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Abstract

Type 2 diabetes mellitus (T2DM) is rapidly emergiag one of the greatest global health
issues of the Zicentury. Insulin-resistance is a condition assed with T2DM and in the
cell it is defined as the inadequate strength etilin signalling from the insulin receptor
downstream to the final substrates of insulin actiovolved in multiple metabolic, gene
expression, and mitogenic aspects of cellular fanct To investigate the potential
mechanisms involved in the development of insudisistance, twan vitro liver cell models
were established using palmitate or a combinatioimsulin and fructose as inducers. The
development of insulin-resistance was determined thie capacity of the hepatocytes to
maintain normal glucose metabolism functionalityrbgasuring hepatic gluconeogenesis and
glycogenolysis. It was established that the treatshinduced the development of insulin-
resistance after 24 hours chronic exposure. Pusvstudies have investigated the potential
of Sutherlandia frutescensxtracts as therapeutic agents for insulin-resigta The aim of
this study was thus to investigate the ability oh@ aqueous extract @&. frutescengo
reverse the insulin-resistant state, via measuginigoneogenesis and glycogenolysis, the
associated changes in cellular physiology (lipiduaculation, oxidative stress, and acetyl-
CoA levels), and changes in mMRNA expression. Hselts showed th&. frutescenbad a
significant effect on reversing the insulin-resmtatate in both models of insulin-resistance.
Furthermore,S. frutescensvas capable of reducing lipid accumulation in foem of
triacylglycerol in the high insulin/fructose modethile this was unaffected in the palmitate
model. HoweverS. frutescendid reduce the accumulation of diacylglycerolhe palmitate
model. Oxidative stress, seen to be associated e insulin-resistant state, was
successfully treated using the extract, as indichiea reduction in reactive oxygen species.
However no change was seen in the nitric oxidelseva either model. Interestingly,
althoughS. frutescenbad no effect on the level of acetyl-CoA in theuingfructose model,

it was found to increase this in the palmitate nhodeis suggested that this may be due to
increased-oxidation and metabolic activity induced by thdragt. The analysis of mMRNA
expression gave some insight into possible mechemnig/ which insulin-resistance develops,
although the results were inconclusive due to higtability in samples and the possibility of
the RNA being compromised. Future studies willradd this issue. The results of this study
reflect different proposed clinical causes of insuesistance through the responses seen in
the two cell models. These indicate that liveagisis and insulin-resistance are induced by
high palmitate as well as high insulin and fructéseels, and reversed Wy. frutescens
Therefore the potential &. frutescenso be used as a therapeutic agent in the treatafent
insulin-resistance is indicated by this study.



Chapter 1

Introduction and Literature Review

Introduction

Diabetes mellitus (DM) is the most common endocdis®rder in man, currently (Diabetes
Atlas statistics for the year 2013) affecting ow&82 million people worldwide and,
potentially, over 592 million by the year 2035 (®eet al, 2011). Type 2 DM (T2DM) is
rapidly emerging as one of the greatest globalthessues of the 21st century. Furthermore,
it is also expected to trigger a rise in the coogilons associated with diabetes, such as
ischemic heart disease, stroke, neuropathy, redthgp and nephropathy (Corniet al,
2008). As well as pancreatfecell failure, the major pathophysiological evenhtributing

to the development of T2DM is the resistance ofjgartissues to insulin (called insulin-
resistance), which is usually associated with afmabinsulin secretion. Clinically, the term
“insulin-resistance” implies that elevated concattns of insulin are required to maintain
normoglycaemia. At the cellular level, it defirtee inadequate strength of insulin signalling
from the insulin receptor downstream to the finalbstrates of insulin action involved in

multiple metabolic, gene expression, and mitogasfmects of cellular function (Saini, 2010).

The pathogenesis of T2DM involves abnormalitie®ath insulin action and secretion. The
precise pathophysiological mechanism which leadsingulin-resistance is still largely
unknown, but recent studies have contributed toeatgr understanding of the underlying
molecular mechanisms. These mechanisms involherasittns in the insulin signalling
process through mutations in the genes encodimgkilgg molecules, hyperinsulinaemia and
hyperglycaemia. In addition, free fatty acids (ISffAave been shown to activate a serine
kinase cascade, which leads to insulin signalliefpcts downstream of the insulin receptor
(IR). The latter two mechanisms (hyperinsulinaéhyperglycaemia and FFA action) affect
insulin signalling by inducing insulin-resistancetarget cells (Saini, 2010). In recent studies,
cell models have been used to study the molecutshamisms underlying T2DM (Ruddock
et al, 2008; Williams, 2010). These studies have shdhet either combined high
concentrations of insulin and fructose (William®1R) or palmitate (Ruddockt al, 2008)
result in the development of insulin-resistancehapatic cell cultures. Furthermore,

Williams (2010) investigated the potential of Sowlfrican medicinal plant extracts as



therapeutic agents and showed that aqueous extfaStgherlandia frutescensere capable
of reversing the insulin-resistant state througtreasing the expression of genes associated

with vesicle transport and insulin signalling.

The current study aims at investigating the changegene expression at the mRNA level
which are involved in insulin signalling and thesasiated protein synthesis, as well as
changes in cellular physiology. The two insulists¢gant cell models, cells in which insulin-
resistance is induced using palmitate or insulictivse and then treated with a hot aqueous
extract ofS. frutescenswill be compared. This comparison will aid inopiding more

insight into the mechanism of insulin-resistantereversal, and potential treatment.

Literature Review

1 Insulin and Its Function in Blood Glucose Homeostas

1.1 Insulin and the Insulin Receptor

Insulin is produced by the pancrediicells and is a major anabolic hormone that is Ivea

in growth, development and homeostasis of gludaseand protein metabolism. Insulin is a
pleiotropic molecule which affects amino acid ugpgtalrotein synthesis, and proteolysis
(Cornieret al, 2008). Glucose levels are regulated by insatimany sites; reducing hepatic
glucose output and increasing the rate of glucqaake, primarily into striated muscle and
adipose tissue. Lipid metabolism is affected bguim that increases lipogenesis in
hepatocytes and adipocytes, and attenuating feitlyralease from triglycerides (TGs) in fat
and muscle. Insulin mediates its effects on mdisioand gene expression through

interaction with its receptor present on targek sifaces (Pessin and Saltiel, 2000).

The IR is a member of the receptor tyrosine kin@seily that also includes the type 1
insulin-like growth factor | (IGF-I) receptor (IGRR) and the orphan receptor: insulin
receptor-related receptor (IRR). The complete linsueceptor is a heterotetrameric
glycoprotein composed of twe-subunits and tw@-subunits linked by disulphide bonds.
The a-subunits are extracellular and contain the insbiinding site. Thef-subunit is

composed of an extracellular domain, a transmenebd@amain, and an intracellular domain,

which possesses the intrinsic tyrosine kinase i¢fiFigure 1). The insulin receptor mRNA

3



is subject to alternative splicing events of exdndile to hormonal and/or metabolic factors
in a tissue-specific manner, giving rise to twodtionally unique isoforms (Mosthadt al,
1990). Isoform B, also named EX]kontains a 12-amino-acid peptide at the carboxyl-
terminus of theo-subunit. Isoform A, also named Exllacks this amino acid insertion
(Sesti, 2006).

Insulin binding domain —— |

Cysteine-rich domain —

Transmembrane domain

Juxtamembrane domain —
ATP-bindingsite —

Catalytic domain ——»

COOH-terminal — -
phosphorylation domain

Figure 1: Schematic representation of the human insulin receptor structure. The insulin
receptor is a heterotetrameric glycoprotein composed of two extracellular a-subunits and two
B-subunits comprising of an extracellular and transmembrane domain (adapted from Sesti,
2006).

The Ex11 isoform shows a two-fold higher affinity for ingulas compared to the Ex11
isoform. This difference in ligand binding affipits concomitant with a higher sensitivity
for both anabolic and metabolic actions of insulifurthermore, the Ex1isoform appears to
have higher rates of internalization, recyclingd @ a better activator of phosphoinositide 3-
kinase (PI3K) class la. Thus, increased expressidhe Ex11 isoform in skeletal muscle
has been positively correlated with both hypergiyoe and hyperinsulinaemia (Norgren
al., 1994; Sesti, 2006).

1.2 Insulin Signalling

There are two general modelsiofvitro insulin signalling: insulin signalling in adipo@g
and myocytes (Figure 2), and insulin signallinghepatocytes. The adipocyte/myocyte
model is the best studied and understood, andateepted that the general mechanism of

insulin signalling that occurs in adipocytes/my@sytlso occurs in hepatocytes. These two

4



signalling models differ slightly in that hepatoegtdo not maintain the glucose transporter 4
(GLUT4), and thus do not contain any signallinghpays leading to the translocation of
GLUT4 to the plasma membrane from its intracellydaol (Sesti, 2006). Hepatocytes do,
however, maintain isoforms of the GLUT4 protein,medy GLUT2 and GLUTS8. In
hepatocytes, GLUT2 is predominantly expressed dhatvs facilitated diffusion of glucose
across the plasma membrane. GLUTS8 is a high-gffigiucose transporter which cycles
between intracellular vesicles and the plasma mangbr(Gorovitset al, 2003). It is,
therefore, proposed that GLUTS8 functions similatty the GLUT4 of adipocytes and

myocytes.

The insulin signalling cascade is divided into ¢hmeajor pathways namely, (i) the PI3K-Akt
pathway which is mainly involved in the regulatiohmetabolic actions by insulin (glucose,
lipid, and protein metabolism), (ii) the mitogertiaated protein kinase (MAPK) pathway,
mediating the mitogenic, growth and cell differatibn effects, and (iii) signal transduction
through the CAP/Cbl/Tc10 pathway, which controlse tlGLUT4 (and GLUT2/8)
translocation event (Leclercet al, 2007). The latter pathway involves the intaoact
between Cbl associated protein (CAP), the E3 ubigprotein ligase Cbl, which was first
identified as a product of th€bl proto-oncogene, and Tcl0, belonging to the G prote
members of the Rho family of guanosine triphospega(GTPases). This is a well-
established insulin signalling pathway that infloes the actin cytoskeleton and assembly of

the exocytosis complex required for GLUT4 transtmeato the plasma membrane.

The physiological control of the glucose fluxes ossr the plasma membrane is solely
dependent on the intracellular glucose phosphaoylatephosphorylation ratio. Insulin does,
however, indirectly stimulate glucose influx in lapcytes through the activation of
glucokinase (or hexokinase) and thus the use afogkl for energy consumption, glycogen,
and lipid synthesis (Lecleragt al, 2007).

1.3 Adipocytes and Myocytes

Due to the extensive studies performed on insugjnadling in adipocytes and myocytes, the
insulin signalling mechanisms described here usathpocyte/myocyte model; however the
focus of this project is on insulin signalling iregatocytes. GLUT4 translocation is a

complex process involving release of GLUT4 fromiitgacellular reservoir compartment,
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translocation, and docking and fusion to the plasneanbrane. This signalling cascade is
initiated by the binding of insulin to the extrdaoédr a-subunit of the IR. This binding event
results in the autophosphorylation of tyrosine dess located in the cytoplasmic region of
the transmembrang-subunit of the IR (Sesti, 2006). The activatedeor recruits and

phosphorylates a variety of substrates (Figure 2).
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Figure 2: Schematic representation of the insulin signalling cascade (Sesti, 2006).

These substrate molecules consists, amongst otbfetise insulin receptor substrate (IRS)
molecules (IRS1 to IRS6), which appear to be thegptet molecules playing a major role in
linking the PI3K, protein kinase B (PKB also knowas Akt), and MAPK downstream
kinases (Frojdat al, 2009; Sesti, 2006). Other molecules includeShe adaptor protein,
Gab-1 and Cbl. Once these molecules are phospitedylIRS proteins bind to sevefaic
homology 2 (SH2) domain proteins, including p85e(thegulatory subunit of PI3K),
recruiting PI3K (Frojdoet al, 2009), tyrosine kinases Fyn and Csk, the tyegirotein
phosphatase small heterodimer partner 2 (SHP-2¢ralesmaller adapter molecules such as
the growth factor receptor-binding protein 2 (Gdb-2rk, and Nck (Sesti, 2006) to the
plasma membrane. Once recruited and activated Pt8ceeds to produce the second

messenger phosphatidylinositol 3,4,5,-trisphospffilie), which activates a serine/threonine



phosphorylation cascade of PH domain-containingemme (as summarised in figure 2)
(Frojdoet al, 2009).

This serine/threonine phosphorylation cascade stmsif the initial phosphorylation of the
phosphoinositide-dependent protein kinase (PDKIPWs, which in turn phosphorylates and
activates two classes of serine/threonine kinaskiglPKB and the atypical protein kinase C
(aPKC) isoformg and (PKCC/A) on threonine residues located in the activatomplof the
catalytic domain (Sesti, 2006; Frojdbal, 2009). Both Akt/PKB and PK{\ are thought to
be important in the mediation of glucose transgdi¢cts of insulin in muscle and adipose
tissue. However, Akt, rather than aPKCs, is imgoarin stimulating glycogen synthesis and
promoting glucose storage in muscle, adipose, araf kissue, as well as diminishing
gluconeogenesis and glucose secretion by the (festi, 2006). Protein kinase B targets
glycogen synthase kinase 3 (GSK-3) and Akt sulestatl60 kDa (AS160) [containing a
GTPase-activating protein (GAP) domain], of whible phosphorylation of AS160 has been
found to be essential for the insulin-induced tlacetion of GLUT4 to the plasma membrane
in 3T3-L1 adipocytes (Frojdét al, 2009; Sanet al, 2003). Glycogen synthase kinase 3 is
inactivated by PKB-mediated phosphorylation at skene-9 residue in parallel to protein-
phosphatase-1 (PP1) activation, counteracting mihéitory phosphorylation of glycogen
synthase (GS), resulting in the synthesis of glgoo@d-rojdoet al, 2009). Furthermore, PKB
regulates the insulin-stimulated translocation €fJ&4 to the plasma membrane through the
inhibitory phosphorylation of AS160. The inhibii@f AS160 favours the GTP-loaded state
of Rab, counteracting the inhibitory effect towa@kUT4 translocation from intracellular
compartments to the plasma membrane. Complemetitenfunction of PKB in regulating
GLUT4 translocation is the aPKCs, acting in patdtie or even being substitutive for, PKB
(Frojdoet al, 2009).

Parallel to the PI3K-mediated pathway, IRS recr@tb2, which associates with the Son of
Sevenless (SOS) protein, and activates the exiuaelregulated kinase 1/2 (ERK1/2)
MAPK pathway. Additionally, the p38 and c-jun N+#@nal kinase (JNK) stress-activated
kinases, which are mainly dependent on activatimaugh stress signals and inflammatory
cytokines, have been shown to be activated (viasjpimarylation) in response to insulin
(Frojdoet al, 2009).



1.4 Hepatocytes

Hepatic insulin signalling occurs in the same marae described for the adipocytes and
myocytes. The only difference is that the GLUTdnslocation event is omitted due to the
absence of GLUT4 in hepatocytes, which is repldmgdsLUTZ2, which is independent of

insulin-stimulated regulation.

1.4.1 Control of Hepatic Glucose Production

Insulin mediates the activation of several signgllproteins upon binding to the IR. The
cascade mediated by this follows through IRS atttimaby the IR, subsequently activating
two main pathways: (1) the PI3K pathway is maimiydlved in the control of metabolic
actions by insulin (glucose, lipid and protein nbetgsm), protein synthesis [(via the
Mammalian Target of RapamycifimTOR)] and control of cell survival, and (2) tMAPK
pathway which mediates the mitogenic, growth ardditterentiation effects. Activation of
PI3K induces the conversion of phosphatidylinodiisphosphate (PHPto PIR, followed by
recruitment and activation of PDK and PKB/Akt byPR| Thereafter, PKB/Akt proceeds to
phosphorylate GSK-3, preventing its inhibition o8 Ghereby facilitating the synthesis of
glycogen. This inhibition of GSK-3 by PKB/Akt iclieved through activation of forkhead
box protein o 1 (FoxO1l) by PKB/Akt, which leads ttee transcription of key enzymes
involved in gluconeogenesis, namely phosphoenoyatei carboxykinase (PEPCK), and
glucose-6-phosphatase (G6Pase). Hence, througladination of PI3K and PKB/AKt,
insulin promotes the storage of glucose as glycagehinhibits glucose synthesis and output
via inactivation of GSK-3 and activation of FoxQZ¢lercget al, 2007).

1.4.2 Transcriptional Control of Hepatic Lipogenesis

The effects of insulin on lipogenesis are contolley the transcription factor sterol
regulatory element-binding protein 1¢c (SREBP-1eptigh its regulatory function on mono-
unsaturated fatty acid synthesis (Figure 3). Itecprsor is maintained within the
endoplasmic reticulum (ER), being freed in timestefol depletion. The SREBP-1c in itself
is subject to complex regulation through the atiésiof sterol depletion and tumour necrosis
factor (TNF) (in an insulin-independent mannern).islsuggested that insulin is responsible

for the regulation of SREBP-1c’s transcription, aration, and activity (Foufelle & Ferre,
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2002), as well as the transcription of Insig2a tfpgrating in the retention of SREBP-1c in
the ER) (Leclerccet al, 2007). Hence, these regulatory pathways of SRES remain
insulin sensitive. Furthermore, inhibitory phospftation of SREBP-1c by GSK-3 or ERK
modulates its activity. In insulin-resistant sgatexpression of TNk-is increased, which
stimulates the maturation and activity of SREBP-Iihus, TNF participates in increased
intrahepatic lipogenesis (Lecleretjal, 2007).

Insulin
Endoplasmic
reticulum /
~D i}
T Sterol depletion
= =4 TNF
‘ Insulin
Regulatory
M
SREBP-1C
v+ P ANYZ N7 AN NN
Transcription of
target genes:
Increased GK, FAS, ACC,...
transcription:
SREBP-1C, Insig2a,...

Figure 3: Regulation of SREBP-1c (Leclercq et al., 2007).

1.4.3 Cell Growth, Proliferation, and Survival

The MAPK cascade is activated downstream of IR phosylation via IRS, Gabl, and Shc
(Figure 2). The MAPK pathway is associated wité thitogenic and proliferative effects of
insulin via the control of the cell cycle; howevierdoes not appear to have any role in
mediating hepatic glucose production or the anabeffects of insulin. The PKB/Akt
pathway also functions in mediating the effectrdfullin on cell growth and survival. When
phosphorylated, PKB promotes anti-apoptotic effeamtsl protein synthesis. Eukaryotic
initiation factor 2B (elF2B), a guanine nucleotidechange factor which is inhibited upon
phosphorylation by GSK-3, controls the initiationage of protein translation. This protein
biosynthesis stimulated by PKB/Akt is dependenpbnsphorylation of mTOR (Leclercst
al., 2007).



1.5 Insulin Signalling Alterations in Type 2 Diabetes Mellitus

Insulin signalling is altered in the insulin-resist and diabetic states. Four major defects
have been identified as the causes of impairedimsignalling, namely (1) mutations or
post-translational modifications of the IR or anyits downstream effector molecules, (2)
increased degradation of the IR, (3) defective inigaf insulin to the IR, and (4) defect(s) in
the post-binding insulin signalling cascade (Frdgti@al, 2009).

The IR is subject to inhibition by serine/threonipl@osphorylation — inhibiting the intrinsic
tyrosine kinase activity of the receptor. Thuse townstream signalling cascade is
decreased in proportion to this inhibition (Se2006). It has been found that PKCs and
MAPKSs are capable of phosphorylating the IR atéhs=ine/threonine residues (Saini, 2010).
The same inhibitory effect is seen when IRS prateire phosphorylated at serine residues
(discussed in more detail in section 3), resultmgecreased downstream insulin signalling.
Serine phosphorylation is also induced by the pflasinmatory cytokine, TNFe (Saini,
2010). During the pro-inflammatory state, the seppor of cytokine signalling (SOCS) is
activated, which in turn alters the insulin sigmgjlcascade. The SOCS is able to compete
with IRS1/2 for IR binding, thus attenuating tymwsi phosphorylation and downstream
signalling of IRS1/2, and is capable of inducinglBegradation (Qatanani and Lazar, 2007).
Free fatty acids and FFA derivatives [such as dighggerol (DAG) and acyl-Coenzyme A
(CoA)] are also capable of increasing serine phoggétion of IRS through activation of
several serine/threonine protein kinases, suchk&@sPJNK, and the inhibitor of nuclear

factor«B kinasep (IkkB); decreasing the insulin signalling cascédeeet al, 2010).

2 Mechanism of Insulin-Resistance

The state in which the body has a decreased cgpdaiirculating insulin for the regulation

of nutrient metabolism is referred to as insulisistance. Several mechanisms may act
individually or in synergy to inhibit insulin sighimg. These mechanisms include: elevated
insulin secretion (hyperinsulinaemia) due to eleddtlood glucose levels (hyperglycaemia),
elevated levels of serum FFAs (Zick, 2001; Van Eppsget al, 1997), oxidative stress, ER

stress, glycated proteins and their products, agbkines (such as leptin). This can occur
via three major processes: first, signal propagatoan be altered through decreased

expression or increased degradation of any ondetbmponents of the insulin signalling
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cascade. Increases in protein expression andiiga@éon may also act as negative feedback
signals. Post-translational modifications suctplagsphorylation are the second mechanism
by which insulin signalling can be altered. Thedhmechanism is through interactions with
inhibitory proteins (Leclercet al, 2007).

2.1 Insulin/Fructose-induced Insulin-Resistance

Characteristics of the insulin-resistant state iareased glycaemia and the subsequent
compensatory hyperinsulinaemia, both of which aetdrs that exacerbate the insulin-
resistant state (Meshkani and Adeli, 2009). Hypriinaemia induces down-regulation of
IR expression at the protein level via ligand intdization and degradation, followed by
resistance downstream of the receptor by incredseggadation of IRS and other insulin
signalling molecules. Furthermore, hyperinsulin@ecan damage the pancreaficells,
participating in reduced insulin secretion and T2DKIso, hyperglycaemia may reduce the
activation step from PI3K to PKB/Akt, but does radfect the proximal part of the IR-
mediated pathway (Saini, 2010).

The motivation for using high levels of both insuland fructose for inducing insulin-
resistance in experimental procedures is, firsthgt high circulating insulin levels are
associated with insulin-resistance and thus higlel¢e of insulin are used to mimic the
hyperinsulinaemic state of T2DM. Secondly, follagiingestion of a meal containing
complex carbohydrates or glucose, the liver becaaglsicose-consuming organ, accounting
for 20-30% of the total dietary carbohydrate disjhosMost of this glucose is used to
replenish glycogen stores, with the remainder prignadirected to glycolysis. Upon
ingestion of fructose or fructose-containing caymbrates (sucrose), the liver becomes more
active in absorption of carbohydrates. This is ttuthe highest fructokinase concentrations
being expressed in the liver. Thus, fructose etita from blood by the liver is elevated.
Furthermore, fructose-1-phosphate (the productumitékinase) stimulates glucose uptake in
the liver. Therefore, the replacement of glucoseamplex carbohydrates by sucrose or
fructose results in an increase in the contributibthe liver to carbohydrate disposal (Véei
al., 2007).

Wei et al (2007) performed studies on the effect of higlttose diets on the liver by feeding

rats a high sucrose diet (HSD). It was found that liver concentrations of xylulose 5-
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phosphate (X5P), lactate and DAG were significaitiisreased, while levels of inorganic
phosphate were significantly decreased in the H&Dpared to the standard diet. The liver
was found to express elevated levels of phosphelayclic adenosine 5’-monophosphate
(cAMP) responsive element binding protein (CREBX ancreased JNK activity and
subsequent serine phosphorylation of IRS1. HeREE regulates transcription of genes
controlled by the cAMP-mediated pathways of signahsduction. Such genes include the
G6PaseandPEPCKgenes. Furthermore, hepatic gluconeogenesisneasaised in HSD-fed
rats while insulin-stimulated suppression of hapgtucose production (HGP) was decreased.
The same effect was seen in rats fed the highdsectdiets. Additionally, tyrosine
phosphorylation of IRS1/2, association of IRS1/2thwiPI3K, PI3K activity, and
phosphorylation of PKB/Akt were significantly recietin HSD livers. Therefore, fructose is
able to impair post-receptor insulin signallingtie liver (Weiet al, 2007). This has also
been observed in models using high fructose laweder hyperinsulinaemic conditions (Wei
et al, 2004).

The mechanism by which fructose mediates the dpwsdot of insulin-resistance is
attributed to the activities of protein tyrosineogphatase 1B (PTP1B) and JNK (Veeial,
2007). Itis known that PTP1B negatively reguldRS tyrosine phosphorylation (Guet al,
2003). Furthermore, JNK interferes with the insusiignalling cascade through serine
phosphorylation of IRS1. It has also been suggdetsiat JNK is a critical component of the
biochemical pathway responsible for developmennsilin-resistance in the liver (Hirosumi
et al, 2002). Fructose-mediated increases in PTP1Baatidator protein-1 activity in the
liver had been observed in rat models fed HSD,ltiagun hepatic insulin-resistance. This
demonstrates that fructose can activate hepatic ddliKity and that this activity contributes
to the fructose-induced hepatic insulin-resistattt®@ugh serine-phosphorylation of IRS1
(Wei et al, 2007). It has also been hypothesised that s of fructose delivery leads to
accumulation of intermediates which serve as asl@st-term signals of sugar excess. This
sugar excess inflicts a metabolic burden upon #patocytes; selectively increasing MAPK
kinase 7 (MKK?7), activation of JNK, and associat@mnINK with IRS and JNK-interacting
protein-1 (JIP1). The association of JNK with IRSITesults in decreased tyrosine
phosphorylation of IRS1/2 and consequently deceeasilin signalling (Figure 4) (Wait
al., 2007).
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Figure 4: Working model for fructose-induced insulin-resistance in the liver (Wei et al.,
2007).

Williams (2010) found that exposing Chang liver Igeto high concentrations of a
combination of insulin and fructose was able toutwl the insulin-resistant staite vitro.
This state was determined through investigatingngba in expression of a set of 84 diabetes-
related genes. The study found that exposuregto dioses of insulin and fructose resulted in
decreased glucose uptake and increased lipid adatiomu— characteristic of the insulin-
resistant state. Furthermore, IRS1/2 and MAPK a@lgrg molecules were up-regulated in
the insulin-resistant state, while signalling fréRS51/2 to PI3K was decreased, resulting in
an increase in hepatic gluconeogenesis. The iseré@a IRS1/2 and MAPK signalling
molecules is likely in compensation for this rediiegtivity of insulin-induced stimulation of
the insulin signalling cascade. Thus, the incremsénepatic gluconeogenesis leads to

hyperglycaemia (Williams, 2010).

2.2 Lipid-induced Insulin-Resistance

It is well known that in addition to glucose uptakeipose tissue lipolysis and suppression of
hepatic glucose production are regulated by insulipolysis is highly sensitive to the action
of insulin in adipose tissue, in which stored Igpiare released into the circulation as FFAs
and glycerol. During the insulin-resistant staiee anti-lipogenic activity of insulin is
inhibited, resulting in increased release of FFAs dulipose tissue. This subsequently
disrupts blood glucose homeostasis via the effelegated circulating FFAs have on other
tissues such as the liver (Stumvoll, 2005). SeRkA, frequently elevated in obesity, has
been implicated as an important causative link betw obesity, insulin-resistance,
hyperglycaemia, and T2DM (Chest al, 2006). This leads to the development of non-

13



alcoholic fatty liver due to an increase in hepdil€A uptake, as the rate of hepatic FFA
uptake is an unregulated process, solely depermuatetite plasma concentration of FFAs (Lee
et al, 2010).

Endogenous glucose production (EGP) is the only-glosorptive source of glucose, of
which the liver is responsible for 80% of EGP ahe remaining 20% by the kidneys.
Excessive EGP is responsible for the hyperglycaesiate characteristic of T2DM.
Furthermore, excessive EGP during T2DM usually oxcdespite the presence of
hyperinsulinaemia, suggesting that hepatic instdsistance is a key component of the
pathogenesis of fasting hyperglycaemia (Stumv@03). In previous studies, plasma FFAs
stimulated gluconeogenesis in healthy subjectspalients with T2DM, an increase in FFA
concentration also stimulated gluconeogenesis,wivies consistent with findings in healthy
subjects (Cheet al, 1999). Since EGP is derived from gluconeogeanasd glycogenolysis,

it is suggested that FFAs interfere with the intwty action of insulin on these. The
mechanism responsible for lipid-induced insulinis&sce in liver may be due to known
mechanisms involved in insulin-induced T2DM. InDIg, this may be explained by several
observations: (1) increased plasma FFA levels asgd-FA uptake by hepatocytes, leading
to accelerated lipid oxidation and accumulationaoétyl-CoA. This stimulates pyruvate
carboxylase and PEPCK, the rate-limiting enzymeglioeconeogenesis, as well as glucose 6-
phosphatase (G6Pase), the rate-limiting enzymegliccose release from hepatocytes, (2)
increased FFA oxidation provides a source of enrggluconeogenesis, and (3) an increase
in plasma FFA leads to hepatic insulin-resistancebibiting the insulin signal transduction

system similarly to skeletal muscle (Stumvoll, 205

Oxidation of FFAs (also referred to fisoxidation) is only partly responsible for the FFA-
induced decrease in hepatic insulin signalling,gestng that hepatic PKC activation could
be implicated in the FFA-induced decrease in imsbinding. It is known that FFAs are
capable of activating PKC directly and/or throwdghnovosynthesis of DAG (Diaz-Gueret
al., 1991). Also, insulin binding is reduced by ®I€C stimulators, phorbol esters or DAG,
and PKC activation may stimulate internalizatiorited IR (Cheret al., 2006).

Previous studies have shown that increased retddSeAs from adipocytes leads to insulin-
resistance and TG accumulation in the liver, pregjireg to hepatic steatosis (Montetlal,

2001). More recent studies have shown that sailahg chain FAs are associated with the
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defects of insulin signalling, of which palmitatasvfound to decrease IR mMRNA and protein
in hepatocyte cell lines, attenuating insulin slign@ (Ruddocket al, 2008; Deyet al, 2007).
HepG2 cells treated with either saturated fattyd ggalmitate) or unsaturated fatty acid
(oleate) showed that palmitate significantly adida JNK and inactivated PKB. This
confirmed the involvement of ER stress in palmiakediated insulin-resistance. Oleate, but
not palmitate, significantly induced intracellule& deposition and activated SREBP-1. The
DAG levels and PKE activity were significantly increased by palmitagiggesting the
possible role of DAG in palmitate-mediated lipotwy (Leeet al, 2010). Dasguptat al
(2011) have shown that lipid-induced P&@hosphorylation occurs via palmitoylation.
Phosphorylated PKECis transported by F-actin to the nuclear regioremghit impairs the
high-mobility group protein A1 (HMGA1). Subsequigntthis results in reduced IR
expression, significantly decreasing insulin sevisjtin target cells.

3 Genes Associated with Insulin-Resistance

Williams (2010) has shown, using an Rofiler, changes in the mRNA expression of signal
transduction genes. This group includes sevegabsitransduction molecules which are key
intermediates in the insulin signalling cascadenalsg IRS1/2, Akt, MAPK, JNK, and PK&
The signalling cascade proteins involved in normallin signalling can be investigated in
order to elucidate the mechanism by which insubisistance develops.

In normal insulin signalling, insulin binds to thesubunit of the IR and activates the tyrosine
kinase in theg subunit (Figure 5). Once the tyrosine kinasePRfid activated, it promotes
autophosphorylation of thg subunit, where phosphorylation of three tyrosiesdues (Tyr-
1158, Tyr-1162, and Tyr-1163) is required for arigdition of the kinase activity. Most of
the metabolic and anti-apoptotic effects of inswdne mediated by the signalling pathway
involving the phosphorylation of the IRS proteiasd the activation of the PI3K, PKB/AKkt,
MTOR, and p70 S6 kinase. The IR tyrosine kinasespiorylates the IRS proteins, and
phosphotyrosine residues on IRS proteins becongetsafor the p85 regulatory subunit of
PI3K. The activated PI3K generates PWa phosphorylation of PHwhich binds to and
activates PDK1. Known substrates of the PDKs &8 &nd also aPKCs (Saini, 2010).

Studies have shown that mutations in the IRS praee associated with insulin-resistance as

these disrupt the IRS-PI3K signalling (Figure Fjurthermore, IRS is inactivated by serine
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phosphorylation, reducing its ability to recruitdaactivate PI3K. This phosphorylation of
IRS proteins also increases degradation of IRS dexteases tyrosine phosphorylation,
decreasing the downstream effector functions of. IR8ysiological homeostasis depends on
this inherent inactivation of IRS proteins in orderprevent insulin signalling when needed
(Saini, 2010). Studies have shown a link betwde® tysfunction in skeletal muscle and
adipocyte biology and lipotoxicity, meaning thatccilating FFAs and the adipokine TN
may increase serine phosphorylation of IRS proteéhexeby causing impaired insulin signal
transduction (White, 2002).

The fasting hyperglyceamia in patients with T2DMhe clinical link with increased glucose
production by the liver due to insulin-resistandéis is the result of the lack of inhibition of
the two key gluconeogenic enzymes, PEPCK and thea&® catalytic subunit. There is
increasing evidence that FoxO-proteins are crificatvolved in the insulin-dependent
regulation of gluconeogenic gene expression andlimgesistancen vivo (Saini, 2010).
Studies in hepatoma cells suggest that transcnipdio reporter genes containing insulin
response elements from the PEPCK and G6Pase pnsnaste regulated by FoxO-1 and 3
(Hall et al, 2000; Gucet al, 2012). Furthermore, FoxO-1 is phosphorylatednnnsulin-
responsive manner by Akt. Reduced activity of Alg8ults in decreased phosphorylation of
FoxO protein, allowing it to enter the nucleus audivate the transcription of these rate-
limiting enzymes of gluconeogenesis (Figure 5) i5&010; Zhanget al., 2006).

The balance between the PI3K subunits provideshangtossible mechanism by which
insulin-resistance occurs. PI3K exists as a hditsrer (class 1la of PI3K), consisting of a
regulatory subunit, p85, tightly associated to taalytic subunit, p110. Normally, the
regulatory subunit exists in stoichiometric excasshe catalytic one, resulting in a pool of
free p85 monomers not associated with the pll0ytiatsubunit. However, there exists a
balance between the free p85 monomer and the pBB-pdterodimer, with the latter being
responsible for the PI3K activity. The p85 monosnand p85-p110 heterodimers constantly
compete for the tyrosine phosphorylated IRS prebémling sites. Thus, an imbalance in
monomer to heterodimer levels will lead to eitherilacrease or decrease in PI3K activity.
Studies have shown that elevated expression gi@Benmonomer result in a decrease in PI3K
signalling and subsequent interruption of insulignalling, leading to insulin-resistance

(Saini, 2010). The recent work of Williams (201sHows decreased expression of PI3K
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isotype genes when inducing insulin-resistancehar@ liver cells with high concentrations

of insulin and fructose.

In recent years, research on the insulin-resisstate has shifted from a glucocentric to a
lipocentric view. Here, the involvement of high thets is investigated in order to uncover
the process by which insulin-resistance developse mechanism of FFA-induced insulin-
resistance is still unclear; however it has beadistl recently by Dasgup#t al (2011) and
Lee et al (2010), suggesting the possible involvement ofCPKoforms in the insulin-
resistant state. The molecular mechanism underldiefective insulin-stimulated glucose
transport activity can be attributed to increasemira-myocellular lipid metabolites such as
fatty acyl CoAs and DAG, which in turn activate erise/threonine kinase cascade, thus
leading to defects in insulin signalling througle gerine/threonine phosphorylation of IRS-1.
Diacylglycerol has been shown to increase in muddeng both lipid infusions and fat
feeding and it is also a known activator of novi€Pisoforms. PKC isoforms are classified
as classical (cPK& Bl, Bll, y), novel (nPKG, ¢, 0, n) or atypical (aPKC, A). cPKCs are
activated by calcium (G§ and DAG, nPKCs are activated only by DAG, and @BK
respond to neither anor DAG. Among these PKC isoforms, nPKCs are saitlave a
modulatory role in insulin signalling. Boden & 3man (2002) have demonstrated a link
between nPKCs and FFA-induced insulin-resistantgid infusion in rats and humans
impaired insulin-stimulated glucose disposal inte muscle and concomitantly activated
PKCO and PKG (Itani et al, 2002). The latter has been shown to be a Iplessandidate
for phosphorylation of the IR on serine residuesulting in defects in the insulin signalling

pathway and inducing insulin-resistance (Figur€Saini, 2010).

The IR is one of the major targets of FFA-inducegbairment of insulin activity.In vivo
studies have shown that glucose uptake rather ghsoose metabolism is the rate-limiting
step for FFA-induced insulin-resistance in humaghu{man, 2000). Therefore, the
accumulation of intracellular fatty acids, or themetabolites, results in the impairment of
IRS/PI3K signalling and a decrease in GLUT4 recneit to the cell membrane (Saini,
2010).

Phosphorylation of PKCs may be catalysed by PDKa&kéF & Newton, 2000). PKE
phosphorylation, as well as PDK-1 independent phosgpation due to FFA, is involved in
development of insulin-resistance (Leteal, 2010; Deyet al, 2007). This is possibly due to
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a constitutive phosphorylation of PK®y FFA in a PDK-1-independent manner as shown
through incubation of HepG2 cells with myristic &cresulting in myristoylation of PKLC
and consequent phosphorylation of RK@ the kinase domain. The same PDK-1-
independent phosphorylation of PK@as found through palmitoylation of PKCTherefore,
FFA causes PDK-1-independent phosphorylation of £Khich in turn translocates to the
nucleus; where upon entry into the nucleus coirgcigigh inhibition of IR gene transcription
through the possible phosphorylation of the trapson factor HMGAL (Figure 5) (Degt

al., 2007; Reeves, 2001).

These studies all show the effect establishmeninsilin-resistance has on the insulin

signalling cascade through the effects hyperinaelmnia/hyperglycaemia and FFAs have on

the signalling molecules.
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4 Metformin

4.1 Background

The biguanide derivative, metformin (1,1-dimethglisanide), is the most widely prescribed
drug to treat hyperglycaemia in individuals suffgrifrom T2DM and is recommended, in
addition to lifestyle changes, as the first linaldherapy in the guidelines of the American
Diabetes Association, the European Associationhef $tudy of Diabetes (Viollett al,
2012), and the 2012 SEMDSA Guideline for the Managya of Type 2 Diabetes (Amaat

al., 2012). The drug was first clinically introducedthe 1950s although its mechanism of
action is still not fully understood. Howeverhias been shown to have several therapeutic
uses including anti-hyperglycaemic activity, treatrhof diabetes-related disease (such as

nephropathy), and more recently, anti-cancer agt{Miollet and Foretz, 2013).

4.2 Mechanism of Action

Early investigations into the mechanism of metfaorractivity indicated it to be most likely
via the inhibition of gluconeogenesis. It has nbeen discovered to act through the
activation of adenosine monophosphate (AMP)-actvaprotein kinase (AMPK) which
plays a crucial role in the protection of cellufanctions under energy-restricted conditions
in the liver (Amodet al., 2012).

A rise in AMP levels paired with a fall in adenositriphosphate (ATP) levels, during
metabolic stress leads to the activation of AMPRhis increase in the ratio of AMP:ATP
levels is indicative of a decreased cellular enesigye as seen in glucose deprivation. The
heterotrimeric protein requires the activationptigh phosphorylation of Thr172, within its
a-subunit. This phosphorylation is catalysed bytigasn kinases, namely the tumour
suppressor serine/threonine kinase 11 (STK11)saor lahown as liver kinase B1 (LKB1) and
Calcium/calmodulin-dependent protein kinase kinfdag€aMKKf). Once activated, AMPK
switches cells from an anabolic to a catabolicestat switching ATP-consuming synthetic
pathways off and restoring energy balance. ThisPAMjoverned regulation is achieved
through phosphorylation of key metabolic enzymesndcription factors, and co-activators
modulating gene expression by AMPK. Ultimatelystresults in attenuation of lipogenesis,

protein synthesis, and cell growth, while promotfaffy acid oxidation and glucose uptake
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(Viollet and Foretz, 2013). Metformin does notizate AMPK or affect its phosphorylation
by LKB1, but rather activates AMPK as a seconddfgce causative of its effect on the
mitochondria (primary target of the drug). In thetochondria, metformin inhibits the
respiratory chain complex 1 in a time- and con@iun-dependent fashion. This suggests
that metformin activates AMPK through the inhibiti@f ATP production which, in turn,
leads to an increase in ADP and AMP levels (Viddietl Foretz, 2013).

The anti-hyperglycaemic activity of metformin mag &ttributed to two possible mechanisms
of which the first is the most well-known of expédions (Figure 6). Here metformin
suppresses hepatic gluconeogenesis through the MMBAK signalling pathway. This
pathway regulates the phosphorylation and nucleatusion of the transcriptional co-
activator CREB-regulated transcription co-activatdr (CRTC2) better known as the
transducer of regulated CREB 2 (TORC2). TORC2ksyregulator of HGP in response to
fasting by directing transcriptional activationtbé gluconeogenic pathway. This is achieved
by the translocation of non-phosphorylated TORC2ht nucleus, where it associates with
phosphorylated CREB to drive the expression of xisame proliferator-activated receptpr-
coactivator-tt (PGC-Ir) and subsequent gluconeogenic genes, PEPCK andas&6P
Alternatively, metformin’s inhibitory effect on TAERR2-mediated gluconeogenesis involves
the deacetylation of TORC2 by nicotinamide adenifieucleotide (NAD or NADH)-
dependent sirtuin 1 (SIRT1). This results in theslof protection by coat protein 1(COP1)
mediated ubiquitinisation and subsequent degrad#tiollet and Foretz, 2013). It is likely
that, in addition to this, other mechanisms invadvithe disassembly of the CREB-CBP
(CREB binding protein)-TORC2 complex from gluconeng gene promoters, occur in
parallel. The metformin-induced regulation of glneogenic gene expression is dependent
on CBP phosphorylation through AMPK-induced aPK@vation and dissociation of the
CREB co-activator complex. This suppression otgheogenic gene expression is further
mediated through AMPK-induced up-regulation of thelear receptor, SHP. This nuclear
receptor functions as a transcriptional repres$d@REB-dependent hepatic gluconeogenic
gene expression through direct interaction with 8Rid competing with TORC2 binding
in the CREB-CBP complex (Violledt al, 2012; Viollet and Foretz, 2013).
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Figure 6: Potential molecular mechanisms of metformin action on hepatic steatosis and
gluconeogenesis. After hepatic uptake through OCT1 (organic cation transporter 1),
metformin exerts specific and AMPK-independent inhibition of respiratory-chain complex 1.
The resultant mild decrease in energy status leads to acute and transient inhibition the energy-
consuming gluconeogenic pathways. In addition, through AMPK-dependent and -independent
regulatory points, metformin can lead to the inhibition of glucose production by disrupting
gluconeogenic gene expression. In parallel, the LKB1-dependent activation of AMPK triggered
by ATP depletion could reduce hepatic lipogenesis and exert an indirect effect on hepatic insulin
sensitivity to control hepatic glucose output (Viollet et al., 2012).

5 Sutherlandia frutescens

5.1 Botanical Information

The Sutherlandiagenus belongs to the family &fabaceae(Leguminosa) and is closely
related toAstragalusL. and LessertiaDC. The genus can be divided into two species,
namely Sutherlandia tomentosand Sutherlandia frutescend-igure 7). The latter occurs
endemically in the western, central, and easterts @ southern Africa, the majority of the
Lesotho region, southern parts of Namibia, andshwth-eastern corner of Botswan§.
frutescendgs a perennial shrub, of 0.2-2.5m in height, wigd flowers and large bladdery
pods containing numerous seeds. Loc&lyfrutescens known as cancer bush, balloon pea,
and turkey flower in English, and as kankerbos sge wildekeur, and belbos in Afrikaans
(Van Wyk and Albrecht, 2008).
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5.2 Use as Medicinal Plant

Sutherlandia frutescens widely used as a medicinal plant in southerncafr Traditionally,
medication is prepared by infusion of “two or threafy twigs” in boiling water. The
resultant tea, containing approximately 2.5-5grgfrdaterial, is given as a daily dosage. ltis
used for a wide variety of conditions, includingincer, diabetes, inflammation, back pain,
stomach pain, eye disease, skin disease, influénzaan immunodeficiency virus/acquired
immunodeficiency syndrome (HIV/AIDS), and many moreThe traditional use of.
frutescendar exceeds that &. tomentosaue to its limited localized distribution on caalst
dunes of the Western Cape area of South Africa (Wgtk and Albrecht, 2008).

Several biologically active compounds have beelaisd and identified fron®s. frutescens
although many questions still remain about its moflaction. Recent studies conducted
have focussed on its anti-cancer, -diabetic, -HivMJammatory, and anti-oxidant properties.
The known active compounds identified are: pin{johtented for anti-diabetic properties)
(Van Wyk and Albrecht, 2008)L-canavanine Larginine competitor, yielding anti-
inflammatory and anti-cancer properties) (Akaetial, 2006), and triterpenoid glycosides
(show anti-inflammatory and improved lipid metabat) (Kawadeaet al, 2005).

Figure 7: Sutherlandia frutescens. S. frutescens is a perennial shrub, of 0.2-2.5m in height,
with red flowers and large bladdery pods containing numerous seeds (Van Wyk et al., 2012).
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Aims and Objectives

In recent studies, cell models have been useditty ghe molecular mechanisms underlying
T2DM (Ruddocket al, 2008; Williams, 2010). These cell models hakevwn that high
concentrations of insulin and fructose yitro hepatic cell culture) and high fat diets yivo

rat model) are capable of inducing the insulingtsit state. Furthermore, Williams (2010)
investigated the potential of South African medatiplant extracts as therapeutic agents and
showed that extracts &. frutescens/ere capable of reversing the insulin-resistaatest The
current investigation aimed to measure changes apatocyte physiology and gene
expression in insulin-resistant states and duregy treversal. The action of a hot aqueous
extract ofS. frutescensn the insulin-resistant cell cultures was alsalysed. This was done
by investigating the changes in glucose metabolisid homeostasis, lipid accumulation,
oxidative stress, cellular energy state in the faimacetyl-CoA, and gene expression of
signalling proteins involved in normal and impairegulin signalling, as well as their
respective protein expression levels. Cells of hnenan HepG2 line was made insulin-
resistant using palmitate or a combination of Hegrels of insulin and fructose, and the two
models were compared biochemically. Investigatihg effect of the hot aqueols.
frutescensextract on the two models of insulin-resistancey nhalp in elucidating the

mechanism of its anti-diabetic activity.

The objectives of this study were thus:

1 Establishing two insulin-resistant models using fiheulin/fructose and palmitate
methods in HepG2 human liver cell line.
Investigating changes in cellular physiology in tve models.

3 Comparison of the two insulin-resistant modelsanms of cellular physiology, gene
expression, and protein synthesis.

4 gRT-PCR analysis of selected gene expression.
Measurement of changes in signal transduction piste

Investigation of actiors. frutescenbas on the insulin-resistant cell models.
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Chapter 2

Insulin-Resistant Cell Models

This chapter discusses the establishment of twlalaelmodels of insulin-resistance using
two different mechanisms. These models aim teecefthe physiological states during (1)
hyperglycaemia and the compensatory hyperinsulirmeand (2) elevated serum FFAs.
This was achieved by treating cells in culture witedium supplemented with either high
levels of fructose and insulin, or high levels lo¢ tsaturated FFA palmitate (Williams, 2010;

Chavez and Summers, 2010).

In order to determine successful induction of imsuésistance, hepatic glucose production
via gluconeogenesis and cellular glycogen conteag measured in the presence of insulin.
As insulin acts to inhibit gluconeogenesis and prtanglycogenesis, insulin-resistant cells

would not respond to these effector functions.
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Methods

1. Cell Culture

HepG2 cells were cultured in Eagle’s Minimum EssgnMedium (EMEM) (Lonza)
supplemented with 10% (v/v) foetal bovine serum $FEHyClone) and 1% (v/v) non-
essential amino acids (HyClone) as growth mediu@ells were maintained at 37 °C in
humidified air and CQ(5%).

2. Preparation of Stock Solutions

2.1. Preparation of Sutherlandia frutescens Aqueous Extract

Fresh leaves 08. frutescensvere collected in September 2011 from a site & Klaroo,

between Graaff Reinet and Murraysburg. The leawere air dried for three days.

Dried leaves (15 g) were added to 700 mL boilingeneboiled for 10 minutes, and allowed
to cool overnight following the procedure of Chadkvet al (2007) which replicated the
traditional procedure. The mixture was filtered anBuchner funnel using filter paper
(Whatman number 1), the extract frozen at -80 °€then freeze-dried under vacuum over 2
days using the Savant Freeze Drying System. Dmederial was collected, placed in
Eppendorf microcapped tubes as 30 mg samples,dsaeaté kept in a desiccator until use.
The S. frutescengxtract was dissolved in 1 mL 50% (v/v) dimethylfexide (DMSO) in
water, diluted in MCDB-201 medium (Sigma), filteéeslised using 0.2 um acrodiscs (Pall),

and used at a final concentration ofgigZmL (Williams, 2010).

2.2. Preparation of Metformin

Metformin, an established medication for the treaitrof insulin-resistance and T2DM, was
prepared as a 1 mM stock solution in DMSO. Theksgolution was diluted to 20 uM with

MCDB-201 medium for use at a final concentration10fiM as a positive control for
treatment (Williams, 2010).
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2.3. Conjugation of FFAs to FAF-BSA

To conjugate palmitate or oleate to fatty acid-fB®A (FAF-BSA) (Sigma), a 100 mM
solution of palmitate in 0.1 M sodium hydroxide ) was heated to 65 °C with stirring
until dissolved. A 0.1 mL aliquot of the resultirigtty acid solution was added, while
stirring, into 1.3 mL 10% (w/v) FAF-BSA solutioniffna) at 50 °C. After 15 min of slow
stirring to allow clarification of the solution,®mL sterile deionised distilled water (dgB)
was added to bring the final concentration to 5 rfatty acid. The solution was filter
sterilised using an acrodisc (0.2 um pore size) stoced in aliquots at -20 °C for up to 6
months (Pappast al, 2002; Ruddockt al, 2008).

3. Induction of Insulin-Resistance

3.1. Insulin/Fructose Method

HepG2 cells were seeded at a density of 2.5%dl/mL and grown for 48 hours in EMEM
containing 10% FBS and 1% non-essential amino doidgs humidified incubator at 37 °C
and 5% CQ. After 48 hours, the culture medium was aspiraed replaced with either
serum-free MCDB-201 (Sigma) medium (control); oruse free MCDB-201 supplemented
with 0.1 uM insulin (Roche) and 1 mM fructose (Sigma) (IF)italuce insulin-resistance.
Additionally, cells were exposed to IF induction ainen supplemented with either a 12
pg/mL (final concentration) aqueous extract Sf frutescengIFSF) or 1 uM metformin
(IFM) (positive control for treatment) for 24 houilliams, 2010).

3.2. Palmitate-BSA Method

HepG2 cells were grown in culture medium for 48nsaafter which the culture medium was
aspirated and replaced with either serum-free MGDB-medium (control); or serum-free
MCDB-201 supplemented with palmitate-BSA (0.25 m{RB) to induce insulin-resistance.
Parallel cultures were exposed to PB-induction nmadsupplemented with either 12 pg/mL
(final concentration) aqueous extract $f frutescengPSF) or 1 uM metformin (PM)
(positive control for treatment) for 24 hours (Rodket al, 2008).
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4. Cell Viability Testing

The viable cell number was determined in parallgbegimental plates using the 4,5-
dimethylthiazol-2,5-diphenyltetrazolium bromide (WMTSigma) assay (Mosmann, 1983).

The assay measures the activity of mitochondriductase in viable cells to reduce the
yellow MTT to formazan crystals (purple colour)hélcrystals were extracted from the cells
by the addition of DMSO and absorbance measurectrgpdotometrically against a DMSO
blank at 540 nm.

5. Verification of Insulin-Resistance

5.1. Hepatic Glucose Production Assay

After 48 hours of growth in growth medium, the mediwas aspirated and replaced with the
various treatments as described in section 3 atubated for a further 24 hours. Glucose
production was monitored by the method of Gacal (2010). Briefly, the medium was
aspirated and cells washed twice with phosphattetad saline (1x PBS) (8 g/L NaCl, 0.2
g/L KH,POy, 2.9 g/L NaHPQO,, and 0.2 g/L KCI, pH 7.4) to remove any residulaicgse
contained in the culture media. The cells were thmubated for 16 hours in glucose-
production medium (glucose- and phenol red-free EMIEontaining gluconeogenic
substrates, 20 mM sodium lactate and 2 mM sodiuravaye) (Sigma) with the addition of
0.1 puM insulin during the last three hours. Medifrom each sample was analysed using
glucose oxidase colourimetric determination of gekeccontent at 510nm.

5.2. Analysis of Glycogen Content

The cellular glycogen content was analysed afteethours incubation in the presence of 0.1
MM insulin using the anthrone test for carbohydratBriefly, culture medium was aspirated
and cells boiled in the culture plate for 20 mir8P6 (v/v) KOH followed by the addition of
95% (v/v) ethanol. The resultant mixture was tligidy mixed, transferred to Eppendorf
microcapped tubes, and centrifuged at 48Q0for 15 min. The supernatant was removed

and 0.01% (v/v) anthrone in 98% (v/v) sulphuricdaadded to each sample. Samples were
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placed at 4 °C for 10 min, boiled for 20 min, aeft it room temperature for 20 min before

spectrophotometric analysis at 620 nm (Chun and ¥3988).

6. Data analysis

Absorbance data were normalised to cell numbereasrmiined by the MTT assay and
expressed as a percentage of the control (MCDB-2813tistical analysis was performed by

ANOVA (one- or two-way depending on the data seifthvpost-test analyses performed

(Newman-Keuls or Bonferroni post-tests). Confidetevels were set to 95%.
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Results and Discussion

1. Cell Viability

HepG2 cells cultured in the insulin-resistance ctotun media for 24, 48, and 72 hours were
subjected to cell viability analysis using the M@3say (Figure 8). The absorbance readings
obtained from the extracted formazan crystals wammpared to those obtained from a

standard curve of serial dilution of cells seededeasities from 75000 to 625 cells per well.
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Figure 8: Cell viability of HepG2 cells. HepG2 cells were cultured in various conditions for 24,
48, and 72 hours followed by MTT cell viability analysis. The data is represented as mean
percentages versus control (MCDB-201 at 24 hours) * S.D. (n = 3). Statistical analysis
performed using two-way ANOVA (n = 3). * = p < 0.05, ** = p < 0.005, *** or ### = p < 0.0005
(compared to control or IF, respectively). IF = Insulin and Fructose in MCDB-201 medium, IFM = IF
supplemented with 1 uM metformin, IFSF = IF supplemented with 12 pg/mL S. frutescens aqueous extract,
PB = Palmitate-BSA conjugate in MCDB-201 medium, PM = PB supplemented with metformin, PSF = PB
supplemented with S. frutescens aqueous extract, OB = Oleate-BSA conjugate in MCDB-201 medium, OM =
OB supplemented with metformin, and OSF = OB supplemented with S. frutescens aqueous extract.

The cell viability studies show, in comparison tee tcontrol, a relative decrease in cell
viability over the 72 hour study in the controlMF, and IFSF treatments. This decline is
mainly due to the depletion of nutrients from thdture wells, resulting in a decline in cell
viability by 72 hours. In the 48 hour treated seflignificantly higher (p < 0.0005 for IF and
IFM, p < 0.005 for IFSF) cell viability is seen ime IF-, IFM-, and IFSF treatments
compared to the control group’s 48 hour time poiiithis may be due to the presence of
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fructose in the induction medium which adds to theritional capacity of the media,
allowing it to sustain the cells for longer. Irgstingly, the metformin an&. frutescens
treatments yielded a more significant (p < 0.008&gline in cell viability at 72 hours than
the IF treated cells. This effect is comparablthtotrend seen in the control cells, suggesting
that the cause for the decline in cell viabilityyr®e similar. It is thought that this difference
in viability between the metformin- @. frutescensreated cells and the IF-induced cells is
due to the recovery of cellular glycolytic functeoand the associated depletion of glucose
from the media, resulting in the decline in celhgth and viability due to nutrient depletion.
In the IF-induced cultures, however, cellular glysts is attenuated (as seen in the glucose
oxidase study) resulting in a decline in the ratevlsich glucose is depleted from the culture
medium. This combined effect of decreased gluagsteke and glycolysis results in the
higher viability seen in the IF-induced cells asnpared to metformin- an8. frutescens
treated cells. Furthermore, metformin acts on chimdria to mildly inhibit ATP production,
resulting in increased AMP levels (Viollet and Rare2013). AMPK, therefore, becomes
more active, which results in switching of the sétbm an anabolic to a catabolic state. This
causes ATP consuming processes to shut down im trdestore energy balance. As a result,
lipid and protein synthetic pathways as well adutal growth become inhibited while
enhancing glucose uptake. This effect of metfortoinmildly attenuate cellular growth is
supported by the newly proposed use of the druzancer therapy (Viollegt al, 2012). In
this respect, metformin would cause a decline Ihvigbility of the HepG2 cell line as it is a
hepatoma culture. Hence, the metformin-induceda®aoin in cell viability may be attributed
to the combinatory effect of the metformin-induceduction in cell growth and depletion of

media nutrients.

In the palmitate model, a reduction of approximat&0% in cell viability within 24 hours
was seen. Further reduction in cell viability vedserved at the 48 and 72 hour intervals (p <
0.0005). Palmitate mediates the production oftreamxygen species (ROS) and induces
ER stress (Gaet al, 2010). Elevated ROS production and ER stressimpdicated in
cellular damage and apoptosis (Karaskbal, 2006; Liuet al, 2007). In contrast, oleate
treatment resulted in an initial reduction in ceihbility, followed by an increase in cell
survival over the time-course. Oleate stimulates accumulation of lipid in hepatocytes
which contributes to lipotoxicity, hence the initraduction in cell viability (Leet al, 2010).
However, oleate also allows for the passage of ldran fatty acids into the mitochondrial

matrix by increasingCpt-l1 expression (Colet al, 2008), allowing these to be utilized for
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ATP production while also suppressing ROS productiER stress, and inflammation. Cpt-I
is involved in facilitating the transport of longain fatty acids into the mitochondrial matrix,
allowing these to be fed int®-oxidation. Furthermore, oleate has been showpraémote
Akt phosphorylation, which induces downstream atton of cell survival signalling and
cellular growth (Collet al, 2008). This effect of oleate possibly attritsute the increase in
cell viability seen after 24 hours. Increagedxidation increases the available energy the

cells have access to, allowing for cellular growth.

The MTT assay allows for the exclusion of any éfewhich may be associated with the
various treatments, such as apoptosis, as sedmeipalmitate model (Yuzefovycht al,

2010). This exclusion allows for the analysis lbsabsequent data in an unbiased fashion.

2. Verification of Insulin-Resistance

For the verification of successful induction ofuhs-resistance by the two models, cellular
responses to the induction or treatments in thegomee of insulin were investigated. Here
HGP and glycogen content were analysed (Figuresn® 10, respectively). Lipid
accumulation is also indicative of insulin-resigt@anin some, but not all cases, will be
discussed in a later chapter. During the insudsistant state, the hepatocytes suffer from
impaired regulation of glucose production, resgltim increased gluconeogenesis and
glucose release. Glucose production is fuelledhbyconversion of lactate to pyruvate with
subsequent pyruvate conversion to phosphoenolpig(PEP). This allows for the PEP to
enter the gluconeogenic pathway. In order to noongluconeogenesis, the cells were
supplemented with these two gluconeogenic substratehe form of sodium lactate and
sodium pyruvate. This supplementation avoids depief the substrates which would limit
glucose production, as the study is focussed on itororg gluconeogenesis alone.
Gluconeogenesis and glycogenolysis feeds G6P lmedER lumen via the G6P transporter
(T1). Here, G6P is converted to glucose by hegaéPase, allowing export of glucose via
the GLUT2 transporter (Kresg al., 2005).

HepG2 cells treated with IF (0.1 uM insulin and Mrructose) and PB (0.25 mM palmitate)
showed a significant increase in HGP in both mqdeith the increase being greatest in the
presence of palmitate (p < 0.0005). Furthermamgtinent with either metformin 3.
frutescensgyielded a significantly (p < 0.05 in IF and p €905 in PB) suppressive effect on
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the HGP (Figure 9). Concomitant decreases in gignocontent in the insulin-resistant
cultures were observed with recovery of glycogemnest following metformin o8. frutescens

treatment (Figure 10).
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Figure 9: Hepatic glucose production. HepG2 cells were incubated in the presence of 0.1 uM
insulin for three hours after 13 hours incubation in glucose-free medium. Glucose production
was measured by glucose oxidase activity. Data is represented as mean percentage of the
control (MCDB-201) * S.D. Statistical analysis was performed using one-way ANOVA (n = 3).
*** = p < 0.0005 (compared to control), # =p < 0.05, ## = p < 0.005 (compared to either IF or
PB). IF = Insulin and Fructose in MCDB-201 medium, I[FM = IF supplemented with 1 uM metformin, IFSF
= [F supplemented with 12 pg/mL S. frutescens aqueous extract, PB = Palmitate-BSA conjugate in MCDB-
201 medium, PM = PB supplemented with metformin, PSF = PB supplemented with S. frutescens aqueous
extract.

Hepatic gluconeogenesis is regulated by SIRT1, abNdependant protein deacetylase,
which is involved in the deacetylation of PG@lleading to increased glucose production
(Rodgerset al, 2005). Hepatic SIRT1 is also implicated in thgulation of genes involved
in cholesterol and lipid metabolism and is ablenduce lipogenesis (Cheet al, 2008).
Catonet al (2011) demonstrated the role of fructose in SIRitlivation and subsequent
gluconeogenesis. Therefore, one mode by whicHRhmodel may induce gluconeogenesis
is through this SIRT1-dependant mechanism. Thé $liRduced gluconeogenesis has been
shown to act initially through an acute activatadidNK after which SIRT1 activation occurs

in a JINK-independent manner within 30 minutes oftose exposure (Catetal, 2011).
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Figure 10: Hepatic glycogen levels. Glycogen content of HepG2 cultures in the presence of 0.1
UM insulin was measured by the anthrone test for carbohydrates. Glycogen content is
expressed as a percentage of the MCDB-201 control. Statistical analysis performed using one-
way ANOVA (n = 3). **=p < 0.005, *** =p < 0.0005 (compared to control), ## = p < 0.005, ###
=p < 0.0005 (compared to either IF or PB). IF = Insulin and Fructose in MCDB-201 medium, IFM = IF
supplemented with 1 uM metformin, IFSF = IF supplemented with 12 ug/mL S. frutescens aqueous extract,
PB = Palmitate-BSA conjugate in MCDB-201 medium, PM = PB supplemented with metformin, PSF = PB
supplemented with S. frutescens aqueous extract.

Decreased glycogen synthesis is induced by fructhuee to fructose-induced decrease in
GSK-3 phosphorylation through CREB activity. Ferttmore, CREB affects expression of
G6Pase and PEPCK Therefore, apart from increasing SIRT1 activifgictose also
increases PEPCK and G6Pase activity (\&teal, 2007). Of these, PEPCK is involved in
converting oxaloacetate to PEP during the firstglytic bypass reaction of gluconeogenesis,
while G6Pase is involved in conversion of G6P tocgke in the hepatic ER; promoting
glucose production (Mattet al, 1997).

To further induce the insulin-resistant state, Hegrels of chronic insulin exposure leads to a
decrease in insulin receptor autophosphorylatiord aubsequent IRS1 and IRS2
phosphorylation. Chronic exposure to high levélgsulin has also been shown to decrease
the protein levels of the IR and IRS1/2 in HepGlsogruanet al, 2013). The inhibition of
IRS1/2 activities result in a decrease in PI3K @&l activities, while relieving the inhibitory
effect of insulin on PEPCK. The combination ofdbeeffects of high insulin and fructose

levels results in attenuation of insulin signallingromoting gluconeogenesis and
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glycogenolysis, thus making these key markersHerdetection of insulin-resistance during

the establishment of insulin-resistant cell culmmadels.

Palmitate-induced gluconeogenesis may act throudifferent mechanism to that of the IF
model. There are several proposed mechanisms lghvgalmitate may induce insulin-
resistance (Figure 11). Emerging studies show itiatlin-resistance may be induced by
fatty liver (Stefan and Haring, 2011). In hepatteatosis, FFAs and triacylglycerol (TAG)
metabolites, such as DAG and fatty acyl-CoA, acdateu Palmitate has been implicated in
increasingp-oxidation with concomitant increases in acetyl-C@oguchiet al, 2009).
Fatty acid oxidation involves the transport of aCylAs into the mitochondrial matrix by the
addition of carnitine to acyl-CoA. Once inside tm&ochondrial matrix, acyl-carnitine is
converted back into acyl-CoA by carnitine acyltfengse. This allows for successive rounds
of B-oxidation of the fatty acids to yield acetyl-CoA&rom here, acetyl-CoA enters the citric
acid cycle for ATP production in the same fashignaaetyl-CoA derived from glycolysis.
As the acetyl-CoA levels rise, it acts as a sigoathe activation of acetyl-CoA carboxylases,
resulting in production of malonyl-CoA. Malonyl-8ofunctions as a negative feedback
signal by inhibiting the transfer of carnitine toyekCoA for the transportation of fatty acids
into the mitochondrial matrix. Furthermore, ace®y@lA acts as an inducer of pyruvate
carboxylase activity while inhibiting the activitpf pyruvate kinase, promoting the
gluconeogenic pathway (Noguchkt al, 2009). Fatty acids can induce inflammation by
stimulating the nuclear factaB (NF«B) pathway or via induction of ER and oxidative
stress by the activation of JNK. In this particudase, the saturated fatty acid palmitate plays

an important role (Stefan and Haring, 2011).

In the present study, the effects of an agueoum&xofS. frutescensn insulin-resistance
were investigated. It was found that the plantaetthas the ability to decrease hepatic
glucose output and recover the activity of glycoggnthase, seen as increased levels of
glycogen (Figures 9 and 10). This effect is simitathat of metformin. Metformin acts
through AMPK activation by its mild and specifidhibition of the mitochondrial respiratory-
chain complex I, resulting in increased AMP levelsich activate AMPK (Violletet al,
2012). In turn, AMPK regulates TORC2 phosphorgiatiwhich in turn regulates HGP in
response to fasting by directing transcriptionaltivation of gluconeogenesis.
Phosphorylated TORC2 is not able to translocatetht nucleus, preventing PGG-1

activation. In the liver, PGCeldrives expression of the gluconeogenic geR&RCKand
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G6Pase which are therefore inhibited (Viollett al, 2012; Viollet and Foretz, 2013).
Although S. frutescen$ias the same effect as metformin here, it canaotdmcluded that

they work through the same mechanism of action.

Figure 11: Pathways involved in
inflammation and metabolism in human
fatty liver disease. Abundant levels of
a Insulin glucose, fructose, and free fatty acids induce
ER stress. Fatty acids and free cholesterol are
also thought to induce mitochondrial
dysfunction and increase ROS production.
This leads to the activation of inflammatory
pathways involving JNK and IKK, which then
induce the transcription of inflammatory
cytokines and consequently play a role in the
inhibition of insulin signalling via IRS1 and 2.
By increasing hepatic de novo lipogenesis,
fatty acids, glucose, and fructose increase the
. Se—— DAG pool which, through activation of PKCs,
also impairs insulin signalling. IR = insulin
receptor, P = phosphorylation, MD-2 = myeloid differentiation protein-2 (Stefan and Haring, 2011).
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This study shows that insulin-resistance may bedad using either a combination of high
levels of insulin and fructose or oversupply of sa¢urated fatty acid, palmitate. The insulin-
resistant state causes the liver to increase gtuoosput and glycogen breakdown, while
inhibiting glycolysis and glycogen synthesis. liisistimulated glycogen synthesis and
suppression of glucose production is restored upatment of hepatic cells with metformin
andS. frutescengFigures 9 and 10). The treatments used heredadwwo working cell
models of insulin-resistance which were used tocidate some of the mechanisms
underlying the development of insulin-resistance each via investigation of lipid
accumulation, ROS, nitric oxide (NO), acetyl-CoAdagenetic studies in later chapters. We

also investigated the effects $f frutescensn these parameters in comparison to metformin.
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Chapter 3
Changes in Cellular Physiology

During insulin-resistance, the normal functionirfgrsulin-sensitive tissues becomes altered.
These alterations lead to changes in cellular phygy such as changes in lipid accumulation,

NO and ROS production, and changes in acetyl-Coélde

Using the two models of insulin-resistance, thelsanges in cellular physiology in each
model were investigated. Lipid accumulation waslgtd using three methods, namely: Oil-
Red-O staining, Nile Red staining, and thin-laykromatography (TLC). These allow for
the elucidation of the lipid profiles of the ceNghile also quantifying these. Previous studies
have shown that fructose and FFAs are capabledoicing liver steatosis in cell cultures
(Samuel, 2011; Tappgt al, 2010; Gacet al, 2010). Nitric oxide has been implicated in
palmitate-induced insulin-resistance, while ROS basn shown to be involved in both
fructose- and palmitate-induced insulin-resista(itezefovychet al, 2010; Tappyet al,
2010;Gaoet al, 2010). Increased levels of FFAs lead to in@dastes ofi-oxidation and
subsequent increased levels of acetyl-CoA. Act acts as an intracellular signal of high
energy levels, thus promoting pyruvate carboxykastévity during the first bypass reaction
of gluconeogenesis (Hers and Hue, 1983). It alsmmptes activation of acetyl-CoA
carboxylases which leads to the inhibitionfedxidation through prevention of FFA transfer
into the mitochondrial matrix, promoting lipotoxigi mitochondrial dysfunction, ROS

production, and ultimately insulin-resistance (Ndgjet al., 2009; Collet al,, 2008).
This chapter investigates the effectsSoffrutescensn these changes in cellular physiology

in comparison to metformin. This will allow for gsible elucidation of the mechanismSf

frutescensnti-diabetic action.
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Methods

1. Lipid Accumulation Assays

Two lipid stains, Oil-Red-O and Nile Red, were usgdantify lipid accumulation in
hepatocytes. The Oil-Red-O assay detects celhdatral lipids, while Nile Red staining is
used for the detection of neutral lipids (yieldiagyellow-gold fluorescent colour) and

phospholipids (yielding an orange-red fluorescence)

Previous studies have shown oleate to be a strahger of lipid accumulation in the form
of TAG and phospholipids (Leet al, 2010). Oleate was thus used as a positive adiotr
lipid accumulation in HepG2 cells in the Oil-Reda@d Nile Red assays. The treatment was
performed following the same procedure as the gate#BSA induction model, but instead
used 0.25 mM oleate (OB). The OB medium was alpplemented with either 12ug/ng.
frutescengOSF) or 1 uM metformin (OM) as treatment of thB-eated cultures.

1.1. Oil-Red-O Assay

HepG2 cells were exposed to the various conditamdescribed in Chapter 2 for 24 hours,
after which, the medium was removed and cells fixetl0% (v/v) formaldehyde in 1x PBS
(pH 7.4) for 10 min. Cells were rinsed with ddMHfollowed by 70% (v/v) ethanol, and
stained with 3% (v/v) Oil-red-O solution (6 partd-Red-O stock in isopropyl alcohol + 4
parts water) for 15 min. The stain was removedaetid washed with 70% (v/v) ethanol and
finally water. The stain was then extracted by itmiul of isopropyl alcohol and the
absorbance measured at 520 nm (€taal., 2010).

1.2. Nile Red Assay

After 24 hour exposure to the various conditiongnasection 1.1, the cells were washed with
1x Hanks Balanced Salts Solution (HBSS; pH 7.4, leexckground fluorescence determined
(535nm excitation, 580nm emission) on a Synergy KBXoTek) plate reader. Freshly
diluted Nile Red (1uM Nile Red in 1% (w/v) Pluronic F127 in HBSS) waddad to each

well. After 4 hours incubation in the dark at ros@mperature, the Nile Red was removed
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and cells washed once with HBSS. After a furtimeubation for 8-16 hours in HBSS in the
dark at room temperature, fluorescence was detednes above and the background

subtracted to determine the bound Nile Red fluaese (Williams, 2010).

1.3. Thin Layer Chromatography

After 24 hour exposure to the conditions indicatedection 1.1, the medium was aspirated
and cells gently scraped into 1 mL growth mediu@ells were then transferred to 2 mL
microcentrifuge tubes and centrifuged for 5 miM@0 xg. The supernatant was removed
and the pellet re-suspended in 0.75 mL chloroforethanol (1:2, v/v) and the phases
separated by addition of 0.25 mL dd@MHand 0.25 mL chloroform, followed by centrifugatio
at 1000xg for 5 min. The lower phase was dried and re-diiesbin 50 pL chloroform and
spotted on silica gel TLC plates (Sigma). The Itdifgid extract was separated using
diethylether-heptane-acetic acid (75:25:1, v/v/iW¥he solvent used to resolve the TLC plates
causes the separation of the neutral lipid claBsus, waxes and sterol esters migrate most
quickly, followed by TAG, FFAs, DAG, and MAG, whilgolar lipids remain at the sample
origin. Once the solvent has run to approximatelgfihe length of the TLC plate, the TLC
plates were stained using 0.003% (w/v) Coomasgie b 100mM NaCl in 30% (v/v)
methanol for 30 min. The plates were de-stainedlysfree solution for 5 min. (Baldanei

al., 2010). Developed TLC plates were imaged usingAfphalmagel® 3400 (Alpha
Innotech) and spot densities analysed using Algvagoftware (version 3.2.2.0, 2010).

2. Nitric Oxide Quantification

After 24 hours exposure to the various conditiorBaated in section 1.1, aliquots (50 uL) of
medium were taken from each sample and analysedj ube Griess system for nitrite
detection. Briefly, the 50 pL samples were transftitto wells of a 96-well microtitre plate,
followed by addition of 50 puL 1% sulfanilimide i&phosphoric acid (w/v) and incubated
at room temperature for 10 minutes in the dark. xtN&O pL 0.1% (w/v)N-1-
naphthylethylenediamine dihydrochloride (NED) wasled and incubated as before (a pink
colour developed). The absorbance of the resuttaxture was measured at 520 nm. Nitrite
concentrations were compared to the absorbancengsadbtained from a nitrite standard
curve using sodium nitrite (Sigma) (0-100 puM).
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3. Measurement of Reactive Oxygen Species

For the quantification of ROS production, the dyg’'Alichlorodihydrofluorescin diacetate
(DCFH-DA) was used. It is freely permeable andomorates into the hydrophobic lipid
regions of the cell. The acetate moieties arevel@aby cellular esterases, leaving non-
fluorescent 2’,7’-dichlorodihydrofluorescin (DCFH)Ihis is oxidised by hydrogen peroxide
and peroxidases into dichlorofluorescein (DCF),alihs fluorescent (Robinsaat al, 1994).
After 24 hours exposure to the various conditiordidated in section 1.1, the medium was
aspirated and cells washed twice with 1x PBS (p#. 7 Thereafter, the cells were loaded
with the DCFH-DA dye (20 uM in DMSO) for 30 minutasthe dark at 37 °C. Excess dye
was removed by washing cells with PBS as beforellsQvere then harvested, transferred
into polypropylene tubes in phenol red-free EMEMnirifuged at 40xg and incubated in
phenol red-free EMEM for 10 minutes at 37 °C in tlaek. Cells were centrifuged as before,
washing with PBS. Once washed, the cells werauspended in 500 uL PBS and DCF
fluorescence analysed by flow cytometry using theréscein isothiocyanate (FITC) channel
(excitation/emission: 480 nm/530 nm).

4. Quantification of Acetyl-CoA

After 24 hours exposure to the various conditiordidated in section 1.1, the medium was
aspirated from the cells and acetyl-CoA levels mhetged using the method of Hovit al
(1991). The cells were harvested, by accutase Iphg} treatment, into 200 puL hypotonic
buffer (10 mM KPQ containing 1% (v/v) Triton X-100) and sonicated fore seconds.
Thereafter, 1 M ZnSPwas added to a final concentration of 0.1 M, tbhkitsons mixed
thoroughly, and centrifuged at 198Q for 15 minutes. The supernatants were collected a
1 mM L-carnitine (0.1 mM final concentration in 50 mM HE®) added, pH adjusted (pH
7.0-7.5) using 15% (w/v) KOH,-carnitine acetyltransferase (1 U/mL) (CAT, Sigradiled,
and incubated at 37 °C for 10 minutes. Aldritdol2 mM stock in 50 mM HEPES) (Sigma)
was added to a final concentration of 0.2 mM ancllbated as before. The absorbance
readings were obtained at 324 nm and comparedstanalard curve (1-5 pg) of acetyl-CoA

(Sigma).
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5. Data Analysis

All data were normalised to cell number as deteettiby the MTT assay and expressed as a
percentage of the control (MCDB-201). Statisteadlysis was performed by ANOVA (one-
or two-way depending on the data set) with podtdealyses performed (Newman-Keuls or
Bonferroni post-tests). Confidence levels weredc&5%.
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Results and Discussion

1. Lipid Accumulation

After the confirmation of successful insulin-rearste induction using the two methods of
induction (insulin/fructose and palmitate) (Chap2¢r HepG2 cells were subjected to lipid
accumulation analyses. Lipid accumulation is ezlato the development of insulin-

resistance, therefore this change in cellular mhggy within the two models was

investigated. HepG2 cells were exposed to theouarmedia conditions for 24 hours, and
then subjected to Oil-Red-O or Nile Red stainingTbC of the lipid fractions.

The Oil-Red-O staining of the insulin-resistanti€ashowed a significant increase (p < 0.05
for IF and p < 0.0005 for PB and OB) in cellulaidi content. Significant decreases in lipid
content were seen compared to the insulin-resistatié following the metformin ofS.
frutescendgreatments of the IF (p < 0.05) and OB (p < 0.0dASulin-resistant cells, but no
significant effect on the lipid content of palméeteated insulin-resistant cells was observed
(Figure 12A). Visual representation of the cellsntaining Oil-Red-O-lipid droplet
complexes can be seen in figure 12B. Comparedgetaantrol, it can be seen that the amount
of stained lipid droplets is increased or decreasea corresponding fashion to what is seen

in the absorbance data (Figure 12A).

The Oil-Red-O dye stains predominantly TAG and otheutral lipids. In the IF model,
there is an oversupply of fructose. Fructose,oaigih having the same chemical formula as
glucose, is quite distinct from glucose. Thus, thetabolism of fructose is directed by
different biochemical mechanisms. In the case egalocytes, fructose is predominantly
transported by GLUT2 into the cytosol, where itapidly phosphorylated to yield fructose-
1-phosphate, due to the high levels of fructokinaseepatocytes (Samuel, 2011; Wei et al.,
2007). Fructokinase activity is not regulated byPAlevels, and thus is less responsive to the
energy levels of the cell. This results in fruetdseing metabolised more favourably than
glucose due to the fructolysis being less tightlgulated (Samuel, 2011). Once fructose-1-
phosphate is cleaved to yield glyceraldehyde 3-phate, it may enter the glycolysis
pathway and proceed to acetyl-CoA production.

42



A) 400%
350%

300%

100%)

250%

200%

150%

100%

% Lipid Content (EMEM

50%

0%

L

L

MCDB-201

EETS
* ok ok
* %k
HHH
HHH
S
* %k . Sk ok
*
# #
IF IFM IFSF PB PM PSF OB oM OSF
Treatment

B)

antrol

Iy SR

TR

P

Figure 12: Neutral lipid and triacylglycerol accumulation in HepG2 cells. The cellular lipid

content of HepG2 cells grown for 24 hours in various conditions was measured by Oil-Red-O
staining. A) Data are represented as mean percentage of the control (MCDB-201) + S.D., B) Oil-
Red-O stained lipid droplets within cells as viewed under light microscopy using a 20x objective.
Scale bar 50 pm. Statistical analysis was performed using one-way ANOVA (n = 3). *=p < 0.05,
*#* = p < 0.0005 (compared to control), # =p < 0.05, ### = p < 0.0005 (compared to either IF
or OB), $ = p < 0.05 (Compared to metformin treatment of the positive control).
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Acetyl-CoA in turn may enter the tricarboxylic agiiCA) cycle or be directed to fatty acid
synthesis. Further, trioses can be used for giy&phosphate synthesis, which forms the
backbone of TAG. Thus, fructose contributes to TAghthesis either by forming the
glycerol backbone or a fatty acyl moiety. Sevestaldies have shown the contribution of
fructose to increased TAG levels (Samuel, 2011; &ai., 2007).

An alternative lipid specific dye was also usedmaly Nile Red. The Nile Red dye
predominantly stains cholesterol and phopsholipmis fluoresces when exposed to light at a
wavelength of 535 nm. In the current study, nanigicant changes in both cholesterol and
phospholipids were observed in any of the insubisistant models when compared to the
control (MCDB-201). However, oleate was seen thuge a significant (p < 0.0005) increase
in the fluorescent signal, indicating a significaimicrease in either cholesterol or
phopspholipids, or both. Metformin ar®l frutescencéreatment of the OB-induced cells
showed a mean decrease in lipid accumulation, hemtins was not significant (Figure 13).
Associated with non-alcoholic fatty liver diseasehe impaired secretion of very low density
lipoprotein (VLDL) and high density lipoprotein (HD (Stefan and Héaring, 2011). This
impaired secretion will lead to elevated choledteiithin the liver, hence the increase in Nile
Red fluorescence may be attributed to this accumonlaf VLDL within the hepatocytes.
Zhang et al, showed the involvement of FoxO1 in increasingidli metabolism and
decreasing plasma cholesterol levels using tramsgeice wherein FoxO1 was constitutively
expressed. Furthermore, FoxO1 activation througgatic stress signals (such as increased
JNK activity) during the development on insulinistance may exacerbate this condition
(Gaoet al, 2010). However this is seen only under elev&ied levels and concomitafit
oxidation of short-chain fatty acids, such as @eat

The mechanism by which fructose induces lipogenissisill not fully understood, but some
pathways have been proposed (Figure 14). One methanism involves the fructose-
induced alteration of specific lipogenic enzymeani@el, 2011). Fructose is able to alter the
activity of pyruvate dehydrogenase (PDH) by inhilgt PDH kinase (PDK) (Figure 14).
This is in line with previous studies which showsecreased PDK activity and increased
PDH activation in rats fed a fructose-rich dietriPat al., 1992). PDH activity causes a rise
in acetyl-CoA levels, which is directed to lipidrglgesis. This leads to increased DAG

production which inhibits insulin signalling via BX activation. DAG levels do not remain
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elevated, however, but are converted to TAG unlercontrol of SREBP1c for subsequent

exportation as VLDL.
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Figure 13: Cholesterol and phospholipid accumulation in HepG2 cells. The cellular lipid
content of HepG2 cells grown for 24 hours in various conditions was measured by Nile Red
staining. Data are represented as mean percentage of the control (MCDB-201) * S.D. Statistical
analysis was performed using one-way ANOVA (n = 3). ***=p < 0.0005 (compared to control).

Figure 14: Proposed mechanism of
fructose-induced lipogenesis. Fructose
promotes lipogenesis by (a) increasing
PDH activity by inhibiting PDK and (b)

i ] i m stimulating increases in SREBP-1c
LS transcription, (c) SCD-1 catalysed
@:mﬁ_,_.. AcylCoh desaturation of fatty acyl-CoA to produce

monounsaturated fatty acids such as
© oleyl-CoA, which may also increase

Oleyl-CoA SREBP-1c expression, and (d) DAG

activates PKCe, which attenuates insulin

signalling, leading to hepatic insulin-

resistance (Samuel, 2011).

DAG—-| TAG

Another proposed mechanism of fructose-inducedgkpesis is through PG@ lactivity
(Samuel, 2011). PGCBlacts as a nuclear receptor co-activator which inarease the
expression of many transcription factors, such fas peroxisome proliferator-activated
receptorsx andy (PPARy and PPAR). Furthermore, PGCglcan bind to and transactivate
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SREBP1, linking PGC{tinduced lipogenesis to the aforementioned PDH/RidGced

mechanism of fructose-induced lipogenesis.

The signal by which fructose activates these paybwa still unknown; however some
suggestions have been made. The carbohydratensesptement binding protein (ChREBP)
is key to connecting glucose metabolism to increéasgression of glycolytic and lipogenic
enzymes. In this case, X5P produced from gluciséhe pentose-phosphate pathway, acts
in protein phosphatase 2A (PP2A) activation, enimgnauclear translocation of ChREBP.
In the case of fructose, X5P is not increagedse since fructose is rapidly metabolised into
trioses. These trioses are destined for incormoramto TAG, thus feeding into the lipogenic
action of fructose (Samuel, 2011). Studies hawvshincreased activity of ChREBP in the
absence of increased X5P, suggesting another neda@HREBP activation (Koeet al,
2009). G6P is capable of activating ChREBP diyeatthout X5P accumulation and PP2A

activation, providing a link to fructose metabolism

Gonzalezet al (2011) showed the involvement of the hyperinadmic state in lipid
accumulation. Here, a state of selective insusistance develops, causing an uncoupled
insulin action wherein FoxO1's insulin responsivenes maintained. This uncoupling is due
to the high sensitivity of FoxO1 to insulin stimtiden. During insulin-resistance, inhibition
of hepatic gluconeogenesis by insulin is disruptie@ to deregulation of FoxO1, while
regulation of fatty acid and TAG biosynthesis tlgbtSREBP-1c remains functional, which
in turn contributes to hyperglycaemia and hypetdgridaemia (Matsumotet al, 2007).
Furthermore, regulation of FoxO1 by insulin may tiesue-specific and thus respond
differently under hyperinsulinaemic states. In theer, FoxO1 modulates carbohydrate
metabolism and is exposed to higher levels of instilan other tissues (such as adipose),
both in the fasted and postprandial state. FoxQ@Hascriptional activity is negatively
regulated by insulin-activated Akt and positivelggulated by JNK, which promotes its
translocation into the nucleus (Gabal, 2012).

This involvement of FoxO1l in the development of uinsresistance may be a key
component in the models investigated in this stublythe IF-induced cells, it was observed
that gluconeogenesis was elevated (Chapter 2)s iy be due to the elevated activity of
FoxO1 through either 1) its ability to be still pesisive to insulin signalling under

hyperinsulinaemic states and insulin-resistance2)orthe hyperglycaemic-induced (high
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fructose content) stress activation of JNK and eqoent FoxO1l activation, or 3) a
combination of both. FoxO1 in turn regulates thgression of gluconeogenic genes,
resulting in dysregulation of carbohydrate metabmliand homeostasis (Get al, 2012).
This may be why the IF-induced cells exhibit a eliéint lipid profile than the PB-induced
cells. In the IF-induced cells, the oversupply fafctose will be directed to increased
lipogenesis through the lipogenic mechanism desdrétbove. Therefore, it is expected to
see increased TAG levels in the cells exposed t¢Fl§ure 15). Models of lipogenesis
previously described provide the explanation fog thcreased TAG in IF-induced cells.
Palmitate-induced DGAT?2 inhibition result in no TAReing produced and lipogenesis
arresting at the DAG stage, thus increasing DAGe TF-induction does not inhibit DGATZ2,
allowing TAG synthesis to proceed. This same respanay be at work in the palmitate
model (PB) where it is known that palmitate ac@satINK, which would then cause this
activation of FoxO1, providing a link between thgpérinsulinaemic (and consequent

hyperglycaemic) and hyperlipidaemic states assediaith T2DM.

In contrast, palmitate-induced lipogenesis resuitsa different lipid profile to that of
fructose-induced lipogenesis. Palmitate is thoughdlter the expression of genes involved
in TAG synthesis, such a@3gat2, which is involved in the conversion of DAG to TAG
(Chavez and Summers, 2010). Palmitate is maimgcted to incorporation into DAG which,
together with palmitate-induced diacylglycerol attednsferase 2 (DGATZ2) inhibition,
results in accumulation of DAG (Cadk al, 2008). In the present study, palmitate-indurctio
(PB) significantly increased DAG levels (p < 0.0D@thile having no significant effect on
either monoacylglycerol (MAG) or TAG levels. Fueth DAG was significantly reduced by
metformin andS. frutescen§ < 0.05), although these remained significahigher than that
of the control (p < 0.0005) (Figure 15). In theeli, DAG activates the novel PKC isoform,
nPKCe via palmitoylation (Sampson and Cooper, 2006).véll¢®’KCk is involved in serine
phosphorylation of IRS1, inhibiting insulin signaty, and impairment of HMGAL activity,
which results in decreased insulin receptor expyasscontributing to insulin-resistance
(Dasgupteet al, 2011).

It is suggested that the anti-lipogenic activitynoétformin is directed through AMPK and the
concomitant decrease in ChREBP and SREBP-1 actiléyding to decreased hepatic
steatosis, thus alleviating the lipotoxic and insuksistant states (Viollett al, 2012). In the

current study, metformin an8. frutescensreatment showed a significant decrease in lipid
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accumulation (Figures 12 and 15) (p < 0.05) in cangon to the IF-treated cells, while
having no significant effect on the palmitate-indddipid accumulation. This decrease in
lipid accumulation in the IFM and IFSF treatmergsaccompanied by increased insulin

responsiveness, as measured by insulin-inducedesgpn of gluconeogenesis (Chapter 2).
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Figure 15: Thin layer chromatography of lipid fractions. The cellular lipid profile of HepG2
cells grown for 24 hours in various conditions was analysed by A) representative thin layer
chromatograph and B) subsequent densitometry. In the chromatograph, lanes represent the
samples as 1) MCDB-201, 2) IF, 3) IFM, 4) IFSF, 5) PB, 6) PM, and 7) PSF. Data are represented
as fold increase compared to the control (MCDB-201) + S.D. Statistical analysis was performed
using two-way ANOVA (n =3). * or # =p < 0.05 (compared to control or insulin-resistant model,

respectively), *** = p < 0.0005 (compared to control). MAG = monoacylglycerol, DAG =
diacylglycerol, TAG = triacylglycerol.

A possible reason for the lipid accumulation nahfelecreased in the palmitate-treated cells
by either metformin ofS. frutescenss due to the type of lipid accumulated in thestsc
Here, DAG is accumulated in contrast to the TAGuarglation as seen in the IF model.
Metformin increases-oxidation, thus increasing palmitate metabolisrievating the
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inhibitory effect of palmitate on DGAT2. This alls the excess of DAG to continue into
TAG synthesis. Hence, metformin appears to noticedipid accumulation as seen in the

Oil-Red-O experiments, but does reduce DAG levelseen in the TLC analyses (Figure 15).

This study shows that the changes in cellular lipetabolism involved in the two models of
insulin-resistance are directed through differeichanisms and toward different fates. In
the hyperinsulinaemic/hyperglycaemic state (IF nhpdgid accumulation in the form of
TAG is directed by fructose-induced increased PDid &GC-1r activities, resulting in
increased lipogenesis. This increased activit @G-k is also involved in the induction of
insulin-resistance (Chapter 2). In the palmitatedel, DAG accumulation is observed due
the inhibitory effect of palmitate on lipolysis atite predominant incorporation of palmitate
into DAG (Coll et al, 2008). Furthermore, palmitate, but not IF, loitsi the activity of
DGAT2, resulting in DAG accumulation, which in tumnduces insulin-resistance through
inhibition of IRS1/2. Treatment of these modelghweither metformin o1S. frutescens
yielded different effects on the observed lipid woalation (Figures 12 and 15). Thus,
palmitate causes an initial increasgioxidation, resulting in increased levels of ac&gA.
This in turn stimulates the gluconeogenic pathway 8AG synthesis. However, palmitate-
induced down-regulation of DGAT2 activity prevettte conversion of DAG to TAG during
TAG biosynthesis. DAG levels rise as a result (& AG levels remain low), causing
increased activation of JNK and subsequent setsghorylation of IRS1/2 either directly
by JNK or via activation of PKC isoforms, inhibigyjninsulin signal transduction and
ultimately increasing HGP and decreasing activitglgcogen synthase (Sampson, 2006; Lee
et al, 2010).

2. Oxidative Stress

In the liver, NO has several functions. Exogenbdbl® down regulates gluconeogenesis,
although this effect is only mild, during states ioflammation such as sepsis and
endotoxaemia. A more important effector functidnN® is on mitochondrial respiration.

Here, NO decreases respiratory activity by intémgctvith the cytochromes of the electron
transport chain and also affects mitochondrial @aipility. This results in a net decrease in
the metabolic rate of hepatocytes. It must bechttat many of the effector functions of NO
are not regulated directly by NO itself, but rathmr its more stable form, peroxynitrite.

Furthermore, the nitric oxide synthase (NOS) enzynage also capable of forming
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superoxide instead of NO when the substrate (argjnor cofactor (tetrahydrobiopterin) is
limited. This results in co-generation of both M@d superoxide (£ by the same enzyme,
which may be implicated in inflammatory states veheénducible nitric oxide synthase
(INOS) up-regulation results in depletion of argmiand tetrahydrobiopterin (BH The
most significant direct effect of NO is that of iffect of apoptosis. At high levels, NO
induces apoptosis, which is primarily mediated bgrogynitrite’s ability to increase
mitochondrial permeability, either directly or tlwgh DNA damage with subsequent
activation of the polyadenylate ribose synthaséway. This leads to release of cytochrome
¢ from the mitochondria, initiating the apoptotigrsal, while uncoupling of NOS activity

from NO production leads to mitochondrial DNA dared@lemens, 2001).

Given the involvement of oxidative stress in theedlepment of insulin-resistance, the levels
of NO (as nitrite) and reactive oxygen species (R@&e analysed. As before, the HepG2
cells were exposed to the different induction mexditreatments for 24 hours (nitrite assayed
at 1, 3, and 6 hours post-treatment or post-indacts well as 24 hours) after which the cells
were subjected to oxidative stress analyses. irhe points for the nitrite assays were
chosen based on previous work done by Yuzefoejdd (2010). Nitrite levels were found
to be significantly elevated within the first sbours post-induction with palmitate (p <
0.0005) while the levels had reverted to the conéneel after 24 hours (Figure 16). The IF
model showed no significant change in nitrite levahd neither metformin n&. frutescens
showed any effect on the nitrite levels. At 24 fsgoost-induction, the levels of cellular ROS
were found to be significantly elevated in the p<(0.005) and PB (p < 0.0005) models, and
significantly reduced in the IFM (p < 0.05), IFS¥< 0.05), PM (p < 0.0005) and PSF (p <
0.0005) treatments. However, the PM treatmeni welded significant ROS levels (p <
0.005) (Figure 17).

Fructose metabolism leads to an increase in pyeueatls which may be converted to acyl-
CoA by PDH; however, pyruvate is also the precursolecule to the TCA cycle. Pyruvate
enters the mitochondrial matrix where it commitgshe TCA cycle, which in turn produces
the electron carriers, nicotinamide adenine diratdde (NADH) and flavin adenine

dinucleotide (FADH2). The NADH and FADH2 are thesed in the mitochondrial electron
transport chain during ATP synthesis. The elevatédchondrial activity leads to increased

ROS production (superoxide and hydrogen peroxiddhrough this increase in ROS
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production, fructose may induce increased actioftyNK, leading to attenuation of insulin
signalling (Stefan and Haring, 2011).
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Figure 16: Nitrite levels within the culture medium. After exposure to the various induction
media or treatments, aliquots of the medium were analysed for nitrite levels at 1, 3, 6, and 24
hours post-induction or post-treatment. The data are represented as mean percentage of the
control (MCDB-201) # S.D. Statistical analysis was performed using two-way ANOVA (n = 3).
*#% = p < 0.0005 (compared to control).

The palmitate-induced insulin-resistant cells shibwae increase in NO production (Figure
16) prior to ROS production. It is suggested tha initial production of NO is responsible
for significant mitochondrial DNA damage, which iarn causes increased mitochondrial
ROS production, detected at the later time poPdlmitate has been found to inhibit insulin
signalling through the activation of JNK (Gab al, 2010). One way in which palmitate-
induced JNK activation occurs is through the coosatjal increase in ROS production,
related to increased electron flux in the mitochi@ldespiratory chain due to increasgd
oxidation of palmitate. The high mitochondrial daiive phosphorylation fuelled by
palmitate metabolism, therefore, may induce in@daROS production and result in the
development of insulin-resistance (Stefan and Ha2011).

Treatment with either metformin or S. frutescenslded decreased ROS, but not NO,
production (Figures 16 and 17). Metformin’s akilib decrease ROS production is likely

due to its effect on the mitochondrial electronng@ort chain, where it results in mild
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inhibition of mitochondrial chain complex | (Violleand Foretz, 2013). Through this
inhibition, ATP production is decreased and thusiseguent superoxide production is
decreased. The same effect is seen in the PMriesat although ROS levels were still
significantly higher than the control. This may dee to the increased metabolism of
palmitate, induced by metformin, which leads to R&@$hg produced. Thus, in the case of
the PM culture, metformin may be involved in botinedtly decreasing ROS production
through inhibition of the mitochondrial electroraisport chain and increasing palmitfte
oxidation and concomitant ROS production.
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Figure 17: Reactive oxygen species levels in HepG2 cells. After 24 hours exposure to the
various induction media or treatments the cells were loaded with DCFH-DA and relative
fluorescence measured by flow cytometry. The data are represented as mean percentage of the
dye-loaded, untreated cells (control) + S.D. Statistical analysis was performed using one-way
ANOVA (n=3). # =p < 0.05 (compared to IF), ** = p < 0.005 (compared to control), *** or ###
=p < 0.0005 (compared to control or PB, respectively).

Sutherlandia frutescengelded significantly lower ROS levels than in bdhe PB and PM
cultures, suggesting that it has a better antianticcapacity than metformin (in the case of
the palmitate-induced insulin-resistant cultures) may also act through similar mechanisms.
Fernandest al (2003) investigated the anti-oxidant activity ®f frutescensising a hot
water, whole plant extract in two systems: vivo cell culture and a cell-free system.
Sutherlandia. frutescengas found to exert a significant anti-oxidantatyiin both systems,
decreasing ROS production in threvivo cell model at concentrations as low as 10 pg/mL
and 0.62 pg/mL in the cell-free system. This axidant activity is suggested to be related
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to the phenolic compounds, such as tannins andoritsids present inS. frutescens
Furthermore, Taket al (2004) demonstrated this ROS scavenging capgbilihile also
indicating a lack of suppression and stimulatiotN&f production. Although-canavanine is

a selective inhibitor of INOS, the lack of NO supgsion may be concentration related. This
is supported by the use of 0.5 mManavanine and 10 mM pinitol (far higher than presn

the hot aqueous extracts), which exhibited an itdmp effect on NO production. Therefore,
S. frutescenpossesses a significant ROS scavenging abilityeasonstrated by this study
and others (Fernandesal, 2003; van Wyk and Albrecht, 2008).

3.  p-oxidation

After the 24 hour exposure to the various treatsientllular acetyl-CoA levels were
determined as acetyl-CoA reflects the levelaixidation (primarily) occurring within the
cells. This study shows that in the IF-inducediiimsresistant cells a significant increage (
< 0.05) in acetyl-CoA is present as compared toctarol cells (MCDB-201), while the
palmitate model yielded a greater increase (p O@R Metformin andS. frutescens
treatment of the IF-induced insulin-resistant cglidded no significant change in the acetyl-
CoA levels, although the levels were decreased &b 1%, respectively). Interestingly,
metformin andS. frutescensaused an increase in acetyl-CoA levels in thenppate model.
Cellular acetyl-CoA in the metformin-treated cellas significantly higher than in the control
(p < 0.0005), whiles. frutescensignificantly further increased the acetyl-CoAdes/beyond
those of the PB and PM cultures (p < 0.0005) (FdL8).

As seen in the previous experiments, high dosdeuofose cause a metabolic burden upon
the cells. Here, fructolysis results in productairfructose-1-phosphate, which is cleaved to
yield glyceraldehyde 3-phosphate. This in turn neaer the glycolysis pathway and
proceed to acetyl-CoA production (Samuel, 2011he Eignificant increase in acetyl-CoA
levels in the IF model reflects this metabolismfafctose, which in turn may feed the
lipogenic and/or gluconeogenic pathways, leadinth@increase in lipid accumulation and
HGP seen with this model. Furthermore, an incraasacetyl-CoA due to increased
fructolysis allows for increased activity of the ACycle and subsequently results in electron
transport chain dysfunction and increased ATP pectdo. This in turn increases ROS
production (Figure 17). In the case of palmitaieetyl-CoA levels are elevated due to

increasedp-oxidation of palmitate. The acetyl-CoA producedymbe used again for
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increased lipid accumulation or HGP. Furthermaegtyl-CoA is also implicated in the
induction of pyruvate carboxylase activity and bition of pyruvate kinase activity,
promoting the gluconeogenic pathway (Noguehial, 2009). Thus, both IF and PB
induction leads to increased acetyl-CoA productishich is a major factor in the increases
in lipid accumulation and HGP seen in these inswdsistant models. Interestingly,
metformin andS. frutescendgreatment resulted in increased acetyl-CoA pradaocin the
palmitate-induced model, although these improved thsulin-resistant state (through
decreasing HGP). This may be through the increfsmeddation of the palmitate present in
the induction media, resulting in increased ac€yA production. Although the acetyl-CoA
levels are increased, insulin responsiveness isowveg in the PM and PSF treatments. This
may be due to the usage of the acetyl-CoA in tleelymstion of glycogen, as seen in Chapter
2, instead of HGP and lipogenesis as metformin (@ssiblyS. frutescenmhibits the latter
two pathways). Furthermore, through the anti-omidactivities of both metformin an8.
frutescensa protective effect is inferred upon the cellgventing mitochondrial dysfunction

and subsequent insulin-resistance.
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Figure 18: Acetyl-CoA levels in HepG2 cells. After 24 hours exposure to the various media
conditions, the cells were lysed and assayed for acetyl-CoA levels. The data are represented as
mean percentage of control (MCDB-201) + S.D. Statistical analysis was performed using one-
way ANOVA (n = 3). * = p < 0.05 (compared to control), *** or ### or $$$ = p < 0.0005
(compared to control, PB, or PM, respectively).
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4. Summary

In the liver, the development of insulin-resistamegoverned by several factors which are
induced by the oversupply of insulin, fructose, &#ka\s acting through several mechanisms,

such as changing enzyme activity and gene expregsigure 19).

Hyperinsulinaemia causes deregulation of FoxOlditgato decreased glycogenesis and
increased translocation of FoxO1 to the nucleusxCR stimulates the expression of the
gluconeogenic gend3EPCKandG6Pase increasing gluconeogenesis. Fructose is taken up
by the liver in an unregulated fashion, and is ahpmetabolised to fructose 1-phosphate
(F1P) due to the high levels of fructokinase in liver. Together with fructose-induced
inhibition of PDK, F1P induces the activity of PDidcreasing the conversion of pyruvate to
acetyl-CoA.  Furthermore, glyceraldehyde 3-phosphaerived from F1P may be
metabolised to yield acetyl-CoA via the glycolypathway. From this fructose-derived
acetyl-CoA, lipogenesis is stimulated through tightenergy signal provided by acetyl-CoA
and increased SREBP-1c activity (induced by acgoA derived oleyl-CoA) during which
glycerol 3-phosphate (derived from F1P) is usethaglycerol backbone. Fructose may also
be converted to fructose 6-phosphate (F6P) by plutsxose isomerase. This then enters
the pentose phosphate pathway (PPP), where itngec®d to X5P, which in turn induces
PP2A activity and subsequent increased nuclearslbeation of ChREBP; inducing
lipogenesis. The fructose-induced lipogenesisltesn increased levels of DAG, which
inhibits insulin action through activation of JNKDiacylglycerol is converted to TAG and
stored in lipid droplets, resulting in liver stesito The increased production of acetyl-CoA
from fructose metabolism is also further metabdlista the TCA cycle. The increased
activity within the mitochondria place a metabddarden upon the cell, resulting in electron
transport chain dysfunction which causes increaB&5 production. These ROS are
implicated in the activation of stress signallinga VINK. The increased acetyl-CoA
metabolism also increased the ATP output, whichreiages the ATP/AMP ratio and
subsequently inhibits AMPK'’s anti-gluconeogenicwtt. Acetyl-CoA is further capable of
promoting the gluconeogenic pathway via inductiérpgruvate carboxylase, PEPCK, and
G6Pase and inhibition of pyruvate kinase (Nogwtlal, 2009).
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On the other hand, palmitate induces lipogenessinireased acetyl-CoA derived from
increased3-oxidation. The elevated acetyl-CoA levels have shme fate as the fructose-
derived acetyl-CoA: increasing gluconeogenesis, REOF, and TAG levels. However, the
lipogenic pathway, in the presence of high levdlgpamitate, becomes impeded through
palmitate-induced inhibition of DGAT2. This reslin the prevention of TAG synthesis
from DAG, causing DAG accumulation. The increakss@ls of DAG, in turn, activates JNK
via palmitoylation, leading to increased FoxO1 &KCe activity and consequent increased
serine phosphorylation of IRS1/PEPCK and G6Paseexpression. Furthermore, PK®&
implicated in the inhibition of HMGAL, leading toedreased expression of the insulin
receptor (Dasguptet al, 2011). Palmitate metabolism is not limited twarhondria alone,
but B-oxidation also occurs within peroxisomes. Her@nptate metabolism results in the
direct production of hydrogen peroxidex(b}) as opposed to TCA cycle derived®i. Thus,
palmitate induces the insulin-resistant state n@dased ROS production, and concomitant
JNK activation, and increased acetyl-CoA productievhich leads to increased
gluconeogenesis and lipogenesis (Stefan and Ha0l; Gacet al, 2010; Noguchet al,,
2009).

Metformin and the hot aqueous extract &f frutescenshow the ability to improve the
insulin-resistant state by inhibiting gluconeogeseBpogenesis, and oxidative stress and
related stress signalling. Furthermore, metformamu S. frutescensnduce glycogenesis,
glycolysis, and lipolysis. In the case of metfanmihese effects are achieved through
activation of AMPK by metformin’s ability to inhibithe mitochondrial transport chain
(Stephenneet al, 2011), resulting in decreased ATP production #ngs decreasing the
ATP/AMP ratio and ROS productionS. frutescenson the other hand, decreases ROS
production through its inherent ROS scavenging aittaristics. Furthermor&. frutescens
may act in increasinf-oxidation as seen in its ability to increase dalacetyl-CoA levels.
Thus, lipid accumulation, oxidative stress, and thkated stress signalling are decreased.
However, investigation of the metabolic enzymesoined in glycolysis/gluconeogenesis,
lipolysis/lipogenesis, and stress signalling (sashINK and IkkB) may elucidate the cellular

mechanisms involved in the anti-diabetic activityso frutescens
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Chapter 4

Changes in Gene Expression

During the development of insulin-resistance, savghysiological changes occur within the
hepatocytes. These changes may have an undedgimetic mechanism, which translates
into changes in MRNA and possibly protein levelfiese changes may include increased or
decreased expression of metabolic enzymes, allofeing shift in cellular metabolism from

a glycolytic to a gluconeogenic state. For analygdichanges in the mRNA expression, the

reverse transcriptase quantitative polymerase aleaiction (QRT-PCR) technique is used.

In order to investigate at this level of gene egpien, RNA must first be isolated from the
samples and linearly converted to cDNA, which isdugr gPCR. The reverse transcription
and PCR may be performed in a one-step reactiomenth occur in the same tube or in a
two-step process, where these occur in two separaés. This study employed the two-step
procedure. The gRT-PCR method has developed mtmportant and powerful tool for the
investigation of gene expression, accurately apcodicibly (Bustin and Nolan, 2004). This
method, however, has several pitfalls, which wél discussed in this chapter alongside the
experimental data. The method itself involves ¢béection of data throughout the PCR
process, hence the “real-time” aspect of the me{Néong and Medrano, 2005). This data
collection is achieved at the end of each PCR ayrleugh the use of a variety of fluorescent
dyes and probes used with fluorescence detectioip@ent, which allow for the correlation
of fluorescence to PCR-product concentration. tha study, SYBR Green was used to
detect PCR progression, as it provides two maimathges over the probe-based procedures.
Firstly, being a non-specific, interchelating dyecan be incorporated into optimised and
long-established PCR protocols, simply by addirggdize as a reagent to the PCR cocktail of
standard reactions. Secondly, the cost is sigmflg lower than that of probe-based
detection systems (Bustin and Nolan, 2004), sileedye can be incorporated into PCR
reactions using any primer pairs, avoiding the neasse different probes for each gene to be
examined and optimised. However, the non-spexdicare of the dye results in its binding to
any double-stranded DNA (dsDNA), which can resnlfluorescence readings in so-called
“no template controls” (NTCs) due to the dye bimdito primer dimers. Primer dimers are
short sequences of non-specific dsDNA formed asomsequence of the primer pairs

annealing to non-target sequences. These non-wggaences may be of several origins, of
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which the first two give rise to primer dimers: (dr)mer pairs may recognise complementary
sequences within one another. If this inter-priragsociation is stable enough, it may be
amplified by the DNA polymerase in the PCR reactomture, (2) primers may self-anneal,
forming what is called a hairpin loop. This occwken a sequence in the 3’ or 5’ end is
capable of stably annealing to a sequence witherptimer itself, causing the primer to fold
back onto itself and thus forming a hairpin loopd43) the primers may recognise other
sequences in the target cDNAs which are eitheregst, downstream, within the target gene,
or in other gene sequences, resulting in ampliboabf incorrect amplicon lengths. The
latter describes the formation of non-specific maid and not primer dimers. This non-
specific amplification is usually addressed by tise of melt curve analysis (Bustin, 2000).
In this method, the fluorescence generated by SYRBRnN binding to dsDNA is plotted as a
function of temperature, generating the melt curvéhis is achieved by increasing the
temperature from a starting temperature of 1 °@wehe annealing temperature,) df the
primers by 1 °C every 30 seconds and measuringlulbbeescence at each time point and
plotting the differential of fluorescence agairistd. This generates a characteristic melting
peak at the Jof the amplicon (the dsDNA product formed durihg PCR process) which
distinguishes it from any other products, such @®gr dimers, which form broad peaks at
lower temperatures. Any amplification of other seagees not within the gene of interest will

appear as separate distinct melt peaks (BustirQ)200

During the PCR process, there will be a PCR cytlehach the SYBR green-labelled target
amplification is first detected to be significanlipove background. This cycle is referred to
as the quantification cycle (£ The greater the quantity of target cDNA in gample, the
earlier in the PCR process thg @ill be reached (Bustin, 2000). At the end of ¢feCR
procedure, amplification curves are generated wimditate the gvalue, which is inversely

proportional to the amount of cDNA in the origisaimple.

This amount of PCR template may be determined in tmays: relative or absolute
guantification (Wong and Medrano, 2005). Relatjuantification involves the measurement
of the steady-state levels of a gene of interdative to an invariant control gene. In contrast,
absolute quantification requires the use of a sarapknown quantity (also referred to as the
copy number) of the gene of interest which may ihdetl to generate a standard curve. The
unknown samples are compared to this standard darvabsolute quantification (Valasek

and Repa, 2005). This study used the relativetifiction procedure. This procedure relies
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on the use of control genes or sequences (refeorad reference or housekeeping genes) and
a normalisation procedure. During the analysigasfe expression, several variables need to
be controlled, such as the amount of starting nategnzymatic activity, and differences
between the overall transcription activity of theperimental cells (Vandesompedt al,
2002). One strategy to normalise for these vaniatiis the use of reference or housekeeping

genes which should not vary in any of the experiialeand control cells.

In this study, the mRNA levels of genes involvedtle insulin signalling pathway were
investigated after exposure to the various inductitedia or treatments. These included,
IRS1, Aktl/PKB, JNK, and PK& of which the latter two are involved in the atiation of
insulin signalling (Gaet al, 2010; Dasguptat al, 2011).
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Methods

1. Quantitative Reverse Transcriptase Polymerase ChaiReaction (QRT-PCR)
1.1 RNA Extraction

After exposure to the various induction media eatments as described in Chapter 2, the
cells were exposed to either an equal volume oPB& (pH 7.4) or 0.1 uM insulin for 30
minutes. Thereafter, the medium was removed fioencells. Cellular RNA was extracted
using TriZol™ (BioRad). Briefly, TriZol™ reagentas added directly to the culture wells at
1 mL per 1 x 10cells. The lysate was suspended and transfearead 2 mL safe-lock
microcapped tube. The homogenate was allowedatwgbr 5 minutes at room temperature,
followed by the addition of 200 uL chloroform. Thexture was vigorously vortexed for 15
seconds and left at room temperature for 3 minufEse samples were then centrifuged at
12 000xg for 15 minutes at 4 °C. The upper aqueous pham@dining cellular RNA) was
transferred to 1.5 mL RNase-free tubes.

1.2 RNA Precipitation and Quantification

The RNA was precipitated using the ethanol-preatmh technique. Absolute ethanol was
added at 1x the volume of the RNA-containing sanaplé mixed thoroughly, but gently to
avoid shearing of RNA. The samples were incubatedte for 1 hour before centrifugation
at 12 000 g for 30 minutes at 4 °C. The RNA pellet was repamsled in 0.5 mL 75%
ethanol and mixed gently. The samples were cegid as before and incubated for 15
minutes at room temperature. Centrifugation wasrmagerformed as before and the pellet
air-dried for 5-10 minutes at room temperature.e RNA pellet was finally dissolved in
RNase-free water (Ambion) and incubated for 15 r@gswat room temperature before being
stored at -80 °C. The RNA samples were quantitissthg a NanoDrop 2000c (Thermo
Scientific)
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1.3 cDNA Preparation and gPCR

cDNA was prepared from the RNA samples using th&ipb cDNA synthesis kit from
BioRad, according to the manufacturer’s instrucidBach reverse transcriptase reaction was

set up as indicated in Table 1.

Table 1: RT Reaction Mix. Relative amounts of each component from the iScript cDNA
synthesis kit added per reaction.

Components Volume per Reaction
5x iScript reaction mix 4 pL
iScript reverse transcriptase 1 uL
Nuclease free water x uL
RNA template (1 pg total RNA) x pL
Total volume 20 uL

The reactions were run using a thermocycler with fibllowing reaction protocol as: 5
minutes at 25 °C, 30 minutes at 42 °C, 5 minute85atC, and a final hold at 4 °C. The
generated cDNA was stored at -20 °C.

Table 2: qPCR reaction mix components and relative volumes used of each. The master
mix described is suitable for use with multiple cDNA samples wherein a single target gene is to
be analysed. cDNA is added into separate tubes to which this master mix is added.

Components Volume per Reaction Volume for 10 reactions
1x SoFast Eve-rgreen 6 L 60 L
Supermix
Sense Primer 1 uL 10 pL
Anti-sense Primer 1 uL 10 pL
cDNA 2uL 20puL
RNase-free PCR Grad
ase-free rade 10 uL 100 L

Water

Total volume 20 uL 200 pL

Quantitative polymerase chain reaction was perfdrnosing the SoFast™ Evergreen
Supermix (BioRad) in a 2QL reaction. Each reaction contained a final cotregion of 1x
SoFastTM Evergreen Supermix, 500 mM final concéiatnaforward and reverse primers,
and 2uL cDNA (50 ng/pL) in PCR-grade water (Ambion), inglicate. Prior to performing
gPCR, the total number of reactions in each expmrtnwas calculated (plus one extra
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reaction to accommodate pipetting error) in oraeadcurately prepare a qPCR master mix
(Table 2).

The gPCR master mix was set up under sterile donditas set out in Table 2, with the
omission of the cDNA component, in a sterile mieqmoed Eppendorf tube. The master mix
was then gently vortexed and briefly spun down.irtyhsix pL of the master mix was
transferred to pre-labelled, sterile microcappepdfglorf tubes, each intended for one cDNA
sample. Technical replicates were set up in theesabe. Thus, for the analysis of a single
target gene or sequence, a total of 14 sample2dddCs required the preparation of 35
reactions (each sample in duplicate plus 10% cosgiem for pipetting losses). Once each
tube contained the aliquot of master mix, 4 uL cD{pfe-diluted to 50 ng/uL in PCR-grade
water (v/v)) was added to each tube correspondinthé cDNA sample. Thereatfter, the
completed gPCR reaction mix was gently vortexeflgrcentrifuged, and 2Q.L transferred
from each reaction mix to two adjacent wells oféavéll PCR reaction plate (Bio-rad). The
96-well PCR reaction plate was kept on a chilledFigeeze plate holder to ensure all
reactions remained cold while transferring the tieas to the plate. Thereafter, the plate was
covered with optical tape (Bio-rad) and centrifugedL200 g for 2 minutes at 4 °C. The
PCR reaction was performed in a Bio-rad iCycledascribed below (Table 3). After each
experiment, a melt curve analysis was performecotdirm production of a single product.
The genes investigated are listed in Table 4, ataig the primer sequences and annealing

temperatures used for each.

The T, for each primer pair was determined by perfornartgmperature gradient experiment.
This involves the preparation of a gPCR reactiodescribed above, but using a cocktail of
the cDNA samples. This cocktail was set up by ngequal volumes of each cDNA sample
in a single tube from which 2 puL was used per qR€&tion. For each primer pair, a
theoretical T, was reported by the supplier (Ingaba Biotech) Whi@s used as a guideline
for the temperature gradient experiment. The i@yealas programmed to run a temperature
gradient ranging from ~2 °C below the theoreticatar~65 °C, providing 8 temperatures for
testing. Once the PCR reaction was completedhitjeest T, at which the amplification
efficiency was still as high as the most-efficitmwer T, was chosen as the experimental T
to be used. The gPCR data was recorded on theeiCseftware, and the Cq values were
exported for analysis by the gBasePLUS (versiors@jware programme (BioGazelle).

Relative changes in gene expression were compared.
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Table 3: qPCR conditions used for each of the reference and target genes. The annealing
temperature for each primer pair varied between genes (designated Tw) as listed in Table 3.

Step Number of Temperature (°C) Time
Cycles
Denaturation 1 95 3 minutes
Denaturation 95 30 seconds
Annealing 40 T, 30 seconds
Extension 72 30 seconds
Denaturation 1 95 30 seconds
Melt Curve 1 Variable 30 seconds
Hold 1 18 oo

Table 4: Primers used for the reference genes or sequences and genes of interest. Primer
sequences and respective annealing temperatures of each primer pair were determined using a

temperature gradient of which the highest, most efficient temperature was chosen to be used.

Accession Primer Sequences
Target T.(°C)
Number Sense Anti-sense
TATABP P20226 5’-AGTCCAATGATGGCTTACGG-3’ 5’-TTGCTACTGCCTGCTGGTTG-3’ 59
ATPSB PO6S76 Obtained from GejNorm kit (Primer Obtained from GejNorm kit (Primer 57
Design) Design)
ALUsx N/A 5’-TGGTGAAACCCCGTCTCTACTAA-3’ 5’CCTCAGCCTCCCGAGTAGCT-3’ 60
ALUsq N/A 5’-CATGGTGAAACCCCGTCTCTA-3’ 5’-GCCTCAAGCCTCCCGAGTAG-3’ 60
IRS1 P35568 5’-TCTGTAAGTCTGTCTCCTA-3’ 5’-CCTAATGTGATGCTCTGT-3’ 59
PKCe Q02156 5’-ATGAGTTCCAGTCTGAATACA-3’ 5’-ATTGACAGCATCCACCTT-3’ 60
PKB/Akt P31749 5’-AAATGAATGAACCAGATT-3’ 5’-CTAGGAAAGCAAAGAAAT-3’ 56.5
INK P45983 5’-ATGTCCTACCTTCTCTATCA-3’ 5’-TTACTACTATATTACTGGGCTTTA-3’ | 59
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Results and Discussion

To investigate whether the various induction memfigreatments used in the experimental
conditions described in Chapter 2 have an effeah®NA levels within the cells, gRT-PCR
was performed on RNA samples isolated from cultwkshe experimental HepG2 cells.
Here, the method of relative quantification wasdsghich requires the use of reference

housekeeping genes for relative quantificatiorhefgenes of interest in the samples.

1. Quantification of RNA

Before analysis of gene expression can be perfarR&A needs to be extracted from
sample cells and quantified in order to use equaduats of cDNA per sample in the gPCR
procedure. For this, RNA was extracted from Hep8&s treated with either 1x PBS (pH
7.4) or 0.1 uM insulin for 30 minutes after beirrgated with the various experimental
conditions described in Chapter 2. The isolatedARMs subsequently quantified using a
NanoDrop 2000c (shown in Table 5).

Table 5: RNA concentrations per experimental sample. Each sample represents the
respective media conditions the cell cultures were exposed to followed by incubation in either
PBS (designated “-“) or 0.1 uM insulin (designated “+”).

RNA concentration A RNA concentration A
Sample Sample
(ng/nL) 260/280 (ng/uL) 260/280

MCDB-201- 386.5 2.06 IFSF+ 180.5 1.99
MCDB-201+ 223.2 2.01 PB- 78.5 2.06
IF- 141.5 1.85 PB+ 91.8 1.62

IF+ 566.3 1.93 PM- 56.5 1.78
IFM- 446.3 2.1 PM+ 145.9 1.76
IFM+ 3123 2.04 PSF- 50.9 1.64
IFSF- 680.8 2.06 PSF+ 155.6 1.83

The use of the NanoDrop quantification of RNA pd®s the advantage of using very little
sample per quantification (1 pL) and the quantifaaprocedure is very fast. However, this
guantification has the disadvantage of being unablerovide accurate insight into the
quality of the RNA samples and does not discrinaratween varying lengths of RNA. The
only indication of the purity of RNA is through the 260/280 ratio and absorption spectra
reported by the software. In general, “pure” RN#skan A 260/280 ratio of approximately
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2.0. In the experimental samples, it can be skeahin the various cultures there was some
degree of variation in the A 260/280 ratios andtimdalicates variations in RNA purity (Table
5). The less “pure” RNA was found in the IF- addpalmitate-treated samples (PB, PM,
and PSF), except for the PB- sample which hadfaislthe 260-280 nm peak. Inspection of
the curve shape and absorption peaks may provide swsight into the quality of the sample.
The curves generated for the experimental sampésergted high absorption spectra
between 220-240 nm (Figure 20). This indicategptiesence of common contaminants such
as guanine, phenol, or TriZol™, which in this c#se peak between 220-240 nm is likely to
be due to residual TriZol™ in the samples. Morgantantly, the presence of residual
TriZol™ in the samples may result in a shift in tA60-280 nm peak, resulting in an

overestimation of the RNA concentrations.
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Figure 20: Representative absorption spectrum of RNA sample as analysed by a
NanoDrop 2000c. The absorption spectrum ranges from 220-350 nm which indicates the
characteristic peak at 260 nm for the RNA sample. Also seen is a peak at 220 nm, indicative of
the presence of contaminants such as TriZol™.

Therefore, degraded and/or contaminated RNA mé#lypstivide high yields of RNA, which
will result in complications at the qPCR stage.isTinay account for the differences seen in
the expression levels of the reference genes athlyEhe differences in RNA concentrations
between the samples may be attributed to the effetdt treatment has on gene expression or
effects on apoptosis, as well as the presenceigblT¥ in some of the samples. Particularly,
in the palmitate-treated cells, the lowest RNA ¢ielas achieved and these cells showed the

highest degree of cell death (Chapter 2). Thi$ higgree of cell death may be responsible
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for the low yield through the small amount of cghiesent in the sample and the higher
degree of apoptosis-induced DNA and RNA degradatidherefore, quantification of the
RNA using a different technique would be more bmadfto ascertaining the integrity of the
RNA prior to cDNA synthesis.

1.1 Reference Genes

For the calculation of relative expression of trenes of interest, three reference genes
should ideally be used. For this, four candidaees or sequences were analysed by gPCR -
these included thArthrobacter luteugALU) repeat sequences, ALUsx and ALUsq, and the
TATA binding protein (TATABP), and the ATP syntha@eubunit (ATP5B) genes (Figure
21). The TATABP was excluded as the primers resuilh no amplification in the samples
and could thus not be used as a reference gene. ALb repeat sequences and ATP5B
reference gene were selected to be used in thiyy sis their GeNorm analysis yielded

reference target stabilities in the acceptableadnga reference target to be used.

The ALU repeat sequences are short stretches of Dighally characterised by the action
of the Alu (Arthrobacter luteup restriction endonuclease. These ALU elements are
retrotransposons originating from human evolutignancestry and are thus present in all
individuals with a common ancestor. They are cosepr of repetitive DNA sequences of
approximately 300 base pairs long and occur at bagly number in introns, 3’ untranslated
regions of genes and intergenic genomic regionfie ALU repeats are predominantly
located in gene-rich regions of the human genonte aatount for more than 10% of the
genome mass. Thus, these are the most abundaiié ral@mnent and are divided into several
well-conserved subfamilies, namely the ALUsx, ALU%J .Uy, ALUj, etc. Due to their
genome-wide distribution, any changes in individgahe expression in the cells of interest
will not influence the total ALU element expressiomhis makes the ALU repeat sequences
valuable in normalisation of qRT-PCR experimentsegsaeret al, 2013).

ALUsx, ALUsq, and ATP5B were subsequently subjedtednalysis using the gBasePLUS
software (version 2, 2010) to determine the refegegene stabilities and normalisation
factors to be used in the calculation of the reéatxpression of the genes of interest (Table
6). During analysis, two parameters are calculéedhe qBasePLUS software in order to

verify the selected reference genes. The M vafymesents the gene expression stability
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parameter as calculated by GeNorm, and CV repredsiet variation of the normalised
relative quantities of a reference gene acrossaiiples. The significance of these two
values is that the lower the M value is, the gredbe stability of the reference gene
expression and the lower the CV value the morefsignt this stability becomes. Thus, one
would select reference genes with the lowest M @vdvalues. In this study, the cut-off
values for the validation of the reference genesewget to 1 and 0.5, respectively. Although

the genes did not meet these criteria, they wese toethem and so were used.

Table 6: Reference gene stability values. GeNorm calculated housekeeping gene stabilities,
indicating the M and CV values.

Reference

Target M cv
ALUsq 0.848 0.292
ALUsx 0.897 0.340
ATP5B 1.014 0.423
Average 0.920 0.351

For each of the reference genes, the fold expregso experimental sample was calculated
in relation to the experimental control (MCDB-201(Figure 22). For ALUsx, the fold-

expression varied between 1 and 8.20, 1 and 599lftJsq, and 1 and 4.65 for ATP5B.

The variations seen in the fold-expression of #ference genes when compared individually
illustrate the problems associated with using @gngle reference gene for normalisation of
gPCR data. Therefore, the use of the geometrimmméaultiple reference genes is a more
accurate method for normalisation (Vandesompekd., 2002). The mean M value generated

was thus 0.920 and the mean CV value 0.351.
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Figure 21: Amplification and melt curves of reference genes or sequences. A) ALUsx
amplification and melt curve, respectively, B) ALUsq amplification and melt curve, respectively,
and C) ATP5B amplification and melt curve, respectively.
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Figure 22: Fold-expression of the three reference genes. Data are represented as fold
expression relative to the control sample (MCDB-201-). A) ALUsx, B) ALUsq, and C) ATP5B.

The variation in the fold-expression may be attigouto differences in the amount of input

biological material in the gPCR procedure, whichyrba due to differences in the efficiency

of cDNA synthesis, RNA integrity, and pipetting. oWever, the process of normalisation

corrects for these differences as it would affeathbthe reference and target genes to the

same degree. From the relative expression ofdfeegance genes, normalisation factors were

thus calculated based on the geometric mean ofoldeexpression of the three reference

genes for all of the samples (Figure 23), whichedhbetween 0.53 and 1.65.
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Figure 23: Normalisation factors used in the calculation of relative gene expression. The
normalisation factor calculated for each experimental sample based on the average expression
of the three reference genes (ALUsx, ALUsq, and ATP5B) as determined by the qBasePLUS qPCR
data analysis software. Data represents the calculated normalisation factors + S.E. Samples
ending with a + or - indicate whether the experimental cells were incubated in the presence or
absence of 0.1 uM insulin for 30 minutes prior to RNA extraction.

1.2 Genes of Interest

The amplification with the primer pairs for eachtloé genes of interedRS1 PKB/Akt JNK,
and PKCe¢) using the conditions indicated in Table 3 gerestad single melt peak foRS1
and PKB/Akt while non-specific melt peaks were generated)fdK and PKCe (Figures 24a
and 24b). The NTCs generated non-specific ampdicafter 32 cycles. The difference
between the lowest NTC Cq values and the highdaeva the experimental amplifications
(true amplicons) was at least 6 cycles. This iagis that the non-specific amplicon formed
was a late reaction, which would not affect thec#fmeamplification of cDNA in the samples.
In the case oPKB/Akt the amplicons returned high, @alues of 31 and NTCs returned C
values of 37. The same pattern was seen fodlleexpression and in tHeKCe expression
(Figure 24b); the NTCs did not yield any amplificat However, in thdNK andPKCe melt
curves, additional peaks were present. This additipeak seen in each of these indicates
the presence of non-specific amplification and ningstonsidered in the interpretation of the

data analysis, as it will result in inaccurateraation of relative gene expression.
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Figure 24a: Amplification and melt curves for genes of interest. A) Amplicon detection for
the IRS1 gene starts at the 21st cycle and the latest sample appears at cycle 26. The NTCs show
amplification at cycle 32, B) PKB/Akt amplicon has a lowest Cq of 31 and the latest sample
appears at cycle 32. The NTCs show amplification at cycle 37.
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Figure 24b: Amplification and melt curves for genes of interest. A) The lowest Cqvalue for
the JNK gene is 19 highest 26. The NTCs show amplification at cycle 32, and B) Amplicon
detection for the PKCe gene starts at the 9th cycle and the latest sample appears at cycle 22. The
NTCs show no amplification.

Using the normalisation factors, each target gerexpression was normalised to the
expression of the reference genes and expresdettiashange relative to the control sample
(MCDB-201-) (Figure 25).

1.2.1 IRS1 expression
In the control cultures (MCDB-201), insulin stimtitan did not cause any clear changes in

IRS1expression (Figure 25A)IRS1expression was found to be down-regulated in étis ¢
made insulin-resistant by IF (0.11 fold changetretato the control noninsulin-resistant
cells) while insulin stimulation of these cellsulted in an expression level similar to that of
the control cultures (1 fold change relative to tdoatrol non-insulin-resistant cells). This
one fold change indicates that the expression lefvéle sample was identical to that of the

control sample, indicating some degree of insulksponsiveness and thus may imply
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incomplete insulin-resistance in the IF-treatedtwes. The PB-treated insulin-resistant

cultures showed decreasteS1 expression (0.43 fold change relative to the abmon-

insulin-resistant cells) (Figure 25A).
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Figure 25: Fold expression of genes of interest. The relative fold expression (compared to
MCDB-201-) for each sample normalised to the expression of the three reference genes or

sequences. A) IRS1, B) PKB/Akt1, C) JNK, and D) PKCs.
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1.2.2 PKB/Akt expression

The expression dPKB/Akt MRNA showed sensitivity to insulin stimulation tine control
sample (Figure 25B). Pre-incubation with 0.1 pMuin up-regulated the expression of
PKB/Aktby 3.95 fold. This insulin-stimulated up-regutettiwvas not observed in the IF- and
PB-treated cells, although the expression levele ve¢ the same level as the control non-
insulin stimulated cells. Metformin treatment dfetcells made insulin-resistant by IF-
induction resulted in up-regulation BKB/Aktexpression in both insulin-stimulated and non-
stimulated cultures. In contras, frutescensgreatment of the IF-induced insulin-resistant
cultures did not change the expressioRkKB/Aktrelative to the insulin-resistant culture (IF).
Furthermore, metformin had no distinct effect oe #xpression levels in the PM-treated
cultures, whileS. frutescensiduced up-regulation of expression in the insstimulated and
non-stimulated cultures (2.01 and 3.5 fold changgpectively).

Both IRS1 and PKB/Akt are involved in eliciting tle#fector functions of insulin through
transduction of the initial phosphorylation sigfr@m the insulin receptor to IRS1. IRS1 in
turn activates PKB/Akt through PI3K activity. PK&Edt is involved in the promotion of
glycogen synthesis and suppression of gluconeogettesugh phosphorylation of FoxO1
(Sesti, 2006). Therefore, the insulin-resistaatesseen in the IF and PB cultures may be a
consequence of, or exacerbated by, the down-regulaif the IRS1 gene, leading to
decreased signalling capacity upon insulin bindimghe insulin receptor. Expression of
PKB/Aktappears to be enhanced in the presence of instihie.insulin-resistant samples (IF
and PB) showed no increased expression in thempres# insulin. These changes in gene
expression indicate the involvement of regulatiordisruption of IRS1 and PKB/Akt gene
expression in the development of insulin-resistantarough down-regulation dRS1and
prevention of insulin-inducedPKB/Akt up-regulation in the IF and PB cultures, insulin
signalling becomes impeded, exacerbating the insebistant state. This effect of the IF
and PB induction media is reversed by metformin &nétutescengespectively. This is in
line with previous studies whef& frutescengreatment up-regulated IRS1 expression above
that of IF-induced cells (Williamst al,, 2013).

1.2.3 JNK expression
It is thought that JNK is involved in the developrheof insulin-resistance through
attenuation of insulin signalling and promoting H@Rd liver steatosis (Gaet al, 2010;

Dasguptaet al, 2011). Analysis ofINK expression showed decreased expression in the
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insulin-stimulated control cells (0.6 fold changéative to the MCDB- culture) (Figure 25C).
The IF culture resulted in increasdtlK expression and cultures stimulated by insulin
showed down-regulation oINK expression, reflecting once again incomplete insul
resistance in the IF-treated cultures. MetforminSo frutescengreatment of the insulin-
resistant IF-treated cultures resulted in no distainange iNINK expression compared to the
insulin-resistant cultures (IF). Palmitate-treatedtures, however, increas@lK expression
in both insulin-stimulated and non-stimulated ciggi (12.07 and 11.73 fold change,
respectively). Metformin treatment of the insulesistant PB-cultures resulted in down-
regulation of expression relative to the PB-culiyielding an expression level similar to that
of the control culture. Th8. frutescentreated PB insulin-resistant cultures still showpd
regulated levels of expression (7.54 and 7.6 initiselin stimulated and non-stimulated

cultures, respectively).

1.2.4 PKCe expression

It is known that PKE is involved in the JNK-induced insulin-resistan@asguptaet al,
2011). The expression levels BKCe showed a similar pattern to that #XK expression
(Figure 25D). In the control cultures, insulinnstilation down-regulate®KCe expression
by 0.01 fold relative to the non-insulin stimulatedlture. In the insulin-resistant cultures
treated with IF, this insulin-related down-regubatiof PKCe expression was abolished —
having the same expression levels as the contitlreu Metformin treatment of these
insulin-resistant cultures did not show any didtieffect on PKCe expression, whileS.
frutescenstreatment (PSF) resulted in recovery of the imstgélated down-regulation of
PKCe expression (having a 0.54 fold change in the insstimulated culture). In contrast,
PB-treated cultures yielded a distinct increasBH€Ce expression, but insulin stimulation of
these cultures did not have any effect on the esma levels (6.4 and 6.24 fold change,
respectively, relative to the control). Metforntieatment of the insulin-resistant PB cultures
caused the expression BKCe to revert back to the level of the control ando®insulin-
responsive once more (1.43 and 0.33 fold changbdamon-insulin and insulin-stimulated
cultures, respectively). Similarl. frutescentreatment recovered the insulin-related effect
on PKCe expression; however the levels were still highantthat of the control culture (5.34

and 4.11 fold change in the non-insulin and insatimulated cultures, respectively).

The up-regulation of th8NK andPKCe genes may lead to attenuation of insulin signallin

through increased activity of both JNK and RKClinterestingly, the expression of these
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genes is up-regulated in the PB-culture, whereimpate-induced insulin-resistance acts
mainly through the activities of both JNK and PKC However, this change in gene
expression may not be a direct consequence of f@éminduction, but rather an indirect
consequence due to the oxidative stress inducegabgitate, which activates the cellular

stress signalling response in which JNK and PKf functional (Gaet al, 2010).

S. frutescenshows potential as an anti-diabetic treatmentutdpnoits ability to recover
insulin-responsive expression of genes involvethsolin signalling (RS1andPKB/Ak) and
recover the insulin-responsive expression of gemeslved in attenuating insulin-resistance
(JNK andPKCe). The expression of these genes may, howeverhaausative factors in
the development of insulin-resistance, but maydiesequences of the insulin-resistant state.
This cause and effect relationship between geneesgn and insulin-resistance is difficult
to elucidate and it may also be a complex comlmnatf both causative and consequent
responses. Furthermore, it must be noted thaexpeession ofINK and PKCe may be
misrepresented due to the presence of non-spgmfi&s in the melt curve analyses. In
addition, the gPCR experiment was performed usinly @ single run per gene which
contained duplicate samples. This affects theissital analysis of data such that no
reasonable statistics can be performed due tokadfaceplicate experiments (n = 1 in this

study).
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Chapter 5

Summary

Recent studies into the molecular mechanisms widgrT2DM have shown that high levels

of insulin and fructose and high fat diets are t#af inducing the insulin-resistant state
(Williams et al, 2013; Ruddoclket al, 2008). Furthermore, the potential of the South
African medicinal plant%. frutescerysas an anti-diabetic agent was investigated sghidy.

The primary objective of the current study was twestigate the changes in cellular
physiology during the development of insulin-remmste and the effect a hot aqueous extract
of S. frutescenbas on the insulin-resistant state and relategiplogic changes. In order to
do this, two models of insulin-resistance were ldisthed, using the hepatocyte cell line
HepG2, which reflected two causative factors in tevelopment of insulin-resistance,
namely hyperglycaemia and the compensatory hypéiaemia, and hyperlipidaemia.
HepG2 human hepatocyte cultures were chronicalppsed to high levels of a combination
of insulin and fructose (IF) (0.1 uM and 1 mM, resfively) or high levels of palmitate (PB)
(0.25 mM). After 24 hours, the insulin-resistatdate was confirmed by measuring hepatic
glucose metabolism and homeostasis in the preseh&l pM insulin by, monitoring

gluconeogenesis and glycogenolysis (Chapter 2).

Upon chronic exposure to the IF and PB inductiondime gluconeogenesis and
glycogenolysis were significantly increased, chimastic of the insulin-resistant state, as
insulin normally supresses these metabolic pathwdyss suggested that the unregulated
metabolism of fructose in the liver results in &sed TCA cycle activity, causing increased
activity in the mitochondrial electron transportagh and consequently increases ROS
production. This in turn leads to ROS-induced JB&tivation, which is implicated in
attenuation of insulin signalling through increasedline phosphorylation of IRS1/2, either
by JNK directly or JNK-induced PKd&activity. Furthermore, JNK causes activation of
FoxO1, activity which causes decreased glycogenasts increased expression of the
gluconeogenic geneBEPCK and G6Pase HGP (Gaoet al, 2010). In addition to this,
increased fructolysis causes an increase in aCGetfl-levels through metabolism of the
fructolysis product, glyceraldehyde 3-phosphate famctose-induced inhibition of PDK, and
subsequently increased PDH activity. The actioityDH is further induced by fructose 1-
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phosphate and acts in conversion of pyruvate ttybC®A, further increasing acetyl-CoA
levels derived from fructose metabolism. AcetylAdaduces pyruvate carboxylase, PEPCK,
and G6Pase activities and inhibits pyruvate kirapeomoting gluconeogenesis (Noguehi
al., 2009). Hyperinsulinaemia is implicated in unglmng of insulin action wherein
deregulation of FoxO1 results in increased glucgeaesis, while SREBP-1c insulin
responsiveness remains intact, resulting in insaliluced lipogenesis still being active
(Gonzalezt al,, 2011).

Palmitate-induced gluconeogenesis and glycogersolysturs through a similar mechanism
to that induced by fructose. The main differers¢hat palmitate metabolism occurs within
the mitochondria and peroxisomes where successiweds off3-oxidation lead to increased
acetyl-CoA production. Acetyl-CoA may enter the ACycle leading to increased ATP
production. Apart from the oxidative stress thmduces, it also results in an increase in the
cellular ATP/AMP ratio, leading to inactivation &MPK, which in turn alleviates the
AMPK-induced inhibition of TORC2 and SREBP-1c atttiv increasing gluconeogenesis
and lipogenesis (Viollet and Foretz, 2013). Iniadd to this, inactivation of AMPK
alleviates its inhibitory effect on acetyl-CoA carylase (ACC). This allows ACC to
convert acetyl-CoA to malonyl-CoA, which in turnhibits the activity of CAT. This
prevents the transfer of acyl-CoAs into the mitodieal matrix for subsequeftoxidation.
Thus, cytoplasmic levels of palmitate increasesiclviin turn inhibits DGAT2, leading to
increased DAG accumulation (Cei al., 2008).

In chapter 2, the successful establishment of tvgalin-resistant cell models using elevated
levels of insulin and fructose and elevated lex#lpalmitate is described. Treatment of
these cultures using a hot agueous extra&t dfutescensnproved the insulin-resistant state

through decreasing the amount of hepatic gluconesxie and glycogenolysis.

After the establishment of the insulin-resistantdeds, the next step was to investigate the
changes in cellular physiology under the insulisis&ant condition. Changes in lipogenesis,
as measured by the amount of lipid accumulationdadixe stress, an@-oxidation were

analysed in Chapter 3.
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Lipid accumulation was seen to be increased in Hothnd PB models as measured by the
Oil-Red-O assay, which predominantly measures ¢el$ of TAG. In contrast, the Nile
Red assay detected no significant increases id gicumulation, except in the positive
control. This may indicate that the insulin-resmgtmodels do not accumulate phospholipids.
Due to the differences in lipid accumulation detdctsing the two staining methods for
cellular lipids, it was decided to analyse the well lipid profiles within the different
treatments. This was achieved by running TLC plaié total lipid extracts from cells
exposed to the various induction media or treatmentThe TLC analysis indicated
differences in lipid profiles within the two moded$ insulin-resistance and treatments. The
IF model showed mainly significant TAG accumulatiarhile the PB model showed mainly
DAG accumulation. The differences in lipid accuatidn reflect the different mechanisms
through which the IF- and PB-treatments induce lingesistance. Treatment with IF
predominantly involves fructose-induced insuliniseence and liver steatosis. On the other
hand, palmitate-induced DAG accumulation resultadtivation of JNK, which in turn elicits
the insulin-resistant state. Thus, in the IF mpdgid accumulation may be more a
symptomatic effect, while in the PB-model the ligidcumulation may be a causative factor

in the development of insulin-resistance.

Oxidative stress is involved in the developmeningtilin-resistance. This study investigated
the levels of NO and ROS after induction and treatin The NO levels were to be elevated
only in the PB model 1 hour post-induction, and aerad elevated for up to 6 hours. After
24 hours, the NO levels returned to normal, whi@3evels were significantly increased in
both the IF and PB models. It is suggested thatitNimplicated in the palmitate-induced
ROS production through initiating mitochondrial DNamage, exacerbating mitochondrial
dysfunction. Reactive oxygen species are genetateditochondria during the metabolism
of FFAs and acetyl-CoA derived from metabolic padlyg; such as glycolysis and fructolysis.
The increased metabolism of palmitate and fructese reflected by the increase in acetyl-
CoA and ROS levels. Increased acetyl-CoA allowsificreased ROS production through
the TCA cycle and subsequent ATP production viadleetron transport chain. Elevated
ROS levels in turn induce JNK activity, which leddshe insulin-resistant state (Gabal.,
2010).
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The aim of this study was to investigate the arabdtic activity ofS. frutescens Treatment

of the IF- and PB-treated cultures with the plaxtract resulted in reversal of the insulin-
resistant state as indicated by the glucose oxidadeinthrone assays described in chapter 2.
This reversal is attributed to the ability ®f frutescent decrease lipid accumulation of both
TAG and DAG, as found in the lipid accumulationdstwlescribed in chapter 3. Furthermore,
S. frutescenss implicated in reducing the amount of ROS, boit NO, leading to decreased
oxidative stress and subsequently decreased acotivat JNK. This in turn prevents JNK-
induced gluconeogenesis and impaired insulin siigigal In the IF model, ROS levels were
returned to the control level, while in the PB mipdéhough being significantly reduced, the
levels were still above the control level. Thisyntee explained by the increased acetyl-CoA
levels measured in the PSF treatme@. frutescensnay be implicated in increasirfgy
oxidation of the free palmitate contained in thduction medium, increasing acetyl-CoA
production. The ROS levels may also be decreagedhé anti-oxidant activity of_-
canavanine contained in tBe frutescensxtract. ThusS. frutescenshows potential as anti-
diabetic treatment through its ability to induceppression of gluconeogenesis, lipid

accumulation, and oxidative stress.

The work described in chapter 4 focussed on detengniwhether the various models and
treatments described in Chapter 2 had any effecthenmRNA expression of two genes
involved in the insulin signalling pathwajRS1and PKB/Ak) and two genes involved in

attenuating insulin signallinglK andPKCs).

From the relative fold expression of the genesntérest, it was determined that the IF-
induction resulted in incomplete insulin-resistgnes it causes down-regulation of the
expression oflRS] but insulin-stimulated up-regulation of the gemnains intact. In
contrast,PKB/Akt expression does not maintain insulin-responsiveegplation. However,

in both the insulin-stimulated and non-stimulatettuwres, the gene expression was still seen
to be at control level. Thus, the IF model doessaem to induce changes in the expression
of PKB/Akt but rather prevents the insulin-induced changesxjression. Similarly, IF-
induced cultures showed up-regulationJdfK, while being down-regulated in the presence
of insulin. PKCe expression did not respond to the insulin stimulti&nce, some degree of

insulin sensitivity must remain intact.
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The palmitate model yielded different resul®S1expression was down-regulated and did
not maintain insulin responsiveness; wiKB/Aktexhibited the same expression as in the
IF-induced cultures. Furthermore, balRK and PKCe expression was up-regulated in the
PB-induced cultures and insulin stimulation hacdeffect on their expression. This pattern of
expression indicates that the mechanism by whistlim-resistance develops is complex and
may be different depending on the causative fadter, whether hyperinsulinaemia and

hyperglycaemia or hyperlipidaemia is responsible.

Treatment of the insulin-resistant cultures witihei metformin oS. frutescenbad differing
effects on gene expression, suggesting that thresgntents for insulin-resistance may be
acting through different mechanisms, as also indiceéby data presented in chapter 3.
Metformin treatment of the cells made insulin-resis by the IF model produced up-
regulation oflRS1and PKB/Aktin both insulin-stimulated and non-stimulated grds. In
the PB-induced culture$kRS1and PKB/Akt expression remained down-regulatddK and
PKCe expression were down-regulated in comparison ® RBB-induced cultures, but
recovered insulin responsiveness. In contr&st,frutescenswas able to recover the
expression ofiRS1 and PKB/Aktto the same level of the control in non-insulinates
cultures, as well as the insulin responsiveneshedge genes following insulin stimulation.
JNK expression was down-regulated ®yfrutescenscompared to the PB culture, however it
was still above that of the control non-insuliniséant MCDB culture, and insulin
responsiveness was not recover®&Ce expression remained up-regulated, although insulin

responsiveness appeared to be recovered.

The changes in gene expression indicates two maimsp First, the method of insulin-
resistance induction influences the expressiomede¢ genes in specific ways and hence may
act via different mechanisms. Second, metformid 8n frutescensxhibit anti-diabetic
activity as indicated by their differing effects tire recovery of gene expression to the level
on non-insulin-resistant cultures. This indicatiest these treatments act through different

mechanisms in order to reverse the insulin-redistzte.

It must be noted that the RNA extracts may havenbmmmpromised and thus the gene
expression data may not fully represent the expmedevels of the respective genes and
reference genes. Furthermore, mRNA expressionsl@enot reflect the functional protein

expression levels. This is due to different RNAgassing mechanisms, RNA silencing
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which can prevent translation of the mRNA, RNA datation which may affect the levels of
protein (if any) expressed, differing translatidficgencies, differing protein half-lives and
post-translational modification or activation oetprotein product (Bustin and Nolan, 2004;
Bustin, 2010). For full elucidation of gene exies, it was intended to analyse the protein
expression levels of the genes of interest andkterthine the phosphorylation states of these
under the various induction or treatment conditiopglow cytometry. However, due to time

constraints this analysis could not be performed.

Conclusion

In conclusion, the two models of insulin-resistaimudicate that the development of insulin-
resistance may be through different mechanismeatirent of the insulin-resistant cells with
either metformin of. frutescenshowed different effects in each model, suggeddiffgrent

modes of action.

Future studies would include repetition of the gRTR experiment and the addition of flow
cytometric analysis of protein levels and phosplatign. Firstly, the purification of RNA
may be performed by using RNA spin columns whichulMdodecontaminate the samples.
Furthermore, RNA quantification may be performethgghe Agilent RNA 6000 Nano kit
which will allow for more accurate quantificatioh RNA and provide a so-called RIN-value
which indicates the quality of the RNA sample. sTRIN-value would enable the selection
of the most “intact” RNA samples for cDNA generatiand further analysis by gPCR. This
approach would ensure that the cDNA used in theRjB@alysis are of the highest quality
and thus avoid the complications encountered irctineent study. Additional genes may be
investigated by gRT-PCR, such as genes involvethenmetabolic pathways described in
chapters 2 and 3. These would include gluconeoggemes such dEPCK and G6Pase
and lipogenic genes such B®RC2andSREBP-1c The analysis of these genes may reveal
other mechanisms at work in the two models andhdurieatment with either metfromin 8t
frutescens Flow cytometric analysis of proteins and nuclé&sators involved in changing
gene expression such as FoxOl, HMGAL, and ChREBRdwalso be informative. This
would reveal more about how the two models indbeeiisulin-resistant state. Additionally,
the investigation of the lipid fractions may be ddy using alternative methods such as gas
chromatography (GC) or GC-mass spectrometry (GC-M&)Id allow for more accurate
and specific quantification of different lipid sypes not limited to a single class, as seen

with the TLC plates in this study. Alternativelijquid chromatography tandem mass
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spectrometry (LC-MS/MS) can be used to analyseipsabtypes of lipids more in detail in
order to identify the different proportions of eagpe of lipid. The analysis of acetyl-CoA
may be performed using high performance liquid ofatography (HPLC), reverse phased-
HPLC, or LC-MS/MS as this would be more sensitinel @accurate in the determination of
each type of acyl-CoA. This will allow investigati of important mediators of hepatic
steatosis such as stearoyl-CoA, acetyl-CoA, ancdomy&iCoA. Finally, analysis of ATP
levels and mitochondrial membrane potential woudtphdetermine whethe®. frutescens
acts through a similar mechanism to metformin wepards to decreasing lipid accumulation

and gluconeogenesis.

This study therefore indicates the promising apitf S. frutescenso reverse the insulin-
resistant state, and associated cellular physicdbgichanges through decreasing
gluconeogenesis, glycogenolysis, liver steatosis] axidative stress, making it a strong
candidate for the development of a novel altereatreatment for insulin-resistance and
T2DM.
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