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Abstract

Adipose tissue secreted proteins (adipokines) Haeen proposed to form a link
between obesity and type 2 diabetes (T2D). Resssthvisfatin are two adipokines
which have been previously suggested as having molthe pancreatic islet. The aim
of this study was therefore to investigate the la&iguy role of the adipokines resistin
and visfatin in the pancreatic beta-cell. In ortibedo this, pancreatig-cell lines from
rat (BRIN-BD11) and mouseB{C-6) were used to study the effect of exogenous
incubation with physiological and pathological centrations of resistin and visfatin
on diverse elements of beta-cell biology includasgj viability, gene expression and
insulin secretion. In addition to this the expreadevels of these two adipokines was
also measured in the beta-cell. PCR array anaysisved that resistin and visfatin
treatment resulted in significant changes in thpression of key beta-cell specific
genes. Interestingly, both resistin and visfatia highly expressed in the beta-cells.
This suggests that the roles of these adipokinesiatr confined to adipose tissue but
also in other endocrine organs. Resistin treatragmificantly increased viability of
the beta-cells at physiological concentrations h@re¢here was no increase with the
elevated pathological concentrations. Resistinlewated concentrations decreased
insulin receptor expression in the beta-cells hawélere was no significant effect at
lower concentrations. Both physiological and eledatesistin concentrations did not
have any effect on glucose stimulated insulin gexrelncubation of visfatin induced
phosphorylation of insulin receptor and the inthiatar signalling MAPK, ERK1/2.
Visfatin treatment at 200ng/ml also significanthcieased insulin secretion. These
effects were replicated by incubation of beta-c&lish the product of visfatin’s
enzymatic action, nicotinamide mononucleotide andrewreversed by visfatin
inhibitor FK866. Visfatin treatment at low conceattons did not have any effect on
cell viability however the elevated concentratioasulted in a decline. These data
indicate that both resistin and visfatin potenyigllay important roles in beta-cell
function and viability and that they form a sigoént link between adipose tissue and

the pancreatic islet in type 2 diabetes.
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1.1. Diabetes: pathology and epidemiology

Diabetes mellitus (commonly referred to as diahedescribes a group of metabolic
diseases of multiple aetiology characterized byhHapod glucose levels resulting
from defects in insulin secretion, action or boiffhe most easily recognized
symptoms of diabetes are thirst, polyuria, blurriof vision, hyperglycaemia,

glycosuria, and ketoacidosis (Mayfield, 1998).

The two common forms of diabetes are type 1 diabff@D) and type 2 diabetes
(T2D) which are both caused by a combination ofegjenand environmental risk
factors. T1D is an autoimmune disease resultingp fselective destruction of insulin-
producing pancreati@-cells by autoreactive T helper 1 (Thl) cells atmebirt
mediators and is often characterised by absolugalim deficiency (Atkinson and
Maclaren, 1994). The process leading to T1D appgarstart when the immune
system recognizes and attacks proteins on the ceurtd the p-cells, possibly
mistaking them for antigenic matter belonging toirmrading organism. The immune
response results in the T-lymphocytes flooding ihi® pancreatic islets and causing
an inflammation known as insulitis. Once enoybells have been destroyed, the

symptoms of diabetes begin to appear.

Patients suffering from T1D have to inject insuloh compensate for the absolute
insulin deficiency caused by this aberrant autoimentesponse. Currently available
therapies do not closely mimic the normal functminthe p-cell, which precisely
adjusts the rate of insulin secretion in responskidlogical needs. Type 1 diabetics
thus have to constantly monitor their glucose levahd inject insulin whenever
required. Lack of proper control can result in eithypoglycaemia which can cause a
coma or hyperglycaemia which increases the risk dafveloping diabetic
complications such as blindness, kidney failure amgbutations (Cowiet al., 1989;
Ickset al., 1997).

In comparison, T2D is a more complex metabolic iso characterized by obesity,

impaired p-cell function, increased endogenous hepatic geicmgput and insulin
resistance in target tissues (Leahy, 2005). T2hasmost common metabolic disease
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worldwide (Zimmetet al., 2001). The incidence of T2D is increasing worldsvid
primarily due to increases in the prevalence oédeantary lifestyle, consumption of
high-calorie diets and obesity (Tuomileldioal., 2001). Between 2000 and 2010 the
prevalence of T2D is projected to rise by 47% tero215 million affected world-
wide (Amoset al., 1997). Furthermore, the problem is no longer r&sul to the
ageing population with increasing number of chidde:nd young adults developing
diabetes (Fagot-Campagetal., 2001). The Asian / Pacific region is projected to
have the largest population of people diagnosed eidbetes in the world accounting
for 46 percent of the global burden of diabetesu@danet al., 1997).

About 90% of cases of T2D are associated with tjpedn relation to this,
approximately 197 million people worldwide are tgbtito have impaired glucose
tolerance (IGT), most commonly due to obesity ahé tssociated metabolic
syndrome (Dunstast al., 2002). This number is expected to increase siamntly to
420 million by 2025. (Hossaiet al., 2007). Various measures of being overweight,
such as relative weight, body mass index, and Wadgistribution, have repeatedly
been shown to be risk factors for T2D (Coldital., 1995). Not only does this trend
have significant implications for the individualsrncerned in terms of developing
complications associated with the disease, buethsr also significant health cost for
society and governments at large. Lifestyle changdsle desirable, have proven
difficult to achieve. Thus, a better understandimigthe molecular mechanisms
underlying insulin resistance will be required twmbat the epidemics of T2D and

cardiovascular disease that are fuelled by obesispciated insulin resistance.

Although T2D is thought of as a polygenic diseasest of the progress in treatment
to date has been in identifying genes that causeraleuncommon forms of diabetes
with monogenic inheritance. The most common formnudnogenic diabetes is
maturity-onset diabetes of the young (MODY) syndepntausing autosomal
dominant non—insulin dependent diabetes appeasfgrd the age of 25 years and
diabetes due to mutations in mitochondrial DNA (Make et al., 2006). Neonatal
diabetes mellitus (NDM) is another form of monogediabetes, usually defined as
overt diabetes diagnosed during the first 6 moathge (Hamilton-Shield, 2007).
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In humans, mutations in specific genes lead to wheous forms of MODY.
Mutations of the glucokinase (GCK) gene lead to mha&nifestation of MODY-2
(Hattersleyet al., 1992), with the remaining five types of MODY retsud from
defects in genes encoding for transcription facté#af-4a (MODY-1), Hnf-la
(MODY-3), Pdx-1 (MODY-4), Hnf-1%8 (MODY-5), and Neobl (MODY-6)
(Yamagataet al., 1996; Horikawaet al., 1997; Stofferset al., 1997). Many novel
mutations found in the MODY genes are constantlingpeaeported in different
population groups. Despite an impressive numbefanfimark achievements and
breakthroughs in diabetic research, many questbosit the causes of diabetes and

its chronic complications remain unanswered.

Previous studies have also implicated cytokinesinagortant mediators in the
destruction of pancreatic beta-cells and impaimatttion leading to both T1D and
T2D (Arnushet al., 1998, Oshimaet al., 2006). The proinflammatory cytokines
interleukin (IL)-18, either alone or in combination with tumour negdsactor-alpha
(TNF-a) or interferon-gamma (IFNy-have been shown to elicit dramatic negative
effects on pancreatic betd) ells in vitro (Albaet al., 2004; Ouet al., 2002).

1.2. Factors influencing the prevalence of T2D

It is now well established that T2D results frone timteraction between a genetic
predisposition and behavioural and environmentak rfactors (Gerich, 1998).
Previous studies have shown that first degreeivektof individuals with T2D are
about 3 times more likely to develop the diseas timdividuals without a positive
family history of the disease (Floresal., 2003; Gloynet al., 2003, Hansen, 2003).
This together with other studies provide compellegdence that genetic factors
make a major contribution to the development of T&id helps to illustrate that the
disease is in part inherited. Environmental factesgpecially diet, physical activity,
and age, interact with genetic predisposition tecfdisease prevalence. However
despite their major role, the genetic causes ofhthst common forms of T2D remain

elusive and the genetic basis of the disease hase pe identified.
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The growing prevalence of T2D and cardiovasculaease in Western societies is
known to be linked to excess adiposity (Kaal., 2000, Portest al., 1998) with the
past decade witnessing a parallel rise in the emaéd of obesity and T2D among both
children and adults (Flegat al., 2002). Evidence from several studies indicates tha
obesity and weight gain are linked to an increasskl of T2D (Fordet al., 1997,
Resnicket al., 2000) and intentional weight loss associated aitteduction in the
risk and rate of developing T2D (Wiklt al., 2002). Perhaps the most sobering
observation regarding the obesity epidemic is #ut that obesity generally confers a
significantly increased rate of mortality when cargd with individuals of normal
body weight (Jazedt al., 2003).

It has now been demonstrated that T2D can be predear at least delayed, by both
pharmacological and non-pharmacological intervergio such as lifestyle
modification including diet, exercise and therapeagents including metformin and
pioglitazone (Paxt al., 1997, Tuomilehtet al., 2001, Knowlert al., 2002, Chiasson
et al., 2002, Buchanamt al., 2000). Metformin is a mild insulin-sensitizing age
which improves hyperglycemia primarily through #isppression of hepatic glucose
production via AMPK activation (Kirpichnikogt al., 2002) while pioglitazone works
by activating peroxisome proliferator-activated eagiors-gamma (PPAR)- (Krentz
AJ and Friedmann PS, 2006). Diet has also long bekaved to be an important risk
factor for T2D. Some randomised trials have coaesity shown, increased physical
activity and weight loss are efficient approaches the control and prevention of
T2D (Albertiet al., 2007, Huet al., 2001).
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1.3. The beta cell function: insulin secretion,

signalling and glucose homeostasis

1.3.1. Beta cell biology

Pancreatic islet 3-cells function mainly to secrielin in response to changes in
circulating levels of glucose and amino acids ie thlood (Weyeret al., 1999).
Normal glucose homeostasis requires the finely duechestration of insulin
secretion by pancreat cells in response to subtle changes in blood gleidevels.
Glucose tolerance is determined by the balancaseflin secretion and insulin action
(Lillioja et al., 1988). Any alteration ir-cell function has profound impact on
glucose homeostasis with excessive secretion ofulimsliable to cause
hypoglycaemia, and insufficient insulin secretionrdinarily resulting in

hyperglycaemia.

Insulin is a small protein hormone, with a moleculgight of about 6000 Daltons
composed of two chains held together by disulfidends and synthesized in
significant quantities only in beta-cells in thenpeeas. Since the discovery of the
insulin gene sequence (Betlal., 1980), several patients with insulin gene mutation
have been identified. Some of the mutations havenbghown to affect insulin
processing by inhibiting conversion of proinsulio insulin (Chanet al., 1987;
Warren-Perryet al., 1997) while others produce normally processed limswith
subnormal biological activity e.g. reduced affindlyinsulin for its receptor (Nanjet
al., 1986).

1.3.2. Insulin secretion

Insulin is secreted primarily in response to eleddilood glucose concentrations after
which it causes reduction of hepatic glucose oufpiat decreased gluconeogenesis
and glycogenolysis) and increases the rate of geiegptake, primarily into striated
muscle and adipose tissue (Hedeskov, 1980; Stiaab, 2002). Glucokinase is the
key rate-limiting enzyme in glucose metabolisnginells and has been convincingly

shown to be the glucose sensor for glucose-stimalasulin secretion (Matschinsky
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et al., 1993). In addition to glycaemic control, insulm a pleiotropic hormone that
also influences all aspects of carbohydrate, pmptend lipid metabolism where it
exerts its effects by increasing lipid synthesidiver and fat cells, and attenuating
fatty acid release from triglycerides in fat andstle (Vernonret al., 1991; Kersten,
2001; Hansmannek&t al., 2006). Because muscle lacks glucose 6-phosphatase,
glycogenolysis in muscle does not provide glucosedlease into the blood (Bresolin

et al., 1989). However, when insulin levels are low, masexports amino acids and
other substrates to the liver for gluconeogenesis.

Glucose stimulates insulin secretion by generatinggering and amplifying signals
in the beta-cells (Henquin, 2000). Glucose-stinedabiphasic insulin secretion
involves at least two signalling pathways: thgriKchannel-dependent (Tharasal.,
2005) and Krp channel-independent pathways (Westerlanal., 2001). In the first
instance, insulin secretion is induced by glucaseyanto 3-cells, and its metabolism
leads to the generation of metabolic coupling fisciacluding ATP (Dolibaet al.,
2007). Enhanced glucose metabolism increases th#aceadenosine triphosphate /
adenosine diphosphate (ATP/ADP) ratio. This induckesure of ATP-dependent
potassium ion channels and membrane depolarizatibith, in turn, leads to
activation and opening of voltage-dependant calciom (C&£") channels. This
resultant increase in €aentry and intracellular G&as well as the increase in ATP
induces the movement of insulin-containing largasgecore vesicles to the plasma
membrane, their docking and their fusion to relehsepeptide hormone. Theate
channel-independent pathways augment the responsereased intracellular &a

by mechanisms that are currently unknown.
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Figure 1.0 Schematic representation of glucose stim ulated insulin
secretion in the pancreatic B cells. Glucose enters th@-cells by GLUT-2
glucose transporter and the intracellular glucasesubsequently metabolized to
produce ATP. Elevation of ATP/ADP ratio induces stlee of cell surface K
channels resulting in depolarization and openingalfage-gated calcium channels.
This facilitates extracellular Gainflux into thep-cell. A rise in free cytosolic Ga
triggers the exocytosis of insuliiKey: + = stimulation; - = inhibition; ADP =
adenosine diphosphate; ATP = adenosine triphospBaie2 = glucose transporter 2

Figure adapted from Henquin, 2000.

The cells work in a feedback loop in maintainingi@arow range of blood glucose
levels. In the first instance; as previously ilhaséd, hyperglycaemia signals tpe
cells to produce insulin and suppress glucagonghviwitches off glucose production

from the liver and increases glucose uptake in teusat, and liver. This results in
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normoglycaemia. Conversely, hypoglycaemia signadsftcells to decrease insulin
secretion and increase glucagon, which stimuldigsoge production from the liver.
In non-diabetics wherg-cell function is intact, the rate of hepatic glaegroduction
equals the rate of glucose disposal, however inptiesence off-cell dysfunction
resulting in inadequate insulin secretion, hepglicose production exceeds glucose

disposal, and fasting hyperglycaemia ensues (PHo&)

1.3.3 Insulin signalling and transduction pathways

Insulin rapidly elicits its biological response imhibiting hepatic glucose production
and stimulating peripheral glucose utilization. Mas signalling pathways and
feedback mechanisms are involved in regulafiragll function and insulin’s ability
to maintain whole-body glucose homeostasis. Insadition is initiated at the point
when it binds to the extracellular domain of thgulin receptor resulting in a cascade
of signalling events which culminate in translooatof the major insulin responsive
glucose transporter 4 (GLUT-4) from intracellulasicles to the plasma membrane
(Olefsky et al. 1990). The critical function of the insulin receptin glucose
homeostasis has been confirmed in insulin-recebtmckout mice which have a
defect in glucose sensing and die shortly aftethbivith severe hyperglycaemia,
ketosis and reduced beta cell mass, despite hyadinemia (Kulkarniet al.1999). In
addition to this, individuals have been identifiadth rare genetic defects in the
insulin receptor that influence expression, insblimding, and tyrosine kinase activity
which result in severe insulin resistance (Krebkl., 1996; Tayloret al., 1998)

The insulin receptor is a heterotetrameric transhrame protein composed of two
extracellulara subunits and tw@ subunits linked together by disulphide bonds and a
member of the tyrosine kinase receptor family. Triilin receptor is expressed in
almost all mammalian tissues, with the highest eatration found in target tissues of
insulin: skeletal muscle, adipose tissue and l{@&neathamet al., 1995). Skeletal
muscle is the largest tissue by mass regulatechdaylin, and is responsible for over
80% of insulin-stimulated glucose disposal (Zwetial., 1990; Zierathet al., 2000).
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Insulin binds to the extracellular subunits of the receptor, transmitting a signal
across the plasma membrane. Thgibunits contain the insulin binding sites whereas

theB-subunits are transmembrane proteins containingytbsine kinase domains.

. Glucose
uptake

Extracellular
Intracellular

eff— Akt/PKB — Translocation
of Glut4

GS . Glycogen
Synthesis

PIP PIP2 PIP3

CAP

Figure 1.1 The insulin signalling system responsibl e for the action of
insulin in glucose homeostasis . This is achieved through binding of insulin to
its receptor and subsequent interaction of thelimsaceptor with IRS-1/2 and other
substrate molecules. This leads to eventual GLUia#Aslocation and glucose uptake
into the cells Key: Cbl=c-Cbl proto-oncogene, GS=glycogen synthaseyt-Gl
4=glucose transporter-4, GRB2= growth factor remepbund protein 2, IR=insulin
receptor, IRS=insulin receptor substrate, PI3K=phasidylinositol 3-kinase, PDK=
PIPs-dependent kinase, PIP= phosphatidylinositol trggiate, PKC=protein kinase
C, SH2= Src homology 2

The critical initial steps in insulin signallingdlude phosphorylation of scaffolding
proteins and activation of phosphatidylinositol iRdse (PI3). PI3 kinase forms a
complex with various growth factor receptors herichas been implicated in the

signalling mechanism of growth receptors that dwbugh tyrosine kinase. The
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presence of PI3 kinase in non-proliferating celishs as platelets and neutrophils
suggests it has an additional role (Traynor-Kapkinal., 1989; Kucera and
Rittenhouse, 1990; Parker and Waterfield, 1992).

The tyrosine kinase domain of the insulin recejoated on the cytoplasmic portion
of the B-subunit once activated undergoes conformationahgé resulting in rapid
auto-phosphorylation and docking of insulin recetabstrate (IRS) proteins such as
IRS-1, IRS-2, IRS-3 and IRS-4 (Kaburagi al., 1999). Other substrates include
growth factor receptor bound protein 2 (Grb-2) saasated binder-1 (Gab1), p88
the c-Cbl proto-oncogene (Cbl), adaptor proteirhwateckstrin homology (PH) and
Src homology 2 (SH2) domains (APS) and 3 isoforrh$id2 domain-containing
alpha-2 collagen-related protein (Shc) (Virkaméaki al., 1999). Tyrosine
phosphorylation of these proteins creates recamnisites for both Src homology
(SH2) binding and phosphotyrosine binding (PTB) dom of several downstream
effector proteins.

Tyrosine phosphorylation of IRS-1 leads to recreitin and activation of
phosphatidylinositol-3-kinase (PI3K) through the ZS#iomain of the p85 subunit of
P13 kinase (Bakert al., 1992). This then generates intracellular lipidehsas
phosphatidylinositol triphosphate PI(3,4,5)Rhat activate PHdependent kinase
(PDK) that, in turn, phosphorylate and activate Aftotein kinase B (PKB), which is
necessary for stimulation of glucose transportetemdes. Akt is a proto-oncogene
encoding a serine-threonine kinase (also knownkB & RAC-PK) (Bos, 1995).
Activated Akt phosphorylates and regulates comptmnehthe glucose transporter 4
(GLUT-4) complex, protein kinase C (PKC) isofornagsyd GSK3, all of which are
critical in insulin-mediated metabolic effects (Chest al., 1999, Uekiet al., 1998).
The best understood mechanism of IRS-protein-medlisignalling is the binding of
SH2 domain-containing signaling molecule PI3-kinésetyrosine phosphorylation

sites on IRS proteins.

The ability of insulin to recruit the insulin-respgive glucose transporter GLUT-4
from an intracellular compartment to the cell scgfan muscle and adipose tissue
accounts for the majority of insulin’s effect tonstilate glucose uptake in the body
(Kainulainenet al., 1994; Dombrowsket al., 1998). GLUT-4 proteins are contained
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in intracellular vesicles which are predominantlgcdlized to a perinuclear
compartment in the basal state. The glucose tratgspproteins catalyses the rate-
limiting step for glucose uptake and metabolisnskeletal muscle and other insulin
target tissues. After insulin stimulation, the GLMT containing vesicles are
translocated to the plasma membrane (Pesats@., 1999). As circulating insulin
levels decline, the GLUT-4 transporters return heirt interior vesicles. Key to
terminating the signal cascade is Protein tyropimesphatases (PTPs). These proteins
have a prominent role in the control of insulinegr (IR) signalling in that they
dephosphorylate the IR and its substrates and sboge to inactivate the IR and
terminate signalling (Cheet al., 1997).

1.4. Beta cell failure and T2D

T2D results from various pathological processes:fitst instance being reducgd
cell mass, progressive decline pfcell function, chronic insulin resistance and
impaired insulin secretion (Kudw al., 1997). However, the mechanisms controlling
the interplay of these impairments are unclearebtsfin glucose-stimulated insulin
secretion and an eventual decreasepdcell mass are important factors in the
development and progression of T2D (Kahn, 2001 phmary cause of T2D is

presently unknown.

Insulin resistance is traditionally assessed bwlins ability to promote normal
glucose metabolism, however its physiological islenuch broader, and includes the
metabolism of all three macronutrients (carbohyafralipids, and proteins) as well as
cellular growth. Insulin resistance is a key etiypbal factor for T2D and plays a role
in numerous other metabolic disorders including dmgnsion and atherosclerosis
(Ferriet al., 1999; Nigroet al., 2006)

At the molecular level, this resistance can ocawwdnere in the insulin signalling
pathway, from receptor binding to downstream sigmglevents. Insulin sensitivity
alone has long been recognized to be an imporgabif determining the magnitude
of the insulin response t@-cell stimulation (Kahnet al., 1993). An increased
metabolic demand for insulin due to insulin regist (resistance to the effects of
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insulin on glucose uptake, metabolism, or storagegeveral tissues usually precedes
the development of hyperglycaemia. Over a longgaenf time, chronic insulin
resistance of peripheral tissues often necessiéeated concentration of insulin to

activate the insulin receptor.

In order to maintain normoglycaemia, the beta-cetimpensate for this increased
demand by increasing its secretory capa@igell mass or both (Bruning al., 1997,
Polonsky, 2000). Compensation involves expansiop-@éll mass, enhanced insulin
biosynthesis, and increased responsiveness ofentigecretion coupling. In rodent
models of obesity without diabetes there is an tidapncrease irg-cell mass (Flier
et al., 2001) while other studies have suggested thaf-twl mass is also adaptively
increased in non-diabetic obese humans (Klogpal., 1985). This hyper-secretion
of insulin by the pancreatig-cells to compensate for insulin resistance oftads

period of normal or near-normal glycaemia.
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Figurel.2 B-cell secretory response, compensatory insulin rele ase and
resultant B-cell failure. T2D is characterized by a progressive decling-oell
function and chronic insulin resistance. The trengolves insulin resistance,
compensatory hyperinsulinemigscell dysfunction and decline in insulin secretion.
Figure adapted from Bergenséhhl., 2001.
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However at some point, this period is followed [bgell failure, partly due to the
individual’'s inability to sustain thf-cell compensatory response. The exact cause of
pB-cell failure is not yet known. Failure of pandriedg-cells to continue the increased
compensatory insulin secretion that is sufficientrteet the metabolic demand often
leads to T2D (Ferrannirgt al., 2005). These abnormalities result in reductions in
insulin release in response to glucose, changgauisatile and oscillatory insulin
secretion, increased rates of glucose release éylivthr and kidney as well as
decreased clearance from the circulation (O’'Ratetlyal., 1988; Polonskyet al.,
1988).

B-cell failure often results in elevated blood glsedevel which can exert deleterious
effects onB-cell function. The ensuing hyperglycaemia worsrsinsulin resistance
and further impairg3-cell function, thus creating a vicious circle (&ky 1998).
Another consequence of prolonged exposure to hiymargmia is desensitization of
the pB-cells to glucose stimulation (Eizirié al., 1992). Decreased responsiveness to
stimuli such as arginine or sulfonylureas in istetsn type 2 diabetic patients have
previously been reported and raises the questiowhether glucotoxicity may also

impede late steps in insulin secretion (Del Guera., 2005)

A number of factors have been suggested as podsiking insulin resistance and
beta-cell dysfunction in the pathogenesis of T2Be Tikely mechanisms of earp
cell demise include oxidative stress, endoplasnetculum (ER) stress and
glucolipotoxicity (Laybuttet al., 2007; Poitout and Robertson, 2008; wal., 2009).
T2D is also associated with marked impairment dbationdrial function ir-cells
with an increased expression of uncoupling profe(/CP-2), leading to lower ATP
levels, decreased ATP/ADP ratio in response toagecand reduced insulin secretion
(Brownet al., 2002; Anelloet al., 2005). The cause of damageBteells is thus likely
to be multifactorial.

One of the major question in ongoing research isthsr current forms of therapy can
affect the decline irg-cell function in T2D. In humans, increasfetell mass has
been observed in the pancreas of obese comparédlesih non-diabetic subjects
(Butler et al., 2003). Data from the United Kingdom Prospectivaligites Study

(UKPDS) indicated that there is a progressive dmiaion in -cell function over
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time in T2D mellitus condition regardless of theramllocation, insulin,
chlorpropamide, glibenclamide, or metformin treatin@JKPDS-33, 1998; UKPDS-
34, 1998). In this study, the pancreatic islet fimmcwas also found to be about 50%
of normal at the time of diagnosis, independerthefdegree of insulin resistance and

a reduction irg-cell mass of about 60% was shown at necropsy.

The reduction off-cell mass can be attributed to accelerated apgpaosl decreased
neogenesis, however impairetell function and possiblg-cell mass were found to
be reversible, particularly at early stages ofdisease. This can be explained by the
fact that new islet formation and R3-cell replicatiare normal in diabetic and obese
individuals (Meieret al., 2006; Butleret al., 2007). In another UKPDS sub-study,
Sulfonylureas were used and failed to stop fiheell decline however metformin
administration resulted in an improvement of 51%6686 in p-cell function in the
first year of therapy but a decrease to 38% ata&sydJKPDS, 1995). This outcome
shows that attempts to stimulate insulin secread improve insulin action with
drug therapies were only temporarily helpful butreveltimately unable to prevent

progressive-cell dysfunction.

Based on these studies it is now clear that Recdlhustion, desensitization of the
cells, lipotoxicity, amyloid deposition and a reton in p-cell mass are major
contributory factors t@-cell failure and the development of T2D. The daddined
above also shows that the major defect leadingdecaease ifi-cell mass in T2D is
increased apoptosis, while new islet formation @nckll replication are normal.
Individuals with T2D, whether lean or obese, habbewt a 50% decrease facell
mass. In this regard, therapeutic approaches dasignarrest apoptosis and improve
insulin sensitivity could be significant in protex the B-cells and also provide
alternative physiological solution in the managetm&nT2D. This approach could
prove to be very effective in that it might actyateverse the disease to a degree

rather than just palliate glycaemia.
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1.5. The adipose tissue: role as an endocrine organ

1.5.1. Adipose tissue: Background and function

The adipose tissue is no longer considered to pasaive and inert tissue mainly
devoted to energy storage, insulation and mechlasiggoort but is emerging as an
active endocrine organ participating in regulatimigple-body physiology. Previously
the adipose tissue has long been known to synthasid store triglyceride in periods
of nutritional abundance and hydrolyse and releaseesterified fatty acids (NEFA)

when they are needed in response to fasting (9pieget al., 1993).

During adipose tissue development, genes that doddipogenic and lipolytic
enzymes that are involved in lipid transport arduced to carry out adipocyte
function (Linhartet al., 2001; Davakt al., 2006). The activities of these enzymes in
triacylglycerol biosynthesis and lipolysis are tighcontrolled by nutritional and
hormonal conditions e.g. feeding causes an inductichereas fasting causes

suppression of lipogenic enzymes (Paulauekas., 1989).
1.5.2. Types of Adipose tissue

Adipose tissue can be divided into 2 major typebitevadipose tissue (WAT) and
brown adipose tissue (BAT). WAT represents the vaajority of adipose tissue in
humans and is the physiological site of triglyceridtorage during energy
consumption and NEFA release when energy expeedixceeds energy intake
(Vazquez-Velaet al., 2008). Adipose tissue also surrounds internal rggand
provides some protection for these organs fromingrrThe overall picture of the
central functions of WAT has changed radically écent years, with white fat now
being viewed as a major endocrine organ, secrdioty critical hormones and a
number of protein factors in addition to fatty acidhich play either a local or
systemic role (Mohamed-Aét al., 1998).

Alternatively, BAT is a specialized adipose tissiepot which has a role in non-

shivering thermogenesis and energy expenditurgicpkarly in small mammals and
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human neonates (Geséh al., 2007). BAT transfers energy from food into heat
especially through oxidation of fatty acids in neih@ndria resulting in production of
large amounts of heat. Its lipid reserves are degleshen the animal is exposed to a
cold environment, and the colour darkens. In cahti@ white fat, brown fat is richly
vascularised and has numerous un-myelinated nemésh provide sympathetic
stimulation to the adipocytes (Kawagkal., 1994). Brown fat is most prominent in
newborn animals. In human infants it comprises ap% of body weight, then
diminishes with age to virtually disappear by adodid

1.5.3. Adipose tissue formation and transcription r egulators

There are a series of elaborate network of trapigonal events which regulate pre-
adipocyte differentiation (adipogenesis) and adyp@dunction and also coordinate
expression of hundreds of proteins responsiblee&iablishing the mature fat-cell
phenotype. In the past decade transcriptional @it of adipocyte genes has been
the focus of much research. Members of the CCAATNaaner-binding protein
(C/EBP+« B andd) and PPAR (PPAR) families of transcription factors have been
shown to be critical in directing adipocyte-spexifiene expression and adipogenesis
(Rosenet al., 2002). Compelling evidence shows that C/EBFs required for
adipocyte differentiation (Tanget al., 2004). This is clearly illustrated in
investigations with C/EB® “knock-out” mice in which the adipose tissue faits
develop normally, accompanied by accumulationigfyftceride which is the hallmark
of white adipose tissue (Wargg al., 1995). The other transcription factor that has
been implicated in adipose differentiation is dteregulatory element-binding
protein-1c (SREBP-1c), one of three SREBPs founanimal cells (Tontonoet al.,
1993; Yokoyamat al., 1993).
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Figure 1.3 Transcription factors involved in adipoc yte development. The
major transcriptional factors involved in the adjpaic include proteins belonging to
the CCAAT/enhancer binding protein family (C/EBRjeroxisome proliferator-
activated receptoy- (PPARy) and adipocyte determination and differentiation
dependent factor 1, also known as sterol regulat@ment-binding protein 1 (SREB-
1). These play a key role in the complex transiom@ cascade during adipocyte
differentiation. Exposure of preadipocytes to adgmc inducers e.g. insulin,
glucocorticoids, agents that elevate cAMP and foleteine serum in cell culture,
activates expression of several transcription factioat converge on PPARPPAR-

vy then induces C/EBR-expression, and together, these factors overseantd

adipogenesis
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Adipose differentiation is accompanied by changesellular morphology, hormone
sensitivity, gene expression and a dramatic accaiioul of intracellular lipid. The
ability to regulate specific key genes of lipogases lipolysis could theoretically
allow control of fat deposition. Troglitazone iseowf the thiazolidinediones that
activate the peroxisome proliferator activated pgmegamma (PPAR), which is

expressed primarily in adipose tissues and offers therapeutic possibilities for a

variety of metabolic disorders.

1.5.4. Adipose tissue: endocrine and secretory func  tion

In recent years, a line of evidence has demonsteatauch more complex function of
adipose tissue as an endocrine organ that relbéasesnes into the blood stream to
take part in physiological activities of the bodyttwpotential implication in insulin
resistance, obesity and diabetes (Kdmal., 2000). These adipocyte derived hormones
are collectively called adipokines. One of the miagbortant adipokines is leptin, a
peptide hormone with numerous actions, includirfly@nces on energy homeostasis
and neuro-endocrine and immune function. This r&atde understanding has helped
to clearly define the role adipocytes play in regioin of metabolism, energy intake,
and fat storage and possible secretory and endoftnction.
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Figure 1.4 Biological functions of adipocytes. Previously, adipocytes were

considered to be inert and passive reservoir fergnstorage releasing fuel as fatty
acids and glycerol in time of fasting or starvatidMore recently it has become clear
that adipocytes are highly active metabolic anderide organ that secrete important

hormones, cytokines, vasoactive substances, aed pdptides.

Adipose tissue was first suggested to have end®adunctions by Siiteri PK and co
workers in 1987 who identified the ability of adgeotissue to interconvert steroid
hormones. During this time adipose tissue was ifietitas a major site for the
production of adipsin, an endocrine factor thanarkedly down-regulated in rodent
obesity (Flieret al., 1987). Adipsin is a member of the serine protegsge family
whose principal site of synthesis is the adipossug. Another group was able to
show that adipsin is secreted and is present irpéngheral circulation (Cooét al,
1987). In this regard, adipsin may be viewed aditsespecific candidate for such a
class of fat cell-derived regulatory molecules. Thésequent identification and
characterization of leptin in 1994 transformed \8ev¥ the tissue and of obesity and
firmly established adipose tissue as an endocnigaro(Zhanget al., 1994). Leptin

has since been shown to have profound effects petiég and energy balance and its
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discovery has focused attention on the role ofginstsecreted by adipose tissue. The
recognition of leptin's important roles especidt$yeffects on reducing food intake in
both rodents and man stimulated the search forr qgileteins secreted by adipose

tissue.

Over the past decade, enormous progress has beinimeecognising the complex
nature of the adipose tissue as a secretory orgaveth as a site of the regulation of
energy storage. Adipose tissue metabolism is eseniynamic, and the supply of
and removal of substrates in the blood is acutdylated according to the nutritional
state. Adipose tissue is highly specialized inritfe as an endocrine organ and
regulation of energy storage, fatty acid metabalissmd glucose homeostasis
(Corneliuset al., 1994). Genes involved in lipid metabolism and gkehomeostasis
are prominently expressed in the fat tissue. Thesede: fatty acid synthase, the
fatty acid binding protein aP2, lipoprotein lipasgphosphoenolpyruvate
carboxykinase, malic enzyme, glyceraldehyde-3-phatgpdehydrogenase and Glut-4
(Moustaidet al., 1991, Spiegelmast al., 1983, Huntet al., 1986, Corneliust al.,
1988 and Bealet al., 1992).

The receptors for insulin, insulin-like growth factl and adrenergic compounds are
expressed in adipocytes (Reetdal., 1980, Campfielcet al., 1995 and Fevet al.,
1990). This is quite significant to the adiposesuis due to their lipogenic and
lipolytic activity. During times of increased foadtake and/or decreased energy
expenditure, surplus energy is deposited efficjeintladipose tissue in the form of
neutral triglycerides under the mediation of kepgolienic enzymes. Excessive
accumulation results in obesity. However, in tinoésutritional deprivation and/or
increase in energy expenditure requirements, fhe teserves are usually released to
provide fuel for energy generation. This latter qgss is mediated by lipases
contained in the adipocyte which break down trighyges into glycerol and fatty
acids that are used in fatty acid oxidation livayscle, and BAT (Schweiget al.,
2006)

The studies of animal models which completely lackpose tissue have provided
tremendous insights into the physiological roleadfpose tissue (Shimomueaal.,

1998). Genetic manipulation to alter adipose depatsenabled functional dissection
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of obesity and its metabolic sequel. An early moftem Bruce Spiegelman’s
laboratory used transgenic mice in which an attestudiphtheria toxin A chain gene
was expressed specifically in adipose with the aimeducing adiposity (Ross al.,
1993). Transgenic mice with high-level of toxin exgsion resulted in newborn
lethality accompanied by fatty fluid in the periearm with the mice dying after birth.

In addition to secretion and fat storage, the agbptissue is emerging as a key
regulator of many physiological functions includiegergy homeostasis, glucose and
lipid metabolism. Knowledge of specific signallipgthways involved will be key to

unravelling the primary causes of T2D and varioustainolic diseases related to

obesity.
1.6. Adipose tissue changes in obesity and link to T2D

1.6.1. Obesity, adipogenesis and diabetes

Obesity is an energy balance disorder in whichiewtrintake chronically exceeds

energy expenditure often characterized by an oweitlr of adipose tissue and excess
storage of calories as triglyceride (Dvorekal., 1997). Obesity is associated with

adipose cell hypertrophy, and more severe forms stt®w adipose cell hyperplasia
(Kahn, 1992). Adipose tissue plays an importaneé riol glucose homeostasis and
affects insulin sensitivity in other tissues. Thgbrtant endocrine function of adipose
tissue is emphasized by the adverse metabolic qoesees of both adipose tissue
excess (obesity) and deficiency (malnutrition).

Epidemiological studies have shown that the risk ¥@D and presumably insulin
resistance rises as body fat content measured @y tmass index (BMI) increases
from the very lean to the very obese, implying ttreg amount of body fat has an
effect on insulin sensitivity (Colditzt al., 1990). The expansion of adipose cell
number (hyperplastic growth) can occur at virtualhy time in response to marked
overfeeding (Ailhaudet al., 1992). The prevention of obesity is thus very litki
reduce the incidence of T2D.
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Figure 1.5 Role of nutrition and adipose tissue dev  elopment. (a) Changes
in the balance of diet e.g. conditions of nutriabdeprivation induce anti-adipogenic
signals emanating from both pre-adipocytes and readipocytes which restrain pre-
adipocyte differentiation.b) Continuous food intake especially high fat dietgie
nutrition) results in hypertrophic adipocytes whiskcrete factors that stimulate
preadipocyte differentiation. These include bothsifiee adipogenic factors and
factors that block negative adipogenic signdt3. Disruption of local signalling
networks during chronic over-nutrition leads to apd adipogenesis and adipose
expandability. This, in turn, results in adipocytgpertrophy and dysfunction, and
secondary adipose inflammation, in addition to pictdipid accumulation at extra-
adipose sites (e.g. liver and muscle), which togretbontribute to the pathogenesis of

= inhibition™" stimulation

The World Health Organization currently defineséowveight’ as a BMI of 25-29.9
kg/m? and obese as a BMI >30 kgfirfWHO Expert Committee 1995). Small
adipocytes in lean individuals have been shownrtmpte metabolic homeostasis

37



while enlarged adipocytes as those found in obedwiduals have been shown to
recruit macrophages and release of a range ofrfathat predispose toward insulin
resistance and also promote inflammation. A lang@lver of studies have found that
an increased body mass index correlates with isegeglasma concentrations of
inflammatory adipokines and acute phase proteirst@det al., 2000). This has re-

defined the adipose tissue not only as a key coenoof the endocrine system, but

also of the immune system.

1.6.2. Obesity and insulin resistance

Two complementary theories have been proposed pitaiexthe pathophysiological
link between obesity and insulin resistance. Tha theory which relates to adipose
tissue expandability proposes that when adiposadigxpands to its threshold level,
its storage capacity becomes saturated (Virtuevadal-Puig, 2008). The capacity of
adipose tissue mass to expand is the key detertmaizato whether obesity leads to
metabolic complications. As a result, it becomess lable to amass more fat. Once
this stage is reached, excess fat is redirectedrttsvother organs, such as the liver,
pancreas or muscle. In these organs, lipid accumnlaan be toxic and induce
insulin resistance (Schrauwen, 2007)

The second hypothesis proposes that the excessotgnalation of fat in adipose
tissue can alter the secretion pattern of adipak{iéeyeret al., 2000; Trayhurn and
Wood, 2004; Skurket al., 2007). Suggestive evidence shows that some okthes
adipokines e.g. leptin modulate insulin sensitivityt only in adipose tissue but also
in other metabolically relevant organs, such asrlior muscle (Bastaret al., 2002;
Farooqiet al., 2002). The patho-physiological link between theéase of fat mass,
namely obesity, insulin resistance and cardiovasaudmplications is thus becoming

clearer as the roles of these adipokines emerge.
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1.6.3. Adipokines and T2D

Obesity is associated with a low-grade inflammabblVAT which can subsequently
lead to insulin resistance and impaired glucoseranice. In obesity, WAT is
characterized by abnormal adipokine production secretion of a wide range of
inflammatory molecules which result in activatiof some pro-inflammatory
signalling pathways and induction of several biadab markers of inflammation
(Hotamisligil et al., 1993, Friedet al., 1998). The altered adipokine production in
obesity has been shown to have local effects on WWAySiology but also systemic
effects on other organs including the pancreatita-bells (Bastardet al., 2002;
Sartipyet al., 2003).

Adipocytes ) Key
ObeSI‘I’y FFA = Free fotty acids
state
Adipokines FFAs Inflammation

N

Insulin
resistance

Pancreatic islets B-cell compensation B-cell failure

Decreased

Insulin secretion— Normal ——— Increased Diabetes

by B cells

——y Normal or impaired mellitus

Blood glucose —— Normal
glucose tolerance

Figure 1.6 Adipose tissue secreted factors and B-cell function / failure.

Pathways leading to insulin resistance associai#d abesity which are induced by

adipokines, free fatty acids, and chronic inflamioratn adipose tissue.

Figure adapted from Kasuga, 2006.
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Inflammatory markers, such as C-reactive proteiRFL and interleukin-6 (IL-6)
have also been shown to be increased in obeseidodls compared with lean
subjects (Hotamisligilet al., 1993). Insulin resistance involves a broad ranfje o
interactions and dysfunction in feedback mechantbat takes into account the
interplay between nutrition, glucose, insulin andipakines in various tissues of
metabolic importance. Although there is a clearoassion between obesity in
particular visceral obesity and the developmeninstilin resistance, the underlying
mechanisms involved in obesity-related insulin s&sice are complex and not fully
defined.

Obese animals and humans have been shown to harsetdristic over-production of
pro-inflammatory adipokines e.g. tumour necrosistdaalpha (TNFa), IL-6 and
resistin by WAT, and a deficiency in anti-inflamroat adipokines e.g. adiponectin
(Kern et al., 2003; Lihnet al., 2003). Inflammation and adiposity cause insulin
resistance by interfering with insulin signallingtpways. In mice, inflammatory
serine 307 phosphorylation of IRS-1 interferes withulin signalling (Qiacet al.,
2002). It has previously been reported that TiNEan directly lead to insulin
resistance by inducing serine phosphorylation efittsulin receptor, which inhibits
insulin signalling (Hotamisligikt al., 1994). It is thus clear that TNiplays a causal
role in the insulin resistance of experimental aismsince neutralization of TNF-
alpha in obese fa/fa rats caused a significanteas® in the peripheral uptake of
glucose in response to insulin (Hotamisligit al., 1993). However, despite
inflammatory activity in animal studies, neutratia of TNF-a activity has proved
ineffective in ameliorating insulin sensitivity diabetic patients (Ofegdt al., 1996).

Interleukin 6, a major pro-inflammatory cytokine,produced in a variety of tissues,
including activated leukocytes, adipocytes, and o#melial cells. Elevated
concentrations of interleukin-6 are associated \@ekelopment of T2D (Fernandez-
Realet al., 2000, Pradhast al., 2001). In vivo infusion of human recombinant IL-6
has been shown to induce gluconeogenesis, subseduygerglycaemia, and
compensatory hyperinsulinemia (Stehal., 1994). Elevated levels of IL-6 can thus
be used to predict the development of T2D illusigatthe possible role for

inflammation in diabetogenesis.
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Adiponectin and leptin have each been demonstriatedcrease rates of fatty acid
(FA) oxidation thus decreasing muscle lipid contemd also increase insulin
sensitivity in lean and obese rodents (Steinketrgl., 2002; Fruebist al., 2001).
Adiponectin is a 30-kDa adipose-derived hormone #pgears to play an important
role in regulating energy homeostasis and insuwdmsgivity (Yamauchgt al., 2002).
Adiponectin levels have been shown to be decremsedulin-resistant states such as
obesity and T2D (Bergt al., 2001; Kubotaet al., 2002). Injection of adiponectin
decreases plasma glucose levels by suppressingsglymroduction in the liver and
injection of the globular domain of adiponectin &ses elevated fatty acid levels by
oxidizing fatty acids in muscle (Bewmg al., 2001; Combst al., 2001; Fruebist al.,
2001). Adiponectin-deficient mice develop prematudbet-induced glucose
intolerance and insulin resistance, and increasedns fatty acids (Kubotat al.,
2002; Maedeet al., 2002). In contrast, transgenic overexpressiondgbanectin in
mice leads to improved insulin sensitivity, glucdaskerance, and lower serum fatty
acids (Maedeet al., 2002; Combset al., 2004). These observations suggest that
adiponectin ameliorates insulin resistance in lipmgzhic mice and T2D mice and
may be a major insulin-sensitizing hormone secréteddipose tissue. However, the
physiological role of adiponectin in vivo is nottydear because the conclusions have

been primarily based upon gain of function expernitae

1.6.4. Adipose tissue and enzyme malfunction in glu cose

homeostasis

Adipose tissue also plays an important role in ghechomeostasis and affects insulin
sensitivity in other tissues. As previously illeged, the GLUT-4 mediates insulin-
stimulated glucose uptake in adipocytes and mus$glerapidly moving from

intracellular storage sites to the plasma membrémebesity and T2D, GLUT-4

expression is decreased in the adipose tissuerbsenqved in the muscle (Shephetd

al., 1999). The role of adipose GLUT-4 in glucose hostasis has previously been
determined. In one study, selective depletion oJ®i4 in mice adipose tissue led to
impaired glucose tolerance and insulin resistandewith preserved adipose mass.
However unexpectedly, these mice developed ingelanstance in muscle (despite
preservation of GLUT-4) and liver, manifested bycmased biological responses
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(Abel et al., 2001). This suggests that glucose transport ipcsdi tissue plays a vital
role in glucose homeostasis and the selective degukation of GLUT-4 in the
adipose tissue as seen in human obesity and T2Bpf@®hdet al., 1999) may

contribute to insulin resistance in other insuéirget tissues.

There is also clear evidence that the size andhiisibn of adipose stores influence
metabolism in human disease. Obesity-induced img@sistance is affected by the
total amount of adipose tissue, localization andybfat distribution (Evanst al.,
1984) with weight gain ordinarily preceding insulresistance, and weight loss
improving it (Groopet al., 1993). Surgical removal of visceral fat has als®rb
shown to delay the onset of diabetes and improeenulin effect on hepatic glucose
production in Zucker Diabetic Fatty (ZDF) modelatfesity and diabetes (Gabriady
al., 2002). Understanding the mechanisms regulatingoaei formation and function
should provide valuable information in the fightdombat the growing incidence of

obesity and related metabolic diseases.

There are huge gaps in the current knowledge athmutmechanism of action of
various adipokines. Resistin and resistin-like rooles (RELM) receptors have not
yet been identified and major advances are stihdenade in the understanding of
biological function of leptin. Ongoing research tinnes to shed light on the role of
adipose tissue with new identification of adipolinbeing reported. A better
understanding of neuronal input and potentiallypatifrom adipose tissue is vitally
important especially in light of current realizatithat many metabolic phenomena in
peripheral tissues are directly controlled throaghtral neuronal circuits, particularly

through central pathways of nutrient sensing.
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1.7. Resistin and beta cell function

1.7.1. Resistin: Origin and structure

Resistin is a 12.5-kDa peptide hormone belonging twovel class of cysteine-rich
secreted proteins termed as the resistin-like natdscRELM and the FIZZ (found in
inflammatory zone) (Steppast al., 2001). Mouse resistin is exclusively expressed in
white adipose tissue while human resistin is maiekpressed in circulating
mononuclear cells (Steppan and Lazar, 2004). Thesecesistin gene encodes a 114
amino acid polypeptide including a 20 amino acghal sequence. Human resistin is
a dimeric protein containing 108 amino acids (Holboet al., 2000) and it is

synthesized and secreted selectively from adigesed.

Resistin was discovered by three different indepahdroups using modern genomic
approaches (Steppanal., 2001; Kimet al., 2001; Holcomkbet al., 2000). Kim and
co-workers used microarray analyses and were abidentify resistin as adipose
secretory factor (ADSF) while Holcomb’s group ialty found resistin, which they
termed 'FIZZ3', as an expressed sequence tagddiata protein they found to be

induced during lung inflammation.

However it was Steppan and co-workers who werditbieto demonstrate that both
resistin mMRNA and protein expression were markeeljuced in rodents treated with
insulin-sensitizing thiazolidinedione in vitro, Withe majority of subsequent in vivo
data supporting these observations (Maara., 2001, Wayet al., 2001; Steppan and
Lazar, 2002). These reports suggest a potentiahameem for obesity-related insulin
resistance and also shed light on a potential nmesima of action for
thiazolidinedione. No effects of RELdlon metabolic control have yet been reported,

though its homology with resistin suggests they imaye related function.
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1.7.2. Resistin: proposed biological function

Several cellular mechanisms and pathways of ingebistance have been described.
Serine phosphorylation of insulin receptor substfat(IRS-1) has been shown to
inhibit insulin action by blocking insulin receptli®S-1 interaction (Aguirreet al.,
2002). Fatty acid induced insulin resistance @dishis mechanism and is mediated
by increased protein kinase C (PKC) and IRS-1 S67) phosphorylation and
decreased IRS-1 tyrosine phosphorylation éval., 2002).

Resistin has been shown to produce insulin resistand glucose intolerance when
injected into normal mice (Steppanhal., 2001) however the precise mechanisms by
which resistin causes insulin resistance are stitlear. Defects in the insulin-
signalling cascade to glucose uptake in skeletalalethave been identified in people
with T2D. Resistin has been proposed to inducelimsasistance by disrupting the
insulin signalling pathways in insulin target tissyhowever the mechanism by which

resistin initiates and elicits signals is not wesdtablished.

Considerable debate exists regarding the role sistie in the pathophysiology of
insulin resistance in human and animals. Resistia previously been shown to
promotes endothelial cell activation (Verrmtaal., 2003) and angiogenesis (Mual.,
2006) highlighting the important role this adipokimay play in vascular disorders.
Resistin has also been shown to inhibit essentiattions of polymorphonuclear
leukocytes resulting altered immune response (Caheah., 2008). Understanding
how resistin molecules modulate the activity of paments of this insulin-signalling
pathway and so result in decreased insulin actioglocose metabolism might be a

promising tool for identifying the aetiology of T2D
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1.7.3. Resistin: obesity and T2D

Serum resistin is elevated in diabetes and ob¢Kity et al., 2001; Azumaet al.,
2003) hence it has been suggested that resistirhmagya causative role in the insulin
resistance and T2D (Steppanal., 2001). Functionally, administration of resistin
resulted in impaired glucose tolerance and inssginsitivity in wild-type mice, while
immuno-neutralization of circulating resistin inetinduced obese mice resulted in
reduced blood glucose levels and significantly iowed hyperglycaemia and insulin
sensitivity (Stepparet al., 2001). However, the physiological role of resisim
humans and the mechanism by which it neutralizeglim action in rodents are still

unclear.

A series of studies have been carried out sincenitial discovery of resistin; some
of which have provided data that support the oabifindings while others are
conflicting. Insulin action is markedly impaired individuals with visceral obesity
(Carey et al., 1996) and expression of resistin mRNA has beenwvsht be
significantly higher in the visceral fat comparedsubcutaneous fat depot (Gabriely
et al., 2002). Serum resistin levels and expression in W#sVe previously been
reported to be reduced in fasted mice and increase@-feeding (Kinmet al., 2001;

Stepparet al., 2001) suggesting diet may also play a significald.

The skeletal muscle has long been considered ther ragie of insulin-stimulated
glucose uptake. Treatment of L6 rat skeletal muselés with recombinant resistin
resulted in reduced insulin-stimulated glucose kgtand decreased insulin-
stimulated GLUT-4 translocation (Palanietlal., 2006). The results also showed that
resistin regulates the function of IRS-1 and AK#yldown-regulating production and
tyrosine phosphorylation of IRS-1. In another stugyolonged exposure of rat
skeletal muscles cells to resistin resulted in ele®ed GLUT-4 translocation and
reduced glucose uptake in response to insulin (fang-qi et al., 2007). These
reports are in agreement with previous studieso(Set al., 2004; Stepparet al.,
2001) demonstrating the possible role of resisinaapotential direct regulator of

glucose homeostasis in rodents.
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However in direct contrast, Way and co-workers stabihat resistin gene expression
was significantly decreased in adipose tissue wvérsg different murine models of
obesity including ob/ob, db/db, tub/tub, and KKAyce compared with their lean
counterparts (Wawgt al., 2001). Surprisingly, resistin expression was asoreased
in obese mice and increased in ob/ob mice and Zudidetic fatty (ZDF) rats in
response to PPAR-agonists. This outcome raises serious questiomsecning some
of the previous reports since it has previouslynblegoothesised that one of the ways
thiazolidinediones exert their effect is throughwdioegulation of resistin expression.
The precise mechanism however by which PRA&tivation by thiazolidinediones

improves insulin sensitivity is still unclear.

Levy and colleagues reported that there was nereéifice in resistin expression in the
epididymal fat pad of Fischer 344 rats, a modehgé induced insulin resistance,
compared with age-matched, insulin-sensitive SpraDawley rats (Levyet al.,
2002). Initial reports by Steppahal., in experimental animals indicated that resistin
gene expression increases with adiposity and wighlin resistance (Steppanal.,
2001). In this regard, resistin gene expressiothéinsulin-resistant, obesity-prone
Fischer 344 rats should be higher than in Spraguel&y rats, however this is not the
case. This outcome clearly shows that resistin bt play a role in the insulin
resistance characteristic of young Fischer 344 wdigh raises further questions

about the physiological role of resistin.

Degawa and co-workers demonstrated that resistoeipr is present in human
adipose tissue and blood, and that there is sogmfly more resistin in the serum of
obese subjects compared to lean subjects (Degawechi et al., 2003). This
finding supports previous observations on resigtiRNA expression and suggests
that resistin expression in adipose tissue is abauation from both adipocytes and
other cells in the tissue. This outcome is alscagneement with a report which
indicated that resistin protein was present in badipocytes and stromal vascular
cells of the adipose tissue (McTerraml., 2002b).

In as much as the study by Degawa-Yamauchi ancamlles used two different
techniques to examine resistin protein in humae; garameters used in the study

appear to be inconsistent and raises questionseoretiability of the study outcome.
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For instance, the investigators compared lean dede individuals of profoundly
different ages and gender distribution. The leasugrhad a mean age of 33 £ 2 yr
compared with 47 + 1 yr in the obese group. Agatesl changes in insulin resistance
have previously been described with glucose toteramown to deteriorate with age
(Boden et al., 1993). It is possible that similar changes mayugrice resistin
expression, an issue that was not properly addiessem these reports, puzzling
guestions can be raised on the expression and e@dation of adipose resistin, and
thus on its physiological function.

The regulation of hepatic gluconeogenesis is aroitapt process in the adjustment
of the blood glucose level, and pathological changethe glucose production of the
liver are a central characteristic in T2D. Undermal circumstances, insulin inhibits
hepatic glucose production when plasma glucosddamerease. Resistin has been
shown to attenuate this effect of insulin by promgptincreases in plasma glucose
concentration (Rajalat al., 2003). This is a key step of resistin involvementhe
pathophysiology of T2D since the rate of hepatiecgheogenesis is considerably
increased in patients with T2D compared with cdnéudjects, thereby contributing
significantly to the fasting hyperglycaemia in détds (Accili, 2004) In another
study, resistin was reported to induce insulinstasice, but did not affect glucose
output in rat derived hepatocytes (Liu Festgl., 2008). Resistin was also shown to
attenuate insulin-stimulated glycogen synthesispsphorylation of IRS, protein
kinase B/Akt, GSK-3 as well as markedly inducing gene and protein expression of
SOCS-3, a known inhibitor of insulin signalling é¢ppanet al., 2005; Niederwanger
et al., 2007).

Metformin is a commonly used antidiabetic drug know decrease hepatic glucose
production. Therefore, it would be expected thatfommin, an insulin-sensitizing
drug would have a down-regulatory effect on resistipression in adipose tissue as
resistin has been shown to increase hepatic gluoogeut (Museet al., 2004;
Rangwalaet al., 2004). In one study, metformin treatment was regubto improve
hyperglycaemia and hyperinsulinemia in obese dials#t/db mice; however results
also unexpectedly showed that resistin protein esgon in adipose tissue was

increased by metformin treatment (Fugtaal., 2002). This is in sharp contrast to the
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proposed inflammatory role of resistin function @®posed by Steppan and co-

workers.

Conversely, mice lacking the adipocyte hormonestesiexhibit low blood glucose
levels after fasting, due to reduced hepatic glequeduction, suggestive of a normal
physiological role for resistin in glucose homessta(Banerjeeet al., 2004).
Identification of resistin receptor and signallipgthways that mediate its action and
analysis of the phenotypes resulting from deletiorover-expression of resistin in
transgenic mice will help to further define thelbgical roles of this adipokine. The
regulation of resistin thus still remains a subjettcontroversy, in particular, the
guestion of its modulation in obesity emerging froomtradictory results. Debate thus
still exists regarding the role of resistin in tha&thophysiology of insulin resistance.
Further studies are needed to determine the modeegilation and biological

functions of resistin and whether it is an effe@bmsulin resistance in obesity.

1.8. Visfatin and beta cell function

1.8.1. Visfatin: Origin and structure

Visfatin also known as pre-B cell colony-enhancfagtor (PBEF) or nicotinamide
phosphoribosyltransferase (Nampt) is a novel adimkhat is highly expressed in
visceral fat and up-regulated in obesity and T2@r(Btet al., 2005; Cheret al.,
2006). It was during a search for novel cytokirkelmolecules secreted from human
peripheral blood lymphocytes that visfatin wastfidentified as PBEF (Samat al.
1994). The visfatin gene encodes for a 52 kDa settreytokine composed of 491
amino acids that acts as a growth factor for estdge B cells, even though it lacks a
signal peptide (Samat al. 1994).

However it was after visfatin was reported as aceral fat-derived adipokine
implicated in the development of obesity-associatedlin resistance and T2D that
the molecule drew much attention (Fukuhetral., 2005). In this report, visfatin was
shown to be up-regulated during adipocyte diffeegion and detected in cell culture
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media and plasma. The Fukuhatal., Science article has since been retracted on the
basis that some preparations of visfatin did notdbihe insulin receptor in their
experiments. Subsequent studies have however eslveatlditional biological
activities that suggest both intracellular as vasllextracellular localization of visfatin
(Rongvauxet al., 2002; Revollaet al., 2007b).

In addition to adipocytes, visfatin is expressedmnany other tissues, where it has
been linked to a variety of functions such as mflaatory responses and inhibition of
apoptosis (Jiat al., 2004). Most notable is the expression in skeletascle, liver,
and immune cells hence it is likely that theseuiss whose function is altered in
obesity, may be responsible for lower levels ofdating visfatin in obesity (Samal
et al., 1994). Previous reports have raised questionsdempthe clinical relevance of
visfatin, as it is ubiquitously expressed in diffet cell types (Jieet al., 2004;
Ognjanovic and Bryant-Greenwood, 2002; Ctadl., 2006; Rongvauxt al., 2002).
However, recent studies support the view that tisfes a true adipokine that is
clearly expressed and secreted by human adipo@ytederet al., 2006a; Kralisclet
al., 2005a and Pagambal., 2006)

The crystal structure of visfatin relating to itazgmatic function in nicotinamide
mononucleotide (NMN) biosynthesis from nicotinamideas previously been
determined (Kimet al., 2006). The crystal structure of visfatin/nampt ache
demonstrates that the protein belongs to the domeasiass of type i
phosphoribosyltransferases (Waat@l., 2006; Kharet al., 2006; Kimet al., 2006)

1.8.2. Visfatin: proposed biological function

Visfatin is an adipokine that has been proposepharticipate in glucose homeostasis
due to its reported glucose-lowering effect. Itiyiavisfatin was thought to have
insulin mimicking functions, stimulating glucoseiligaition in peripheral tissues;
however the precise mechanisms have not been didlyidated. A previous report
which as previously illustrated has since beeraotdd suggested that visfatin binds
to insulin receptor at a distinct site from thatimgulin (Fukuharaet al., 2005) while
other studies reported no effect (Revolb al., 2007b). This study sought to
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investigate whether the reported insulin-like etfecan be observed in clonal rodent

pancreati@-cells.

Research on visfatin is ongoing and various rolasticue to emerge. Until now,
visfatin has been shown to exert three distinaviiets of vital importance to cellular
function. Within the cell and possibly outside t&dl, visfatin functions as an enzyme
commonly referred to as intracellular nicotinamigéosphoribosyl transferase
(iINampt) that catalyzes the rate-limiting step immmalian nicotinamide adenine
dinucleotide (NAD+) biosynthesis (Rongvaebal., 2002; Van der Veesat al., 2005).
Visfatin has been shown to induce the productiothefpro-inflammatory cytokines
IL-1B, IL-6 and TNFe in human monocytes (Moschet al., 2007). Therefore,
visfatin appears to be a multifunctional proteitiragz as a hormone, cytokine, and/or

enzyme.

As previously illustrated visfatin is abundantlypegssed and secreted by adipocytes
however the reported insulin mimetic activity ofstladipokine remains controversial.
The effects of visfatin are not restricted to gkedomeostasis. As illustrated in the
previous paragraph, visfatin has been reportedad to increased levels of cytokines,
whereas insulin does not show cytokine-inducinga#f, suggesting that induction of
cytokines by visfatin may be mediated by engagenwnunidentified receptor
(Moschenet al., 2007; Stephens and Vidal-Puig, 2006). It is alessfble that there
may be no visfatin receptor at all and visfatinegobe an enzyme. Further studies of
visfatin's physiological role may lead to new irgg)into glucose homeostasis and

new therapies for metabolic disorders such as thabe

NAD+ has been known for several decades as a clasgnzyme with a well-
established role in cellular redox reactions. Asstrated previously, Nampt has both
intra- and extracellular forms in mammals. Intradat Nampt (iNampt) is an
essential enzyme in the NAD biosynthetic pathwaylevthe extracellular form of

this protein has been reported to act as an adipoki

Visfatin’'s enzymatic activity was originally reped in 1957 however it was until
2001 that the gene encoding Nampt was first idedtiin Haemophilus ducreyi
(Preiss and Handler, 1957; Marghal., 2001). Recent progress in the field of NAD

biochemistry has fuelled new interest in the NADdynthetic pathways with several
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lines of evidence implicating this activity in aoad range of biological functions.
Reports from recent findings have indicated thatmmals predominantly use
nicotinamide rather than nicotinic acid as a precufor NAD+ biosynthesis. Nampt
is the rate-limiting enzyme that catalyzes thegfanof a phosphoribosyl group from
5-phosphoribosyl-1-pyrophosphate to  nicotinamide,orming  nicotinamide
mononucleotide (NMN) and pyrophosphate (Revalaal., 2007a; Revolloet al.,
2007b). NMN is then converted to NAD+ by nicotinami mononucleotide
adenylyltransferase ((NMNAT).

A
Nicotinamide \N l{\ J\ N>

HO  OH HO  QOH

Figure 1.7 (Garten et al., 2008): Visfatin actions in the NAD+ biosynthetic
pathway. Nampt)/Visfatin synthesize NMN from nicotinamide & mammalian
NAD+ biosynthetic pathway. The rate-limiting stepthe biosynthetic pathway is the
transfer of a phosphoribosyl residue from 5-phosgplosyl-1-pyrophosphate (PRPP)
to nicotinamide catalyzed by Nampt to produce NMMXe NMN produced is then
converted to NAD by Nmnat.

Different cells utilize different strategies to nealAD+. In mammals, tryptophan,
nicotinic acid and nicotinamide are three majorcpreors for NAD+ biosynthesis
(Magni et al., 1999; Rongvawset al., 2003). Tryptophan is an essential aromatic
amino acid whose role as an a NAD+ precursor was$ $uggested by nutritional

studies which showed that diets supplemented withtdphan were able to cure
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human pellagra (Krehkt al., 1945). Pellagra is a disease characterized by a
nicotinamide deficiency. Quinolinic acid (2, 3-pdine dicarboxylic acid) reacts with
5-phosphoribosyl-1-pyrophosphate (PRPP) in thegmes of magnesium ions to give
rise to nicotinic acid mononucleotide (NaMN). Tleaction is catalysed by quinolinic
acid phosphoribosyltransferase (QPRTase) (Nishiatka., 1963). NaMN is then
converted to desamido-NAD (NaAD) by a nicotinic cacimononucleotide
adenylyltransferase (NaMNAT). The NaAD is finallgroverted into NAD by a NAD
synthase (NADS) (Preiss and Handler, 1958; Mapali., 1999).

1.8.3. Visfatin function and link to obesityand T2 D

Visfatin is an endocrine, autocrine as well as pama protein with many functions
including enhancement of cell proliferation, bio#hesis of nicotinamide mono- and
dinucleotide and hypoglycaemic effect (Somraeal., 2008). Visfatin has also been
shown to exert insulin mimetic and pro-inflammateffects, also functioning as an
intracellular enzyme to produce NAD (Rongvaaial., 2002; Moscheret al., 2007).
The observation that visfatin has insulin-mimetiadtions has raised the hypothesis
that a dysregulation of the activity of this molecmay contribute to the metabolic
syndrome and diabetes. The multiple effects ofatiisf has been proposed to be
achieved by its role as an intra and extracellMlAD biosynthetic enzyme (Revollo
et al., 2007a; Revollat al., 2007b)

Visfatin expression and plasma concentrations @stantially increased with obesity
in animals and humans (Berngttal., 2005). It has been shown that visceral fat is
considerably reduced through weight loss after rewersible surgical procedures e.g.
gastric banding (Pontirokt al., 2002). However dietary approach as a solution to
combating obesity is unsatisfactory since it isanplex, multi-factorial chronic
disease involving environmental, genetic and mdiammmponents. Reduction of
visceral fat would thus be linked to downregulatmhvisfatin levels. In one study
visfatin concentration levels were shown to be eased in extremely obese
individuals (BMI >40). However the elevated plasmasfatin and leptin
concentrations were reportedly reduced after weligbd by gastric banding surgery

(Haideret al., 2006c). This suggests that visfatin may be inwblire the beneficial

52



effect of weight loss and subsequent improvemennilin resistance. Adiponectin
concentration which is suppressed in obese stateslvawn to be increased. The
changes reported in leptin and adiponectin areistams with previous studies (Van
Dielenet al., 2002; Yanget al., 2001).

In contrast to this, a separate study reported thassive weight loss after
gastroplastic surgery in obese patients was accoeghdy an increase in circulating
concentrations of visfatin (Krzyzanowslea al., 2006b). This finding is consistent
with results of Pagano and co-workers who founduced visfatin plasma

concentrations in obese subjects compared withdabjects (Pagana al., 2006).

After the retracted report by Fukuhaggal., regarding insulin mimetic activity of
visfatin, many research papers have been publisheithe topic, with controversial
findings. In humans, plasma levels of visfatin wlyend to be elevated in subjects
with visceral-fat accumulation and T2D and alsaviomen with gestational diabetes
(Chenet al., 2006; Hammarstedit al., 2006; Krzyzanowskat al., 2006a). It was
consequently hypothesized that visfatin could @ayle in the regulation of insulin

sensitivity in humans and possibly link obesitytsocomplications.

In vitro studies showed that visfatin treatment@ased glucose uptake in adipocytes
and osteoblasts bearing resemblance to the aatioimsulin with enhanced tyrosine
phosphorylation of insulin receptor, IRS-1 IRS-@dakt (Moscheret al., 2007; Xie

et al., 2007). These reports indicate that the reguladioglucose uptake, by visfatin
in human adipocytes and osteoblasts involves msekeptor phosphorylation which

is the same signal-transduction pathway used hylims

The relationship between visfatin and obesity iwdéner controversial. In one study,
it was reported that plasma visfatin and mRNA eggi@n in subcutaneous fat were
positively correlated with adiposity (Bernetal., 2005) while another study reported
a markedly higher visfatin / PBEF expression wassent in visceral fat, compared
with subcutaneous fat (Fukuhaghal., 2005). In contrast, Pagano and co-workers
showed that, in human obesity, plasma visfatin @admRNA in subcutaneous
adipose tissue were significantly lower in obesbjextts, compared with normal-

weight controls however higher visfatin mRNA waslirid in visceral adipose tissue
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of obese subjects, compared with lean controlsgesigng a divergent regulation of
visfatin in different fat depots (Pagasaial., 2006).

The findings obtained by Fukuhaet al. may be different due to the limited
observations as only two subjects groups were dersil. Subsequent studies have
shown a high variability of visfatin / PBEF expressin adipose tissue which is a
possible explanation of this discrepancy in theorepfrom the different groups. In a
previous study, enzymatic function of visfatin wslsown to require dimerization
hence it may circulate as a dimer in human seruim & al., 2006; Revolloet al.,
2007a). This may have implications on the immunigialgdetection as well as
biological actions of visfatin. Differences in thjealitative and quantitative detection
of visfatin by immunoassays need to be considemedlinical association studies of
visfatin, obesity and diabetes due to possibleetkfices in the specificity of the
immunoassays applied. This may help explain thdlicing observations that have

previously been reported.

Subsequent clinical studies have confirmed the cason between visfatin and
diabetes with certain reports showing that circotatvisfatin is increased with
progressive 3-cell deterioration (Chetral., 2006; Dogruet al., 2007; Lopez-Bermejo
et al., 2006; Varmaet al., 2007). These studies also showed that visfatimighly
expressed in subcutaneous fat of lean and morérirsansitive subjects however this
observation is attenuated in subjects with higlamiocellular lipids, low insulin
sensitivity and high levels of inflammatory markef$he link between visfatin and
beta-cell function is further emphasised by repant$icating regulatory effect of
glucose and insulin on visfatin concentrations umlans (Haideret al., 2006a).
Findings from this study showed that circulatingfatin concentrations are increased
by hyperglycaemia; however this effect was supmessby exogenous
hyperinsulinaemia or somatostatin infusion. Glucegmalling for visfatin release

was also reported to involve the PI3-kinase/AKThpaty.

It has been suggested that visfatin is also regaldéty hormones known to alter
insulin sensitivity and pro-inflammatory adiposested factors. In one study,
visfatin mMRNA expression in 3T3-L1 adipocytes waggicantly down-regulated by

growth hormone (GH), tumour necrosis factor-alpAi@&NK-o) and R-adrenergic
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agonist isoproterenol (Kraliso#t al., 2005b). GH has long been known to potently
antagonize insulin action on insulin sensitive uess such as muscle, fat and liver
(Frank, 2001) while several studies have shown TiN-o potently induces insulin
resistance with the serum levels of TMRAcreased in human and murine obesity
(Peraldiet al., 1996). These reports suggest a direct regulatfoniséatin mRNA
expression by insulin resistance-inducing hormdahasmight constitute an important
element in the pathogenesis of obesity relatedimsesistance. This further supports
the view that visfatin might be an interesting nasandidate linking core components

of obesity and insulin resistance.

The increase in visfatin expression is not unifannall models of obesity. Although
visfatin has been reported as having insulin-likelijies, there is no data to indicate
that serum concentrations change acutely or innayafter eating especially glucose
rich diet. The evidence of a direct link betweesfafin genotype and human T2D is
thus still weak and more molecular, physiologicadl @linical studies are needed to
determine the role of visfatin in the aetiology apathogenesis of T2D. Precise
understanding of physiological and molecular adiaf visfatin will lead to the
discovery of effective therapeutic intervention.vidbmanipulations which promote
visfatin signalling and function may be promisingragegies to attenuate the
inflammatory pathways in th@-cells and ultimately reduce the progression of

obesity-related insulin resistance.

As the list of adipokines continues to grow, it llee€ome apparent that factors that
control the production of adipokines vary accordioghe species under study thus
future work will require elaborate approaches irimah models and especially

humans to elucidate the biology of adipokines dit impact on diseases.
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1.9. Aims of this study

The molecular mechanisms underlying the link betweleesity and T2D have been
elusive. It is therefore important to charactetize mechanisms of insulin resistance
associated with obesity in order to develop effectherapeutic approaches to T2D.
An accumulating body of evidence suggests thatainfhation may play a crucial
intermediary role in pathogenesis, thereby linkidmbetes with a number of
commonly coexisting conditions thought to originatarough inflammatory
mechanisms. In this regard, substantial amounkpé®mental evidence suggest that
resistin and visfatin, two adipokines that are higixpressed in obese and diabetics
compared to normal and lean individuals are assatiaith hyperglycaemia, insulin

resistance, and overt T2D.

Cross-sectional investigations have provided catirfiy reports on the role resistin
and visfatin may play in inflammation and aetiologyf T2D. Additional
experimentation is thus required to shed more laghtesistin and visfatin physiology
and pathophysiological role.

The aim of this study was therefore to investighteeffect of the adipokines visfatin
and resistin on beta-cell function and regulatidrkey genes involved in glucose
homeostasis. This involved assessing the abilitgodmbinant resistin and visfatin to
directly alter insulin secretion in clonal pancredieta-cells and to investigate the
effect of resistin and visfatin on insulin receptpression and activation, MAPK

signalling and beta-cell viability.
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Chapter 2

Materials and Methods
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2.1. Materials

For equipments, kits, reagents and materials, pleas e refer to Appendix 1

2.1.1. Cell lines

The rat clonal pancreatic BRIN-BD11 cells were # fyjom Professor Peter Flatt,

University of Ulster, Coleraine, Northern Irelarhdk.

The clonal mouse pancreafid C-6 cells were purchased from the American Type
Culture Collection (ATCC) collection (LGC PromochgbK).

2.1.2. Antibodies

Actin Santa Cruz Biotechnology Inc.
Goat anti rabbit IgG HRP Autogen Biocl@dK) LTD
Insulin receptor antibody Abcam (UK) LTD
Insulin receptor (phosphor Y972) antibody AbddsK) LTD
Phospho MAPK (ERK1/2) Cell sigimg technology Inc
MAPK (ERK1/2) eCsignalling technology Inc
Visfatin antibody AbcdK) LTD
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2.1.3. Buffers

2.1.3.1. Preparation of 5X Sample loading buffer

250 mM TrisHCI pH6.8
10% SDS

30% Glycerol

5% B-mercapitalethanol
0.02% bromophenol blue

2.1.3.2. Protein extraction buffer

20mM Tris
150mM NaCL
1mM EDTA
1% Triton X

2.1.3.3. Running buffer (1X)

Tris-Glycine-SDS PAGE Buffer (10X)
Distilled water

2.1.3.4. Transfer buffer (1X)

Tris-Glycine Electro-Blotting Buffer (10X)
Methanol

Distilled water

2.1.3.5. Blocking solution

BSA (Bovine Serum Albumin)

Tris buffered saline-Tween 20
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12.5ml
10g
30ml
5ml
52ml

100ml
900ml

100ml
200ml
700ml
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2.1.3.6. Tris buffered saline (TBS) 10X

Tris Base 24.229
NaCl 80g
Water 986ml
HCL (Absolute — add in the hood) 14ml
pH 7.6

2.1.3.7. Tris buffered saline with tween 20 (TBS-tw  een)

10X Tris buffered saline 100ml
Distilled water 900ml
Tween 20 500ul

2.1.3.8. Cell lysis buffer

(20 mmol/l Tris,

150 mmol/l NaCl,

1 mmol/l EDTA,

1% Triton X,

Protease inhibitor cocktail

Phosphatase inhibitor
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2.2. Cell culture

2.2.1. General tissue culture for Brin-BD11 and  BTC-6 cells

The insulin-secreting refi-cell line BRIN-BD11 cells and moudglC-6 cells were
cultured in RPMI 1640 medium supplemented with 18 mlucose, 10% foetal
bovine serum, 2 mM L-glutamine, 100 U/ml penialand 10Qug/ml streptomycin.
The cells were seeded at 3 x°X&lls per flask and maintained in 175cwented
tissue culture flask in humidified incubator at°G7in 5% CQ and 95% air
atmosphere and routinely passaged upon attainiff &nfluence (determined by
microscopic inspection). All cells used in expemtsgewere between passages 25 to
45.

2.3. Cell Treatment

2.3.1. Cell Viability Assay and Cell Death Assay

Cell viability was determined using CellTiter 96 A€bus One Solution Cell
Proliferation Assay (MTS) kit. The cells were plteut at a density of 2 x 1@ells
per well in a 96-well plate and grown overnight attach. The cells were serum
starved and then treated with various doses oftresiisfatin and NMN for 24, 48
and 72 hours. For 48 and 72 hour experiments,nieyat media was supplemented
with 1% serum since the R3-cells are particularlysgéve to oxidative stress resulting
from withdrawal of survival factors in serum. Uparompletion of treatment,
treatment media was aspirated and replaced withl1®Ofresh serum free media. 20
pl of MTS reagent was added into each well of tGev@ll assay plate and incubated
for further 2 hours. The absorbance at 510 nm waerded using an ELISA plate
reader. The percentage of the absorbance of trezksl was calculated against

untreated cells.

To determine cell deatf}TC-6 cells were seeded at a concentration of 2*xcéls

per well, in a 96-well cell culture plates contagiRPMI 1640 medium supplemented
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with 10% foetal calf serum, 2 mM L-glutamine, pellic (400 1U/ml) and
streptomycin sulphate (20@y/ml) overnight to attach. The cells were theratied
with different concentrations of resistin for 48un® in serum depleted media to
ensure serum depletion induced cell death. Uponptaian of treatment, treatment
media was aspirated and replaced with 100ul ohfsesum free media. 20 pl of MTS
reagent was added into each well of the 96-welyagtate and incubated for further

2 hours. Absorbance was read at 510.

2.3.2. Cell Count

Cells were seeded at an initial density of 1 X d@lls per flask in a 25chwvented

tissue culture flask and grown overnight to attathe cells were then treated with
recombinant resistin (20ng/ml and 40ng/ml) in RPMMO serum free media and
cultured in a humidified incubator at ®7in 5% CQ and 95% air atmosphere for 24
hours. After completion of treatment, the cells evérypsinized and centrifuged at
500g for 5 minutes. Cell pellet was re-suspendddesh culture media and cell count

conducted using a Coulter counter.
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2.4. Real Time RT-PCR studies

2.4.1. Primer Design

All primers were designed using the reference secpien the NCBI Nucleotide
sequence database. Specificity of all primer sedseveconfirmed using melt-curve

analysis and sequencing where appropriate.

Primer Strand Primer Sequence

Mouse Actin Sense GCTGTATTCCCCTCCATCGTG
Anti-sense] CGTCCCAGTTGGTAACAATGCC

rat GAPDH Sense GGAGTCTACTGGCGTCTTCA
Anti-sense] ATGAGCCCTTCCACGAT

Mouse Insulin receptor Sense AATGGCAACATCACACACTACC
Anti-sense] CAGCCCTTTGAGACAATAATCC

Mouse GcgR Sense TTGGCGATGACCTCAGTGTG
Anti-sense] AACCAGCAATAGTTGGGTATGATG

Rat resistin Sense AGAAGGCACAACCGTCACT
Anti-sense] CCGCTGTCCAGTCTATGCT

Mouse visfatin Sense GCCTCCTGGATTTTCTCTTTG
Antisense | AACAATACCCACCCAACACAA

Table 2.1 All the primers were supplied by VH Bio Limited,KUexcept for rat
GAPDH and rat visfatin which was supplied by Pribesign Ltd, Southampton, UK.
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2.4.2. Total RNA extraction and quantification

Beta-cells were treated with resistin or visfator 24 hours in serum free media
supplemented with 11mM glucose. After treatmeng, ¢blls were collected, washed
in ice cold PBS and centrifuged at 300g for 5 mesutPelletted cells were re-
suspended in 17b of SV RNA cell lysis buffer and passed throug2kguage
needle to shred high molecular weight DNA. @866f SV RNA Dilution Buffer was
added to the 1718 cell lysate and mixed by inversion. The solutiwas then placed in
a heat block at 70°C for 3 minutes and thereafemtrfuged at 14,000g for 10

minutes at room temperature before being transféoa fresh eppendorf.

20Qul of 95% ethanol was added to the lysate, and tigitty mixed using a pipette.
The solution was then transferred to a silica membrspin column assembly and
centrifuged at 14,0009 for 1 min. The spin baskas wemoved from the assembly
and the run through solution discarded. The spskétawas then replaced and GDO
of SV RNA Wash Solution added to the spin columd eantrifuged at 14,0009 for 1
min. The collection tube was emptied and DNasedtment performed.

60Qul of SV RNA Wash Solution was added to the spiruool and centrifuged at
14,000g for 1 min. The collection tube was emptad 250/ SV RNA Wash
Solution added and centrifuge at 14,0009 for furtheninutes. The cap from the spin
tube was removed by twisting and the spin baskeisterred to 1.5 ml elution tube.
95ul of nuclease free water was directly added tontfenbrane, ensuring complete
cover of the surface. This was centrifuge at 149000 1 minute. The spin basket was
removed and discardedul=of RNase inhibitor was added to the collected RNAe
collected RNA quantified and stored at -80°C.

Quantification of total RNA was performed using @&gqunant technology by
measuring absorbance of at 260/280nm. Sample absmb concentrations and
260/280 ratios were recorded. Only samples withte > 1.7 were used, any ratio

below this mark was discarded.
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2.4.3 mRNA Reverse Transcription

1ug of total RNA in each sample was reverse tramsdrusing the cDNA Synthesis
Kit in a 50ul reaction volume containing nucleaseefwater, AMV RT buffer,
Oligo(dtys primer, dNTP mix and avean monoblastoma virus (AMM¥verse
transcriptase for 1 hour at 4D The resulting cDNA was stored at °20

2.4.4. SYBR® Green Real time RT-PCR studies for gene

expression analysis

The real-time RT-PCR reactions were performed usiiegiCycler Real-Time PCR
Detection System. Reaction volumes used were 2&pthning 5ul of diluted cDNA
(1 in 2 dilution), 1ul of each pair of primers, flSuclease free water and 12.5ul of
SYBR Green Mastermix. Two housekeeping genes (Aatml GAPDH) were
amplified in separate reaction to normalize resullsnorm software was used to
analyse the data hence the reason for selecting Aod GAPDH as housekeeping

genes. Thermal cycling conditions included:

95° C for 1 minute (initial denaturing)
95°C for 30 seconds
58°C for 30 seconds
95°C for 30 seconds

72°C for 10 minutes (final extension)

Each sample reaction was run in triplicate and esgion quantified as the number of
cycles (G) after which fluorescence exceeds the backgrobreshold minus the C
for the housekeeping contrahCr). The RT-PCR statistical analysis was performed
using student T test for two group comparisons amalysis of variance (ANOVA)
for multiple comparisons. The relative expressienels were calculated by the

formula 222°", comparing treatment samples and untreated cosarmples.
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2.4.5. Analysis of gene expression profiles using R T2
Profiler™ PCR Array

The expression profiles of selected target genesifspto diabetes was investigated
using Mouse Diabetes RT? Profiler™ PCR Array. Thieckntains primers for 84
genes involved in beta cell function and T2D; plualls for negative controls and
four housekeeping genes which were used to norentllis data. Total RNA of the
treated samples (resistin and visfatin treated)wariceated control was extracted and
guantified spectrophotometrically as describedaatisn 2.4.2. cDNA synthesis and
preparation to the array were done in triplicatel@scribed in section 2.4.3. Reactions
were all performed using the iCycler Real-Time PD&ection System in 96-well

reaction plates. Thermal cycling conditions incldide

95° C for 1 minute (initial denaturing)
95°C for 30 seconds
58C for 30 seconds
95°C for 30 seconds

72°C for 10 minutes (final extension)

Results were analysed using a spreadsheet antdygidate provided by the supplier
(SABioscience Corp). For each set of triplicaté® mean value for each gene was
determined and used to calculate the fold-change=atnent versus untreated
control). Relative gene expressions were calculatedising the 22! method, in
which Ct indicates the fractional cycle number vehdre fluorescent signal reaches
detection threshold.
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2.5. Western Blot and protein work

2.5.1. Protein extraction (whole cell extracts) for expression

studies

B-cells were treated in serum-free media with th&irdd concentration of resistin or
visfatin for 24 hours. Following experimental tme&nts, media was aspirated and
collected. Cells in the flasks were washed oncé w#-cold PBS and collected. Total
cellular protein was extracted from untreated aedtéd cells for 1 h at 4 °C in a
detergent based cell lysis buffer (for preparati@ier to section 2.1.3.8). Samples
were then spun at 13000g for 10 minutes®at 4nd supernatant collected for protein
guantification assay and Western blot analysis. ddikected protein was quantified
using a proprietary protein quantification kit ([p@tein assay; section 2.5.3) and 5X
sample loading buffer was added (for preparati@ferrto section 2.1.3.1) after
quantification. The mixture was immediately boil@d95C for 5 minutes to reduce

and denature the protein. Samples were stored%E htil use.
2.5.2. Cell Lysis/Protein Extraction for signalling studies

Cells were cultured in six-well plates overnight dtiach prior to treatment. After
attaining confluence the cells were pre-incubatederum free media for four hours
after which the various treatment compounds wenmimidtered directly into the

media. Upon completion of treatment, the cells wesshed in ice-cold PBS and
lysed in ice-cold cell lysis buffer (for preparatjaefer to section 2.1.3.8). The cells
were scraped off the plates and transferred tgpanoariate eppendorf tube. The cell
suspension (cells and lysis buffer) was collected eentrifuged at 13000g for 10
minutes. The supernatant was then collected foteproguantification assay and

western blot or ELISA analysis.
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2.5.3. DC Assay Protein Quantification

Protein content in cell lysates was determinedgusiie DC Protein Assay Kit (Bio-
Rad). The concentration of the unknown protein dampvas determined by
comparing the absorbance at 690 nm to the stanclamce prepared using BSA
(Bovine Serum Albumin) protein standards. All saegpivere quantified in triplicate

and averages used in quantification.

2.5.4. SDS-PAGE and Western Blot Analysis

For Western blot analysis equal amounts of sokdxliproteins (40ug) were resolved
by SDS-PAGE using running buffer (for preparatigefer to section 2.1.3.3) at 200V
for 1 hour. The percentage resolving gel used vesrohined based on the size of
protein analysed (8 to 12%). The proteins were ttransferred to nitrocellulose
membranes in transfer buffer at 100V for 1 hour {fceparations, refer to section
2.1.3.4). All membranes were stained with Ponceauréiein staining solution to
assess transfer efficiency. The membranes were washed in distilled water to

remove the Ponceau-S stain and air-dried overnight.

To reduce non-specific antibody binding, the niglbdose membranes were blocked
with 5% bovine serum albumin (BSA) dissolved in F8%&en (TBS-T) for 1 hour at
room temperature. The membranes were then incubatedprimary antibody (of
protein under investigation) dissolved at the resgliconcentrations in 1% BSA
overnight at 4°C. After incubation, the membranesensubjected to two 5 minute
washes in TBS-T. Bound antibodies were detectethtybation with HRP labelled
secondary antibody for 1 h at room temperature. meenbranes were then washed
five times for 5 min each, in TBS-tween and expostml Enhanced
Chemiluminescence (ECL+) detection solution for Butes. The membranes were
viewed using Storm® Phosphorimager using blue léseneasure fluorescence at
600mV.
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2.5.5. MAPK Activation Assay

Activation of the MAPKs ERK1/2 and p38 was analyssthg a proprietary phospho-
specific ELISA kit (RayBio® Cell-Based ELISA Sampl&it). 30,000 cells were
seeded into each well in a 96 well plate and intedbéor overnight at 3T, 5% CG.
The cells were then serum starved for 4 hours eated with 200ng/ml visfatin,
100pM NMN and 100nM Phorbol 12-myristate 13-acet@®lA). The detection
reagents were added to cells grown and attached%6-well plate. The plate was
incubated overnight at 4°C, which gives the besed®n of target protein. After
incubation, plate contents were discarded and whdghémes. 100l of detection
antibody was added to each well and sealed witk &aqul the plate incubated for 1
hour at 37°C. The plate was again washed 4 timé&¥ullof 3,3,5,5-
tetramethylbenzidine (TMB) substrate was addedaithevell and sealed with tape
and the plate incubated for further 10 minutes7aC3or 30 minutes at 25°C. 400of
stop Solution was then added to each well withlgestiaking and absorbance read at
450 nm

2.5.6. Insulin Receptor Activation Assay

Activation of the insulin receptor was analysedngsa proprietary phospho-specific
ELISA kit (RayBio® Cell-Based ELISA Sampler Kit)000 cells were seeded into
each well in a 96 well plate and incubate for oighthat 37C, 5% CG. The cells
were then serum starved for 4 hours and treated watrious concentrations of
visfatin (50ng/ml, 200ng/ml and 500ng/ml) and 10mdulin as positive control. The
detection reagents were added to cells grown atadhetd to a 96-well plate. The
plate was incubated overnight at 4°C, which givesliest detection of target protein.
After incubation, plate contents were discarded avakhed 4 times. 1Q0 of
detection antibody was added to each well and deal¢h tape and the plate
incubated for 1 hour at 37°C. The plate was agashed 4 times. 1@0 of TMB
substrate was added to each well and sealed with dad the plate incubated for
further 10 minutes at 37°C or 30 minutes at 25°@ul of stop Solution was then
added to each well with gentle shaking and absadeasad at 450 nm
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2.6. Determination of insulin secretion

To determine the effect of resistin on insulin séon, glucose responsive clonal
rodent pancreatic beta-cell line BRIN-BD11 was usdte cells were plated out at a
density of 2 x 1fcells per well in a 96-well plate and incubate@might in RPMI-
1640 tissue culture medium supplemented with 10%afocalf serum, 100 iu/ml
penicillin and 10Qug streptomycin to attach. The cells were subsefuaerated with
0, 20 and 40ng/ml resistin for 24-hours in seruee flRPMI. After treatment, the cells
were immersed in serum free RPMI media containi24®@M glucose for 1 hour and
then stimulated with 22mM glucose for another 1rhdthe media from this last
treatment was collected and assayed for insulitecdrusing a proprietary Rat insulin
ELISA (Mercodia, Sweden).

For visfatin and NMN, glucose responsive clonalemdpancreatic beta-cell line
BTC-6 cells were pre-incubated at°@7for 1 hour in 2.25mM glucose. After pre-
incubation, the medium was removed, and cells werded with visfatin in 2.25mM

glucose for 1 hour. For high glucose study, thésaskre pre-incubated in 2.25mM
glucose and then treated with visfatin in 22mM gk for 1 hour. After incubation,
the treatment medium was collected and centrifugfeti3,000g for 5 minutes. The
supernatant was collected and assayed for insahteat using a proprietary Mouse
insulin ELISA (Mercodia, Sweden). The effect of NMdh insulin secretion was

determined using the same procedure as visfatin.

70



2.7. Statistical analysis

Statistical analysis was performed using the Grap@PPrism software Version 4.0
(GraphPad Software, San Diego) and Microsoft EXO€13 (Microsoft Corporation,
WA), based on the mean values of independentlyodemred experiments. Data were
presented as meantSEM of treated samples compardtet untreated control.
Significant differences between treatment and cbmalues were determined by the
2-tailed student t-test and 1-way ANOVA with Tulsegost-test.
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Chapter 3

Regulation of beta-cell line viability

by visfatin and resistin
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3.1. Introduction

Pancreati@-cells have a dense capillary network, which i®e8al for the necessary
provision of nutrients to allow for accurate glueaensing, and to disperse hormones
to the systemic circulation (Virtanest al., 2008). In response to glucose sensing,
sufficient B-cells are required to maintain normal glucose eatrations, as
demonstrated by the development of diabetes wpa@ell mass is decreased
surgically or byp-cell toxins (Goodneet al., 1989, Kjemst al., 2001).

The ability to preserve or enhangecell mass and function would thus have
important therapeutic implications. The relatiopsHietween insulin resistance,
deficient B-cell mass, and impaired insulin secretion is gpitlorly understood
however. This is partly because it is still not fibke to asseg’-cell mass in vivo in
humans due to difficulty in obtaining pancreatisstie, since the tissues are only

available from a deceased organ donor (Bonner-8/e2000).

Regulation of3-cell mass is largely a balance betwg@erell replication and apoptosis
(Butler et al., 2003). Developing new ways to replenish the defic-cell mass in
diabetes is vital to new and successful therapsgoing research is aimed at
regeneration of insulin producing cells by triggerthe body to grow its own nefiv
cells either by neogenesis or replication of emgstones or by islet transplantation
(Lipsett and Finegood, 2003; Shapaal., 2006).

Hypertrophic adipocytes have been shown to pro@xcess secretory factors which
alter p-cell function (Guerre-Millo, 2004). Recently, \agin has been reported to
exert beneficial functions on glucose and lipid abelism, as well as insulin
sensitivity (Sunet al., 2009) while resistin has been shown to exhibilammatory
properties (Steppaet al., 2001). Viability of pancreati@-cells and isolated islets is
one of the main obstacles limitifigcell adaptation in times of stress. The purpose of
this study was to investigate the effects of resiand visfatin on cell viability of

clonal pancreati@-cells.
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3.2. Materials and methods:

Details of materials and methods used in the exparis for this chapter can be found

in chapter 2
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3.3. Results

3.3.1. 1. The effect of resistin on  B-cell cell viability over 24

hours

Figure 3.1.1 shows the result of 24-hour treatmenBTC-6 cells with resistin.
Incubation with resistin significantly increaspetell viability at 5, 10 and 20 ng/mi
but not at concentrations higher than this. Theease was maximal at 10 ng/ml

(45% increase compared to control; p<0.05).
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Figure 3.1.1 Resistin increases BTC-6 cell viability at physiological
concentrations.  Cell viability was determined using modified MTSsay. The
results show a marked difference with the low cotredion reported in lean non-
diabetics (20ng/ml) causing an increase in celbilitg while high concentration
associated with obesity and diabetes (40ng/mlehoiting any increase compared to
control. The values represent means and standandarthe mean (SEM). *40.05
using ANOVA and Tukey's multiple comparison test tbe comparison between

untreated and resistin treated cells. (n = 5).
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3.3.1.2. The effect of resistin on

hours

To assess whether the increases in cell viabikgnsin Figure 3.1.1 were due to
proliferative changes in thBTC-6 cells, a total cell count was carried out. sThi

B-cell cell number over 24

technique showed that the number of cells sigmfigaincreased after 24-hour

incubation with 20ng/ml resistin compared to unedacells (p<0.05). This increase

might initially appear modest at only about 20% paned to untreated cells, but as

the treatment period was only 24-hours this isl siil interesting finding. This

suggests that resistin promotion of cell viabiigyat least in part through increased
cell proliferation. However since this increasec&il number is not as drastic as the

marked increase in viability illustrated in Figusel.1, it is possible that there could

be other mechanisms by which resistin promotewcatiility.
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Figure 3.1.2 Resistin increases
count determined using a Coulter counter. The exyeet was repeated three times. *

p<0.05 using ANOVA for the comparison between ungdand resistin treated cells

(n=3).
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3.3.1.3. The effect of resistin on serum-depletion induced -

cell death

To determine whether resistin can profgcklls against serum depletion induced cell
death, mous@TC-6 cells were cultured with or without resistior 48 hours. Sub-
confluentBTC-6 cells were treated with a range of resistincemtrations (0-40ng/ml)
in serum deprived media. As expected, serum witharaver 48 hours triggered cell
death of thgdTC-6 cells however resistin did not exert any prowe effects from cell
death induced by serum depletion at any of the eatnations tested.
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Figure 3.1.3 Resistin does not protect BTC-6 cells from serum-depletion
induced cell death. BTC-6 cells were cultured in varying concentratidrresistin
(5 to 40ng/ml) for 48 hours. After incubation, vidly of the cells was measured
using modified MTS assay. The results show thastiasdid not have any protective
effects from serum depletion induced cell deatk ). SD=serum depletion without

resistin; control= complete media; SD+5, 10, 20a88 40=doses of resistin
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3.3.1.4. The effect of resistin on  B-cell cell viability over 48

hours

The previous results showed that resistin promtesl| viability by limited increase

in proliferation but without attenuating cell deaffo further explore the long term
effects of resistin, viability of th@-cells over 48 and 72 hours was determined. As
illustrated in Figure 3.1.4., the effect of resistin cell viability declined after 48
hours with a slight non-significant increase andl &ng/ml in cell viability and a non-
significant downward trend in cell viability witmereasing resistin concentrations

compared to basal.
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Figure 3.1.4 Resistin treatment has no significant effect on cell viability

over 48 hours. The cells were treated with resistin for 48 houms media
supplemented with 1% serum and cell viability deieed using modified MTS
assay. Thep-cells are particularly sensitive to oxidative sferesulting from
withdrawal of survival factors in serum, for thisason treatment medium for tpe

cells was supplemented with 1% serum for long tetundy (48 and 72 hours) (n = 5).
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3.3.1.5. The effect of resistin on  B-cell cell viability over 72

hours

Further treatment with resistin over 72 hour penesllted in non-significant increase
in cell viability of BTC-6 cells at 1, 5 and 10ng/ml and a non-significdownward
trend in at 30 and 40ng/ml. This result shows firatonged exposure to resistin has

no significant effect in promoting survival of theouse3TC-6 cells.
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Figure 3.1.5 Resistin treatment results in a non-si  gnificant increase in

cell viability after 72 hours . BTC-6 cells (1 x 1bcells per well) were plated in a
96 well plate. The cells were treated with resigd0ng/ml) for 72 hours in medium
supplemented with 1% serum and cell viability deieed using modified MTS

assay. Results are expressed as percent relatoantml cells in serum-free medium
(n=5).
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3.3.1.6. The effect of 24-hour exposure to low visf  atin

concentration on B cell viability

The effect of visfatin at low circulating conceritoas onpTC-6 cells was tested.

Exposure of the cells to visfatin at low circul@tioconcentrations for 24 hours did not
induce any significant effect in cell viability. €hresults show that visfatin treatment
at levels similar to those found in circulation ther promotes nor attenuates cell

viability of the-cells over 24 hours.
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Figure 3.1.6 Visfatin has no effect on BTC-6 cell viability over 24 hours.
BTC-6 cells (2 x 16 cells per well) were seeded out in 96 well anciteed with
visfatin for 24 hours. Cell viability was determthaising modified MTS assay.

Results are expressed as percent relative to ¢aedis in serum-free medium (n=5).
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3.3.1.7. The effect of 48-hour exposure to low visf  atin

concentrations on B-cell viability

Treatment o TC-6 cells with visfatin for 48 hours at concenas from 0O to
50ng/ml resulted in no significant effect on cadhility of BTC-6 cells.
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Figure 3.1.7 Low visfatin concentration does not pr omote cell viability
over 48 hours. BTC-6 cells (1 x 10 cells per well) were plated in a 96 well plate
and treated with visfatin for 48 hours in mediagaemented with 1% serum. Results

are expressed as percent relative to control ceisrum-free medium (n=>5)
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3.3.1.8. The effect of 72-hour exposure to low visf  atin

concentrations on B-cell viability

Subsequent treatment with visfatin over 72 hourogeresulted did not have a
significant effect on cell viability ofTC-6 cells. This result shows that prolonged

exposure of the cells to visfatin does not pronsoieival of the mouspTC-6 cells

— 140
o
£ 120-
S )
:6’100- $ I ) I z I
2 80
£ 60
S 401
>
= 20
o
01— ' ' ' '

O 4 X O B ®© @
Visfatin (ng/ml)

Figure 3.1.8 Effects of visfatin on cell viability of BTC-6 cells over 72
hours . BTC-6 cells (1 x 1bcells per well) were plated in a 96 well plateeTdells
were treated with visfatin for 72 hours in mediagemented with 1% serum and cell
viability determined using modified MTS assay. Resare expressed as percent

relative to control cells in serum-free medium (h=5
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3.3.1.9. The effect of 24-hour exposure to high vis  fatin

concentrations on B-cell viability

Circulating visfatin concentration has been shoange from 0.4ng/ml in healthy
children (Haideret al., 2006b) to 90ng/ml in gestational diabetes (Krzymeska et
al., 2006a) with other studies proposing a possibl&drigconcentration as there is
only one ELISA test kit for visfatin that is presigncommercially available (Phoenix
Peptides, Karlsruhe, Germany). A higher concemtnatf visfatin compared to low
circulating concentration has also been proposesl tduthe dramatic elevation of
visfatin levels in the visceral adipose tissue bege mice (Sethi and Vidal-Puig,
2005). Exposure of cells to high concentrations of visfatin for 24rdsulted in a

gradual decrease in cell viability with a signifitalecrease observed at 500ng/ml.
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Figure 3.1.9 \Visfatin decreases BTC-6 cell viability at high
concentrations. PTC-6 cells were plated in a 96 well plate and ae#bility
determined using modified MTS assay. Results apressed as percent relative to
control cells in serum-free medium (n=5). The valuepresent means and standard

error of the mean (SEM). ** denotes significant(.01)
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3.3.2.0. The effect of 48-hour exposure to high vis  fatin

concentrations on B-cell viability

To further investigate the long term effect of higsfatin concentrations, the mouse
cells were exposed for 48 or 72 hours to varyimghhgoncentrations of visfatin in
treatment media supplemented by 1% serum. A relgtiwarked effect was observed
when thep-cells were exposed to these elevated levels aweger time episodes.
Unlike 24h, both 400 and 500ng/ml treatments sigaiftly reduced viability of th@

cells.
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Figure 3.2.0 Visfatin decreases BTC-6 cell viability at high
concentrations over 48 hours. BTC-6 cells were treated with visfatin for 48
hours in medium supplemented with 1% serum, anidvedbility determined. There
was a significant decrease in cell viability at centrations of 400 and 500ng/ml. The
values represent means and standard error of tla f®EM). * p<0.05 and **
p<0.01 using ANOVA and Tukey's multiple comparisorsttéor the comparison
between untreated and visfatin treated cells. (n=5)
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3.3.2.1. The effect of 72-hour exposure to high vis  fatin

concentrations on B-cell viability

The exposure of th@TC-6 cells in long-term culture to elevated levelssisfatin for
72 hours resulted in significant reduction in egdlbility. There was no effect on cell
viability between 100 to 300ng/ml however a sigrafit decline was evident at 400

and 500ng/ml treatment compared to untreated dontro
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Figure 3.2.1 Visfatin decreases BTC-6 cell viability at high
concentrations over 72 hours . BTC-6 cells (2 x 10cells per well) were plated in
96 well plate. The cells were treated with visfafior 72 hours in medium
supplemented with 1% serum, and cell viability deieed using modified MTS
assay. There was a significant decrease in cdiilitiaat concentrations of 400 and
500ng/ml. ** p<0.01 using ANOVA and Tukey's multiple comparisosttéor the
comparison between untreated and visfatin treat#sl. ¢n=5).
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3.3.2.2. The effect of 24-hour exposure to NMN on  B-cell
viability

To further address the mechanism by which elevieegls of visfatin regulatg-cell
viability, the role of NMN (a product from the vafn enzymatic reaction) on
viability of the B cells was assessed. The cells were cultured fdra2ds in serum
free media with various treatment concentration®NBfN. As for 48 and 72 hours,
treatment media supplemented with 1% serum in Hserece or presence of NMN
was used. The results show that NMN did not infagethe viability of the3TC-6
cells and parallel experiments performed over 48 @2 hours demonstrated that

longer term exposure to NMN by itself has no infloep cell viability.
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Figure 3.2.2 NMN did not have any effect on beta ce |l viability over 24
hours. BTC-6 cells (2 x 1bcells per well) were plated in a 96 well plateeTdells
were treated with NMN for 24 hours, and cell vidhildetermined using modified

MTS assay as previously illustrated (n=5).
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3.3.2.3. The effect of 48-hour exposure to NMN on  B-cell
viability

To further evaluate the long term effects of NMN fpell viability, the cells were
subjected to treatment over 48 hour period. ExposffTC-6 cells to NMN for 48
hours resulted in a small but non-significant daseeviability of the beta cells at

highest concentration.
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Figure 3.2.3 Exposure to NMN results in a non-significant decrea  se B
cell viability over 48 hours.  BTC-6 cells (2 x 1bcells per well) were plated in a
96 well plate. The cells were treated with NMN #& hours in media supplemented
with 1% serum, and cell viability determined usingdified MTS assay as previously
described (n=5).
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3.3.2.4. The effect of 72-hour exposure to NMN on  B-cell
viability

72 hour treatment of NMN treatment resulted in alsivut non-significant decrease
viability of the beta cells at 100nM.
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Figure 3.2.4 Exposure to NMN results in a non-significant decrea  se B
cell viability over 72 hours . BTC-6 cells (2 x 1bcells per well) were plated in 96
well plate. The cells were treated with NMN for f@urs in media supplemented with
1% serum, and cell viability determined using miedif MTS assay as previously
described. (n=5).
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3.4. Discussion

The capacity offf-cell mass to increase in the face of insulin tasise is very
important top-cell function because it prevents or delays theebonf T2D (Del Prato
et al., 2004). Proliferation of pancreafiecells is a major event in the development of
B-cell mass, thus there is considerable interesinoherstanding the mechanisms that
stimulate pancreatic islet cell growth and diffdraton. Little is known about the
capacity, mechanisms, or timing of growthpitell mass in humans and animals. In
as much as numerous advances have been made, gag®in understanding the

developmental biology of thgcell remain to be elucidated.

Varieties of hormones, growth factors, metaboli@sd cytokines have been
implicated in the regulation of pancregticell viability (Saldeen, 2000). To evaluate
the direct effects of resistin ghcell viability, serum-starved cells were treated 24
hours with increasing concentrations (0 to 40nghiesistin. For the duration of 24
hour treatment, as has been reported in a puldicdtased on this study (Broveh
al., 2007), resistin promotes cell viability in clonalouse pancreatiTC-6 cells.
This observation is supported by two studies infeer@ént cell type which showed
that resistin promotes cell activation, prolifesatiand migration in endothelial cells
(Vermaet al., 2003; Muet al., 2006).

The maximal stimulatory effects of resistin of w@p4t5% onBTC-6 cell viability was
achieved at concentration of 20 ng/ml (P <0.019aspared to the untreated control,
which is comparable with the clinical plasma levefsresistin in lean non-diabetic
subjects (Fujinamét al., 2004; Yannakouliat al., 2003). A higher dose of 40 ng/ml
which is the reported concentration in obesity drabetic patients (Fehmarah al .,
2002; Zhanget al., 2003) did not promote viability as compared to thdreated
control (P >0.05). These data in Figure 3.1.1 sfiypsuggest that resistin is involved
in B-cell survival and confirm the effect of resistim @ontinued existence of
pancreatic-cells. Based on these observations, it is possitde at the lower and
more ‘physiological’ levels, resistin may act abeda-cell growth factor maintaining
beta-cell mass from stress induced by excessivenadation of fat in adipose tissue.
However at the much higher ‘pathological’ concetndras, the observed proliferative
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effect diminishes, potentially suggesting that theotective effective could be

defective in times of elevated serum resistin cotredions.

Studies in rodents have shown that there is a cosgpery increase if-cell mass in
response to insulin resistance or obesity (BonneirVét al., 2000). Thus the
stimulatory effect of resistin illustrated abovegllights the potential role of this
adipokine inp-cell survival. Clinically, this is a vital noveinding since protection of
pancreatic B-cells from stress and inflammatory induced cellatteis key to

developing successful therapeutic interventions.

The mode of action by which resistin exerts itseetffon p-cell viability is still
unknown. The possibility that increase in viabiligquired induction of proliferation
and / or decrease in cell death was considereds iFhilne next series of experiments,
the effect of resistin on cell death and total celimber was determined. The results
show an increase in cell number after 24 hour nmeat with 20ng/ml resistin
compared to untreated control and no effect regyltiom 40ng/ml treatment. The
increase resulting from 20ng/ml resistin treatmeas by a small margin of only 20%
compared to control. This is not sufficient to sirstthe cell survival in comparison
with the trend observed in Figure 3.1.1 betweercentrations of 5 to 20ng/ml. This
implies that resistin may be promoting viability téfe p-cells by increase in cell

number and a different mechanism.

B-cell death was induced by the removal of surviaators that accompanies serum
withdrawal. Serum starvation is a widespread waykimodel for inducing cell death
and apoptosis in different cell types (Granettal., 2004). As expected, culture of
BTC-6 cells in medium devoid of serum led to a mdrkell death over 48 h (Figure
3.1.3). However, the extent of this response waseduced when the cells were also
exposed to resistin at various concentration ranfdsto 40ng/ml during the period
of serum withdrawal. Resistin did not exhibit anmptective effects confirming that
reduction inp-cell death was not required for the observed nespan viability
(Figure 3.1.1) and therefore doesn’t protect frgpoposis at least in this model of
cell death.
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It is vital to note that resistin expression isregulated in the obese insulin resistant
state in the adipose tissue of rodents and hum&tepgan and Lazar, 2004;
McTernanet al., 2002b), suggesting that this adipokine may proadghysiological
adaptation by improving survival of tifecells as they cope with increased insulin
demand. Irrespective of the mechanisms involved,study together with concurrent
studies involving other cell types (Vernsaal., 2003; Muet al., 2006) has revealed
that resistin has the unique capacity to promosbility via different pathways in
pancreati@-cells even though it is regarded as an inflamnyataoolecule.

The effect of resistin on cell viability of th@cells over the long term was also
examined. Resistin did not have any effectetell viability over 48 and 72 hours.
The time course study reveals that resistin pradnsurvival of theé-cells in serum
deprived media during the 24 hour episode howeweetfect diminished over the 48
and 72 hour periods. The observed effect over 24shis physiologically important
because if cellular stress is not delayed or ebwed or cells fails to recover from the
stressful insult, apoptosis ensues (Dorghtd., 1999).

Visfatin has only recently been discovered as aipokthe, and as such, its
physiological and/or patho-physiological role iretf-cells is only beginning to
emerge. In this study, the effects of a range afceatrations of visfatin on the
viability of mouseBTC-6 cells were evaluated. Two concentration ravge® used:
a set of concentrations mirroring that seen inutatton (0 to 50ng/ml) and a higher
range of concentrations (100 to 500ng/ml) represgntvhat might be seen in
localised tissue where visfatin is secreted. The Vasfatin concentrations did not
elicit any effect on the viability of thp-cells (Figure 3.1.6, 3.1.7. and 3.1.8.). This
suggests that low circulating concentrations ofatis are not physiologically vital in

B-cell survival.

Treatment with the high visfatin concentrationsutes] in a significant decrease in
viability of the B-cells. The modified MTS assays revealed that elbility was
significantly impaired if3TC-6 cells after 24h, 48h and 72h treatments (Bdut.9,
3.2.0. and 3.2.1.). The elevated visfatin concéintia may in part mimic the situation
in type 2 diabetes where [3-cells are already iedubty various stressful conditions

such as exposure to high cytokine concentrationoaiathtive stress (Robertsehal .,
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2004; Akerfeldtet al., 2008). In one previous study, circulating visfatias shown to
be increased with progressive beta-cell deterimmaflLopez-Bermejcet al., 2006).
The observations outlined in this study (Figure.®.13.2.0. and 3.2.1) might be
directly correlated to these previous reports amdp ito illustrate the negative
regulatory influence of high visfatin concentragoon thep-cells in obese and T2D
states. The precise mechanisms involved in thistayic action of visfatin remain to

be defined, but are probably multifactorial.

One major highlight is the decline in cell survivad a result of the high visfatin
concentration range used and time episode empldyedn the results illustrated in
Figure 3.1.9, 3.2.0 and 3.2.1, treatment with dkvdevels of visfatin is more potent
in decreasing cell viability over longer period trhe. There was no effect with
400ng/ml visfatin over 24 hours; however a sigmificdecrease (p < 0.05) in viability
of the B-cells was observed with this concentration (406mpafter 48 and 72 hours.
Based on these observations, it is conceivablegi@bnged exposure of [3-cells to
elevated concentrations of visfatin as observetienobese state may lead to reduced

survival and subsequepcell dysfunction.

Visfatin has recently been shown to exhibit robNstD+ biosynthetic activity with
NMN acting as a key intermediate (Revodoal., 2004). To investigate whether the
observed effects of visfatin was via the productodrNMN, the effect of NMN on
cell viability was investigated. As illustratedfigure 3.2.2, 3.2.3 and 3.2.4 NMN did
not have any effect on cell viability of tifecells both in the short term (24 hours) and
long term (48 and 72 hours) suggesting that visfatay elicit this effect through a
different and yet to be identified pathway. Thigyhtibe a cell specific effect as NMN
has been shown to upregulate cell viability in pates cancer cells (personal
communication Dr J Brown, University of Warwick)inBe visfatin receptor is yet to
be identified its mode of action remains elusivev&sing the deleterious effects of
elevated visfatin concentrations and understangliogsible mechanism of action

could thus prove a vital tool in improvirigcell function.
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Chapter 4

Gene expression profiling of

cultured clonal pancreatic  B-cells
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4.1. Introduction

The expression of functional and regulatory genggpdncreaticB-cells is vital to
maintaining glucose homeostasis and ensuring secretff sufficient insulin in
response to glucose to meet the metabolic demaysieBulation of any of thg-cell
specific genes could result in alterationg+oell differentiation, survival and insulin
secretion, all of which are potentially implicatedthe onset of T2D (Kutlet al.,
2009).

The adipose tissue is now known to be a centrgleplen the pathogenesis of insulin
resistance associated with obesity (Kershaw aret,Rl004). Circulating adipokines
regulate the function of pancreatfcells at multiple levels: Adiponectin has
previously been shown to rescue fheells from cytokine and fatty acid-induced
apoptosis (Rakatat al., 2004) and play a key role in mediating insuling&sice in

the B-cells (Retnakaraet al., 2005) while leptin has been shown to suppresdimsu
secretion by the activation of ATP-sensitive K+ mhels in pancreatic beta-cells
(Kieffer et al., 1997). Chronic exposure to elevated levels of@dies is thus likely

to modulateB-cell function over the longer term and eventuéltyng about adaptive

changes in gene expression. Regulationpafell and adipocyte specific gene
expression is one of the most important targetsttier prevention of obesity and

amelioration of insulin sensitivity (Shephesital., 2009).

The aim of this study was to assess the effediefatipokines resistin and visfatin on
the expression profile of genes involved in obegitgell function and onset of T2D.
To do this, mousgTC-6 cells were exposed for 24 h to resistin ofafis. The
expression profile of the related genes was andlyr@ng Mouse Diabetes RT?2
Profiler™ PCR Array Kkit.
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4.2. Materials and methods:

Details of materials and methods used in the exparis for this chapter can be found

in chapter 2

4.3. Results

4.3.1. Effects of resistin on gene expression profi  le in mouse

BTC-6 cells

RT-real time PCR array analysis of transcripts egped ilp3TC-6 cells exposed to
resistin resulted in altered patterns of gene esgioa. A total of 84 gene transcripts
were analysed. Upon analysis of the regulatedgjelfegenes were identified which
were significantly up-regulated while 5 genes wsignificantly downregulated.
Table 4.1 shows details of the genes that wereifsigntly altered after resistin
treatment. A list of all the gene transcripts asaty but which were not significantly

altered by resistin treatment can be found in Apipe@.1.

Description Fold Change p value
Ace 1 Angiotensin-converting enzyme -1.382 0.0015B8
CD28 CD28 antigen 1.447 0.00295
Cytotoxic T-lymphocyte-associated
Ctlad protein 4 3.102 0.0287
Foxc2 Forkhead box C2 2.297 0.0345
G6pc Glucose-6-phosphatase, catalytic 1.350 0.00101
G6pd2 Glucose-6-phosphate dehydrogenase 2 3.102 070®m0
Gceg Glucagon -1.047 0.0392
Glycerol-3-phosphate dehydrogenase 1
Gpdl (soluble) 3.102 0.0310
HNF4a Hepatic nuclear factor 4 1.047 0.0457
116 Interleukin 6 1.447 0.0261
Inppl1 Inositol polyphosphate phosphatase-like 192. 0.0381
Ins1 Insulin | 1.023 0.0443
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Mapkl14 Mitogen-activated protein kinase 14 2.297 0108
Mapk8 Mitogen activated protein kinase 8 2.297 293
Pax4 Paired box gene 4 -1.414 0.0528
6-phosphofructo-2-kinase/fructose-2,6-
Pfkfb3 biphosphatase 3 17.549 0.00962
Phosphatidylinositol 3-kinase catalytic
Pik3cd delta 31.269 0.0260
Retn Resistin -1.259 0.000656
Solute carrier family 2 (facilitated glucose
Slc2a4 transporter),member 4 2.701 0.0352
Stx4a syntaxin 4A (placental) 17.549 0.00582
Tcf2 Transcription factor 2 32 0.000214
Vamp3 Vesicle-associated membrane protein 3 -6.349 0.0269
Vegfa Vascular endothelial growth factor A -4.702 .01m3

Table 4.1 RT-PCR array data for p-cells treated with resistin . Gene

Expression Analysis of resistin treat§fd C-6 cells using Mouse Diabetes RT?2
Profiler™ PCR Array. Analysis of differential exgsgon was performed using the
spreadsheet provided by the array company. Significlifferences between the
treatment and the control samples were analyzeld aviR-tailed student t-test (p<
0.05, n = 3). Values represented are average fudaige for significantly regulated
gene compared with non-treatment control (p<0.@)28, Ctla4, Foxc2, G6pc,
G6pd2, Gpdl, HNF4a, 116, Inppll, Insl, Mapkl4, Maplketkfb3, Pik3cd, Slc2a4,
Stx4a, Tcf2 genes were significantly upregulateddsistin treatment whilst Ace 1,
Gcg, Pax4, Retn, Vamp3, Vegfa genes were signifigalownregulated compared to

control cells.
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4.3.2. Schematic representation of resistin regulat ion of

insulin sensitivity based on the results from PCR a rray study
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Figure 4.1 Effect of resistin on mRNA expression of Mapk8, Inppll and
IL-6 and potential downstream effects in insulin si gnalling pathways. The
phosphorylated insulin receptor binds to and phospates IRS proteins, which
inturn phosphorylates various downstream signatirgjeins. Of critical importance
is PI3K which makes PI(3,4,5)P3 from PI(4,5)P2 ugtimulation. Increase in Inppll
MRNA by resistin could potentially result in decsed PI(3,4,5)P3 synthesis and
inhibit the actions of downstream molecules e.g/RKB and subsequent decrease in
glucose uptake. Mapk8 has been shown to increasseiiiRe phosphorylation. Up-
regulation of Mapk8 by resistin could thus promdids effect and subsequently
reduce IR tyrosine phosphorylation which inturn ateaes Glut-4 translocation. The
same effect is observed with IL-6 has also beemvslto inhibit Glut-4 translocation.
Key: IR=insulin receptor, IRS=isulin receptor subtt, PI3K=Phosphatidylinositol-3
kinase, PIP3= phosphatidylinositol triphosphate

97



4.3.3. Effects of visfatin on gene expression profi  le in mouse

BTC-6 cells

RT-real time PCR array analysis of 84 genes wa®peed to reveal genes regulated
by visfatin. It is evident that visfatin treatmesignificantly alters the expression
patterns of genes involved in inflammation, inchglproinflammatory cytokines and
genes associated with obesity, insulin secretimgylin resistance and the early onset
of T2D. Comparison of differentially expressed gebetween the visfatin treated cell
samples and untreated controls indicated thatad tdt12 genes were significantly
altered (p<0.05). The details are illustrated irbl€a4.2. A list of all the gene
transcripts analysed but which were not signifigaaltered by visfatin treatment can

be found in Appendix 2.2.

Description Fold Change p value
Ace 1 Angiotensin-converting enzyme -3.732 0.0157
Akt2 Protein kinase B, beta 24.251 0.000668
CD28 CD28 antigen 97.006 0.00251
Carcinoembryonic antigen-related cell
CeaCam | adhesion molecule pseudogene 1 -2.828 0.0178
DPPIV Dipeptidyl-peptidase 4 1.0968 0.0751
HNF4a Hepatic nuclear factor 4 16 0.0118
Ins1 Insulin | 8.979 0.0369
Mapk8 Mitogen activated protein kinase 8 -1.122 380
Nuclear factor of kappa light chain gene
Nfkb1 enhancer in B-cells 1, p105 40.317 0.0189
Peroxisome proliferator activated receptor
PPARa alpha -1.259 0.0434
Stx4a Syntaxin 4A (placental) 17.549 0.0352
Tcf2 Transcription factor 2 32 0.00313
UCP2 Uncoupling protein 2, mitochondrial -1.289 @9
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Table 4.2 RT-PCR array data for B cells treated with visfatin . Gene
Expression Analysis of visfatin treated mo@3&€-6 cells using Mouse Diabetes RT?
Profiler™ PCR Array. The Superarray system compénedelative levels of mRNA
expressed iBTC-6 cells with or without visfatin treatment. Agals of differential
expression was performed using the spreadsheetdprb\by the array company.
Significant differences between the treatment dedcontrol samples were analyzed
with a 2-tailed student t-test (p< 0.05, n = 3).I0és represented are average fold
change for each gene compared with non-treatmemiraio Akt2, CD28, DPPIV,
HNF4a, Ins1, Nfkbl, Stx4a, Tcf2 mRNA was signifidgrupregulated upon visfatin
treatment whilst Ace 1, CeaCam, Mapk8, PPARa, UQER2es were significantly
downregulated.
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4.3.4 Schematic representation of visfatin regulati  on of insulin

secretion based on the results from PCR array exper  iments
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Figure 4.2 The role of visfatin in the regulation o  f insulin secretion. The
potential pathways involved in visfatin inducedulis secretion are schematically
depicted. Loss of HNF4-function has previously been shown to result suced
insulin secretion via Krp channel activity. Upregulation of HNF#-mRNA by
visfatin highlights a possible pathway of visfatmduced insulin secretion. UCP2
proteins have been shown to impair mitochondrialPAJeneration and alteralé
channel activity with subsequent reduced insulored@n. Down-regulation of UCP-
2 mRNA by visaftin illustrates a potential pathwaywhich visfatin promotes insulin
secretion. A similar effect is observed with deseshPPARx mRNA. Insulin gene
transcription is a vital regulatory process in iisibiosynthesis, a process which
precedes insulin secretion. TCF2 / HNF-is known to be involved in transcriptional
regulation of the insulin gene and the observedegse in TCF2 and insulin mRNA

by visfatin illustrates possible involvement offaisn in this process.
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4.3.5 Schematic representation of visfatin regulati  on of insulin

sensitivity based on the results from PCR array exp  eriments
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Figure 4.3 Schematic illustrations of genes regulat ed by visfatin and
potential effects on signaling pathways of insulin and glucose uptake.
Akt2/PKB, a downstream molecule of PI3-kinase hasrbimplicated in insulin-
signaling pathway and known to regulate GLUT-4 ficking. Akt2 mRNA
upregulation by visfatin illustrates a possiblehpay by which visfatin regulates
glucose uptake. Mapk8 activation has been shownbdoinvolved in serine
phosphorylation of IR and subsequently reducedstge phosphorylation of IR and
glucose uptake. The observed reduced transcri@iivity of this molecule by
visfatin highlights a possible pathway by whichfats improves insulin sensitivity.
Syntaxin 4 (Stx4a) knockout mice have previouslerbeshown to have reduced
insulin-stimulated glucose uptake with parallelueiibn in GLUT-4 translocation.
This highlights the role of this protein in glucobemeostasis and the observed
upregulation by visfatin demonstrate a potentiaghpay in visfatin regulation of

GLUT-4 vesicle trafficking and glucose uptake.
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4.4. Discussion

In this study, the gene expression profile of clamause pancreatif-cells treated
with resistin and visfatin was examined using teak PCR array. It is evident that
treatment offTC-6 cells with both visfatin and resistin leads up-regulation or
down-regulation of a number of genes involved imnal transduction and
inflammation, including pro-inflammatory cytokinesnd genes associated with
secreted factors and transcription activity. Therent results provide novel
observations that may help to define the underlynudecular pathways by which the
adipokines resistin and visfatin may contributeotmesity-related changes pacell

function and alterations that may result in insuésistance and onset of T2D.

Elevated serum resistin in human diabetes and todmbetic models is often
associated with inflammation (McTernahal., 2002a). The pro-inflammatory nature
of resistin is more evident from the ability of theotein to stimulate the production of
inflammatory cytokines including TNE-and IL-12 (Silswakt al., 2005). The present
study shows that treatment @fcells with 40ng/ml resistin resulted in up-regidat
of iL-6 mMRNA expression by 1.447 fold (p=0.0261), @servation which implicates
this adipokine in potential inflammatory responsethe p-cells. Interestingly, the
concentration eliciting this response is associatith obesity, T2D and inflammatory
response (Fehmaret al., 2002; Zhanget al., 2003). This observation is clinically
significant as elevated levels of C-reactive protg€RP) and IL-6 have previously
been shown to predict the development of type bales (Pradhaet al., 2001).
Interleukin-6 also induces insulin resistance iN3&L adipocytes (Rotteet al.,
2003). Conversely, IL-6 has also been shown toeptopancreatig-cells from
inflammatory cytokines-induced cell death (Clbal., 2004). It is thus possible that
the promotion of cell viability of beta cells bysistin as observed in Figure 3.1.1
could be mediated by upregulation of IL-6 mRNA. Flnighlights a possible dual
function of IL-6 in resistin activity.

The signalling pathways involved in resistin-inddigesulin resistance are still poorly

understood. The present study demonstrates thatimesreatment significantly
upregulated Mitogen-activated protein kinase 8 (mene also known as c-Jun N-
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terminal kinase 1 (JNK-1) by 2.297 fold (p=0.032&mpared to control. Mapk8 is
known to affect insulin signalling and has been liogted in the progression of
obesity and T2D in humans (Hirosumst al., 2002). In one published study,
knockdown of Mapk8 / JNK1 gene expression by siRbBignificantly increased
GLUT-4 translocation in human embryonic kidney selLiu et al., 2009) hence
MRNA upregulation would be expected to elicit opfmsffect. Mapk8 has also been
previously reported to mediate fatty acid-inducetlutar insulin resistance (Solinas
et al., 2006) which further illustrates the molecule’s andole in responding to
activation by environmental stress and pro-inflananacytokines. The involvement
of Mapk8 as a negative regulator of the insulimalling and its up-regulation by
resistin in theB-cells highlights a possible pathway by which resisaduces insulin

resistance.

Among the metabolic enzyme-related genes, it igwotthy that resistin increased
the expression of mMRNAs for glucose-6-phosphatgdielyenase (G6pd2) by 3.102
fold (p=0.00706) and Glucose-6-phosphatase (G6pc)l.850 fold (p=0.00101).
G6pc is a key gluconeogenic enzyme which catalyaeshydrolysis of glucose-6-
phosphate to glucose and inorganic phosphate (Maaiddl., 1993). Overexpression
of the glucose-6-phosphatase has previously beewrshto attenuate glucose
sensitivity of insulin secretion in clonal mousenpgeatic beta cells (lizuket al.,
2000) suggesting that resistin could have long teffiects on3-cell function through
this observed effect on G6pc. Up-regulation of GGp&RNA by resistin as
demonstrated in this study could potentially indeoeymatic activity of glucose-6-
phosphatase and disrupt glucose stimulated inssdiaretion. This association
highlights a possible pathway by which resistin ndigrupt beta cell secretory
function (Nakateet al., 2007).

Glucose-6-phosphate dehydrogenase is one of the IADPH-producing enzymes
which catalyzes the oxidation of glucose-6-phosph#d 6-phosphogluconate
(Pandolfiet al., 1995). Overexpression of G6pd has previously tstewn to result
in obesity induced lipid metabolism disorders andulin resistance (Par& al.,
2005). Metabolic diseases including T2D are closaslgociated with a failure of lipid
homeostasis, however molecular mechanisms undgrlipid metabolism disorders

have not been clearly understood (Kahn BB and Hier 2000). G6pd expression
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levels in thep-cells may thus be a promising indicator of obes#lated insulin

resistance and defects in insulin secretion ariBimy fatty acid toxicity. Resistin has
previously been shown to induce insulin resistangeancreatic islets and also impair
glucose-induced insulin release (Nakataal., 2007). The presently observed up-
regulation of G6pd mMRNA by resistin in the R-celgy represent a pathological
pathway by which resistin mediates insulin resistathe beta cells and defects in

insulin release.

The inositol polyphosphate phosphatase-like 1 (ppgene encodes for the Lipid
Phosphatase SHIP2 which negatively regulates msidgjnalling by disrupting PI3-
kinase pathway (Ishihaet al., 1999; Clemenét al., 2001; Marionet al., 2002). PI3-
kinase functions as a lipid kinase producing PI&BR from PI(4,5RB upon
stimulation by a variety of ligands (Hilest al., 1992; Stephenst al., 1993). PI
(3,4,5)R acts as a lipid second messenger often after tacsfimulation to activate
downstream molecules, including Akt which resuttsranslocation of GLUT-4 to the
plasma membrane (Stephetal., 1993; Rameh and Cantley, 1999; Saltiel and Kahn,
2001). Lipid Phosphatase SHIP2 has previously lskemwn to hydrolyze PI(3,4,5)P
to produce PI(3,4)R in effect disrupting the PI3 kinase pathway aredatively
regulating insulin signalling (Ishihastal., 1999; Sleemast al., 2005).

Resistin up-regulation of Inppll mRNA was by 2.19§4=0.0381) and is thus
significant in unravelling the mode of action andgative regulation of insulin
signalling in the beta and skeletal muscle celi®vidus studies have shown that
prolonged exposure of resistin to skeletal muselés agesults in decreased GLUT4
translocation and glucose uptake in response tdim@alanivelet al., 2005; Faret
al., 2007). In the beta-cells, Lipid Phosphatase SHi&2been demonstrated to be a
negative regulator of the PI3K signal transductmathway; with enhanced Akt,
glycogen synthase kinase 3 (GSK3) and extracelki¢aral-regulated kinases 1 and 2
(ERK1/2) phosphorylation in INS1E cells observedloiwing SHIP2 inhibition
(Grempleret al., 2007). The inhibitory role by resistin to the et of insulin in the
beta cells and other target tissues involves digmmf PI3 kinase activity and it is
interesting to speculate that Inppll may be an mand gene in regulating resistin
activity on insulin’s metabolic actions, as many tbém require the downstream

products of P13 kinase.
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6-phosphofructo-2-kinase/fructose-2, 6-biphospleaBagPkib3) is a potent activator
of phosphofructokinase-1 (PFK-1), which is a rateiting enzyme of glycolysis
(Pilkis et al., 1995; Okaret al., 2001). In the present study resistin significantpy
regulated Pfkb3 mRNA by 17 fold. This observatiaghtights the involvement of
resistin in regulation of glucose metabolism. Cleann the level and the activity of
this enzyme would markedly affect both the glycalgnd the glyconeogenic fluxes.
PFKFB3 gene silencing has previously been showdetoease glycolysis in HeLa
cells (Calvoet al., 2006) hence it is possible that up-regulation B mRNA by
resistin as illustrated in this study could induggcolysis in the beta-cells. Studies
involving other cell types e.g. treatment of L6 rsiteletal muscle cells with
recombinant resistin resulted in reduced insulimgiated oxidation of glucose via
the Krebs cycle although lactate production wasdltered (Palanivekt al., 2006).
Oxidative glucose disposal in the target tissuésasmain pathway utilised by cells to
generate ATP and increased non-oxidative glucageodal by glycolysis and reduced
Krebs cycle activity by resistin could potentialgsult in glucose intolerance. The
effect of resistin on Pfkfb3 mMRNA expression illaged in the PCR array data is a
starting point and further functional experiments aeeded to elucidate potential

interactions in the beta-cells.

The most highly up-regulated mRNA by resistin tneant in this study was the
transcription factor 2 (Tcf2) gene, more commonhown as hepatocyte nuclear
factor I3 (HNF1B) which was increased by 32-fold compared to céniref2 belongs
to a network of transcription factors expressetivier, kidney, gut, and pancreatfic
cells (Coffinieret al., 1999; Rebeket al., 2001). It also plays a role in the specific
regulation of gene expression in these tissuesatibuits of HNF-B (TCF2) produce
maturity-onset diabetes of the young, type 5 (MODYHorikawa et al., 1997).
Affected patients are characterized by an insudicretion defect. Selective Deletion
of the HnflM in the beta cells has previously b&®awn to result in impaired glucose
tolerance, dysregulated islet gene expressionfesaced glucose-stimulated insulin
secretion (Wangt al., 2004). The finding that Tcf2 mRNA expression wasreased
suggests a role for resistin in mediating transiomp responses during pancreas
development. This outcome is also consistent whik dbserved upregulation of

HNF4-0 and Ins1 mRNA by resistin since the insulin geag previously been shown
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to be a target gene of hepatocyte nuclear factiphaa HNF-1alpha) and HNF-1beta
(Okitaet al., 1999).

As mentioned in the previous paragraph, the PC&yatata presented Table 4.1 also
demonstrates that resistin induced an increasengi ImRNA by 1.023 fold
(p=0.0443). Insulin gene is the key regulatory hamen involved in glucose
homeostasis. The regulation of insulin gene exprass response to increases in
blood glucose levels is crucial for maintaining mal glucose homeostasis. The
observed increase in Ins1 mMRNA expression highdightpossible mechanism by
which adipose tissue secreted proteins may regulealin secretion. Due to
increased energy demands in obesity, the increasedin gene transcription by
resistin highlights a possible pathway by which #logpose tissue adapts by causing

increased insulin secretion and subsequent gluguisée to meet energy needs.

Resistin also increased the expression level of mRN, Mapkl14, Pik3cd, Slc2a4,

Stx4a and significantly decreased Gcg, Vamp3 angfa/enRNA. Slc2a4 encodes a
protein that functions as a facilitative glucosansporter in a similar fashion to
insulin responsive GLUT-4. Stx4a mediates fusiod #re translocation of SLC2A4

and GLUT-4 from intracellular vesicles to the plasmembrane. Pik3cd is a
downstream effector of tyrosine-phosphorylated lins@ceptor substrate proteins. It
is unclear; the roles of these molecules with rédarresistin function in the beta-
cells. One possibility is an indirect effect byisti® on other transcription factors or
regulatory signalling molecules which results ierithmodulation. These observations
highlight a more complex function of resistin andattfier studies are needed to

elucidate and define its potential role.

Genetic susceptibility to T2D involves many gerasst of which are still unknown.
Significant alterations in genes controlling tramsioon were observed with Pax4
MRNA downregulated while Foxc2 mRNA was stronglyagulated. Pax4 plays an
important role in the differentiation and developrnef pancreatic isldt-cells (Sosa-
Pinedaet al., 1997). Resistin also upregulated the mRNA for gz T-lymphocyte-
associated protein 4 (Ctla4) and CD28. These garesore commonly associated
with type 1 diabetes and immune responses and ribleirin obesity induced insulin

resistance and T2D is still unclear. Most of thgm8icantly altered genes however are
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novel targets of resistin and belong to functioriakses that can account for most of

the biological and metabolic effects of this adipekin thep-cells.

In addition to resistin, the effect of visfatin onRNA of the B-cell genes was
investigated. The results from cells treated witisfatin demonstrate altered
expression of genes involved in insulin signallipgthway, including the down-
regulation of Mapk8 and the up-regulation of Akehg. Akt2 also known as Protein
kinase B plays a pivotal role in insulin signallifgyidence in animal models suggests
that Akt2-deficient mice exhibit insulin resistaneead mild diabetes (Chet al.,
2001). Akt2 activation in response insulin and IGRas been shown to influence
growth, protein synthesis and glucose metabolismziBand Hemmings, 2001). The
results in Table 4.2 show that visfatin increadesl ttanscription of Akt2 gene in the
B-cells by 24-fold. The high fold increase suggekt visfatin has a high potency in
regulating the gene expression level of Akt2 ang heave a therapeutic advantage in

improving insulin sensitivity.

Mapk8 has previously been shown to increase thegitwylation of insulin receptor
substrate-1 (IRS-1) at serine residues which irecefiinhibits insulin-stimulated
tyrosine phosphorylation of IRS-1 (Aguiree al., 200). In addition, TNF alpha and
saturated fatty acids which induce insulin resistaare mediated by Mapk8 activity
(Solinaset al., 2006). Improvement in insulin sensitivity and tgiree phosphorylation
by visfatin in rodents (Suet al., 2009) could be due to its downregulation of Mapk8
MRNA expression. The increased tyrosine signaltiagacity of insulin receptors by
visfatin observed in Figure 6.1.4 in chapter 6 doalso be mediated by the observed

visfatin downregulation of Mapk8 mRNA expression.

Insulin is a key hormone in glucose homeostasis @giilation of insulin gene
expression is essential for maintaining this precéssulin gene transcription in the 3-
cells is induced by increases in blood glucosel$efiefratet al., 1991). The induction
of insulin gene is a key step in restoring normédodd glucose levels during
hyperglycaemia and culminates in insulin secret@gponse which lowers blood
glucose. The 8-fold increase in insulin gene trapson by visfatin highlights the
involvement of this adipokine in the process. Ip@ssible that increased insulin gene

expression in response to visfatin treatment mayltrén improved responsiveness of
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the insulin promoter to acute glucose stimulation atronic hyperglycaemia
illustrating a possible pathway by which visfatimgroves insulin sensitivity as

illustrated in a recent report (Senal., 2009).

Glucose uptake in the beta cells, skeletal muscte adipose tissue is mediated by
insulin-stimulated translocation of GLUT-4 glucdsansporters from an intracellular
vesicular pool to the plasma membrane (Ishifetral., 1993; Kanaiet al., 1993).
Insulin-stimulated translocation of GLUT4 has pomsly been shown to involve
SNARE-complex proteins syntaxin 4 (Stx4a) and SNa&\PRheathanet al., 1996).
Inhibition of syntaxin 4 has been shown to représsulin-stimulated GLUT4
translocation (Volchulet al., 1996) suggesting that this protein plays an esdante

in insulin-stimulated glucose transport. The highdfincrease (17.5 fold) of Stx4a
gene by visfatin strongly implicates visfatin insttprocess. Visfatin has previously
been shown to regulate of glucose uptake in huns@oblasts (Xiest al., 2007).
Eventhough this effect (glucose uptake) is obsemdte osteoblasts and riptells;

it is possible that this insulin-like effect by fasin is mediated by induction of Stx4a

gene.

Uncoupling Protein-2 (UCP-2) is an inner mitochoaldmembrane transporter which
disrupts the electrochemical gradient across theerirmitochondrial membrane,
producing heat instead of ATP from respiration €Lal., 2000; Brownet al., 2002).
Overexpression of UCP-2 has previously been shawsuppress glucose-stimulated
insulin secretion in normal islets (Chahal., 1999). In a similar fashion, UCP2-
deficient mice had higher islet ATP levels and @ased glucose-stimulated insulin
secretion (Zhanet al., 2001). Visfatin treatment resulted in decreased {2CGRRNA
expression in th@-cells. In one study, Silent Information Regulaief (Sirtl) was
shown to positively regulate insulin secretion bpressing UCP2 in pancreatic beta
cells, conversely Sirtl knockout mice displayedhhiglCP2 expression (Bordorae
al., 2006). Sirtl is a NAD-dependent deacetylase (khal., 2000) and thus closely
linked to visfatin which catalyses the rate-limgirstep in the NAD+ biosynthetic
pathway (Revollcet al., 2004). In this regard, the observed visfatin iretbasulin
secretion illustrated in Figure 6.2.2 of chapteo6ld partly be mediated by visfatin's

ability to suppress UCP-2 mRNA expression infibeells.
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In the same way, the significant downregulationrP&fARe. gene by visfatin could
also be linked to visfatin action on insulin senet In one study, PPAR-was shown
to suppress insulin secretion and induce UCP-2 emgmon in insulinoma cells
(Tordjmanet al., 2002). The suppression of glucose-stimulated inssgcretion in
this study could be due to the ability of PPARe induce fatty acid oxidation and
stimulate lipid uptake (Schoonjams al., 1996; Frohner&t al., 1999) which may
result in lipotoxicity. Taken together, the redudeahscription activity of both the
UCP-2 gene and PPAR-a by visfatin suggest the wavoént of both genes in
mediating visfatin induced insulin secretion asesbed in Figure 6.2.2 in chapter 6

of this study.

Hepatocyte nuclear factor 4 alpha (HN&}4s a member of the nuclear receptor
superfamily known to regulate a large number ofegein hepatocytes and pancreatic
beta-cells (Wangt al., 2000). The dysfunction of this transcription fachas been
associated with diabetes mellitus. Mutations in bhwnan HNF4e gene leads to
maturity onset diabetes of the young subtype 1 (MOD(Yamagateaet al., 1996).
HNF4-o is critical top-cell function and adequate insulin secretion kstiated by
HNF4-0. knockout mice, which exhibit impaired glucose talece and defective
insulin secretion (Miureet al., 2006). The data outlined in Table 4.2 indicatet tha
visfatin up-regulated HNF4 alpha mRNA expression I§-fold. The increase
observed in these important transcription factéidlF4-a and Tcf2 illustrate a
possible pathway by which visfatin causes an irsgea insulin secretion (Figure
6.2.2) as they are both thought to be involvechsulin gene transcription (Bernardo
et al., 2008)

Another transcription factor upregulated by visias NF kappa B (NkB) which
plays a major role in inflammatory responses. \isfhas recently been shown to
enhance the expression of adhesion molecules intlegichl cells through NkB
activation (Kimet al., 2008). In another study involving endothelial sgeINF«B
signalling was shown to mediate visfatin-inducetivation of gelatinases factors that
are essential in the pathogenesis of vasculammmfiation (Adyaet al., 2008a). In the
beta-cells, the involvement of N&B in the IL-18 induced nitric oxide synthase
expression and signaling mechanism has previowesy ldemonstrated (Kwaat al.,
1995). Additional studies have shown that cytokilhep, interferon-gamma (IFN)
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and TNFe activate NF<B and induce the production nitric oxide (NO) inntan
pancreatic islets (Flodstrosh al., 1996). NO is a key mediator in inflammation. The
increase in NFkB mRNA by visfatin as illustratedTiable 4.2 highlights a potential
role for this transcription factor in mediating fasn function. This is critical to future
studies since serum visfatin has previously bepaorted to increase with progressive
B-cell deterioration (LOpez-Bermejg al., 2006) suggesting a possible involvement

of visfatin in inflammatory processes

In conclusion, cDNA RT-PCR array technology représea powerful technique for
defining adipokine-regulated genes. The data adlim this study suggests several
candidate genes which may be involved in resistaducedp-cell dysfunction and
visfatin mediated insulin secretion and inductidreell sensitivity. They will help
to better identify the mechanisms involved in otyesiduced insulin resistance and
T2D, a disease characterized by defective regulai@ene expression in response to

insulin.
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Chapter 5

Resistin regulation of insulin
secretion and insulin receptor

expression
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5.1. Introduction

B-cells are responsible for maintaining a narrongeaof blood glucose levels. This is
achieved by efficient insulin secretion in respotsécreases in circulating glucose
levels and insulin action in the target tissuesh@keft et al., 1994). Reduce@-cell

function has been shown to precede impaired glutmlseance (IGT) (Festdt al.,

2008). A better understanding of the pathophysiplofyglucose intolerance is thus
vital in preventing the development of T2D or adedelaying the onset. Key to this
are the signalling cascades by which insulin mediats effects in the tissues

involved in glucose utilisation.

Insulin signalling pathways have previously beeporged to be present in the
pancreati@3-cells and their activation following binding ofsulin to its receptor has
been demonstrated (Kulkarmt al., 2002). Disruptions of these pathways have
profound effects org-cell function; with knockout of insulin recepton ia g-cell
specific manner resulting in hyperglycaemia ancedesf-cell growth (Otaniet al.,
2004). The presence of insulin resistance and tefiegancreati@-cell function are
thus key characteristics of type 2 diabetes (Ljdliet al., 1993). Adipocyte secreted
factors including resistin have been reported as Mayers in the pathogenesis of

insulin resistance associated with obesity (Stegpah, 2001).

Elevated levels of resistin have been proposed awwse insulin resistance and
therefore may serve as a link between obesity gpd 2 diabetes (Steppah al.,
2001). However, in humans, the physiological rdleesistin is far from clear and its
role in obesity and insulin resistance and / obelias is controversial. Studies on
resistin gene expression have been inconsisteiit priévious studies rodent and
animal models reporting conflicting results (Savapa., 2001; Nagaeet al., 2001).
The aim of this study was to first characterise ¢ix@ression of resistin in rodent
clonal pancreati@-cells and then establish its role in insulin reoexpression and

glucose stimulated insulin secretion.
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5.2. Materials and methods:

Details of materials and methods used in the exparis for this chapter can be found

in chapter 2

113



5.3. Results

5.3.1. Resistin mMRNA is expressed in clonal rat pan  creatic

cells

Real-time RT-PCR was performed using cDNA derivenif clonal rat BRIN-BD11
cell line to investigate resistin expression in theta cells. Analysis revealed that
resistin is expressed in this cell line (Ct valoébetween 24 and 26 being observed).
This result suggest that resistin previously désctias a adipose tissue specific
protein is also found in pancreafiecells.
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Figure 5.1 Resistin is expressed in clonal rat panc reatic BRIN-BD11
cells. Resistin mRNA expression suggests that resistiangther ‘adipose tissue-
specific’ protein found in pancreatfecells. In this expreriment, 1pug of mMRNA from
clonal rat BRIN-BD11 cells was reverse transcribedDNA and used in a 2d RT-
PCR reaction. To exclude the possibility of geno®MA contamination, the mRNA

was DNased before the reverse transcription (Ragtren. (n=3).
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5.3.2. Low concentrations of resistin have no effec t on insulin

receptor gene expression

To determine whether resistin at concentrationsorted in lean non-diabetics
modulates insulin receptor gene expression, m@Isa6 cells were treated with
20ng/ml resistin for 24h. Real-time RT-PCR analysigealed that resistin treatment
did not have any effect on the levels of insulineqgor (IR) mMRNA as compared to

untreated controls (P>0.05).
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Figure 5.2 Resistin did not have any effect on Insu lin receptor gene
expression after treatment with 20ng/ml. Total RNA was extracted from
treated and non-treated cells, reverse transcrimeddsubjected to quantitative real-
time RT-PCR. Insulin receptor gene expression wasnalized top-actin and
GAPDH gene expression. Resistin did not have afecedn IR mRNA expression at
the concentration (20ng/ml) used. Results are thans + S.E.M. comparing resistin-

treated with untreated control cells. (n=4).
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5.3.3. Low concentrations of resistin have no effec t on insulin

receptor protein expression

Western blot analysis of insulin receptor protexpression in mous@TC-6 cells
showed that resistin does not alter insulin reaeppootein expression at
concentrations reported in lean non-diabetics sstguge absence of pathological

action at this concentration.
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Figure 5.3 Resistin did not have any effect on insu  lin receptor protein
expression. Proteins from lysed cells were separated on 8%usodiodecyl
sulphate polyacrylamide gel electrophoresis (SD&EBAand immunoblotted with
anti insulin receptor antibody. Resistin did notdany effect on insulin receptor (IR)
protein expression at the concentration (20ng/mbdu Mouse skeletal muscle cell
lysate (SM) was used as a positive control. (n=3).
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5.3.4. Insulin receptor mRNA levelsin  BTC-6 cells are

decreased by high resistin concentrations

To further investigate the effect of resistin ahcentrations reported in obese type 2

diabetics,fTC-6 cells were treated with 40ng/ml resistin fdh2Resistin treatment

dramatically reduced the levels of insulin receptoRNA expression by 70% as

compared to untreated controls.
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Figure 5.4 Resistin downregulates Insulin receptor gene expression.

BTC-6 cells treatment with 40ng/ml resistin for 24urs resulted in reduced IR

MRNA expression compared to untreated confrotal RNA was extracted, reverse

transcribed and subjected to quantitative real-tiRIEPCR to determine insulin

receptor mRNA levels and normalized fteactin and GAPDH expression means.
(p<0.05).n = 4.
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5.3.5. Insulin receptor protein levels are decrease  d by high

resistin concentrations

The changes noted at the mRNA level were alsoatefteat the protein level in the
clonal pancreatic moug C-6 cells. Resistin significantly decreased insuéceptor
protein expression in resistin treated samples eoetpto non-treated controls with a

decrease in detected band intensity of 60% beicwyded.
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Figure 5.5 Resistin downregulates Insulin receptor protein expression.

Western blot analysis of protein extracts showsuced IR expression in resistin
treated samples compared to non-treated controlsl protein was extracted from
the cell lysate followed by separation using 8% SES5E and immunoblot analysis.
Mouse skeletal muscle cell lysate (SM) was usea a®sitive control. Key: IR =

insulin receptor (n=3).
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5.3.6. Resistin has no effect on insulin secretion in BRIN-BD11

cells

The glucose-responsive clonal rodent pancreatid\BBID11 cell line was used for
the insulin secretion study. Resistin at conceiainatof 20 and 40ng/ml did not exert
any significant effect on high glucose (22 mmadtimulated insulin secretion over 1
h from the clonal rat BRIN-BD11 cell line.
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Figure 5.6 Resistin did not have any effect on gluc  ose stimulated insulin
secretion. BRIN-BD11 cells were treated with 0, 20 and 40rgfasistin for 24
hours in serum free RPMI medium. After treatmehg old medium was aspirated
and replaced by serum free media containing 2.2 ghMose for 1 hour and then
stimulated with 22 mM glucose for another 1 houheTmedium from this last
treatment was then collected and assayed for msuolintent using a proprietary Rat
insulin ELISA. Resistin treatment did not have aaffect on GSIS both at

physiological and pathological concentrations @)=
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5.4. Discussion

Resistin, a circulating protein derived from adigies in rodents has been implicated
in obesity-associated diabetes (Steppan CM andrlM2a 2004). Despite numerous
studies since its discovery, the role of resistininsulin sensitivity and obesity
remains controversial. Previous reports have detraipd that resistin mRNA is
expressed in mouse brain and pituitary (Morasial., 20020) however studies of
resistin gene expression in humans have given iconfl results (Nagaeet al.,
2001; Engelet al., 2002)

In order to gain insight into the physiologicaleaf resistin, analysis of resistin gene
expression in rat BRIN-BD11 cells was performedngsreal-time RT-PCR. The
results outlined above demonstrate that resistiexjgressed in raf-cells with Ct
values of 24 and 26 being observed. This data wosfithat resistin, previously
thought to be an adipose specific protein bothogtents and humans (Steppeiral .,
2001; McTernaret al., 2002b) is also found in thgcells and raises the question of
its potential role ir-cell function.

In one previous study resistin deficiency was shéavimprove glucose tolerance and
insulin sensitivity in severely obese mice (&ial., 2006). Original studies by
Steppan and co-workers showed that administratforegistin to mice resulted in
glucose intolerance, whereas immuno-neutralizatibnresistin improved insulin
action (Stepparet al., 2001). These reports illustrate the role of resigh the
pathophysiology of T2D and the expression of resist the B-cells as illustrated in
this study may have potential pathological rolefecell function e.g. mediator of
inflammation. Further studies are thus neededdatify factors that regulate resistin

expression in thg-cells.

Insulin mediates its action in glucose homeostasidirst binding to the insulin
receptor (IR) localized on the cell surface (Gamaigl 1984). The regulation of
insulin receptor expression and activity is thugppamant in directing insulin to
specific target tissues involved in glucose utilsa (Desbuquoigt al., 1993).3-cell

specific disruption of the insulin receptor hasvorasly been shown to result in
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impaired glucose tolerance further illustrating timportant role of IR expression fh
cell function (Kulkarniet al., 1999). In another study, reduction of IR expr@sdy
small interfering RNA in MING6 insulinoma cell linegesulted in alterations in
expression of numerous genes with diverse functamms disruption of the insulin

signalling pathway (Ohsugt al., 2005).

In order to clarify the role of resistin in regudat of insulin receptor at concentrations
reported in lean non-diabetics and obese diabetwiduals, clonal mous@TC-6
cells were treated with 20ng/ml resitin, which Epresentative of serum levels
measurable in non-diabetic subjects (Fujinatval., 2004; Yannakouliat al., 2003)
and 40ng/ml which is the reported concentratiomean obese T2D (Fehmaehal.,
2002; Azumaet al., 2003; Zhanget al., 2003). Resistin did not have any effect on
either gene or protein expression of insulin rexeptt the lower concentration of

20ng/ml.

However at 40ng/ml, as has been reported in agatiwn based on this study (Brown
et al., 2007), 24-hour treatment GITC-6 cells with elevated resistin concentration
(40ng/ml) resulted in a significant decrease irulimsreceptor mMRNA and protein

expression compared to control. This effect obskoreinsulin receptor has profound
importance. Resistin has previously been shownnttudge insulin resistance in

pancreati@-cells (Nakateet al., 2007) and rat derived hepatocytes (Eiwal., 2008).

It is thus possible that this induction pfcell insulin resistance by resistin could

involve reduction of insulin receptor expressionegggorted in this study.

The expression of resistin in tifecell which is the site of insulin production rasse
the question of the potential role resistin mayptainsulin secretion. The secretory
response to glucose by theells is modulated by a variety of hormones arnd/eres
(Zawalich et al., 1995; Harriset al., 1996). More recently adipose tissue secreted
factors have been implicated in modulating insairetion. Tumour necrosis factor -
alpha (TNFe) and leptin, both adipose tissue-derived hormdre® previously been
reported to suppress glucose-stimulated insulinetea (GSIS) in pancreatig-cells
(Zhanget al., 1995; Tsiotreet al., 2001). However the contribution of resistin to the

regulation of insulin release from pancredticells has not been fully explored.
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In this regard the direct actions of resistin oni&®ere investigated. Clonal mouse
BTC-6 cells were treated with resistin both at 28 4Gng/ml. As illustrated in Figure
5.1.7, resistin did not have any effect on GSISsThin contrast to a previous study
which found that resistin decreased GSIS in isdlatket tissue (Nakatet al., 2007).
The difference could partly be due to the islesues used by Nakat al., which is
well established as being more glucose-responsiae the clonal pancreatfcell
line used in this study. Further studies using prin-cells or islets are thus required
to elucidate the underlying mechanisms of resiatid its pathophysiological role in

insulin secretion.

Identification of resistin mMRNA in thé-cells and the regulatory effect on IR
expression at pathological concentrations raiseptssibility that this adipose tissue
derived hormone may play a pivotal role in obesijuced insulin resistance. Taken
together these results demonstrate that resigtitseit pathological effects only at
elevated concentrations reported in obese indisdyoviding a potential link

between increased adiposity and T2D.
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Chapter 6

Visfatin regulation of insulin
secretion and insulin receptor

signalling in pancreatic beta cells
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6.1. Introduction

Visfatin has recently been identified as an adipekhat is abundantly expressed and
preferentially produced in visceral adipose tis@Berndtet al., 2005; Kovacikovaet

al., 2008). Initial (and subsequently retracted onlihsis that some preparations of
visfatin did not bind the insulin receptor in thexperiments) reports indicated that
visfatin mimics the effects of insulin by binding the insulin receptor at a site
distinct from that of insulin, however other stugli®ere unable to reproduce some of
these results (Revollet al., 2007b). The physiological role of visfatin in ghse
homeostasis is thus controversial and remains wumdated. More importantly, the
expression of visfatin has been shown to be regdlay cytokines interleukingl(IL-

1B), tumour necrosis factor-alpha (TNdfr-and interleukin-6 (IL-6); all of which are
known to promote insulin resistance (Ognjanattial., 2001; Kralischet al., 2005a;
Tanet al., 2009).

Insight into the biological functions of visfatinomtinues to grow with ongoing
research. Recently Revoli al., have shown that visfatin is a biosynthetic enzyme
which mediates its functions in tifiecells via NAD+ biosynthetic pathway (Revollo
et al., 2007b). Visfatin has also been previously reportedregulate NAD+-
dependent protein deacetylation in human vascuteroth muscle cells, maturation
and survival (Van der Veet al., 2005).

In the present study, therefore, the effect ofatisfon insulin receptor activation and
secretory function of thp-cell was examined. These two components togethgrep
critical role in the regulation of glucose homessan the pancreatif-cells and
insulin target organs. In addition the effects oisfatin and nicotinamide
mononucleotide, the product of visfatin’'s enzymaactions, on intracellular
signalling pathways such as extracellular signglsfaed kinase (ERK 1/2), MAPK
p38 were investigated.
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6.2. Materials and methods:

Details of materials and methods used in the exparis for this chapter can be found

in chapter 2
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6.3. Results

6.3.1.1. Visfatin mRNA expression in the pancreatic B-cells

Analysis of mRNA from clonal pancreatic moy$EC-6 cells showed that visfatin is
expressed at a relatively high level with Ct valoédetween 21 and 23 generally
being observed. Visfatin has previously been shtore predominantly expressed in
the visceral adipose tissue in both humans and emckthe high expression level

observed highlights a potential role, the peptideg play in the pancreatf:cells.
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Figure 6.1.1 Visfatin mRNA expression analysis by real-time quan titative
RT-PCR. The high visfatin mRNA expression suggests thafawin is yet another
adipose tissue-specific protein found in pancre@oells. For this experiment, total
RNA was extracted from the mouB&C-6 cells samples and quantifiedud of total
MRNA was DNAsed to exclude the possibility of gemom@NA contamination and
reverse transcribed (RT) and amplified in quREeal time RT-PCR reaction. (n=3).

126



6.3.1.2. Visfatin protein expression in the beta ce lIs

To determine whether visfatin is also expressdti@fprotein level, cell lysates from
the beta cells were analyzed using western blotillAstrated in figure 6.1.2, the
observations noted at the mRNA level were alsectdd at the protein level in the
beta-cells. Finding visfatin at the source of imsyroduction raises the possibility
that this adipokine may play a role in insulin stion, consistent with the notion of

visfatin being involved in glucose homeostasis @lewet al., 2007b).

— - -
55 kDa N = <«— Visfatin
| N —

B-cells SM

Figure 6.1.2 Visfatin Protein is expressed in the beta cells. Western blot
analysis of protein extracts from clonal moyi§eC-6 cells, separated on 12% SDS-
PAGE and immunoblotted with anti visfatin antibodys illustrated in the figure,
visfatin protein is highly expressed in tlfiecells. The antibody against visfatin
recognized bands with apparent molecular massé&s &fDa which corresponds to
molecular mass of visfatin. The two lanes flecells are from the same lysate sample.

Mouse skeletal muscle cell lysate (SM) was useal @ssitive control. (n=3).
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6.3.1.3. Dose-dependent visfatin regulation of insu  lin receptor

phosphorylation

To study the effect of visfatin on insulin receppdrosphorylation, moug&l C-6 cells
were stimulated with visfatin and insulin (positieentrol) or left untreated and
analysed by ELISA.

350- *%kk

% of Basal

| V50
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Figure 6.1.3 Visfatin stimulates insulin receptor p hosphorylation in
clonal pancreatic mouse BTC-6 cells. Visfatin (50 and 500ng/ml) caused
significant 104 % (p<0.001) and 178 % (p<0.001)réases in insulin receptor
phosphorylation respectively. The results show thallin receptor was significantly
activated by visfatin after 15 minutes stimulatig0.001). Phosphorylated IR was
determined by ELISA using specific antibody agaitygbsine phosphorylated IR.
Total IR was also determined using anti-total IR4shELISA to normalise data. V50
= 50ng/ml visfatin, V500 = 500ng/ml visfatin and& [10nM insulin (positive control)
(n=4).
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6.3.1.4. Time-dependent visfatin regulation of insu  lin receptor
phosphorylation

To investigate the time course effect of visfatin msulin receptor activation,
200ng/ml of visfatin was used to stimulate thesall 2, 5, 15, 30 and 60 minutes and
the cells lysed in lysis buffer supplemented willogphatase inhibitors and protease

inhibitors. Visfatin induced insulin receptor phbspylation after 15 minutes.
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Figure 6.1.4 Visfatin activation of insulin receptor in mouse BTC-6 cells

(time course). There was no effect of visfatin on tyrosine phaspgtation of IR
after 2 and 5 minutes. However, visfatin signifitgnncreased insulin receptor
phosphorylation at 15, 30 and 60 minutes. The makiR tyrosine phosphorylation
was observed after 15 minutes (P < 0.001) and resdasignificantly higher than
basal for 60 minutes (p<0.05). Cells were stimulatgth insulin (positive control)
for 15 minutes. Insulin receptor phosphorylatiorswdatermined by specific enzyme-

linked immunosorbent assay (ELISA) kit. Values mw@an + SEM, n=4.
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6.3.1.5. The effect of FK866 on visfatin induced in  sulin

receptor phosphorylation

To test whether NMN, a visfatin reaction producinigolved in visfatin—IR activation
in the B-cells, the cells were treated with visfatin and86K (a potent visfatin
inhibitor) for 15 minutes. Co-incubation of visfatiand FK866 significantly
suppressed the activation of IR induced by visfabmpared to the cells stimulated
with visfatin alone (p<0.05). These data indic&iat iR activation by visfatin in th
cells is mediated by NMN.
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Figure 6.1.5 FK866 induced reduction in  visfatin activation of the insulin
receptor. PBTC-6 cells were incubated with visfatin alone or-itoubated with
200ng/ml visfatin and 10nM FK866 for 15 minutes dgsdled in cell lysis buffer
supplemented with phosphatase inhibitors and pseteahibitors. The effect of
FK866 on visfatin induced IR phosphorylation wasedmined by specific enzyme-
linked immunosorbent assay (ELISA) kit. FK866 sfgmaintly reversed the effects of

visfatin induced insulin receptor activation. n=4
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6.3.1.6. Time-dependent activation of insulin recep  tor by NMN

Because the stimulatory effect of visfatin on imsweceptor activation was reversed
by FK866 (Figure 6.1.5.), it was vital to examihe effect of NMN (visfatin reaction
product) whose production is inhibited by FK86Ghe NAD+ biosynthetic pathway.
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Figure 6.1.6 NMN time-response curves for insulin receptor activ ation in
mouse BTC-6 cells. NMN induced an increase in IR phosphorylation isirailar
trend to visfatin with the maximal effect attainefier 15 minutes (P<0.001). Insulin
receptor phosphorylation was determined by speeifizyme-linked immunosorbent
assay (ELISA) kit. Cells were stimulated with insukpositive control) for 15

minutes (n=4).
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6.3.1.7. Visfatin and extracellular signal-regulate  d kinase (ERK

1/2) activation

Visfatin has previously been shown to cause adctimadf the ERK1/2 in endothelial
cells (Adyaet al., 2008b). The effect of visfatin on ERK1/2 activatim thep-cells

was thus investigated. The cells were exposed @m@l visfatin at varying times
(0, 2, 5, 15, 30 and 60 minutes) and phosphoryjadetive ERK 1/2 was detected
using specific enzyme-linked immunosorbent assay3E) kit. PMA was used as a

positive control.

% % %
S 350-
'..3 300+ % %%
g’—g‘ 250~
£ e -
§ 8 200
N E\i 100-
—
é 50-
L 0-
0 5 15 30 60 PMA
Time (mins)

Figure 6.1.7 Time-dependent activation of ERK1/2 by visfatin . As shown in
figure 6.1.7, treatment of cells with 200ng/ml waish caused a significant 122%
increase ERK1/2 phosphorylation after 15 minute0(B01). The level of
phosphorylated active ERK1/2 was subsequently deset and had reached nearly
the basal level by 60 minutes. Cells were stimdlatéh PMA (positive control) for

15 minutes.n=4
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6.3.1.8. Time-course response of NMN and ERK 1/2 ac tivation

To further elucidate the role of nicotinamide monceotide (NMN) which is a
visfatin reaction product in the NAD biosynthetiatipway, the cells were stimulated
with NMN for 15 minutes and activity of ERK 1/2 dyzed.
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Figure 6.1.8 Time response curves of ERK 1/2 activa tion by NMN. The
cells were stimulated with 1200uM NMN at varying ém (0, 2, 5, 15, 30 and 60
minutes). NMN stimulation resulted in ERK 1/2 phbspylation with the maximal
effect (105% increase compared to basal) attaifiedl 45 minutes (p<0.01). This
transient increase in ERK %z activation is consisteth the time-course increase in
visfatin and ERK 1/2 activation as illustrated iigiie 6.1.7. Cells were stimulated
with PMA (positive control) for 15 minutes. Phospylated ERK 1/2 was detected
using specific enzyme-linked immunosorbent assay3E) kit. PMA was used as a

positive control. n=4
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6.3.1.9. Effect of FK866 on visfatin induced ERK 1/ 2 activation

Visfatin  has previously been shown to act as a tmamide
phosphoribosyltransferase (Nampt) and mediateduitstion via biosynthesis of
nicotinamide mononucleotide. To test this enzymattvity of visfatin in ERK 1/2
activation, the cells were co-incubated for 15 resuwith visfatin and FK866 (a
specific Nampt inhibitor) and ERK 1/2 activationt@lenined using specific enzyme-

linked immunosorbent assay (ELISA) kit. PMA wasdiss a positive control.
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Figure 6.1.9 FKB866 significantly reduces visfatin induced ERK 1/ 2
activation . The cells were co-incubated with 200ng/ml visfatimd FK866 (10nM)
for 15 minutes. The visfatin-induced increase iogghorylated active ERK 1/2 as
observed in Figure 6.1.7 was markedly inhibited=B866 which has been shown to
act as a highly selective inhibitor of visfatin atitereby inhibiting synthesis of
visfatin reaction product (NMN) in the NAD biosymetic pathway. Cells were
stimulated with PMA (positive control) for 15 mimst n=4
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6.3.2.0. Comparison of visfatin and (visfatin + FK8  66) on ERK

1/2 activation

Co-incubation of visfatin with 10 nM FK866 signiéintly inhibited visfatin induced
ERK 1/2 activation (p<0.01). The level of phospHatgd ERK 1/2 was subsequently
decreased to nearly the basal level in the (visfatFK866) samples compared to the

samples treated with visfatin alone.
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Figure 6.2.0 Comparative analysis of visfatin treated samples an  d the
effect of visfatin inhibitor (FK866) on ERK 1/2 act ivation . Visfatin treatment
caused a significant increase in ERK1/2 phosphtoylacompared to untreated
control (p<0.001) however FK866 significantly reddcthe effect of visfatin on
ERKZ1/2 activation compared to visfatin treatmewoinal (p<0.01)
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6.3.2.1. Visfatin and MAPK p38 activation

Visfatin has previously been implicated in inflantorg response ((LOpez-Bermegb
al., 2006). p38 mitogen-activated protein kinases (MARKe a class of MAPK’s
which are responsive to stress stimuli and activdig a variety of cellular and
external stress signals including inflammatory kiyies (Kumaret al., 2003). To
examine whether visfatin’s role in inflammatory pease is mediated by MAPK

signalling pathwayBTC-6 cells were stimulated with 200ng/ml visfatinvarying

time points.
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Figure 6.2.1 Time response curves of MAPK p38 activation by visf  atin.
No significant effect of 200ng/ml visfatin was seam p38 activation compared to
basal. Phosphorylated p38 was detected using gpendyme-linked immunosorbent
assay (ELISA) kit. Cells were stimulated with PMpoéitive control) for 15 minutes
n=4.
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6.3.2.2. Visfatin regulation of on insulin secretio  n (low

glucose).

The effect of visfatin on the insulin secretorypesse of3-cells at a sub-stimulatory
glucose concentration (2.25mM) was examined. floells were pre-incubated in
2.25mM glucose and varying concentrations of visfdD — 200ng/ml), visfatin
200ng/ml + FK866 inhibitor (200 + F) and visfati@Ghg/ml + UO126 inhibitor (200
+ U) for 1 hour and insulin content assayed usirappetary Mouse insulin ELISA
kit.

200-

*%
*%

1004

Insulin Secretion (% of Control)
(=]
L

50 100 200 200+ F 200+ U
Visfatin (ng/ml)

Figure 6.2.2 Effect of visfatin on insulin release from clonal p ancreatic
mouse BTC-6 cells at low glucose . The exposure of the moug@C-6 cells to
25, 50 and 100ng/ml visfatin did not elicit any retory response however 200ng/ml
visfatin evoked significant increase in insulin re¢ion compared to untreated cells
(p<0.01). The stimulatory effect of 200ng/ml visfaton insulin secretion was
significantly blocked by co-incubation with FK86@igfatin inhibitor). Co-incubation
with U0126 (ERK 1/2 inhibitor) did not significagtlalter the effects of 200ng/mi
visfatin onf-cell insulin secretion compared to visfatin alomeubation period was

1 hour. n=6.
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6.3.2.3. Visfatin regulation of insulin secretion (  high glucose)

The effect of visfatin on insulin secretion in ed¢&d glucose conditions (22mM) was
investigated. In contrast to low glucose conditjovisfatin did not stimulate insulin

secretion fronBTC-6 cells at elevated glucose concentrations.
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Figure 6.2.3 Effect of visfatin on insulin release from clonal p ancreatic
mouse BTC-6 cells at high glucose . Thep-cells were incubated for 1 h at 37°C
in serum free media containing 22 mM glucose angling concentrations of visfatin
(0 — 200ng/ml). The media from this last treatmeas then collected and assayed for

insulin content using a proprietary Mouse insulld$A. n=6.
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6.3.2.4. NMN regulation of insulin secretion (low g lucose)

Finally, the effect of NMN on insulin secretion wagaluated. Incubation with 10 and
100 uM NMN caused small but non-significant incee@s insulin secretion at low
glucose. 200ng/ml visfatin was used as a positarol and elicited a significant
increase in insulin secretion compared to untreatedrol (p<0.05), n = 5.
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Figure 6.2.4 Effect of NMN on insulin release from clonal pancre  atic
mouse BTC-6 cells at low glucose. Thep cells were incubated in for 1 h at 37°C
in serum free media containing 2.25 mM glucose\angling concentrations of NMN
(1 — 100pM) and 200ng/ml visfatin. The media fronmstlast treatment was then
collected and assayed for insulin content usingognetary Mouse insulin ELISA.
Key: C=control, N1=1puM NMN, N10=10uM NMN, N100=100u NMN and
V200=200ng/ml Visfatin. n=5.
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6.4. Discussion

Visfatin has been recognized as a potential regulaf glucose homeostasis and
mediator of obesity-associated insulin resistariCeef et al., 2006; Haideret al.,
2006b). Visfatin mRNA has previously been detedcteduman adipocytes (Bernekt
al., 2005). The results outlined in this study demaistthe existence of the visfatin
MRNA transcript and translated protein in the paaticp-cells. The high expression
of visfatin mRNA and protein in th@-cells suggests that the functions of this
adipokine are not restricted to the adipose tissumuscle but also involves other
endocrine organs and thus may act locally in fiteells as a paracrine / autocrine

compound.

The existence of visfatin mRNA and protein in fheells is of particular interest
since elevated levels of visfatin has been repoitegatients with type 2 diabetes
(Chenet al., 2006). Suret al., have recently reported that over-expression oftirsf
in rats (in vivo) improves insulin sensitivity witlhotable increase in tyrosine
phosphorylation of insulin receptor substrate-1n(8ual., 2009). On the other hand,
tumour necrosis alpha-(TNF-o); an adipokine known to potently induces insulin
resistance (Stephens & Pekala 1991; Spiegelmaniek E001) has been shown to
suppresses visfatin gene expression in 3T3-L1 agitpe (Kralischet al., 2005b).
Thus, the high expression of visfatin in thecells may have a possible regulatory
effect onp-cell function. Further studies focusing on theniifecation of a potential

cellular receptor are needed and the signallingvpays involved in its activity.

Initial reports regarding visfatin’s insulin-mimeteffects such as lowering the plasma
glucose levels and activation of insulin signallipgthway have since remained
controversial due to conflicting reports (Fukuha&taal., 2005; Xie et al., 2007;
Revolloet al., 2007b; Suret al., 2009). In this study, the action of visfatin osutin
receptor activation was investigated. The resulidireed in figure 6.1.3 show that
visfatin treatment of clonal mou$d C-6 cells resulted in increased insulin receptor
tyrosine phosphorylation compared to untreatedrotmtThis finding is consistent
with a recent report by Xie H. and co-workers wieondnstrated that visfatin induced

tyrosine phosphorylation of insulin receptor (IRsulin receptor substrate 1 (IRS-1)
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and insulin receptor substrate 2 (IRS-2) in humeamary osteoblasts (Xiet al,.
2007). The magnitude of the effects of visfatin58ng/ml on IR activation was
similar to those seen with insulin and suggest$ Wsfatin may have comparable
effect to insulin receptor as insulin at this cartcation.

Time dependant effect on IR phosphorylation by atisfin fTC-6 cells was also
determined using specific enzyme-linked immunosortessay (ELISA). Visfatin
stimulation of theB-cells caused a significant phosphorylation of KRillstrated in
Figure 6.1.4 with the maximal effect observed afi®& minutes incubation and
increased receptor phosphorylation was maintairmed4b minutes. The observed
effect of visfatin on insulin receptor makes it@emntial therapeutic target for insulin
sensitizing drugs. In one study; rosiglitazone avbfibrate, commonly used insulin
sensitizing drugs have been shown to increase xpeegsion of visfatin mRNA in
visceral fat deposits of Otsuka Long—Evans Tokushiaity (OLETF) rats (Chogt
al., 2005). These drugs increased intra-cellular \isfa&xpression however the
increase in beta-cell insulin receptor phosphoigtaillustrated in this study was due

to administered (extracellular) visfatin.

However based on the effects of visfatin on insuéoeptor (IR) phosphorylation
illustrated in this study, it is interesting to spkate that the ability of these drugs to
alleviate dyslipidemia, hyperglycaemia, and insuksistance in animal models of
obesity and T2D (Oliver Jet al., 2001; Wanget al., 2003) could potentially be
through regulation of visfatin expression. Charazteg the interaction process of
visfatin-IR activation will be an important nexieptin an attempt to understand the
pathways involved in the interaction and also idgrgossible novel targets for the
development of anti-diabetic therapy. Further stadire also needed to elucidate the

effects of intracellular visfatin on insulin recepphosphosrylation.

As reviewed in the introduction chapter, the inwshent of NAD+ biosynthesis in the
regulation of B-cell function has been established by many groMstatin has
previously been shown to catalyse the rate-limitsbgp in the NAD+ biosynthetic
pathway (Revollcet al., 2004). Visfatin inhibitor FK866 non-competitivebynds the
enzymatic region of visfatin which normally bindscatinamide thus preventing
synthesis of NMN which is an intermediate in NADiedynthesis (Kinet al., 2006).
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The involvement of this enzymatic action in visfainduced phosphorylation of
insulin receptor was examined. Briefly cells warated with FK866 and IR activity

analysed.

As illustrated in Figure 6.1.5, the ability of \agin to stimulate IR phosphorylation
was significantly inhibited effectively by co-incation with FK866. Reduced
phosphorylation of IR in the presence of FK866 cared with visfatin treatment
alone demonstrates a possible inhibition of NMNspidhesis suggesting visfatin
enzymatic function and intracellular NAD+ contest involved in mediating this
process. This observation suggests that visfaiicitelits actions on the insulin
receptor (atleast in part) via the NAD biosynth@athway. To gain more insight into
the mechanism of action of visfatin on IR activatithe cells were incubated with
NMN and time-dependent effects on IR phosphorytati@re analysed. As illustrated
in Figure 6.1.6,p-cell stimulation with NMN resulted in a significaincrease in

phosphorylation of IR compared to basal. Moreouwbe effect of NMN on IR

phosphorylation correlated with the observed timerse effect of visfatin on IR
phosphorylation adding further weight to the sugjgesthat the NAD biosynthetic
pathway is a key mechanism underpinning this olagienv. Based on the effects of
FK866 on IR phosphorylation, it is clear that vigfagfunction in thep-cell is via its

enzymatic activity.

Visfatin has previously been shown mediate somésoéctions (e.g. angiogenesis)
via activation of mitogen-activated protein kindsSRK1/2 dependent pathway (Kim
et al., 2007). The MAPK family of protein kinases are nigga@nalling systems used
by cells to transduce diverse intracellular sigraadd regulation of cellular processes.
However, activation of MAPK by visfatin in thg-cells has not been previously
described. As illustrated in Figure 6.1.7, visfatiduced activation of ERK1/2 in the
B-cells with the maximal stimulatory effect obsenegter 15 minutes of incubation,

however this effect subsided to near basal aftaniBites.

Because of the potent effect of FK866 observedewensing visfatin induced IR
activation, the possible effect of this inhibitarenzymatic activity of visfatin in ERK
activation was examined. As illustrated in Figur&.®, co-incubation with FK866

significantly blocked visfatin induced activatioi BRK1/2 compared to visfatin
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alone. The diminished phosphorylation of ERK1/2 tgfatin resulting from
treatment with FK866 suggests that NMN or the NApathway are necessary for
ERK1/2 activation in these cells. Treatment with NMself resulted in a significant
activation of ERK1/2, further confirming the inveiment of NMN in the ERK1/2

activation process.

Recently, studies have implied that visfatin mayesge as an element in the
regulation of inflammation. Oket al., demonstrated that serum visfatin levels are
positively correlated with the serum levels of rigakin-6 (IL-6) and C-reactive
protein (CRP) both of which are inflammatory maskéOki et al., 2007). Other
investigations have shown that visfatin inducesgtagluction of IL-6 and TNFe in
human monocytes (Moschehal., 2007). These the associations between markers of
inflammation and visfatin indicate that circulatimgsfatin may reflect inflammation
status. A report indicating an increase in serusfatin with progressive-cell
deterioration suggests it may be involved withanfimatory processes in thecells
(Lépez-Bermejcet al., 2006).

To gain insight into the mechanisms by which visfgpromotes inflammatory
process, the effect on MAPK signalling was examing®8 MAPKs are members of
the MAPK family that are activated by a variety efvironmental stresses and
proinflammatory stimuli and involved in mediatingnous inflammatory processes
(Furukawaet al., 2003). Selective inhibition of p38 MAPK has pravsty been
shown to reduce TNF-alpha and free fatty acids @FRAduced inflammation (Jet
al., 2003; Chakt al., 2007). As illustrated in Figure 6.2.1, visfatirddiot induce p38
activation in thep-cells suggesting that p38 signalling does not atedvisfatin-

induced inflammation.

Visfatin has previously been suggested to playle iro regulating insulin secretion
(Revollo et al., 2007b). The observations illugdafrom this report were however
based on intracellular actions of visfatin as ogglo® administered visfatin. In the
present study the role of visfatin in regulatinguhn secretion in-vitro was examined.
Between 5 and 100ng/ml, visfatin did not elicit affect on insulin secretion at low
glucose, however at the higher concentration ohg0al there was a significant 50%

increase in insulin secretion compared to untreagdld (p<0.01). Although this is a
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relatively small increase in insulin secretionisitstill within a range which makes it
physiologically relevant. This observation demoatgts that at low glucose condition,

visfatin is a potential secretagogue of insulinrggon in mousg-cells.

The findings illustrated in the previous paragrgmiovide new insight into the
molecular functions of visfatin in glucose metaboli The present study provides
evidence demonstrating that visfatin regulateslinssecretion in the pancreatf:

cells. The low concentrations of visfatin did noduce insulin release from tife

cells; however increasing the dosage of visfatin2@®ng/ml conveys beneficial
effects on glucose homeostasis due to the enhamsedin secretion. The high
visfatin expression in the beta-cells and the r&guy effect on insulin secretion
makes it a potential target for therapeutic intatins for the prevention and

treatment of obesity induced insulin resistance.

The intracellular signalling pathways involved hetvisfatin-induced modulation of
insulin release were investigated using pharmaccdbginhibitors of NAD+
biosynthesis and MAPK activity, all of which aredan to be important in thg-cell.
Previous studies have shown that activation of MARKclosely involved in insulin
transduction pathways and glucose stimulated insdcretion (Frodimet al., 1995).
Co-incubation with visfatin inhibitor FK866 sigretntly blocked visfatin induced
increase in insulin secretion (p<0.01). Co-incutratwith the ERK1/2 signalling
pathway inhibitor UO126 however did not alter théees of visfatin on insulin
secretion. This result suggests that although MA®Rd be activated by visfatin as
illustrated in Figure 6.1.7, this pathway is notamenistically involved in visfatin

induced insulin release.

The observed effect of co-incubation with visfatind FK866 suggests that visfatin
regulation of insulin secretion is mediated by atslity to synthesize NMN since
FK866 non-competitively binds the enzymatic regiovisfatin which normally

binds nicotinamide (the substrate in mammalian NBiDsynthesis). In order to
confirm this observation, thgcells were stimulated with NMN in similar conditi®

to visfatin and effect on insulin secretion detereal. As illustrated in Figure 6.2.4,
NMN did not significantly increase insulin secretim thepTC-6 cells. This suggests

the involvement of a more complex mechanism in mi@t the actions of visfatin in
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insulin secretion. It is thus possible that, iniéidd to blocking the ability of visfatin
to bind nicotinamide as previously described (Ketral., 2006) FK866 also blocks

other pathways which are yet to be identified adglitional metabolites to NMN.

The effect of visfatin incubation in the presendéhigh glucose concentrations was
also examined. As illustrated in Figure 6.2.4, afisf did not elicit any effect on

insulin secretion at any of the treatment concéioina used. It is unclear why visfatin
evoked a strong stimulatory effect on insulin seareat low glucose and not at high
glucose although it is possible that increases waesked by glucose-induced

changes in basal secretion.

In conclusion, the observations outlined in thigdgt suggest that visfatin has a
regulatory role in beta-cell function and insulateptor signalling, possibly through
NAD biosynthetic activity. The high mRNA expressiohvisfatin in thep-cells and
its ability to activate IR makes it a potential iusearget for future drug therapies of
T2D especially insulin-sensitizing drugs. The efffetvisfatin on insulin secretion is
evident from the results outlined in this study lkeer the mechanism by which
visfatin elicits this effect is unclear. Furthew@stigation will be necessary to test

potential pathways involved in this process.
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Chapter 7

Final Discussion, Conclusion
and Future Work
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7.1. Final Discussion

Previously, the role of adipose tissue was consiti¢p be little more than inert and
passive storage for fat during times of caloricesssec However, in recent years it has
become increasingly apparent that adipose tissegdés storing the excess dietary
energy in the form of triglycerides, is a very aetsecretory organ (Kire al., 2000).
The number of adipose tissue secreted factors/kidig® has expanded rapidly ever
since the initial discovery of adipsin (Siitesti al., 1987) and leptin (Zhangt al.,
1994). Some adipokines have been shown to exéamniatory response leading to
the development of insulin resistance associatdtl whbesity (Hotamisligilet al.,
1994; Pradhart al., 2001) while others have been shown to be protediyainst
insulin resistance and T2DM (Begyal., 2001; Combst al., 2001; Steinbergt al.,
2002).

At the onset of this study, there was very littiéblished data regarding the effects of
resistin and visfatin in the beta cell, with onbndlicting reports existing over the role
of resistin in beta cell function. The initial expeental aim of this study was thus to
clarify the role of resistin and visfatin in thegtgation of beta cell function, viability
and key genes involved in beta cell function. Waild hopefully provide an insight
into the roles of these adipokines in beta celtfiom (or dysfunction) and a basis for

subsequent investigation.

As discussed in chapter three, resistin treatmer0ag/ml which is the reported
concentration in lean non-diabetics significanthgreased3-cell viability over 24
hours however a higher dose of 40ng/ml which is &yegorted concentration in
obesity and diabetic patients did not promote Vitgoof the B-cells. This observed
effect on viability was not associated with suppeek cell death under serum-
deprived conditions, but rather with increased ifetion. This outcome was
consistent with previous reports which indicatedhikir proliferative effects in
endothelial cells (Vermat al., 2003; Muet al., 2006). The action elicited by resistin
is crucial for the beta cell function since dysHagjon of p-cell proliferation has
previously been shown to be a crucial feature enghthogenesis of type 2 diabetes
(Ackermannet al., 2007). These effects are also critical to sustgirthe secretory

147



function of thep-cells and maintain normoglycaemia. Adipose tisisualso one of
the target organs for insulin. As such, these ofagiens highlight a possible
mechanism by which adipose tissue secreted factmsibute top-cell survival thus
fulfilling its primary role of insulin secretion tmeet increased demand from enlarged

adipose cell.

Visfatin did not have any effects @hncell viability at the low concentration however
supraphysiological visfatin concentrations sigrifidy reduced-cell viability. This
shows that the low circulating concentration offati do not regulat@-cell mass
however the supraphysiological concentrations revegative regulatory effect in-
vitro. Previous reports have indicated that cirtnfavisfatin concentrations is lower
in healthy young subjects compared to those irepttiwith diabetes (Chaat al.,
2006; Haideret al., 2006a; Haideget al., 2006b; Krzyzanowskat al., 2006a). It is
thus possible that the low circulating visfatin centrations do not elicit any effect on
beta cell survival however subsequent increasemntentration as those observed in

diabetes and obesity have pathological consequences

In a recent study, serum visfatin concentrationgewshown to increase with
progressive B-cell deterioration (Lopez-Bermej&t al., 2006), suggesting this
adipokine may be involved with inflammatory proassn theB-cells. Even though
most reports of the circulating levels of visfatire well below these concentrations
(400 and 500ng/ml), some studies have suggested hfgher circulating
concentrations of visfatin (Chae al., 2007). The observed effect on cell viability is
thus significant as progressive deterioratiofi-akll function is often associated with
a loss off-cell mass (Prentki and Nolan, 2006) which subsetiyaffects secretory

capability of the pancreatic islet.

Resistin has been demonstrated to exert a wideerahgffects including regulation
of metabolic pathways such as glucose and lipidabwdism (Steppamet al., 2001;
Palanivelet al., 2006). Regulation of these processes involvegaliing the proteins
implicated in these pathways both at mRNA transtatevel and the respective gene
expression level. Recent advances in genomic amsatgshnology have led to
identification of genetic profile alterations of pmrtant genes involved in glucose

metabolism and subsequent consequences in patlsigeiel2D. As demonstrated
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in previous studies, defects in the expression eheg involved in glucose
homeostasis may be important in the aetiology oD T@&arvey et al., 1992;
Pendergrasat al. 1998; Ducluzeast al., 2001).

In this study, resistin treatment resulted in digant alterations in the expression
profiles of key genes involved ifi-cell function. From the results illustrated in
chapter 4, it is clear that the IL-6 and MAPK-8 mRNxpressions are profoundly
increased in thé-cells after resistin treatment. Interleukin-6 isolvn to induce

insulin resistance while MAPK-8 negatively affeatsulin signalling. The observed
alteration in the mRNA expression of these molexbleresistin highlights a possible
pathway by which resistin induces insulin resiséanc mouse beta cells. It is
important to note that fatty acid induced insulasistance is mediated by MAPK-8
(Solinaset al., 2006) further illustrating the significance ofglsignalling molecule as

a mediator ofi-cell dysfunction.

Resistin treatment produced changes in the mRN@ldenf a few selected enzymatic
genes. Among the genes under investigation, the mBXpression for glucose-6-
phosphate dehydrogenase (G6pd2) and Glucose-64pdtase (G6pc) were
significantly up-regulated. Upregulation of G6padamverexpression of G6pd2 has
previously been shown to result in increased hepglticose output and obesity
induced lipid metabolism disorders respectivelyrkRa al., 2005). In the beta cells,
overexpression of the glucose-6-phosphatase hagppsty been shown to attenuate
glucose sensitivity of insulin secretion (lizukaal., 2000). Glucocorticoid treatment
has also been shown to inhibit glucose-inducedimselease via stimulation of G6pc
activity in the beta cells (Lingt al., 1998). Glucose-6-phosphatase thus appears to be
an important mediator of GSIS. Enlarged adipossug which leads to altered
adipokine secretion in this case resistin may tesulinduction of these genes
regardless of the metabolic state. The increasedNAnfevels of these genes
illustrates novel ways by which elevated conceitnat of resistin regulates beta cell

function and the pathological effect of increasdipasity on beta cell function.

Based on these observations, it is apparent treastire modulates a variety of
transcriptional changes in the beta cells, whigtresents the molecular basis of its

action in the beta cells e.g. the effect on instdiceptor expression as illustrated in
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chapter 3. The resistin concentration exertingeahgsnetic alterations is similar to
that reported in obese and T2D (Fehmahal., 2002; Zhanget al., 2003) and thus
highlights a possible mechanism by which the raguiaof a cluster of genes
involved in insulin action and glucose metabolisnaynbe affected by altered

adipokine production and secretion.

In addition to resistin, visfatin treatment resdlten significant changes in the
expression profiles of key beta cell genes. Visfdteatment resulted in down-
regulation of Mapk8 mRNA and the up-regulation oktA These are important
signalling molecules in glucose homeostasis argtalon in expression or activity
could have serious ramifications. Akt2-deficientenhave previously been shown to
exhibit insulin resistance and mild diabetes (€bhal., 2001) while activation of this
molecule in response insulin positively influenggacose metabolism (Brazil and
Hemmings, 2001). The 24 fold increase of Akt2 mR&hwws that visfatin has a high
potency in regulating the gene expression levehldP and may have a therapeutic
advantage in improving insulin sensitivity in theté-cells.

Conversely MAPKS8 has been shown to increase theesphosphorylation of insulin
receptor substrate-1 (IRS-1) which in effect intsbinsulin-stimulated tyrosine
phosphorylation of IRS-1 (Aguirret al., 2000). From the results in Table 4.2, it is
clear that visfatin significantly reduced Mapk8 mRExpression by -1.122 fold. In a
recent study, visfatin was shown to improve ins@@nsitivity and insulin receptor
substrate tyrosine phosphorylation in rodents (®ural., 2009). This report is
consistent with the results illustrated in chapefFigure 6.1.4) which shows that
visfatin activates insulin receptor in tfecells. The observed effects of visfatin have
the potential to improve insulin sensitivity andveese obesity induced insulin
resistance. It is thus possible that the actionsigiatin as illustrated by Suet al.,
and in Figure 6.1.4 of this study could be medidiggdnduction of Akt2 gene and
suppression of MAPK8 mRNA expression.

Visfatin treatment also resulted in an 8-fold irage in insulin mRNA. The
transcription and subsequent translation of insgéne is important in maintaining
sufficient insulin supply after repeated glucosallémges. The upregulation of insulin

MRNA by visfatin is of great significance as indantof insulin gene is a key step in
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restoring normal blood glucose levels during hypeaemia. Consistent with the
visfatin effect on insulin gene was a decrease @Pt2 and PPAR- mRNA
expression in th@-cells all of which are known to be involved in pogssion of
insulin secretion in response to glucose (Chaal., 1999; Tordjmaret al., 2002).
These observations shed light on the possible pseseinvolved in visfatin induced
insulin secretion as illustrated in Figure 6.2.2chhpter 6. In addition to this, there
was a significant increase in key transcriptiortdesc HNF4e and Tcf2 as a result of
visfatin treatment. This is significant and consmtwith the observed effects on
insulin and UCP-2 genes as both HNi&nd Tcf2 are both involved in insulin gene
transcription (Bernardet al., 2008). It also further highlights a possible padlgvioy

which visfatin causes an increase in insulin semmeds observed in Figure 6.2.2.

The observations illustrated in chapter 5 paintcaupe of a potential role of resistin
in the pathophysiology of insulin resistance andTZhe results outlined in the
present study show that insulin receptor expredsaith at mRNA and protein level is
downregulated by resistin. Several mechanisms hghwbbesity influences insulin
resistance have been suggested in recent years. r@parted physiological
concentration of resistin (20ng/ml) did not havey affect on insulin receptor
expression; however the elevated concentrationsig{Ail) elicited this negative
response (Figure 5.4 and 5.5). It is now clear fian@vious studies that increased
adipose tissue mass results in altered adipokiogugation (Weyekt al., 2000; Skurk
etal., 2007). The negative effects on insulin receptgression by elevated resistin
concentrations illustrate how increased adiposgyatively regulates insulin receptor
expression and highlights a possible link betwedssity and insulin resistance.

The result illustrated in Figure 5.1 show thatsesimRNA is highly expressed in the
beta cells. The high expression of resistin inlibta cells and the effects on insulin
receptor expression illustrate a potential roléhed adipokine in the pathophysiology
of T2D. Multiple defects in insulin signalling tregiuction pathways e.g. reduced
insulin receptor expression levels and tyrosineagéactivity have been identified as
major contributory factors to insulin resistancernbet al., 2004; Musiet al., 2006).

It is thus possible that resistin induced insul@sistance in the pancreatic islets
(Nakataet al., 2007) is mediated by its ability to reduce insulbeptor expression in

the beta cells as illustrated in this study. Tleisconsistent with a previous report
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which demonstrated that serum resistin is increasd@D subjects (McTernagt al.,
2002a) highlighting a link between elevated lexaild T2D. Initial studies by Steppan
et al., showed that circulating resistin levels are deswdaby the anti-diabetic drug
rosiglitazone (Steppaet al., 2001). This makes resistin a potential targetdfabetes
therapy.

Previous studies involving visfatin and the insuleteptor have been controversial.
Right in the middle of the study, the “Science”joal article (Fukuharat al., 2005)
which outlined visfatin as an insulin mimetic adipge and on which initial
experiments of this study was based on was rettatttehould be stated however that
only some of the experiments from this retracteplepavere criticised. At this point,
the experimental results from this study showed tnsfatin stimulation resulted in
activation of insulin receptor and the subsequemé¢stion was how. As time
progressed various reports continued to emerge seithe showing visfatin action to
be similar to insulin (Moscheet al., 2007; Xieet al., 2007) while others suggesting
the contrary (Pagane al., 2006). However it was not until Revolé al., illustrated
the involvement of NAD+ biosynthetic pathway thasfatin function in theB-cells
began to become clear (Revo#bal., 2007b). Their study did not find evidence of
visfatin insulin mimetic activity as previously mped by Fukuharaet al., e.g.
activation of insulin receptor (Fukuhaghal., 2005) however they demonstrated that

visfatin induced insulin secretion was via NAD+ $yathesis.

This study therefore sought to evaluate whetherdigerved activation of insulin
receptor was via NAD biosynthesis. As illustratadFigure 6.1.3 and 6.1.4, visfatin
activates insulin receptor in the beta-cell in angamtration and time dependant
fashion. To evaluate the involvement of NAD+ biawsis in mediating the actions
of visfatin in insulin receptor activation, the lselvere co-incubated with visfatin and
specific Nampt inhibitor FK866 and analyzed by pitesspecific insulin receptor
sandwich ELISA. FK866 significantly reversed thdeefs of visfatin in activating
insulin receptor while NMN treatment resulted intieation of insulin receptor,
demonstrating that the reduced visfatin activityimsulin receptor is due to the lack
of the NAD+ biosynthetic activity of Nampt. The ults presented here demonstrate
that enzymatic activity of visfatin and not theuhs mimetic activity as previously

claimed by Fukuharat al., plays an essential role in activation of insukteaptor.
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This adipokine is thus a potential pharmacologitaiget in reversing insulin

resistance.

Visfatin has previously been shown to activate MARKther cell types (Adyet al.,
2008b). To test whether this observation extendbheobeta cellspTC-6 cells were
stimulated with visfatin and the effect on MAPK iaity analysed using phospho
ERK1/2 ELISA. The results in chapter 6 show thafatin activates ERK1/2 with the
maximal effect observed after 15 minutes. To tdst tnvolvement of NAD
biosynthesis in this process, the cells were tceatéh NMN and in a separate
experiment, co-incubated with the specific NAMPTibitor FK866. As illustrated in
chapter 6, NMN stimulation resulted in activatiodnERK1/2 in a similar fashion to
visfatin however the visfatin induced phosphorgatiof ERK1/2 was significantly
reduced by FK866. This suggests that visfatin &ffean ERK1/2 activity are
mediated by NAD biosynthesis as FK866 non-compelyi binds the enzymatic
region of visfatin which normally binds nicotinareidThis finding is important to the
beta cell function since increased ERK1/2 actings previously been shown to

correlate with glucose stimulated insulin secreierddinet al., 1995).

Most recently, it has been proposed that visfal@typa key role in the regulation of
insulin secretion (Revoll@t al., 2007b). In this study Revollet al., showed that

NMN was able to restore insulin secretion in iskstsracted from visfatin knockout
mice. This conclusion was however drawn on findibgsed on intracellular actions
of visfatin, as opposed to administered visfatine Tindings illustrated in chapter 6 of
this study show that administered visfatin induicessilin secretion in th@-cells and

thus suggest that visfatin has an vital role batlinéra- and extracellular regulator of
pancreatic beta-cell function. This observationidgate an important physiological
role for visfatin as a potential regulator of inausecretion and highlights a role by
which adipose secreted factors induce insulin secréo increase metablic activity

(glucose metabolism) and meet increased energitinesfrom obesity.

As previously illustrated in chapter 6, the MAPK IER2 are significantly activated
by visfatin (p=0.001). The potential requirement f8RK activity and visfatin

enzymatic activity in insulin secretion was exandindhe cells were co-incubated
with ERK1/2 inhibitor U0126 and Nampt inhibitor FB8. As illustrated in chapter 6,
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U0126 co-incubation did not significantly alter tb&ects of 200ng/ml visfatin on
insulin secretion compared to visfatin alone. Iimswlecretion occurred normally in
these experiments even when ERK activity was bloakemonstrating that visfatin
induced insulin secretion is not mediated by MARghalling.

Co-incubation with FK866 however significantly bked this increase in insulin
secretion induced by visfatin (p<0.01). This reduaiplies that visfatin effect on
insulin secretion is mediated by its ability to gsize NMN however NMN on its
own did not significantly increase insulin secratio the beta cells, suggesting the
possible existence of additional signalling pathwaythe possibility that FK866
blocks visfatin in other ways. The nature of thistulated additional signal is still not
known, although the results illustrated in chagiérave ruled out involvement of the
MAPK ERK1/2 pathways in visfatin induced insulirceetion. This outcome suggests
a more complex mechanism for the actions of visfain insulin secretion which

remains to be established.
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7.2. Conclusion

The identification of resistin mMRNA in the beta Isefhow that the role of this

adipokine is not restricted in the adipose tissuedbso other endocrine organs. The
effect of resistin in promoting cell viability ilkirates the role of this adipokine in
regulating beta cell mass. It is clear from thisdgtthat resistin promotes beta cell
survival and may prove protective to the beta cethen subjected to stress. In this
study, resistin downregulated insulin receptor egpion both at transcription and
translation level suggesting a potential link besweéncreased adiposity and insulin
resistance. Te high resistin mRNA expression in fifells suggests that resistin

might be having paracrine or autocrine effects.

Visfatin is also highly expressed in the beta cetid like resistin is not restricted to
the adipose tissue but other endocrine organs. Hige visfatin concentrations
significantly reduced3-cell viability suggesting that the elevated coricaions as
those observed in obesity and T2D have a negaégalatory effect on beta cell
survival. Visfatin stimulation of the beta cellssudted in activation of the insulin
receptor via NAD+ biosynthesis. This result demiaist that the ability of visfatin to
activate insulin receptor is not due to the insutirmetic properties as previously
suggested by Fukuhaetal., but rather enzymatic. Visfatin treatment of théabeells
in low glucose induced insulin secretion however phocess seems to be mediated by
a more complex mechanism which may involve a knawrunknown signalling
molecule. It is clear from this study that residtiss a potential role linking obesity
and insulin resistance while visfatin could potaltyiimprove insulin sensitivity due
to its effects on insulin receptor and also plagriéical role in regulating insulin

secretion in the beta cells.
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7.3. Future work

It is slightly clear based on the results of thisgdg how resistin and visfatin might be
working in the beta cells or in any of the cell égpdiscussed in the introductory
chapter. These adipokines are presumably actingoibgling to their respective
putative receptors or by making NMN in the casevigfatin. Further work is thus
needed to clearly identify these receptors. Tohrtunravel the physiological roles
of these adipokines, in the case of resistin; tustudies should involve the use of
beta cell-specific resistin knockout mice to deteenthe contribution of this
adipokine in beta cell function and the phenotypeype 2 diabetes e.g. insulin
resistance. Additional experiments examining thiecellular localisation of visfatin
and resistin in the beta-cell will also be vital umderstanding the roles of these
adipokines in beta cell function.

Although SOCS-3 and MAPK signals are known to miedmajor actions of resistin
in various cell types, it is possible that manyeotipathways exist in the resistin
signalling. Due to the effect of resistin on insuleceptor expression as illustrated in
chapter 5, it would be important to clarify the rhanism by which putative resistin
receptor and insulin receptor signal transductigstesns could cross-talk with each

other. Further analysis will be necessary to glahfs potential interaction.

Resistin treatment resulted in increased viabdityhe beta cells. Various signalling
molecules are involved in cell proliferation ance thifferent forms of cell death
including apoptosis and necrosis. These factory placrucial role in beta cell
survival. Additional studies will be necessary tartfier delineate molecular

mechanisms responsible for resistin-induced iner@asiability of the beta cells.

The data in chapter 6 show that visfatin induceslin secretion. This effect was
reversed by visfatin inhibitor FK866. As previousljlustrated, FK866 non-
competitively binds the enzymatic region of vigfatwhich normally binds
nicotinamide thus preventing synthesis of NMN whishan intermediate in NAD
biosynthesis. Although the data outlined show tiEtN on its own did not induce

insulin secretion, the results reported here p@eddence that at least one additional
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signalling pathway is necessary for visfatin fuagtiin inducing insulin secretion.
Further studies should be performed to identify &heact pathways involved in
visfatin signal. It is also possible that unknownother known intermediates which
are inhibited by FK866 are involved in visfatin uwbd insulin secretion. Additional

studies should be employed to clarify this.

Glucose-stimulated biphasic insulin secretion imesl at least two glucose sensing
pathways: the Krp channel-dependent andatt channel-independent pathways.
Future work should examine whether visfatin andeatsction product NMN have any
significant effects on ke channels or other downstream components involwed i

insulin secretion as illustrated in Figure 1.0.

The results in chapter 5 and 6 show that resistth\asfatin are highly expressed in
the beta cells. Additional studies are needed tntity the factors regulating
intracellular resistin and visfatin. Since resistierts pathological effects at elevated
concentrations corresponding with those observeahasity and T2D, selective
depletion of this adipokine might have a powerhdrapeutic impact. Since the effect
of resistin is not localised to the adipose tisbug rather endocrine, identifying
factors that reduce the expression and release &dipocytes could potentially alter
circulating levels and have positive impact in msugy insulin resistance associated

with increased adiposity.

Visfatin effect in activating insulin receptor maké& a potential target for insulin
sensitizing pharmacological agents. The descrileationships of rodent visfatin
expression and the observed effect on insulin tecegnd MAPK phosphorylation
illustrated in this study may not readily be trastl to humans. Therefore, further
studies are needed to clarify the role of this ekipe in human metabolism e.g.

experiments on human islets.
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Appendices

Appendix 1

Appendix 1.1 Equipment

Block heater

Centrifuges

COs incubator

Coulter counter Z1

Genequant Pharmacia

Hybaid PCR Express thermocycler

ImageQuant™ TL image analysis software

Inverted microscope Celti,

Labsystems Multiskan MS

Magnetic Stirrer Hotplate

190

\Waohboratories, York, UK

M.SMuitstral 2000,

Fisons Instrumentation, U.K.

Jensons Sifierinc.
BridgewillPA 15017, USA

Beckman Couiteited
High Wycombe, UK

Biotech Inc.,NUSA

Hybaid, Action Court,
Middlesex, UK

GE Healthcare Life Sciences
m&rsham, Bucks, UK

Optical Instruments, Belgium

Labsystems, Fila

Stuart Scientific, Beacon Road
Staffordshire, UK



Mini-PROTEAN 3 cell

Electrophoresis system

Mini Trans-Blot cell

Phosphorimager™ technology

Platform Shaker STR6

PowerPac 1000 Power Supply

iCycler Real-Time PCR Detection System

Rocker

Vortex

Water baths
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BidRad Laboratories Ltd,
Hemel Hempstead, UK

Bio-Rad Latadories Ltd,
Hemel Hempstead, UK

GE Healthcare Life Sciences

Amersham, Bucks, UK

Stuart Scientific, BeaRoad,
Staffordshire, UK

Bio-Rad Laboratories Ltd,
Hemel Hempstead, UK

Bio-Rad Laboratories Inc.
Hercules, CA 94547, USA

Wolf Laboratorierk, UK

Sigma-Aldr Company Ltd,
Dorset, UK

Grant Instruments (Cambridigie)),

Cambridge UK



Appendix 1.2 Specialised kits

CellTiter 96 AQueous One Solution
Cell Proliferation Assay (MTS) kit.

Mouse insulin secretion ELISA kit

Mouse Diabetes RT2 Profiler™ PCR Array

Rat insulin secretion ELISA kit

RayBio Cell-Based Phospho-Insulin Receptor B
ELISA kit

RayBio Cell-Based ERK1/2 (activated)
ELISA kit

RayBio Cell-Based p38 MAPK (Thr 180/Tyr 182)
ELISA kit
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Promega UK,
Southampton, UK

Mercodia, Sweden

SABiosciences Corporation
MD 21703, USA

Mercodia, Sisa

RayBiotech, Inc. USA

RayBiotech, Inc. USA

RayBiotech, Inc. USA



Appendix 1.3 Reagents and chemicals

Acetone BDH Laboratori®applies,
Poole, England

Albumin from bovine serum Sigma-Aldricloi@pany Ltd,
Dorset, UK
Ammonium persulphate Sigma-Aldrich Compatd
Dorset, UK
AMV reverse transcriptase Promega UK, Southampton, UK
AMV RT buffer Promega UK, Southampton, UK
Beta mercaptoethanol Bio-Rad Labmies Ltd

rHel Hempstead, UK

Bionic™ Buffer, 10x Sigma-Aldrich @pany Ltd,
Dorset, UK

Complete, Mini Protease Inhibitor Cocktail Tablets Roche Diagnostics GmbH,

Mannheim, Genya

D (+) Glucose solution 45% Sigma-Aldrich Company Ltd,
Dorset, UK
DC Protein Assay Kit Bio-Rad Laboratorigd,

Hemel Hengaat, UK

DMSO Sigma-Aldrich Compdrtd,
Dorset, UK
dNTP mix Promega UK, Southamptdk,
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ECL Plus™ Western Blotting Detection Reagent

Ethanol

Ethidium bromide

Fetal calf serum

Hanks Balanced salt solution

‘Hi-Pure’ Low EEO agarose gels

Human resistin

Hydrochloric Acid

Hyper Ladder IV — 100bp ladder

L-glutamine

Magnesium sulphate

Methanol
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GE Healthcare UK Ltd
m&rsham, Bucks, UK

BDH Laborata@i8upplies,
Poole, England

Sigma-Aldrich Company Ltd
DorseKU

PAA Labayaes Ltd,
Yeovil, UK

gns-Aldrich Company Ltd,
Dorset, UK

BioGene Ltd., Kimbolton, UK

Cambridge Bioscierdels
Cambridge, UK

BDH Laboratories Suppli
Poole, England

Bioline Ltd, London, UK

Sigma-Aldrich Compairig,
Dorset, UK

BDH Laboratories Supplies
Poole, England

BDH Laboratori®spplies,
Poole, England



B Nicotinamide mononucleotide

Non-essential amino acid solution

Nuclease-Free Water

Oligo (dT) 15 Primer

Phosphate buffered saline

Phosphatase inhibitor cocktail

Penicillin—Streptomycin solution Hybri-Max®

Pre-Aliguoted Reddy MixTM PCR Master-Mix

Protein standard

Protogel (30% solution at 37.5:1 ratio)

Protogel resolving buffer

Protogel stacking buffer
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Sigma-Aldricbmpany Ltd,
Dorset, UK

Sigmdrish Company Ltd,
Dorset, UK

Promega UK, Southampton, UK
Promega UK, Southampton, UK
Sigma-Aldrich Company Ltd,
Dorset, UK
Sigma-Aldrich Company Ltd,

Dorset, UK

Sigma-Aldrich Company Ltd,
Dorset, UK

Abgene Limited,
Epsom, UK

Sigma-Aldrich Compantyg L
Dorset, UK

Geneflow UK
Staffordshire, UK

Geneflow UK
Staffehdre, UK

Geneflow UK
Staffehdre, UK



2xgPCR Mastermix for iCycler 12.5ml
plus SYBR Green

RNaseZap® RNase Decontamination Solution

RNasin Ribonuclease Inhibitor

RPMI 1640 without Glucose

RPMI 1640 without L-Glutamine

Recombinant human visfatin

SeeBlue® Plus2 Pre-Stained Standard

Sodium bicarbonate

Sodium pyruvate solution

Sodium Chloride

Sodium phosphate monobasic dihydrate

SV Total RNA Isolation System

TEMED
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Primerdesign Ltd
Southampton, UK

Applied Biosystems,
Warrington, UK

Promega UK, Southampton, UK

PAA Laboratories Ltd,
Yeovil, UK

PAA Laboratories Ltd,
Yeovil, UK
Axxora UK LTD

Invitrogen Ltd., Paisley, UK

Sigma-Aldrich Company Ltd,
Dorset, UK

Sigma-Aldrich Company Ltd,
Dorset, UK

Sigma-Aldrich Company Ltd
Dorset, UK

BDH Laboratories Supplies,
Poole, England

Promega UKu®ampton, UK

Sigma-Aldrich Compalrig,
Dorset, UK



Tissue culture plasticware

Tris buffered saline

Tris buffered saline (with tween)

Tris/Glycine/SDS running buffer

Tris/Glycine transfer buffer

Triton X

Trizma® hydrochloride solution

Trizma® HCL

Trizma® Base

Trypsin/EDTA

Tween-20

Urea

BectoneKkinson
Franklin Lakes, NJ

Sigma-Aldrich Company Ltd,
Dorset, UK

Sigma-Aldrich Company Ltd,
Dorset, UK

Geneflawd,

Staffordshire, UK

Géow Ltd,

Staffordshire, UK

Sigma-Aldrich Company Ltd,
Dorset, UK

Sigma-Aldrich Company Ltd,
Dorset, UK

Sigma-Aldrich Company Ltd
Dorset, UK

Sigma-Aldrich Company Ltd,
Dorset, UK

Sigma-Aldrich Companyl |t
Dorset, UK

Pinaicia Biotech,

Sigma-Aldrich Company Ltd, Dordgk
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Appendix 2.1 Effects of resistin on gene expression

Appendix 2

mouse BTC-6 cells

profile in

RT-real time PCR array analysis of transcripts egped if3TC-6 cells exposed to

resistin resulted in altered patterns of expressitwe table below represents the genes

that were not significantly regulated by resispr@.05).

Description Fold Change p value
Acly ATP citrate lyase -1.7817 0.084041219
Adra R ala | Adrenergic receptor, alpha 1la -1.1755 6771@83311
Adra R b3 | Adrenergic receptor, beta 3 1.6624 0.263687
Agt angiotensinogen 1.9096 0.388713508
Akt2 1.0717 0.090975081
Agp2 Aquaporin 2 1.9096 0.393317552
Chemokine (C-C motif) ligand 5; small
Ccl5 inducible cytokine A5 4.8121 0.316747283
Ccr2 Chemokine (C-C) receptor 2 2.0945 0.056861898
Carcinoembryonic antigen-related cell
CeaCam | adhesion molecule pseudogene 1 1.4472 0.577056158
CCAAT/enhancer binding protein
Cebpa | (C/EBP), alpha 2.4060 0.18613699
DPPIV Dipeptidyl-peptidase 4 8 0.563424508
Dusp4 Dual specificity phosphatase 4 1.9096 0.811762895
Ectonucleotide
Enppl pyrophosphatase/phosphodiesterase 1 1.3503 0.992329
Fbpl Fructose bisphosphatase 1 2.8284 0.734777383
Foxgl Forkhead box G1 -1.4142 0.546800032
Foxp3 Forkhead box P3 1.0092 0.179655246
Gcg R Glucagon receptor 1.0968 0.109701y82
GLP-1 R Glucagon-like peptide 1 receptor 4.1891 38449789
Gsk3b Musculus glycogen synthase kinase 3 peta 10.48 | 0.31603345¢
Hmox1 Musculus heme oxygenase (decycling)|1 -1.0472 0.109697203
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ICAM-1 Intercellular adhesion molecule 1.8660 0.83B527
Ide Insulin degrading enzyme 2.5198 0.799804479
IinG Interferon gamma 4.3872 0.744246832
Insulin-like growth factor binding protein
lgfbp5 5 1.8234 0.568768424
Inhibitor of kappa light polypeptide gene
Ikbkb enhancer in B-cells, kinase beta 2 0.371528346
1110 Interleukin 10 -1.4472 0.294852614
112b Interleukin 12B 3.0314 0.773175579
14 Ra Interleukin 4 receptor, alpha 2.9621 0.8&HI1B
Insulin promoter factor 1, homeodomairn
Ipfl transcription factor -3.7321 0.25693434
IRS1 Insulin receptor substrate 1 1.3819 0.88898348
Neurodl Neurogenic differentiation 1 2.700699892 546960627
Nuclear factor of kappa light chain gene
Nfkbl enhancer in B-cells 1, p105 2.094588246 | 0.114422573
Musculus nitric oxide synthase 3,
Nos3 endothelial cell -1.231144413  0.560528488
NRF1 Nuclear respiratory factor 1 1.175547906 oozza9
Nsf N-ethylmaleimide sensitive fusion protejin  1.380627 | 0.176024388
Parpl 28.50875898 | 0.452436054
Phosphoenolpyruvate carboxykinase 1,
Pckl cytosolic 2.193649959| 0.134575435
Phosphatidylinositol 3-kinase, regulatory
Pik3rl subunit, polypeptide 1 (p85 alpha) 2.193649959 | 0.659040069
Peroxisome proliferator activated receptor
PPARa alpha 1.447269237| 0.1645354P1
Peroxisome proliferator activated receptor
PPARg gamma 3.646889954| 0.380643637
PPARg cla 54.4426983 0.393620986
Protein tyrosine phosphatase, non-
Ptpnl receptor type 1 1.25992105 0.685085441
Pygl Liver glycogen phosphorylase -1.447269287 82BH252
Rab4a RAB4A, member RAS oncogene family -1.48102755).185240692
Sell Selectin, lymphocyte -1.350349946 0.800747[L99
Serpinel Mouse plasminogen activator inhibitor, 89370308 0.06079973
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Serine proteinase inhibitor

Solute carrier family 14 (urea transporter),

Slcl4a2 | member 2 2.351095813 0.272247246
Snap23 Synaptosomal-associated protein 23 -1.042294 0.558413254
Snap25 Synaptosomal-associated protein 25 -2.182546 0.128924982
Sod?2 superoxide dismutase 2, mitochondrial 1.4142| .935066398
Srebfl Sterol regulatory element binding factoy 1  .7211 0.954531541
Stxbpl Syntaxin binding protein 1 -11.0553 0.148831
Stxbp4 Syntaxin binding protein 4 2.9621 0.13604r84
Tofbl Transforming growth factor, beta 1 54.4426| 152194079
Tnf tumor necrosis factor 2.3510 0.163261352
Tumor necrosis factor receptor
Tnfrsfla | superfamily, member la 1.6624 0.548745715
Tumor necrosis factor receptor
Tnfrsflb superfamily, member 1b 2.4060 0.174416%88
Trib3 Tribbles homolog 3 2.3510 2.97294E-05
UCP2 Uncoupling protein 2, mitochondrial -1.2893 81H142543
Vamp?2 Vesicle-associated membrane protein 2 1.2893 0.244660209

Vesicle-associated membrane protein,
Vapa associated protein A -30.5549 0.130899437
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Appendix 2.2 Effects of visfatin on gene expression

mouse BTC-6 cells

profile in

RT-real time PCR array analysis of 84 genes wa®peed to reveal genes regulated

by visfatin. The table below represents the gehaswere not significantly regulated
by visfatin (p>0.05).

Description Fold Change p value
Acel Angiotensin-converting enzyme -3.7321 0.015655069
Acly ATP citrate lyase 2.7006 0.471153199
Adra R ala | Adrenergic receptor, alpha 1a 4.9245 17866023
Adra R b3 | Adrenergic receptor, beta 3 1.2311 0.83221
Agt angiotensinogen 1.8234 0.844951734
Agp2 Aquaporin 2 1.2599 0.337708525
Chemokine (C-C motif) ligand 5; small
Ccl5 inducible cytokine A5 7.2937 0.051644769
Ccr2 Chemokine (C-C) receptor 2 3.1748 0.329699176
CCAAT/enhancer binding protein
Cebpa (C/EBP), alpha 4.3872 0.407346191
Cytotoxic T-lymphocyte-associated
Ctlad protein 4 8.5741 0.166988611
Dusp4 Dual specificity phosphatase 4 3.6468 0.419052334
Ectonucleotide
Enppl pyrophosphatase/phosphodiesterase 1 1.5157 0.683394
Fbpl Fructose bisphosphatase 1 -2 0.158159302
Foxc2 Forkhead box C2 1.7411 0.831267123
Foxgl Forkhead box G1 1.4142 0.800735881
Foxp3 Forkhead box P3 -1.2893 0.087497875
G6pc Glucose-6-phosphatase, catalytic 4.9245 03828
G6pd2 Glucose-6-phosphate dehydrogenase 2 1.9096 7745m8188
Gceg Glucagon 1.7817 0.651687656
Gcg R Glucagon receptor 2.2973 0.873211439
GLP-1 R Glucagon-like peptide 1 receptor 1.0717 84325238
Glycerol-3-phosphate dehydrogenase 1
Gpd1 (soluble) 2.9621 0.171942962
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Gsk3b Musculus glycogen synthase kinase 3 peta 472.4 0.265892181
Hmox1 Musculus heme oxygenase (decycling)|1 3.6468| 0.202419341
ICAM-1 Intercellular adhesion molecule -1.2599 (8388348
Ide Insulin degrading enzyme 1.0968 0.396278p15
IinG Interferon gamma 2.7638 0.586450912
Insulin-like growth factor binding protein
lgfbp5 5 2.7638 0.844364914
Inhibitor of kappa light polypeptide gene
Ikbkb enhancer in B-cells, kinase beta 1.5157 0.726549287
1110 Interleukin 10 7.1271 0.481530346
112b Interleukin 12B 4.8121 0.663889265
14 Ra Interleukin 4 receptor, alpha 12.4091 0. BIBIB6
116 Interleukin 6 2.3510 0.692378847
Inppl1 Inositol polyphosphate phosphatase-like 1~ 4622 0.370523986
Insulin promoter factor 1, homeodomairn
Ipfl transcription factor 2.0467 0.9219523(74
IRS1 Insulin receptor substrate 1 4.2870 0.32009106
Mapkl14 Mitogen-activated protein kinase 14 2.6390| .770075372
Neurodl Neurogenic differentiation 1 1.1224 0.1 1198136
Nos3 Musculus nitric oxide synthase 3, 8.9796 or3344
NRF1 Nuclear respiratory factor 1 1.5874 0.390527%59
Nsf N-ethylmaleimide sensitive fusion protejn 2.944 | 0.901014369
Parpl 1.1755 0.168815644
Pax4 Paired box gene 4 16 0.113507305
Phosphoenolpyruvate carboxykinase 1,
Pckl cytosolic 3.4822 0.108129377
6-phosphofructo-2-kinase/fructose-2,6-
Pfkfb3 biphosphatase 3 3.4822 0.451151128
Phosphatidylinositol 3-kinase catalytic
Pik3cd delta polypeptide 2.0945 0.966682432
Phosphatidylinositol 3-kinase, regulatory
Pik3r1 subunit, polypeptide 1 (p85 alpha) 2.2973 0.9473804
Peroxisome proliferator activated receptor
PPARg gamma 2.8945 0.761844161
PPARg cla 5.5276 0.40410352Y
Ptpnl Protein tyrosine phosphatase, non- 2.2973 40195
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receptor type 1
Pyal Liver glycogen phosphorylase 2 0.776799629
Rab4a RAB4A, member RAS oncogene family 1.1755 4139537
Retn Resistin 3.5635 0.499490948
Sell Selectin, lymphocyte 15.2774 0.119007467
Mouse plasminogen activator inhibitor,
Serpinel | Serine proteinase inhibitor 1.2893 0.552680071
Solute carrier family 14 (urea transporter),
Slc14a2 | member 2 2.3510 0.874060481
Solute carrier family 2 (facilitated glucose
Slc2a4 transporter),member 4 2.7006 0.624193%69
Snap23 Synaptosomal-associated protein 23 -1.0472 417865703
Snap25 Synaptosomal-associated protein 25 -2.1435 .12800747
Sod?2 superoxide dismutase 2, mitochondrial 1.4142| .691¥79363
Srebfl Sterol regulatory element binding factor 1 .7211 0.8131873
Stxbpl Syntaxin binding protein 1 -11.0553 0.31866b
Stxbp4 Syntaxin binding protein 4 2.9621 0.4052249
Tofbl Transforming growth factor, beta 1 54.4426| 158133222
Tnf tumor necrosis factor 2.3510 0.89080638
Tumor necrosis factor receptor
Tnfrsfla | superfamily, member la 1.6624 0.736695019
Tumor necrosis factor receptor
Tnfrsflb superfamily, member 1b 2.4060 0.861448053
Trib3 Tribbles homolog 3 2.3510 0.952761409
Vamp?2 Vesicle-associated membrane protein 2 1.2893 0.331494111
Vamp3 Vesicle-associated membrane protein 3 -6.3496 0.307442214
Vesicle-associated membrane protein,
Vapa associated protein A -30.5549 0.254341088
Vegfa Vascular endothelial growth factor A -4.7021 | 0.389972132
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Appendix 3

Publications and conference presentations

Published papers

Brown JE, Onyango DJ, Dunmore SJ. (2007) Resistwindregulates insulin receptor
expression, and modulates cell viability in rodeamcreatic beta-cellSEBS Letters,
Jul 10; 581(17):3273-6.

Brown JE, Onyango DJ, Ramanjaneya M, Conner AGIREt, Dunmore SJ and
Randeva HS. (2009) Visfatin regulates insulin semneinsulin receptor signalling
and mRNA expression of diabetes related genes irsenpancreatic beta-cells.
Journal of Molecular Endocrinology (2009) - In press 207: 10.1677/JIME-09-0071

Conference presentations

Onyango DJ, Brown JE, Dunmore SJ. Visfatin is egped in the pancreatic beta
cells.Diabetes UK Annual Professional Conference, Glasgow 2007

Dunmore SJ, Onyango DJ, Brown JE. Visfatin decieasé# viability, activates

insulin receptor and alters expression of key gémesclonal beta-cell linet4™
European Association for the Study of Diabetes Annual Meeting, Rome 2008
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