid (FW 256.43) was dissolved
in 1 mL absolute ethanol heated to 90°C. For the working solution, a 1:100 dilution
was made in DMEM, yielding a final concentration of 0.75 mM.

Transfer buffer for Western blot
Transfer buffer was prepared by dissolving 3.03 g 2-Amino-2-(hydroxymethyl)-1,3propanediol (Tris) (MW=121.1) to yield 25 mM and 14.4 g glycine (MW=75.5) to give
final concentration of 192 mM in 800 mL of distilled water. Before use the buffer was
made up to 1L by adding methanol (200 mL). Transfer buffer was stored at 4° until
used. NB. methanol must added on the day of experiment.

10x Tris-buffered saline (10x TBST)
10x TBST buffer was prepared by dissolving 24.22 g 2-Amino-2-(hydroxymethyl)-1,3propanediol (Tris) (MW=121.1) to yield a concentration of 200 mM and 80.06 g of NaCI
(MW = 58.44) to give final concentration of 1.37 M into 1L distilled water.
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1x Tris-buffered saline and Tween 20 (1x TBST)
1 X TBST was prepared by diluting 100 mL of 10 x TBST with 900 mL of distilled water
(v/v), thereafter 1 mL Tween 20 was added. The buffer was stored at 4°C.

0.1 M sodium hydroxide and 1% SDS lysis buffer
0.1 M NaOH solution was prepared by dissolving (4 g in 1 L distilled water) and adding
1% sodium dodecyl sulphate (SDS).

Sorenson's buffer
Sorenson's buffer was prepared by dissolving 0.751 g glycine and 0.584 g NaCl in 100
mL distilled water. The pH of the buffer was adjusted to pH10.5 with 0.1 mM NaOH.
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Appendix 3
Effect of solvents on glucose uptake
The effect of DMSO, an aprotic solvent used throughout the study to dissolve the
compounds (aspalathin, orientin, isoorientin and rutin), was assesed by glucose
uptake in 3T3-L1 adipocyte and C3A liver cells. For these experiments, DMSO at a
concentration of 0.01% was compared against the media control. For the subsequent
studies, the DMSO concentration in the media containing the compounds was
0.00004%. DMSO had no effect on glucose uptake (Fig. A 3.1 A and B).
A

%Glucose uptake

250

b

200
150
a

a
100
50
0
Normal
control

DMSO

Insulin

B
150

% Glucose uptake

b
a

a

Media
control

DMSO

100

50

0
Insulin

Figure A 3.1. Effect of DMSO on glucose uptake in 3T3-L1 adipocytes (A) and C3A liver cells.
3T3-L1 adipocytes and C3A liver cells were cultured in DMEM with 8 mM glucose with or without 1 µM
insulin (15 min) and DMSO (0.001%, v/v) (3 h). Glucose uptake was measured using [3H]-2-deoxy-Dglucose. Results are expressed as the mean of three independent experiments relative to the media
control set at 100% ± SEM. Bars with different letters denote statistical differences at p  0.05.
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Effect of ethanol and palmitate on C2C12 muscle cells
Palmitate stock solution was dissolved in ethanol, heated and diluted in DMEM to yield
a final concentration of 0.75 mM palmitate and 1% ethanol.Comparitive results showed
that 1% ethanol had no effect on glucose uptake compared to the media control (Fig.
A 3.2). The reduction in glucose uptake demonstrated for the palmitate controls is
therefore due to palmitate and not ethanol solvent.
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Figure A 3.2. Effect of ethanol and palmitate on glucose uptake in C2C12 muscle cells. C2C12
muscle cells were cultured in DMEM with 5 mM glucose with or without 0.75 mM palmitate for 24 h,
then treated with 1 µM insulin. An ethanol (1%, v/v) control was included to establish the effect of the
solvent on glucose uptake. Glucose uptake was measured using [3H]-2-deoxy-D-glucose. Results are
expressed as the mean of three independent experiments relative to the control set at 100% ± SEM.
Bars with different letters denote statistical differences at p  0.05.
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Appendix 4
Ethical approval

11 February 2014

To whom it may concern

This letter certifies that Ethical approval for Ms. Mazibuko’ s PhD study was granted by the ethics
committee at the Medical Research Council of South Africa (ECRA 11/03/H). The study was
performed in accordance with the principles and guidelines of the South African Medical Research
Council as outlined in Guidelines on Ethics for Medical Research: Use of Animals in Research and
Training, 2004 (http://www.mrc.ac.za/ethics/ethicsbook3.pdf).

Yours sincerely

Johan Louw (PhD)
Director: Diabetes Discovery Platform
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