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Abstract

AMP-activated protein kinase (AMPK) has been pregot be a therapeutic target for
patients with type 2 diabetes and the metabolicdsyme. In skeletal muscle AMPK
stimulates glucose uptake and fatty acid oxidatwwhereas in liver it inhibits fatty acid
and cholesterol synthesis. The Rab GTPase activatioteins Akt substrate of 160 kDa
(AS160) and tre-2/USP6, BUB2, cdcl16 domain familgnmber 1 (TBC1C1) have been
identified as potential targets of both proteindda B (PKB, also known as Akt) and
AMPK which mediate glucose transporter 4 (GLUT4anslocation to the plasma
membrane in response to insulin and 5-aminoimidadetarboxamide riboside (AICAR)
respectively in muscle. Previous work in our latbona has demonstrated that AICAR
modestly stimulates basal glucose transport, yéibits insulin-stimulated glucose
transport in 3T3-L1 adipocytes, which is in contrees the effect of AICAR in skeletal
muscle. Currently the role of AMPK in adipocytesmains poorly characterised despite

the importance of fat tissue in energy homeostasis.

To address this, the molecular mechanism of AMPti¢ation by known stimuli, the acute
effect of various AMPK activators on glucose tramspthe effect of AMPK inhibition and
knockdown on AICAR mediated inhibition of insulitiraulated glucose transport and the
effect of acute AICAR treatment on PKB substrategghorylation in 3T3-L1 adipocytes
was investigated. In addition the effect of sustdidAMPK activation on glucose transport
and insulin signaling in 3T3-L1 adipocytes, and éfiect of sustained AMPK activation

on insulin signaling in human adipose tissue was alvestigated.

The AMPK activators; sorbitol, metformin, rosighktane, arsenite, azide, hydrogen
peroxide and isoproterenol were all shown to stat@iAMPK activity in the presence of
the C&'/Calmodulin dependent protein kinase kinase (CaMHKBibitor STO-609,

suggesting that these activators activate AMPK ari@aMKK-independent pathway in
3T3-L1 adipocytes. However, A23187-stimulated AMRKtivity was abrogated in the
presence of STO-609. Isoproterenol, sodium azidk rasiglitazone, were all shown to
cause an increase in the ADP/ATP ratio in 3T3-Lipacites compared to control as
assessed by high performance liquid chromatograghggesting that they stimulate
AMPK activity in an LKB1-dependent manner. Thessults suggest a possible role for
CaMKK as an upstream AMPK kinase in 3T3-L1 adipesytin addition to LKB1. There

may also exist other upstream AMPK kinases in 3T3ddipocytes that are both

nucleotide and calcium independent since sorbitetformin, arsenite, hydrogen peroxide
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and leptin were found to activate AMPK independenti CaMKK and also showed no

significant effect on adenine nucleotide ratios.

Sorbitol, rosiglitazone, AICAR, isoproterenol and7@9662 all significantly inhibited
insulin-stimulated glucose transport. Furthermamethe presence of the AMPK inhibitor,
Compound C, the inhibitory effect of AICAR on insubtimulated glucose transport was
no longer apparent. However, AICAR still displayadtendency to inhibit insulin-
stimulated glucose transport in 3T3-L1 adipocytdedted with adenoviruses expressing a

dominant negative AMPK mutant.

The effect of AICAR on basal and insulin-stimula#®&8160/TBC1D1 phosphorylation at
phospho-Akt substrate (PAS) sites, was assessé€lARAIdid not alter AS160/TBC1D1
phosphorylation compared to basal levels, nor pertusulin-stimulated AS160/TBC1D1
phosphorylation at PAS sites. In addition, AICARddnot appear to alter the

phosphorylation of any other proteins at PAS sites.

Prolonged AMPK activation by AICAR in 3T3-L1 adipges also significantly inhibited
insulin-stimulated glucose transport and was naoesated with altered PKB protein
expression or insulin-stimulated PKB Ser473 phosghtion. In addition, chronic AMPK
activation by metformin in adipose tissue of typelidbetic subjects was not associated
with altered expression of three key insulin singl molecules; PKB, the
phosphoinositide 3-kinase (PI3K) p85 subunit arsdilin receptor substrate 1 (IRS-1).

Overall these results suggest a prominent roleLiéB1 as an AMPK kinase and a
potential role for CaMKK as an AMPK kinase in adigtes. This study also suggests that
both acute and prolonged AMPK activation in adigesyinhibits insulin-stimulated

glucose uptake, however the precise mechanismhdiition has yet to be elucidated.
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Chapter 1 - Introduction

1.1 Adipose Tissue

1.1.1 Adipose Tissue Structure

Adipose tissue is constructed of different compdsencluding; adipocytes, connective

tissue matrix, nerve tissue, stromovascular celilsimmune cells (Fig. 1.1).

Wascular smooth

Endothelial cell — muscle cell

— Mature adipocyte
+— Adipose tissue matrix

MWacrophage — I — Preadipocyte

—Fibroblast layer

o m— o — o m— i S— — o — — |

Figure 1-1: Cellular compartments of the adipose tissue.

One role of adipocytes in adipose tissue is toestdglyceride (TG) during periods of
caloric excess and to mobilize this reserve wheargn expenditure exceeds intake.
Adipocytes regulate the amount of stored fat irpasié tissue through the mechanisms of

lipogenesis and lipolysis.

1.1.2 Lipogenesis

Lipogenesis is stimulated by insulin during the &dte in adipocytes (Fig. 1.2). Insulin
increases the uptake of glucose (Fig. 1.2) in thpase cell via recruitment of glucose
transporters to the plasma membrane (Saltiel aroh RQ01). In the cytosol glucose enters
into glycolysis, where it is converted to pyruva®gruvate is then converted to acetyl-CoA
in the mitochondria by pyruvate dehydrogenase (Patd Roche 1990). Acetyl-CoA

produced in the mitochondria is condensed with ax@dtate to form citrate, which is then
transported into the cytosol and broken down tédyaeetyl-CoA by citrate lyase (Srere
1959). Acetyl-CoA carboxylase (ACC), a biotin-degent enzyme, then catalyses the
carboxylation of acetyl-CoA to malonyl-CoA (Tong (&). Fatty acids are synthesized
from acetyl-CoA and malonyl-CoA by fatty acid syase(FAS) (Wakilet al 1983, Wakil
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1989), an enzyme system consisting of a multifameti polypeptide. The first step in the
synthesis of TG is the synthesis of phosphatiddtietwis formed by the addition of two
fatty acids to glycerol-3-phosphate. Fatty acidsniiust be activated via esterification, by
fatty acyl CoA synthetase (Watkins 1997), with Cogne A before they can be utilized in
the synthesis of TG. Glycerol phosphate acyltraasks catalyses the acylation of glycerol
3-phosphate to lysophoshophatidate, and the subsequaylation of lysophoshophatidate
to phosphatidate (Coleman and Lee 2004, GimendCand2008). Finally in the synthesis
of TG, phosphatidate is hydrolysed by a phosphdtagenerate diglyceride (DG) which is
acylated to a TG by diglyceride acyltransferaselé@an and Lee 2004, Gimeno and Cao
2008).

In addition to stimulating glucose uptake, insudlso increases the expression of lipogenic
enzymes (Assimacopoulos-Jeaneetal 1995) (Fig. 1.2). In liver, insulin is thought to
increase the expression of genes connected witlgdipesis via the transcription factor
sterol regulatory element binding protein-1 (SREBP#Horton and Shimomura 1999,
Kersten 2001). However, currently the regulation gagne expression by insulin via
SREBP-1 has yet to be clearly defined in adipocgkessten 2001). The nuclear hormone
receptor, peroxisome proliferator-activated recegiamma(PPARy), is an important
transcription factor in adipocytes involved in thdferentiation of preadipocytes into
mature fat cells. Expression of PPARvhich regulates the expression of various lipid
metabolism genes in adipocytes including; adipotatiy acid binding protein, lipoprotein
lipase, fatty acid transport protein and acyl-CgAtbetase (Kerstegt al 2000, Yooret al
2000), has been shown to be increased by bothnn@&ital-Puiget al 1997) and SREBP-

1 (Fajaset al 1999). This suggests that in adipocytes insuliy negulate the expression of

lipogenic enzymes primarily via elevated PPAgXpression.

Growth hormone (GH) is also involved in the regolatof lipogenesis in adipose tissue.
GH has been shown to reduce lipogenesis by reduosigin sensitivity, resulting in
down-regulation of fatty acid synthase expressioadipose tissue (Yiet al 1998).

Leptin, synthesised by adipocytes, is another haemehich has been shown to regulate
lipogenesis. Leptin (Fig. 1.2) has been shown hibih lipogenesis (Wang and Sul 1997),
by down-regulating the expression of genes involwedfatty acid and triglyceride
synthesis, (Soukast al 2000). Leptin is thought to mediate these changegene
expression by reducing SREBP-1 expression (Soetka<2000).
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Figure 1-2: Regulation of lipogenesis in adipocytes (adapt  ed from Kersten 2001).
PPARYy = peroxisome proliferator-activated receptor gamma, SREBP-1 = sterol regulatory element

binding protein-1. TG = triglyceride
1.1.3 Lipolysis

Lipolysis is a catabolic pathway, where by storésl i$ hydrolysed to yield non-esterified
fatty acids (NEFASs), and glycerol. This procesadsvated in adipose tissue during fasting
and is regulated by the hormones noradrenalinegresutin. Binding of noradrenaline {&
adrenergic receptors (Fig. 1.3), coupled to adeaygclase via the stimulatorys@rotein,
leads to an increased production of cyclic ademosimonophosphate (CAMP) and
subsequent activation of protein kinase A (PKA) I(hleet al 2000, Holmet al 2003,
Collins et al 2004). PKA subsequently phosphorylates targeteprstincluding hormone
sensitive lipase (HSL) and perilipins. Perilipinee acharacteristic proteins in mature
adipocytes, which cover lipid droplets in the adyte thereby preventing HSL activity
(Londoset al 1999). However, phosphorylation of perilipins gAabolishes their ability
to inhibit HSL. PKA phosphorylates HSL at threeiserresidues, Ser563, Ser659 and
Ser660 (rat HSL) (Anthonsest al 1998). Once active, HSL migrates to the lipid dieop
surface where it cleaves the first fatty acid fro@ yielding diglyceride (DG) (Fredrikson
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et al 1986). Diglyceride lipase then cleaves the secfaity acid from DG to vyield
monglyceride (MG) (Fredriksort al 1986). Finally monoglyceride lipase (MGL) exerts
its lipase activity and cleaves MG yielding thealiatty acid and glycerol (Fredriksat

al 1986). NEFAs and glycerol are exported to muscid Aver respectively. Insulin
antagonises lipolysis (Fig. 1.3) by reducing PKAaty via a reduction in cAMP levels,
mediated via activation of phosphodiesterase 3BE¥HE) (Shakuet al 2001).

® =

Figure 1-3: Hormonal control of adipocyte lipolysis.
B-AR = beta adrenergic receptor, AC = adenylate cyclase, PKA = protein kinase A, HSL =

hormone sensitive lipase, TG = triglyceride, DG = diglyceride, MG = monoglyceride, MGL =
monoglyceride lipase, NEFA = non-esterified fatty acid, IR = insulin receptor, PDE3B =

phosphodiesterase 3B.

1.2 Adipose Tissue Related Disorders

1.2.1 Obesity

Adipose tissue has a fundamental role in regulameygy balance and metabolism, thus a

normal amount of adipose tissue is necessary fantemaing metabolic homeostasis.
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Excess or loss of adipose tissue is detrimentahdalth, and results in obesity and

lipodystrophy respectively.

Obesity results from an increase in adipose tigaass. Currently obesity has reached
epidemic proportions. The world health organisatjojects that by 2015 2.3 billion
adults will be overweight, and at least 700 milli@inthem will be clinically obese (World
Health Organisation, 2009). Obesity and overweigbiteases the risk of chronic diseases
including; type 2 diabetes, cardiovascular diseashypertension, stroke,
hypercholesterolaemia, hypertriglyceridaemia, #@rthrasthma and some cancers (Mokdad

et al 2003), thereby increasing morbidity and mortality.

1.2.2 Type 2 diabetes

1.2.2.1 Insulin secretion

Insulin, a hormone produced in the pancreas, lowkrsd glucose levels by stimulating
the uptake of glucose into target tissues. Diabistasdisease in which the body does not
produce enough insulin, or respond properly to linsand is characterized by elevated
fasting blood glucose levels. Type 1 diabetes isudoimmune disease that results in the
destruction of insulin-producing-cells in the pancreas (Marino and Grey 2008). T¥pe
diabetes is characterized by a fasting hyperglyaetuie to the combination of insulin
resistance in peripheral tissue and an insulinesegr defect of th@-cell. Type 2 diabetes
is the most common form of diabetes mellitus andsisociated with a family history of
diabetes (American Diabetes Association, 2000)sityp€Sinhaet al 2002) and older age
(Pagancet al 1984).

After feeding, in the healthy individual, elevateldod glucose levels trigger exocytosis of
the insulin secretory vesicles and release of insato the bloodstream (Fig. 1.4). Glucose
transporter 2 (GLUT?2), facilitates the entry of gdse into the pancreatecells (1). Once
inside the cell glucose is phosphorylated by glutase to glucose 6-phosphate (2), and
metabolized with a resultant increase in the aderodriphosphate / adenosine
diphosphate (ATP/ADP) ratio (3) (Kennedy al 1999, triggering closure of the ATP-
gated potassium channels (4) in the cellular mengend depolarization (5) (Cook and
Hales 1984). Membrane depolarization of fheell opens voltage dependent calcium
channels (VDCC) (6) resulting in an influx of calo into thep-cell. The increased
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intracellular calcium concentration (7) subsequetrtygers exocytosis of insulin granules
into the bloodstream (8) (Rorsmeairal 2000) (Fig. 1.4).

Glucose

l Insulin

1 Pancreatic p-cell

Metabolian 3

l 4 Insulin
TAMP:ADP granule

Kamp-Channel
closure @

Ca2+

Figure 1-4: The stimulus-secretion coupling pathway of gl ucose-dependent insulin
exocytosis.
VDCC = voltage dependent calcium channels, GLUT2 = glucose transporter 2, PM = plasma

membrane.
1.2.2.2 Insulin-stimulated glucose transport

In normal insulin signalling (Fig. 1.5), insulinitulates glucose transport in muscle and
adipocytes via the regulated translocation of Jesicontaining the glucose transporter
GLUT4 to the plasma membrane. The complete meamabyswhich insulin regulates the

translocation of GLUT4 vesicles to the plasma meamerremains currently incompletely

defined. However, the mechanism established toidatiscussed below.

The initial step in insulin-stimulated GLUT4 traoshtion to the plasma membrane
involves the binding of insulin to its receptor.€Timsulin receptor (IR) is a transmembrane
receptor, composed of twesubunits and tw@-subunits linked by disulphide bonds. The
a-subunits are entirely extracellular and contasulm binding domains, while the linked

B-subunits penetrate through the plasma membraoehstcytosol (Lee and Pilch 1994).
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The binding of insulin to its receptor causes afaonational change in the-subunits.
This in turn induces a conformational change in fireibunits which promotes tyrosine
autophosphorylation of thgsubunits of the insulin receptor (IR). This occtirough an
intramolecular trans-autophosphorylation mechaniamwhich one B-subunit tyrosine
kinase domain phosphorylates the adjadgesubunit resulting in the activation of the
intrinsic substrate kinase activity of the insuteteptor (Ullrich and Schlessinger 1990,
Czech and Corvera 1999, Ward and Lawrence 2009).

Substrates of the IR are termed insulin receptbstsate (IRS) proteins. IRS proteins are
characterized by the presence of an NH2-terminatistrin-homology (PH) domain
adjacent to a phosphotyrosine binding (PTB) doméatipwed by a variable-length
COOH-terminal tail that contains numerous tyrosand serine phosphorylation sites (Sun
and Liu 2009). IRS proteins bind to phosphoryldtedyr960 via the PTB domain (White
1998). In addition, the IRS protein PH domain isoalthought to mediate specific
interactions with the IR kinas€Burks et al 1997. Once bound to the IR, IRS is
phosphorylated on tyrosine residues by the IR (Wand Lawrence 2009). At least three
IRS proteins occur in humans, including IRS-1 aR&-2, which are widely expressed,
and IRS-4, which is limited to the thymus, braind&idney and possiblg-cells (Bernal

et al 1998,Uchidaet al 2000). Both IRS-1 and IRS-2 have key roles in insstimulated
glucose uptake in fat and muscle, and the indepergknetic ablation of either isoform
leads to peripheral insulin resistar(®&hite 2002) Mechanistically the insulin-dependent
tyrosine phosphorylation of IRS proteins generakesking sites for the Src homology 2
(SH2)-domain-containing downstream effector phosignositol 3’-kinase (PI3K)
(Whiteheackt al 2000).

PI3Ks are a family of related intracellular signalansduction enzymes which
phosphorylate the 3 position hydroxyl group of thesitol ring of phosphatidylinositol
(Ptdins). The PI3K family is divided into three féifent classes based on their sequence
homology. Class | PI3Ks are further divided betwé&rand IB subsets based on their
structure and mechanism of activatidfanhaesebroeckt al 1997). Class-1A PI3Ks are
heterodimers composed of a regulatory p85 subuitaacatalytic p110 subunit. The p85
subunit contains SH2 domains that bind phosphotyeosesidues in IRS proteins, which
allosterically regulates the activity of the pliétadytic subunitVanhaesebroeckt al
1997, Shepherd 2005). Class-1A PI3Ks preferentaitigsphorylate phosphatidylinositol
4,5-bisphosphate (PtdinsP2) to form phosphatidgitob3,4,5-trisphosphate (PtdinsP3) at
the plasma membran€anhaesebroecst al 1997) Accumulation of this lipid leads to the
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PH-domain-dependent recruitment of 3-phosphoirdesitiependent protein kinase-1
(PDK1) and protein kinase B (PKB), two PH-domaimizining enzymes involved in
GLUT4 translocation to the plasma membrafirazil et al 2004, Currie et al 1999,
(Callejaet al 2009).

PKB (also known as Akt) is a serine/threonine k&aghich in mammals comprises three
highly homologous members known as RKBPKBp, and PKB (Scheid and Woodgett
2003). Activation of PKB requires phosphorylationtao sites. PDK1 phosphorylates
PKB at Thr308, a residue located in its kinase-donaativation loop (Alessét al 1997).

In addition, Ser473 in the C-terminal hydrophobiotiinof PKB is also phosphorylated,
however the identity of the kinase responsible basn controversial, with several
enzymes having been proposed as candidates to teettia phosphorylation event
(Bayasca®t al 2005). However, studies by Hresko and co-workamnd, Sarbassov and co-
workers have provided evidence that an enzyme amplonsisting of mTOR
(mammalian target of rapamycin) and RICTOR (rapamynsensitive companion of
MTOR) mediates the phosphorylation of PKB at Ser@HdB:sko and Mueckler 2005,
Sarbassoet al 2005).Various studies have strongly linked PKB GLUT4 translocation.
In 3T3-L1 adipocytes depletion of PKBby RNAi was reported to inhibit insulin
responsiveness in 3T3L1 adipocytes (Jiangl 2003). In addition knockout of PKBIn
mice has been reported to result in impaired gleicggake in skeletal muscle and hepatic
insulin resistance (Chat al 2001). Furthermore, a mutation in PKBvas recently
identified in a human family with severe insulirsistance and diabetes (Georgeal
2004).

At the start of this project a Rab GTPase actigapirotein (GAP), termed Akt substrate of
160 kDa(AS160), had been identified as a downstream taf)BKB (Sanoet al 2003).
More recently another Rab GAP, tre-2/USP6, BUBZ;16ddomain family member 1
(TBC1D1), was also identified as a downstream taojd?KB (Roachet al 2007). It is
thought that PKB phosphorylation inhibits Rab-GAltiaty, leading to a higher
proportion of Rabs in the guanosine triphosphafER)zbound state (Sakamoto K, Holman
GD 2008), which via a currently poorly charactedismechanism, involving SNARE
(soluble N-ethylmaleimide-sensitive-factor attacimingrotein receptor) proteins, promotes
exocytosis of GLUT4 vesicles to the plasma memb(8ngantet al 2002).
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Z PIP:

-2

Figure 1-5: Insulin receptor signalling.
IRS = insulin receptor substrate, PIP, = phosphatidylinositol 4,5 bisphosphate, PIP; =

phosphatidylinositol 3,4,5-trisphosphate, PKB = protein kinase B, PDK1 = protein dependent
kinase 1, AS160 = Akt substrate of 160 kDa .

In addition, a parallel insulin-signalling pathwhas been reported to contribute to GLUT4
translocation. Insulin-stimulated phosphorylatidnGiol activates the small GTP-binding
protein TC10, which functions to stimulate traffiey of GLUT4 vesicles due to actin

rearrangement (Saltiel and Pessin 2002).

Current models have proposed that GLUT4 populatesitter-related endosomal cycles
(the fast cycle 1 and the slow cycle 2) involvihg trans-golgi network and a population
of vesicles called GLUT4-storage vesicles (Fig.).16 the absence of insulin, GLUT4 is
thought to be sequestered away from the cell sarfato the fast cycling endosomal
system (cycle 1). Once there, unique sequencesnw@hUT4 direct it into a slowly
recycling pathway (cycle 2). The selective routofgGLUT4 into this slowly recycling
pathway results in the effective sequestration bUT®4 away from the cell surface, in a
population of vesicles available for rapid mobilisa upon insulin binding (Bryarst al
2002).
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Figure 1-6: A model that depicts the transport of GLUT4 in insulin-responsive cells (adapted
Bryant et al 2002)

1.2.2.3 Other actions of insulin

Insulin stimulates glycogen synthesis in musclartbybiting glycogen synthase kinase-3
(GSK-3), and increasing the activity of glycogemtéyse (GS) (Crosst al 1995,
Borthwick et al 1995). Gluconeogenesis in the liver is inhibitgdrsulin via suppression
of the genes for the key gluconeogenic enzymes phto@nolpyruvate carboxykinase
(PEPCK) and glucose-6-phosphatase (G6Pase) (Agaltil998, Dickenst al 1998). As
previously described, insulin also inhibits lipak/®y reducing cyclic AMP levels via PKB
mediated activation of PDE3B (Shaletal 2001).
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1.2.3 Lipotoxicity

Lipotoxicity is characterised by the build up oftyaacids in tissues other than adipose.
Circulating NEFA concentrations are higher in ob&s#ividuals than in lean people
(Campbellet al 1994) and are proposed to cause insulin resistAngegh inhibition of the
insulin signalling transduction system (Shulman®00

For example, it has been shown that the decreasesinin-induced IRS-1 tyrosine
phosphorylation mediated by NEFAs is linked to aoréase in the activity of protein
kinase C (PKC) theta in rat skeletal muscle (Grifi al 1999). Active PKC results in
phosphorylation of IRS-1 at Ser 307 which inhikite interaction of IRS-1 with the
insulin receptor (Aguirreet al 2000, Aguirreet al 2002). In addition, it has also been
shown that elevated concentrations of NEFAs inhiisitilin stimulation of PKB in muscle
cells (Chavezet al 2003). It has been proposed that ceramides prddfrcen the
metabolism of NEFAs could activate protein phosabat2A, which dephosphorylates and
inactivates PKB, thus inducing insulin resistanoetarget tissues (Chavex al 2003).
Thus impaired insulin action, induced by elevatdeFNs, results in an increase in hepatic
gluconeogenesis, an increase in lipolysis and temuof glucose uptake in adipose tissue,
and a reduction in glucose uptake and glycogernsgig in muscle.

Elevated plasma NEFAs after a meal are transpamtecthe 3-cell via fatty acid binding
protein 2. In the cytosol the NEFAs are convertedheir acyl-CoA derivatives which
have been shown to stimulate insulin secretion @&ad and McGarry 1995, Prentki and
Corkey 1996). Carnitine palmitoyl transferase 1 TCP is associated with the
mitochondria outer membrane and mediates the toansp long chain fatty acids across
the membrane where they are subsequently oxid&kedncrease in glucose levels after
feeding leads to an increase in malonyl-CoA comagion within thef-cell. Malonyl-CoA
inhibits CPT1, thus increasing cystolic fatty aGdAs (Prentki and Corkey 1996). Thus it
has been proposed (Prentki and Corkey 1996) th&AdEvork in tandem with glucose to
stimulate insulin secretion. However, long termvated NEFA levels have a detrimental
effect on insulin secretion by the pancregticells. Chronic exposure to elevated NEFAs
in humanp-cellsin vitro (Zhou and Grill 1995) anth vivo (Kashyapet al 2002) resulted
in B-cell dysfunction characterized by enhanced insudgcretion at low glucose
concentration, depletion of insulin stores and mpdired response of thg-cell to
stimulatory concentrations of glucose. It has béemonstrated that apoptosis is increased

in islets of obese Zucker diabetic fatty rats th@ progressing through the pre-diabetic
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and diabetic stages of their disease. Pheell apoptosis is thought to be induced by
NEFAs via de novo ceramide formation and increased nitric oxide (NSddduction
(Shimabukurcet al 1998). In addition, incubation of hum@rcells with elevated levels of
NEFAs also resulted ifi-cell apoptosis (Lupet al 2002), thought to be the result of
caspase activation, partially dependent on thenuee pathway and possibly Bcl-2

regulation.

1.2.4 Lipodystrophies

Lipodystrophies are characterized by selective loksbody fat. They are classified

according to their origin, either genetic or acqdirand on the extent of fat loss, either
generalized or partial (Table 1.1). Interestindipodystrophies pre-dispose to similar
metabolic complications associated with obese p@&timcluding insulin resistance, type 2

diabetes, hepatic steatosis (fatty liver) and giyddimia.

Inherited {genetic) lipodystrophies
Autosomal recessive
Congenital generalized lipodystrophy, types 1 and 2
Lipodystrophy associated with mandibuloacral dysplasia,
types A and B
Lipodystrophy associated with SHORT syndrome
Lipodystrophy associated with neonatal progeroid syndrome
Autosomal dominant
Familial partial lipodystrophies (LMNA, PPARG and
AKT2 mutations)
Lipodystrophy associated with SHORT syndrome
Lipodystrophy associated with Hutchinson-Gilford progeria
syndrome
Pubertal-onset generalized lipodystrophy
Acquired lipodystrophies
Lipodystrophy in HIV-infected patients
Acquired partial lipodystrophy
Acquired generalized lipodystrophy
Localized lipodystrophies

Table 1-1: Classification of lipodystrophy syndromes (Gar g et al 2006).
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1.3 Adipocytokines

1.3.1 The adipocyte and adipocytokines

Historically the adipocyte was considered a passsgie for the storage of excess energy
in the form of fat. However, it has become appatbat adipocytes secrete a number of
bioactive proteins called adipocytokines thus ditlhimg adipose tissue as an endocrine
organ (Table 1.2).

Protein Reference

Leptin [Campfieldet al 1995]
Adiponectin [Schereret al 1995; Huet al 1996; Maed&t al 1996]
IL-6 [Mohaamed-Aliet al 1997]

TNF-a [Kernet al 1995]

resistin [Stepparet al 2001]

Plasminogen activator-inhibitor | [Wiman et al 1984]

Adipsin [Cooket al 1985]
Acylation-stimulating protein [Maslowskaet al 1997]

IL-8 [Bruunet al 2001]

Agouti protein [Manneet al 1995]

Transforming growth factgs- [Samadet al 1996, Jonest al 1997]
Adipophilin [Heid et al 1998]

Apelin [Castan-Laurelkt al 2005]
Omentin [Schaffleret al 2005]

Visfatin [Fukuharaet al 2005]

Chemerin [Bozaogulaet al 2007]

Table 1-2: Bioactive proteins secreted by adipose.

Leptin, tumour necrosis factor alpha (T&yFinterleukin (IL)-6 and adiponectin are some
of the best characterized adipocytokines and aeudsed below. They appear to play an
important role in insulin resistance. In obesitg 8ecretion levels of these adipocytokines
are altered. Thus, there is intense interest irrdheeof adipocytokines in the pathogenesis

of obesity related disorders such as type 2 diabete
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1.3.2 Leptin

Leptin is predominantly expressed in adipose tig§ureenet al 1995). It is the protein
product of theob (obese) gene and was discovered in 1994 aftetiguuai cloning of the
monogenic mutant responsible for the morbidly obgisenotype observed in the obese
(ob/ob) mouse (Zhangt al 1994).

Leptin serves to inform the hypothalamus of thengity of stored fat. In adults leptin
crosses the blood brain barrier via a saturablespart system. In the arcuate nucleus
(ARH) leptin stimulates the proconvertase 1-depandteavage of proopiomrlanocortin
(POMC) neurons, to produce the anorexigenic peptidelanocyte-stimulating hormone
(a-MSH) (Rouilleet al 1995) which is an agonist of the melanocortin éeptor (MC4R).
Also, in the ARH, leptin inhibits neurons which empress the orexigenic peptides,
neuropeptide Y (NPY) and agouti related peptideRRY which is an antagonist of MC4R
(Zigman and EImquist 2003). This consequently tesial the activation of the MC4R in
the paraventricular nucleus (PVN) consequentlyltiesuin a decrease in feeding and an
increase in energy expenditure (Fig. 1.7). Thusivewsely a decrease in leptin levels
results in a decrease in energy expenditure amacagase in food intake (Adahal 1994)
(Hwaet al 2001).

Arcuate nucleus Paraventricular

nucleus
Oh-Bh
ey
AgRP
Otexigerec
JrFeeding
Leptin TEHEI’E_Y
expenditure
TPOMC — o M3H
/1 Anorexigenic
Oh-Eh

Figure 1-7: Leptin stimulates decreased feeding and increa  sed energy expenditure.
POMC = proopiomrlanocortin, a-MSH = a-melanocyte-stimulating hormone, MC4R = melanocortin

4 receptor, NPYR = neuropeptide Y receptor, AGRP = agouti related peptide, MC4R = melanocortin

4 receptor, PVN = paraventricular.
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Spontaneous mutations in leptin or in the lepticeptor result in obesity in mice and in
humans (Chemt al 1996, Zhanget al 1994, Montaguet al 1997, Clemengt al 1998).
Leptin deficient mice and humans were shown touseessfully treated with leptin (La
Campfieldet al 1995, Farooget al 1999). This finding fuelled excitement that leptould

be used to treat obese patients. Unfortunateliethed of leptin secreted from adipocytes is
proportional to body fat stores (Maffei al 1995), with greater secretion occurring from
subcutaneous adipose tissue compared with visegliglose tissue (Faiet al 2004,
Wajchenberg 2000). Thus, obese individuals havh lagels of circulating leptin in their
blood stream due to increased amounts of leptiresag adipose tissue (Considigeal
1996). In fact most obese patients appear to lmlegsistant as treatment with exogenous
leptin does not ameliorate their obesity (Bjorbaeid Kahn 2004, Flier 2004). Leptin
resistance is thought to be due to saturable toahspross the blood-brain barriers or due
to abnormalities of the leptin receptor activataod / or signal transduction (El-Haschimi
et al 2000).

In addition to regulating appetite and bodyweighptin has also been shown to be
involved in other processes. Leptin appears to plagle in immune responsiveness by
modulating the T-cell immune response (Gainsfetrdl 1996, Lordet al 1998), inhibit
bone formation (Ducyt al 2000) and correct sterility in leptin deficientami(Chehalet

al 1996, Chehaht al 1997, Ahimaet al 1997).

1.3.3 TNFa

TNFa is an inflammatory cytokine which can stimulate iroduction of other cytokines
e.g IL-1 and IL-6 (Warnest al 2003, Wajantet al 2003). TN is produced by many
different tissues including adipose (Kestral 1995, Wajangt al 2003).

Adipose tissue TNdr expression is increased in obese rodents and tuarah positively
correlates with adiposity and insulin resistancegiiRand Lodish 2003, Hotamisligil 2003,
Fernandez-Real and Ricart 2003). Targeted knockobdlhe TNFe. gene in obese mice
resulted in improved insulin sensitivity (Uysalal 1997). In addition, in rat models of
obesity and insulin resistance, neutralizing TNWith injections of a soluble TNF-
receptor-immunoglobulin gamma (IgG) fusion protemesulted in increased insulin
sensitivity (Hotamisligilet al 1993). However the effects of neutralizing TdN&sing an
engineered human anti-TNFantibody appeared to have no significant effectsnsulin

sensitivity in patients with type 2 diabetes (Gdieal 1996).
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1.3.41L-6

IL-6 is another cytokine which positively correlat&ith body mass index (Vgontzeisal
1997). As much as a third of total circulating cemtcations of IL-6 is thought to originate
from adipose tissue (Mohamed-Atial 1997, Xinget al 1997).

Elevated levels of IL-6 are associated with obeaitd insulin resistance (Fernandez-Real
and Ricart 2003). TNk whose expression is elevated in obesity has b&ewrs to
increase IL-6 production in 3T3-L1 adipocytes (Galth and Feingold 1991). Peripheral
administration of IL-6 was shown to induce hypedgmia, hyperglycemia and insulin
resistance in rodents and humans (Fernandez-RdaRamart 2003). In rats peripheral
administration of IL-6 induced hypertriglyceridemiy stimulating hepatic triglyceride
secretion (Nonogalat al 1995), and in humans an IL-6 infusion resultednnincrease in
NEFA concentration (Stouthart al 1995). In addition IL-6 has been shown to inhibit
insulin signalling by inducing suppressor of cytakisignalling-3 (SOCS-3), a negative
regulator of insulin signalling (Serabal 2003).

1.3.5 Adiponectin

Adiponectin is expressed exclusively in adipocyieyeret al 2001). Adiponectin exists
in plasma as trimeric, hexameric and higher ordayrperic structures (Pajvarat al
2003). Adiponectin is the only adipocytokine whaseretion is decreased in the obese
state. Further more, adiponectin has been showpetable to inhibit the secretion of
inflammatory cytokines including IL-6 and IL-8 byiman adipocytes (Sedt al 2006).

Reduced adiponectin levels are documented in olresdin resistant and type 2 diabetes
patients (Hottaet al 2000). Analysis of a Pima Indian population showedt the
development of type 2 diabetes was associatedloutar plasma adiponectin levels prior
to diagnosis of type 2 diabetes (Lindshyl 2002). Overexpression of adiponectin in mice
resulted in improved insulin sensitivity, glucoséetance and serum NEFAs (Conébsl
2004). Conversely adiponectin deficient mice exhilmsulin resistance, glucose
intolerance and increased serum NEFAs (Kuleb&h 2002, Maeda&t al 2002).
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1.4 AMPK

1.4.1 Reversible phosphorylation

In 1992 Krebs and Fischer were awarded a NobekRaoe ‘their discoveries concerning
reversible protein phosphorylation as a biologiegulatory mechanism’ (Kresge al
2005). Reversible protein phosphorylation regulatesny cellular signal transduction
pathways, which underlie many biological processes|uding metabolism, growth,
differentiation, membrane trafficking, muscle caation, immunity, and memory
(Manninget al 2002). Reversible phosphorylation involves thegphorylation of a target
protein by a protein kinase and subsequent depbogphion of that protein by a protein
phosphatase.

Protein kinases are one of the largest familiegenfes in eukaryotes. The human genome
contains about 500 protein kinase genes, which uatsofor approximately 2% of all
human genes (Manniregg al 2002).

Approximately 30% of human proteins can be moditigdkinases (Hubbard and Cohen,
1993). Protein kinases phosphorylate target subsprateins by catalyzing the transfer of
they phosphate from ATP to a target amino acid resittueukaryotes, phosphorylation
usually occurs on serine (Ser), threonine (Thr) atylosine (Tyr) residues.
Phosphorylation of these residues is mediated {TBespecific kinases such as PKA,
PKB and PKC (Filippaet al 1999, Newtonet al 1995), Tyr-specific kinases such as
epidermal growth factor receptor (EGFR) and IR (@ater et al 2000) and dual
specificity kinases such as mitogen activated profMAP) kinase kinases (MAPKK)
(Dhanasekaran and Reddy 1998) which phosphorylet&'l8 and Tyr. Interestingly, of
the ~500 protein kinases encoded by the human gegntme majority, ~400, encode
Ser/Thr kinases, while only ~90 encode Tyr kinaaad ~40 encode dual-specificity
protein kinases (Manning al 2002).

Phosphorylation on other amino acid residues ssdistidine, arginine and lysine occurs
mostly in prokaryotic proteins (Cozzon 1988, Steckl 1989).

Eukaryotic protein kinases are structurally simi{&tanks et al 1988). The catalytic
domain contains an N-terminal lobe &heets and a larger C-terminal lobeudielices
(Knighton et al 1991, Loweet al 1997). This lobe structure forms an ATP-bindingftcl
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that constitutes the active site. ATP binds inef between the two lobes. It is orientated
with adenosine sitting in a hydrophobic pocket ahd hydrophilic phosphate chain
pointing outwards away from the hydrophobic pocRéte substrate binds along the cleft
and conserved residues within the kinase catatigimain catalyse the removal of the
phosphate from ATP and the covalent attachment tof & free hydroxyl group on either
Ser/Thr or Tyr residues. Despite the fact that $@sashare a common fold, they can still
selectively phosphorylate their target substragysecificity can be determined by the
structure of the catalytic cleft of the kinase,dbiteractions between the cleft and the
substrate phosphorylation site, and distal bindiegyveen the kinase and the substrate
(Ubersax and Ferrell 2007).

Phosphorylation of a protein can alter the prottivity, subcellular location, half-life
and the association of that particular protein widther proteins. Thus, multisite
phosphorylation of a protein can allow several luése effects to operate in the same
protein (Cohen 2000).

It is well established that protein kinases areneves phosphorylated. Thus giving rise
to protein kinase cascades, such as the AMPK diggalascade (Hardie 2004a) and the
MAPK signalling cascades (Seger and Krebs 1995j¢ctware formed when two or more

proteins act in series.

Interestingly, the human genome encodes ~200 prpieosphatases, comprising of ~40
Ser/Thr, ~100 Tyr and ~50 dual specificity (Alonsb al 2004, Arenaet al 2005,
Moorheadet al 2007). Thus is comparison to the number of prokéiases (~500) there

are substantially less protein phosphatases.

It has become apparent that each Ser/Thr phosghiatast regulate many more substrates
than each Ser/Thr kinase since there are only ~0Tl& kinases compared to ~400
Ser/Thr kinases. Specificity of Ser/Thr phosphataise thought to occur through the
association of phosphates catalytic domains withiiquéar regulatory subunits, which
target the catalytic core to different cellulardtions and target substrates (Cohen 2002).

In comparison, there are similar numbers of Tyr gpiatases and Tyr kinases. Thus,
unlike Ser/Thr phosphatases, Tyr phosphatasestdeauaire different regulatory subunits.
They exist mostly as modular proteins with sepadtalytic and targeting domains
(Alonsoet al 2004).
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1.4.2 Discovery of AMPK

AMP-activated protein kinase (AMPK) was initiallysdovered three decades ago. Two
separate groups showed that preparations of twyneee involved in liver fat metabolism;
ACC (Carlson and Kim 1973) and 3-hydroxy-3-methytgtyl-CoA reductase (HMGR)
(Beget al 1978) became inactivated in the presence of ATis &ffect was concluded by
both groups to be due to the contamination of theyme preparation with a protein
kinase. It was later shown that the kinases resplentor the inhibitory effects on ACC
and HMGR were stimulated by 5’-adenosine monophatEpllAMP) (Yehet al 1980)
(Ferreret al 1985). Subsequently, it was discovered that taetimation of both ACC and
HMGR was catalysed by the same single protein kingarlinget al 1987). It soon
became apparent that the protein kinase initis/gyned HMGR kinase was in fact a
multisubstrate kinase, thus it was renamed AMPvatd#d protein kinase after its allosteric
activator 5’-AMP (Mundayet al 1988).

1.4.3 AMPK overview

AMPK is a conserved sensor of cellular energy statnd is present in all eukaryotes.
AMPK is activated when there is a decrease in lzllenergy level i.e an increase in the
cellular AMP/ATP ratio. Metabolic stresses whichtieate AMPK include muscle
contraction (Hutbert al 1997) which increases ATP consumption, and defoivaof
oxygen (Kudoet al 1995, Marsinet al 2000) or glucose (Sadt al 1998b) which depletes
ATP levels. AMPK exists as a heterotrimeric comptexsisting of a catalytia subunit
and regulatory andy subunits. Th@ subunit contains a glycogen binding domain and the
y subunit contains cystathionifiesynthase (CBS) motifs which bind the two nucleesid
AMP and ATP (Towler and Hardie, 2007). AMPK is ré&gad by phosphorylation by
upstream kinases. The tumour suppressor LKB1 (Haetlel 2003; Woodst al 2003)
and C&'/Calmodulin dependent protein kinase kinase (CaMKawleyet al 2005) are
two well characterized AMPK kinases. Active AMPHKnstilates ATP-producing pathways
such as glycolysis and fatty acid oxidation, whi@ibiting ATP consuming pathways
such as gluconeogenesis, fatty acid synthesis hobksterol synthesis (Hardie 2004a).
AMPK mediates these effects via phosphorylationdofvnstream metabolic enzymes
(Hardie 2004a) and by effects on gene (Foeet 1998) and protein expression (Winder
et al 2000). In addition to regulating energy balancehat cellular level it has become
apparent that AMPK alsegulates food intake and energy expenditure awtie body
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level, in particular by mediating the effects ofrtmones andcytokines such as leptin
(Minokoshiet al 2002, Minokoshet al 2004) and adiponectin (Yamauahial 2002).

1.4.4 AMPK Structure

AMPK exists as a heterotrimer comprising of a gdiak. subunit and a regulatofyyandy
subunit (Hardiest al 2003). In mammals there are two genes encodirigriss of both the

a andp subunits;al, a2, 1 andp2, and three genes encoding isoforms ofytlseibunit;
v1, v2, andy3 (Hardieet al 1998, Stapletomt al 1996, Stapletoet al 1997, Woodst al
1996a/b). Along with splice variants and differentbinations of isoforms there exists a
diverse array of different complexes. Expressiovele of the subunit isoforms vary
between different tissues and cellular localizatiSaltet al 1998a, Thorntoret al 1998,
Stapletoret al 1996, Mahlapuet al 2004).

AMPK appears to be a fundamental feature of allaeydtic cells, as genes encoding
orthologues of the, p andy subunits are present in all eukaryotic speciessetgenome
sequence has been determined. Indeed orthologuEd®K have been found in the yeast
Saccharomyces cerevisiae and the parasit&iardia lamblai (Carling 2004, Hardiest al
2003).

The a1l and a2 mammalian subunits share 90% identity at theitemiinal catalytic
domains, but only 60% identity at their C-termidaimains (Stapletoat al 1996). The C-
terminal domain has been shown to be requiredro fo complex with the non-catalytic
subunits} andy (Fig. 1.8) (Crutest al 1998).

The B subunits contain two conserved regions (Fig. 1T8)ese regions were originally
termed kinase-interacting sequence (KIS) and associ with Snf-1 complex (ASC)
domains. Based on two hybrid analysis in yeastas wriginally thought that the KIS
domain was required for interacting with thesubunit, while the ASC domain was
required for interaction with the subunit (Jiang and Carlson 1997). However, itdiase
been discovered that only the ASC domain is reduiog complex formation. The KIS
domain is actually a glycogen binding domain (GEBYdsonet al 2003). This domain is
present in enzymes which metabolize ttie> 6 branch points iml— 4 linked glucans
such as starch and glycogen (Hudsb@l 2003, Polekhinat al 2003). GBD has been
shown to cause association of AMPK with glycogertipias, where one of its substrates

GS is located (Hudsoet al 2003). Interestingly, prior glycogen loading oekital muscle
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suppresses activation of AMPK by exercise in hum@i'sjtaszewshiet al 2003). In
addition, glycogen has also been shown to inhilMiPX in cell-free assays, an effect that
is dependent on binding to the GBD and varies awegrto the branching content of the
glycogen i.e glycogen branch points inhibit AMPKiaity (McBride et al 2009). Thus it
has been proposed by McBride and co-workers thatusacle containing a high glycogen
content, AMPK may be bound to the non-reducing eatithe surface of glycogen,
sequestering AMPK away from other downstream targghis is thought to account for
the reduced apparent activation of AMPK in responseexercise (Wojtaszewstst al
2003)when muscle is in a glycogen-loadddte. Since the outer chains prevent access of
AMPK to the internal glycogen branch points, AMPKowid not be inhibited and thus
would phosphorylate and inhibit GS. In contrasipesure of the glycogen branch points
by phosphorylase after contraction would inhibit RKL Thus, GS would no longer be
phosphorylated and inhibited by AMPK, which woultb& glycogen re-synthesis. Thus
essentially the GBD may function as a regulatormndim which allows AMPK to act as a

glycogen sensan vivo.
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Figure 1-8: Domain structure of AMPK subunit isoforms and splice variants
Regions shown in the same colour are related, and their functions, where known, are indicated

(amended from Towler and Hardie 2007).

There exist threg isoforms, with splice variants creating both larg short forms of2
andy3. They subunits differ from each other in the length ledit N-terminal sequence,
but they all contain conserved CBS maotifs (Fig.)1Bateman discovered the CBS motifs,
which are named after the enzyme cystathiofiksgnthase which contains a pair of such
motifs at the C-terminus (Bateman 1997). These fmoitcur as tandem pairs, therefore
the term ‘Bateman domain’ was derived to descritee dtructure formed by two tandem
CBS motifs (Kemp 2004). The recent determinationtlod crystal structure of the
regulatory core of mammalian AMPK revealed thatéhgas a nucleotide binding site on
three of the four CBS motifs in thesubunit. Two of these sites can bind AMP or ATP
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with approximately equal affinity, and the thirdesicontains a tightly-bound AMP that
appears to be non-exchangeable (>&aa 2007).

1.4.5 Naturally Occurring AMPK mutations

Currently, a total of five missense mutations andresert mutation in the2 subunit of
AMPK have been detected in different families whk hereditary heart disease in humans
called Wolff-Parkinson-White syndrome. Four of thesutations affect the N-terminal
Bateman domain, while the other two affect the @ateal Bateman domain (Fig. 1.9)
(Gollob et al 2001, Aradet al 2002, Gollobet al 2002, Blairet al 2001). These mutations
cause both defective activation of the intact AMEdtplex by AMP (Daniel and Carling
2002) and defective binding of AMP to the isolaamteman domains (Scadt al 2004).
Interestingly, the mutations also decrease theitgndf the inhibitor ATP (Scottt al
2004). Therefore, although the mutations prevetivatton by AMP, they also appear to
increase the basal activity (Burwinketlal 2005). In addition, these studies provide strong

evidence that the Bateman domains are indeed ¢judatery AMP and ATP binding sites.
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Figure 1-9: The positions of known mutations that cause ca rdiac disease are marked on the
Y2 subunit (adapted from Kemp et al 2003).

A feature of Wolff-Parkinson-White syndrome is edtad storage of glycogen in cardiac
myocytes (Burwinkekt al 2005). Thus the dominant effect of the mutatiamsntcrease

basal AMPK phosphorylation has led to the proptisai elevated AMPK activity leads to
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a higher basal glucose uptakéo the myocytes. This would result in excessilyeggen

storage, thought to underlie the cardiomyopathydt al 2007).

1.4.6 Regulation of AMPK by AMP and phosphorylation

AMPK is stimulated by an elevated AMP/ATP ratio. &gkaryotic cells have significant
levels of adenylate kinase to maintain the react®brADP «— ATP + AMP close to

equilibrium, the AMP/ATP ratio varies approximateMth the square of the ADP/ATP
ratio (Hardie and Hawley 2001) making the AMP/AERo extremely sensitive to cellular

energy levels.

It is thought that under physiological conditioddVIPK exists in its inactive form in
complex with the much more abundant ATP, with aamlgmall proportion binding AMP
(Xiao et al 2007). Xiao and co-workers have proposed thaBdd®e increase in the AMP
concentration (lowuM range) results in a similar fold increase in tiheportion of AMP
bound enzyme in the presence of a much highd ange) concentration of ATP (Xiao
et al 2007).

AMPK is regulated by AMP by two distinct mechanisrkerstly, AMP causes allosteric
activation of AMPK (Hardiest al 1999). Secondly, the binding of AMP to AMPK malktes
a worse substrate for protein phosphatases, eiggmetein phosphatase-2C (Davigtsal
1995). These effects by AMP are antagonised by higimcentrations of ATP,
demonstrating that the system responds to the ANIP/Aather than to just AMP levels
(Cortonet al 1995, Hawleyet al 1996, Daviest al 1995).

AMPK is activated by an upstream kinase, AMPK keng&MPKK). Phosphorylation
occurs in thex subunit at Thrl72 which lies in the activationpogHawleyet al 1996).
The major breakthrough in identifying upstream ke came from the study of the
regulation of the AMPK orthologue, Snf-1 8accharomyces cerevisiae. Snf-1 was shown
to be phosphorylated and activated by three clastyed kinases, Elm 1, Pak 1 and Tos 3
(Honget al 2003). Database searches with these yeast seguavealed that LKB1 and

CaMKK o andp were closely related mammalian kinases.

LKB1 is encoded by the Peutz-Jegher syndrome tunsappressor gene (Jeneeal
1998). Peutz-Jegher syndrome is an autosomal domuhgorder, characterised by a

predisposition to gastrointestinal neoplasms malked high risk of benign and malignant
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pancreatic tumours (Hemminki 1999). AMPK kinaseifeat from rat liver was found to
correspond to LKB1 (Hawlegt al 2003, Woodset al 2003). In addition, cells which
lacked LKB1 were shown to have a reduced AMPK #gtisompared to cells expressing
LKB1, and AMPK was not found to be activated bymatii which normally activate it
(Shawet al 2004, Hawley et al 2003, Woodsal 2003). These findings provided evidence
that LKB1 is an AMPKK. The discovery that LKB1 iinregulated by stimuli which
activate AMPK in cells (Lizcan@t al 2004, Woodset al 2003) or in skeletal muscle
(Sakamotoet al 2004), and that it is not directly activated by RMHawleyet al 2003,
Woodset al 2003) suggested that LKB1 is ‘constitutively aetiand that the regulation of
AMPK phosphorylation is regulated by effects on Alself.

Initially it was thought that AMP also made AMPKbetter substrate for the upstream
kinase LKB1 (Hawleyet al 1995). However, subsequent work has shown thatishnot
the case (Sanderst al 2007b). Earlier results indicating that AMP stiatels
phosphorylation of AMPK by LKB1 can be plausibly ptxined by the presence of
endogenous protein phosphatase 2C in the prepasatiothe rat liver kinases used in the
study i.e AMP inhibited dephosphorylation of AMPK bhe phosphatase, rather than
increasing phosphorylation of AMPK by LKB1.

The current AMP-dependent AMPK activation modelgoeed by Sanders and co-workers
(Sanderset al 2007b) suggests that in addition to the allosteffiect of AMP on AMPK,
when there is an increases in the AMP/ATP ratiophdsphorylation of AMPK is
inhibited. Since LKB1 functions as a constitutiveletive kinase, inhibition of the
dephosphorylation reaction leads to an increasANtPK Thrl72 phosphorylation and
activation of AMPK. Thus, AMPK phosphorylation byKB1 occurs in response to
decreased dephosphorylation following a rise inANE?/ATP ratio.

CaMKKao/B are also important intracellular AMPKKs which ppbsrylate and activate
AMPK in the presence of an increased calcium camagaon, independently of an increase
in AMP concentration. Hawley and co-workers showbdt there is significant basal
activity and phosphorylation of AMPK in LKB1-defamt cells that can be stimulated by
Cd" ionophores, and studies using the CaMKK inhib&3i0-609 and CaMKK isoform-
specific siRNAs show that CaMKKis required for this effect (Hawlegt al 2005). K-
induced depolarization in rat cerebrocortical sjcevhich increases intracellular Ta
without disturbing cellular adenine nucleotide lsyavas also shown to activate AMPK,
and to be blocked by STO-609 (Hawletyal 2005). It was also shown that CaMRK
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appears to activate AMPK much more rapidly than &M in cell-free assays (Hawley
et al 2005). However, 2-deoxyglucose- and ionomycin-gtated AMPK activity and

phosphorylation, was reported to be reduced in HekHs transfected with small
interfering RNAs specific for both CaMKikand CaMKK3 (Hurleyet al 2005).

Recently transforming growth fact@r-activated kinase (TAK1) was identified as a
possible candidate for a novel AMPK kinase in maiamacells (Momcilovicet al 2006).
TAK1 was shown to activate the Snfl protein kinaseévo andin vitro and co-expression
of TAK1 and its binding partner TAB1 in HelLa celstimulated AMPK Thrl72
phosphorylation.

1.4.7 AMPK Function

Active AMPK can inhibit ATP consuming pathways astimulate ATP producing
pathways. Historically AMPK was thought to act asremulator of energy balance
primarily at the cellular level (Fig. 1.10). Howeyé has since been shown to have a

ATP
consumption

adenylate

ATP — AMPK «— AMP <2 App

N\

catabolism

Figure 1-10: Role of AMPK in regulating energy balance at  the cellular level.

fundamental role in regulating energy balance atlédvel of the whole organism (Fig.

1.11). Active AMPK results in many changes inclygdgiucose uptake and metabolism by
muscle and other tissues, reduced glucose produictithe liver and reduced synthesis and
increased oxidation of fatty acids. All of theséeefs are beneficial to people with type 2

diabetes and the metabolic syndrome, thus makin@KMn attractive therapeutic target.
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Figure 1-11: Role of AMPK in regulating energy balance at  the whole-body level (adapted
from Hardie 2004b).

1.4.8 Activators of AMPK

Metabolic poisons such as arsenite, an inhibitaheftricarboxylic acid cycle (Cortast al
1994), antimycin A and azide, inhibitors of the pieastory chain (Witterset al 1991),
oligomycin, an inhibitor of mitochondrial ATP syrtfe (Marsinet al 2000) and
dinitrophenol, an uncoupler of oxidative phosphatigin (Witterset al 1991) all activate
AMPK by depleting cellular ATP levels.

Pathological stresses can activate AMPK by increptie AMP/ATP ratio. These include
glucose deprivation (Sadt al 1998b), ischemia (Kudet al 1995, Marsiret al 2000) and
oxidative stress (Chadt al 2001). Interestingly, hyperosmotic stress, indulogdorbitol,
in muscle cells was shown to activate AMPK withaltering the cellular AMP/ATP ratio
(Fryeret al 2002Db).
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Exercise (Winder and Hardie 1996) or contractiorskeletal muscle (Hutbest al 1997)
activates AMPK by increasing ATP consumption. Insala the level of activation of
AMPK depends on both the intensity and duratiothefwork.

Leptin activates AMPK in muscle by direct effecta the leptin receptor and indirectly via
the hypothalamic-sympathetic nervous system (SN) throughao-adrenergic receptors
(Fig. 1.12). A decrease in cellular energy levéd81P/ATP) is thought to occur during
direct AMPK activation by leptin, but not duringethindirect activation in muscle

(Minokoshiet al 2002).
P

E

Acetyl-CoA =l Malonyl-CoA

+
Fatty acyl-CoA /

Qo>

foxidation «<Mitochondria

Figure 1-12: Model for the stimulatory effect of AMPK onf  atty acid oxidation in muscle.
ACC = acetyl CoA carboxylase, CPT1 = carnitine palmitoyl transferase 1.

In skeletal muscle, phosphorylation and activabdrAMPK by leptin (Minokoshiet al
2002), results in fatty-acid oxidation via phosphation and inhibition of ACC (discussed
further in the text 1.4.11). Briefly, inhibition &CC leads to a decrease in malonyl-CoA
levels, which prevents inhibition of CPT1, subseulyeallowing the uptake of fatty acids

into the mitochondria where they are oxidized (Hig.2).
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As previously mentioned leptin has an anorexigeagtion in the hypothalamus. This
effect is mediated by inhibition of AMPK activityithe ART and PVN (Minokostet al
2004). Decreased AMPK activity in the ART resultstihe inhibition of the orexigenic
peptides NPY/AgRP. It would appear that that MC4lRs required for the physiological
and hormonal regulation of AMPK in the paraventiacithypothalamus as an agonist for
this receptor which inhibits food intake also intBbAMPK activity in the paraventricular
nucleus, and mice lacking the MC4R are hyperphagtt obese and are unable to inhibit
AMPK activity in response to feeding or leptin (Mkoshiet al 2004).

In muscle and liverin vivo andin vitro, adiponectin has been demonstrated to stimulate
AMPK phosphorylation and activation (Yamauehil 2002). The activation of AMPK in
muscle that occurs five minutes after adiponecgatment may result from an increase in
the concentration of cellular AMP (Yamaudaial 2002). In parallel with its activation of
AMPK, adiponectin stimulates phosphorylation of ACfatty-acid oxidation, glucose
uptake and lactate production in myocytes, phosgpatoon of ACC and reduction of
molecules involved in gluconeogenesis in the liaad reduction of glucose levetsvivo.
Blocking AMPK activation by a dominant-negative it inhibits each of these effects
demonstrating that the stimulation of glucose zdiiion and fatty acid oxidation by
adiponectin occurs through activation of AMPK (Yarohi et al 2002). In addition AMPK
can also be activated in adipocytes by adiponelstmever the biological effect has yet to
be determined (Wet al 2003).

The thiazolidinediones (TZDs) are a class of druged to treat type 2 diabetes. They
stimulate PPAR mediated adipocyte differentiation and increase nlamber of small
adipocytes (Okunet al 1998). This is associated with reduced serum NE&#AEreduced
TNFa expression, which increases insulin sensitivitythie liver and skeletal muscle
(Quinn et al 2008). In addition, TZDs can also elevate levdlsadiponectin. This is
achieved in part via the generation of the smal@d/tes which abundantly express and
secrete adiponectin (Yamaucotti al 2001) and by the up-regulation of adiponectin via
direct effects of TZDs on adiponectin gene tramgon (lwakiet al 2003). As discussed,
above, activation of AMPK by adiponectin results@duced gluconeogenesis in the liver
and increased fatty acid oxidation and glucosekgapia muscle. Therefore, TZDs are able
to activate AMPK indirectly via adiponectin. In ation, the TZD, rosiglitazone (Fryest

al 2002b) has been shown to increase the activif\dPK after 30min in H-2K€ muscle

cells, suggesting that TZDs can also directly ateNAMPK.
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The biguanides are another class of drugs usethéotreatment of type 2 diabetes. This
class of drug primarily acts to inhibit hepatic ghmeogenesis. Metformin has been shown
to stimulate AMPK activity in cultured primary rand human hepatocytes (Zheual
2001) and 3T3-L1 adipocytes (Huypess al 2005). In addition another biguanide,
phenformin, has been shown to activate AMPK inatal rat adipocytes (Davat al
2005).

The TZDs (Brunmairet al 2004) and metformin (El-Miet al 2000) have also been
reported to inhibit Complex 1 in the mitochondr&éctron transport chain. In addition
TZDs (Fryeret al 2002b, Sahat al 2004) have been reported to increase the intrdaell
AMP/ATP ratio, however this has not yet been dertrated with metformin (Fryeet al
2002b, Hawleyet al 2002).

Many studies of AMPK have utilised 5-aminoimidazdlearboxamide riboside (AICAR),
which is a cell permeable molecule that is takemagulily by cells and phosphorylated by
adenosine kinase (Bontemps al 1986) to 5-aminoimidazole-4-carboxamide riboside
monophosphate (ZMP), which functions as a cellmmmetic of AMP. Unfortunately
ZMP is not a specific activator of AMPK in thatailso mimics the effects of AMP on other
molecules or processes. For example AICAR has bleewn to suppress gluconeogenesis
by inhibiting fructose-1, 6-bis phosphatase inasedl rat hepatocytes (Vincegital 1991)
and in vivo (Vincent et al 1996), and increase glycogenolysis by increasilygogen

phosphorylase activity in rat muscle preparationsgtro (Younget al 1996).

Recently, a novel AMPK activator, A769662, was diggred (Cookt al 2006). This new
AMPK activator, directly activates native rat AMAIY mimickingboth effects of AMP,
i.e. allosteric activation and inhibitioaf dephosphorylation (Goransseh al 2007). In
addition, A769662 has been shown to have no detett on the ability of the LKB1 or
CaMKK to phosphorylate AMPK (Sandeet al 2007a). However, the mechanism of
AMPK activation by A769662 is thought to be distiiom that of AMP. AMP is unable
to activate AMPK containing a mutation in thesubunit, whereas A769662 can (Sanders
et al 2007a). Also, A769662 stimulated AMPK activity wslsown to be inhibited by a
mutation in the3l AMPK subunit (Ser108 to Ala), an autophosphorgtasite within the
GBD, however the same mutation only partially resuAMPK activation by AMP
(Sanderst al 2007a). Sanders and co-workers have proposed almbAMPK activation
by A769662 (Fig 1.13). They suggest that bindingAgi69662 toAMPK stabilizes a

conformation that is resistant to dephosphoryladbmhrl72. This conformation requires
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phosphorylation of Serl1Q8ithin 31, and phospho-Serl108 is thought to then interatt w
another region of thAMPK heterotrimer(Sanderset al 2007a) Scott and co-workers
showed that A769662 appears to exclusively actiyePK containing the1 subunit
isoform (Scottet al 2008). Furthermore the activation of AMPK by A7626appears to
involve the interaction of thgl subunit GBD and residues from thesubunit that are not
involved in AMP binding (Scottet al 2008). Currently, the mechanism of AMPK
activation by A769662 is not completely understoalthough the mechanism does not
appear to involve the binding of A769662 to the GBDthe nucleotide binding sites on
they subunit (Scotét al 2008).

FFase
Y
T172
ATP
5108
|3| [ GIEID [
—
Inactive
A?Bgfy w
FFPase FPase

Active Active

Figure 1-13: Model for activation of AMPK by A-769662 or A MP.
In the inactive conformation, ATP is bound to the y subunit, and Thr172 within the catalytic subunit

(a) is freely accessible to protein phosphatases (PPase). In this conformation, Thrl172 is maintained
predominantly in the unphosphorylated form. Binding of A-769662 (denoted by the small white
circle) stabilises a conformation of AMPK that inhibits dephosphorylation of Thr172, depicted here
as steric hindrance by the 8 subunit. This conformation requires phosphorylation of Ser108 in the
GBD of the 8 subunit. The active conformation is also promoted when AMP displaces ATP from the
y subunit. In this case, however, phosphorylation of Ser108 alone is not sufficient to maintain the
conformation, and additional phosphorylation sites (within either a or 8) may be required to

maintain the active form (shown here by ?-POy).
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1.4.9 AMPK Targets

AMPK targets many different proteins and pathwagsdifferent tissues. The well-

established downstream protein targets are sumetabelow (Fig. 1.14).
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Figure 1-14: Targets for AMPK (adapted from Hardie 2004a).
Target proteins and processes activated by AMPK activation are shown in green, and those

inhibited by AMPK activation are shown in red. Where the effect is caused by a change in gene
expression, an upward-pointing green arrow next to the protein indicates an increase, whereas a
downward-pointing red arrow indicates a decrease in expression. Abbreviations: ACC1/ACC2, 1 (a)
and 2 (B) isoforms of acetyl-CoA carboxylase; CD36/FAT, CD36/fatty acid translocase; CFTR,
cystic fibrosis transmembrane regulator; EF2, elongation factor-2; eNOS/nNOS.
endothelial/neuronal isoforms of nitric oxide synthase; FAS, fatty acid synthase; G6Pase, glucose-
6-phosphatase; GLUT1/4, glucose transporters; GS, glycogen synthase; HMGR, 3-hydroxy-3-
methyl-CoA reductase; HSL, hormone-sensitive lipase; MEF2, myocyte-specific enhancer factor-2;
NRF1, nuclear respiratory factor-1; PEPCK, phosphoenolpyruvate carboxykinase; PGCle,
peroxisome proliferator-activated receptor-7T co-activator-1«; TOR, mammalian target of

rapamycin.
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1.4.10 Role of AMPK in glucose homeostasis

AMPK plays an important role in the regulation ofyapgen synthesis, glycolysis,

gluconeogenesis and glucose transport.

It has been shown that AMPK can phosphorylate aadtivate the muscle isoform of GS
(Carling and Hardie 1989) which is the key regulanzyme in glycogen synthesis.

Phospho-fructose-kinase-2 (PFK-2) stimulates tloeuytion of fructose-2, 6-bisphosphate
which is a physiological activator of a key enzymeglycolysis, 6-phosphofructo-1-

kinase, also known as phospho-fructose-kinase-K{BF In ischemic cardiac muscle,

AMPK has been shown to stimulate glycolysis by pihasylating and activating PFK-2

(Marsinet al 2000).

The AMPK activator AICAR has been shown to reduedxpression of the genes for the
gluconeogenic enzymes PEPCK and G6Pase in hepatdlagLochheadt al 2000).

As discussed, the IRS-1 is phosphorylated by thgeamsulin receptor and then acts as a
binding site for PI3K leading to the uptake of gise by cells. Interestingly AMPK has
been shown to phosphorylate the IRS-1 protein énntluscle cell line C2C12 in response
to the AMPK activator AICAR (Jakobsest al 2001). Thus potentially in muscle AMPK
may play a role in increasing insulin sensitivityys consequently lowering blood glucose

levels.

In muscle AICAR, was shown to increase glucose kethy promoting GLUT4
translocation to the cell surface (Kurth-Kracztlkal 1999, Russelét al 1999, Ojukeet al
2000) and GLUT4 gene transcription (Zhest@l 2001). In addition GLUT1 and GLUT4
transport to the plasma membrane was also shovire timcreased in the presence of a
constitutively active AMPK mutant in a skeletal rolgs cell line (Fryeret al 2002a).
Furthermore, AICAR has been shown to potentiataelimsstimulated glucose transport in
isolated rat muscle (Bergeras#t al 1999, Hayashet al 1998) In 3T3-L1 adipocytes
AICAR was found to stimulate basal glucose transp®altet al 2000, Yamaguchet al
2005) and inhibit insulin-stimulated glucose uptakel GLUT4translocation to the plasma
membrane (Sakt al 2000) which is in contrast to the effect of AICARmMuscle.
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In contrast, another study reported that overesmasof a dominant negative mutant of
AMPK in 3T3-L1 adipocytes treated with AICAR abdless AMPK activation without
affecting the increase in glucose uptake, sugggdhiat AICAR-induced glucose uptake
by 3T3-L1 adipocytes is independent of AMPK actimat(Sakodaet al 2002).

1.4.11 Role of AMPK in lipid metabolism

AMPK has been shown to phosphorylate and inhibiCAdCtivity (Parket al 2002 Kim et

al 1989, Daviest al 1990. ACC is the rate-controlling step in the conversajracetyl-
CoA to malonyl CoA (Tong 2005). The product of AG@alonyl-CoA, is both a precursor
for the biosynthesis of fatty acids (Wakil al 1983) and a potent inhibitor of fatty acid
oxidation because it inhibits CPT1 (McGart995) and, thereby, the transport of long-
chain fatty acids into the mitochondrial matrix. imammals there are two isoforms of
ACC. ACC1 (265kDa) is expressed predominantly podjenic tissues such as liver,
adipose and lactating mammary gland (@iaal 1996, Abu-Elheigaet al 2005), and is
reported to primarily regulate the biosynthesidariy-chain fatty acids (Rudermash al
2003). In contrast ACC2 (280kDa) is predominantkpressed in cardiac and skeletal
muscle (Haet al 1996, Abu-Elheigat al 2005), and is reported primarily to regulate fatty
acid oxidation (Merrillet al 1997).

In adipocytes, ACC has been shown to be phosphedyland inhibited by AICAR and
overexpression of a constitutively active AMPK mitéSullivanet al 1994, Davakt al
2005). Sullivan and co-workers also showed that ithiibition of ACC was concomitant
with a decrease in the lipogenic rate (Sullivatral 1994). In addition, Gaidhu and co-
workers also showed that AICAR stimulated AMPK wation inhibited lipogenesis in
isolated rat adipocytes, (Gaidhat al 2006. It has been proposed that inhibition of
lipogenesis would conserve ATP under conditionsetiilar stress (Gaidhet al 2009.

In skeletal muscle and liver it has been estaldistirat activation of AMPK results in
increased mitochondrial import and oxidation oftyfaacids to provide ATP as a fuel
(Rudermanet al 1999, Chieret al 2000). Some studies suggest that AMPK activation i
adipose tissue may also drive fatty acid oxidat@werexpression of un-coupling protein 1
(UCP-1) in white fat was reported to be associatgkd an increase in the AMP/ATP ratio,
activation of AMPK and increased lipid oxidation &kjkovaet al 2004). In addition, in
hyper-leptinized rats there is an increase in UGy UCP-2 expression, AMPK activity
and inactivation of ACC (Orait al 2004) in rat epididymal fat pads. However, in cast
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AICAR stimulated AMPK activation and subsequentiltion of ACC in isolated rat
adipocytes was shown to inhibit fatty acid oxidat{@aidhu,et al 2009. Gaidhu and co-
workers proposed that suppression of fatty acidlation would spare fatty acids for
exportation to other tissues where oxidation igia@uor energy production (Gaidhet, al
2009. Interestingly, a recent study by Gaidhu and co-wmskshowed that prolonged
AICAR-induced AMPK activation promotes energy dmion by activating fatty acid
oxidation (Gaidhtet al 2008).

As discussed, thg-adrenergic signalling pathway regulates triglyderreakdown, acting
via the accumulation of CAMP and subsequent PKAedépnt phosphorylation of HSL.
The AMPK activator AICAR and was shown to antagensoproterenol induced lipolysis
by phosphorylating HSL, which inhibits phosphoridatand activation of HSL by PKA in
isolated adipocytes (Cortaat al 1995, Sullivan et al 2004, Davetl al 2005, Dagoret al
2006). In addition, overexpression of a constitlynvactive AMPK in rat adipocytes was
also shown to inhibit isoproterenol-induced lipatyswhereas overexpression of a
dominant negative form of AMPK had a converse é¢f{fBavalet al 2005). Gauthier and
co-workers also showed that AMPK is activated asoasequence of lipolysis in
adipocytes (Gauthieat al 2008). When the rate at which fatty acids are dppiroduced by
lipolysis exceeds the rate at which they are beargorted from the cell, they are re-
esterified back into TG in an energy dependent mannhus, it has been proposed that
AMPK activation and subsequent inhibition of lipsily by AMPK would prevent futile
cycling and depletion of ATP (Hardet al 2007, Gauthieet al 2008).

Contrary to the above findings, Yin and co-workdrave shown that adrenergic
stimulation results in AMPK phosphorylation and ieation which results in the
stimulation of lipolysis in 3T3-L1 adipocytes (Yet al 2003). It has been proposed that
uponp-adrenergic stimulation, AMPK is phosphorylated astivated via an intermediary
rise in CAMP, and this activation contributes fmolysis, possibly by phosphorylating HSL
at Ser565 and promoting HSL translocation to tpelldroplet (Yinet al 2003). Yin and
co-workers also showed that overexpression of aimbkm negative form of AMPK
inhibits isoproterenol-induced lipolysis suggestimgther, a lipolytic action of AMPK
activation (Yinet al 2003). However, AMPK activity was not measuredhese conditions
and thus final conclusions from these experimergsidficult to draw.

It has been reported that the duration of AMPK gtation may be important with respect

to lipolysis, as Gaidhu and co-workefsund that lipolysis was first suppressed in
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adipocytes, but then increased baothvitro andin vivo with prolonged AICAR treatment
(Gaidhuet al 2008).

Other potential targets of AMPK include fatty adidnslocase (FAT), which plays an
important role in long-chain fatty acid uptake mipocytes. FAT knock out mice showed
increased serum fasting levels of NEFAs and shawddced uptake of oleate in isolated
adipocytes (Febbraie@t al 1999). Interestingly, signalling through AMPK hégen
proposed to mediate FAT translocation to the men#ma rat cardiac myocytes (Luikeh

al 2003). Finally, cholesterol and isoprenoid bioksis, for which HMG-CoA reductase
(HMGR) catalyses the rate limiting step is alsduehced by AMPK activity. Active
AMPK can phosphorylate and inactivate HMGR resgltin reduced cholesterol and
isoprenoid synthesis (Begjal 1978).

1.4.12 Role of AMPK and adipocyte differentiation

There is some evidence to suggest that AMPK a@bwatan inhibit preadipocyte
differentiation. Studies investigating the roleAWIPK in adipogenesis have reported that
AMPK activation by AICAR inhibits differentiation fo3T3-L1 preadipocytes into
adipocytes and blocks the expression of the ealilyogenic transcription factors PPAR
CAAT/enhancer-binding protein alpha (C/EBP CAAT/enhancer-binding protein beta
(C/EBBPB) and the late adipogenic markers such as FAS & @labinowski and Witters
2001, Giriet al 2006, Tonget al 2008). Thus it has been suggested by these sttidies
AMPK activation inhibits differentiation of preadipytes by turning off anabolic adipose-
specific gene expression. However, intra-peritora@hhinistration of AICAR to a mouse
diet induced obesity model, blocked body weighthgad reduced total epididymal fat in
these mice. The reduction in adipose tissue comtastdue to reduced lipid accumulation
in the pre-existing adipocytes and by activatingression of peroxisome-proliferator-
activated receptor (PPARYo-activator 1a (PGC1la) without reducing adiposgecific
transcription factors such as C/EBBnd PPAR in the diet induced obesity model mice
(Giri et al 2006).

Furthermore, other studies concluded that AMPKdoes not regulate adipocyte
differentiation in vivo. AMPKa2 knockout mice were subjected to a high-fat deet t
examine the effect of AMPK on adipose tissue foramat These mice were found to
exhibit higher body weight, with a specific increas adipose tissue compared to wild

type mice. However the expression of genes thatraloadipogenesis, including C/EBP
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and PPAR were found not to be changed in the AMXknockout mice suggesting that
the increased adipose tissue mass is not due tenémancement of preadipocyte
differentiation into adipocytes and therefore tBMPKo2 does not regulate adipocyte
differentiationin vivo. The augmentation in adipose tissue mass in ANMEPPKnockout

mice is thought to be due to the enlargement ofpisting adipocytes, with an increase in

triglyceride accumulation (Villenet al 2004).

Thus it is currently not clear whether AMPK has leygological regulatory function in

adipocyte differentiation.

1.4.13 Role of AMPK and adipokine secretion

The biguanide metformin is used to treat type 2beli@ patients. In these patients
metformin lowers blood glucose levels by reducingpdtic glucose production and
facilitating glucose utilization in skeletal muscBailey et al 1996, Galuskaet al 1991,
Hundal et al 1992, Hundalet al 2000). These effects appear to be mediated through
inhibition of complex | in the mitochondrial resgiory chain (Owert al 2000, EI-Miret

al 2000) and / or stimulation of AMPK (Zhoat al 2001). In 3T3-L1 adipocytes,
metformin was shown to activate AMPK and suppredganectin expression and
secretion (Huypengt al 2005). Since treatment of 3T3-L1 adipocytes witlCAR
(Huypenset al 2005) also caused a decrease in adiponectin exgnesnd secretion it has
been proposed that metformin induced suppressiivies AMPK activation. However,
as metformin is a metabolic poison and not a sjeafIPK activator, the role of AMPK
IS uncertain. In addition, there has been no oleserghange in adiponectin serum
concentration or adiponectin mRNA concentrationadipose tissue of type 2 diabetic
patients treated with metformin (Philligs al 2003, Tiikkainenet al 2004). Conversely,
AICAR has been shown to increase the expressi@uipnectin in human adipose tissue
(Sell et al 2006, Lihnet al 2004). AICAR has also been shown to inhibit theregsion
and secretion of the pro-inflammatory cytokines wN#d IL-6 in human adipose tissue
(Lihn et al 2004, Selkt al 2006). Given that adiponectin has also been shovdecrease
the secretion of pro-inflammatory cytokines (Setllal 2006), it has been proposed that
AICAR may mediate its effects on the pro-inflamnrgtoytokines via adiponectin. Thus,
the inhibition of secretion of these pro-inflammatacytokines by AMPK could be
beneficial, as inflammation contributes to disosdsuch as cardiovascular disease and

insulin resistance, which are associated with dpesi



Pamela Jane Logan, 2009 Chapter 1, 57
1.4.14 Role of AMPK in mitochondrial biogenesis

Studies have shown that in rodent muscle AMPK attwm correlates with increased DNA
binding by the transcription factors nuclear resoiry factor-1(NRF-1) (Bergeroret al
2001) and myocyte enhancer factor-2 (MEF-2) (Zheh@gl 2001) which results in
increased mitochondrial biogenesis. In addition AMBctivation was also shown to
correlate with the up-regulation of the expressbithe co-activator PGG1(Teradaet al
2002) which may also be involved in the increasegression of mitochondrial genes in
muscle (Zongt al 2002).

1.4.15 Role of AMPK in protein synthesis

AMPK has been shown to inhibit protein synthesisl aell growth in cultured cells.
Translational elongation is blocked through thevation of eukaryotic elongation factor-2
(eEF-2) kinase, which phosphorylates and inhibiE2 allowing protein translocation to
pause until ATP levels are restored. Hypoxia irtkilprotein synthesis in hepatocytes and
is mediated by AMPK-dependent activation of eEF2nake and subsequent
phosphorylation of eEF2 (Hormahal 2002).

The target of rapamycin (TOR) pathway is activabgdgrowth factors and amino acids
and is a major positive stimulus for protein systeecell growth and cell size (Fig. 1.15)
(Schmelzle and Hall 2000). Tuberous sclerosis cemfi2 (TSC1/TSC2) form a stable
complex in the cells, with mutations in either leadto the human disease tuberous
sclerosis (Young and Povey 1998). Recent genatidies inDrosophilia demonstrated

that TSC1/TSC2 complex acts to negatively regutaié growth and cell size and have

shown that it acts downstream of PKB/Akt in theulinssignalling pathway
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Figure 1-15: Regulation of protein synthesis and cell grow  th by AMPK and PKB/Akt by the
mTOR pathway.
AMPK = AMP-activated protein kinase, PKB = protein kinase B, TSC1/2 = Tuberous sclerosis

complex 1/2, TOR = target of rapamycin, S6K1 = ribosomal protein S6 kinase, 4E-BP1 =

elongation factor-4E binding protein 1.

and upstream of mammalian TOR (Gao and Pan 2004 giGé 2002, Taporet al 2001).
AMPK phosphorylates TSC2 at two sites, Thr1227 8edl345. Activation of TSC2 by
AMPK-dependent phosphorylation results in activataf the TSC1/TSC2 complex and
subsequent inhibition of the TOR pathway, thus bitlng protein synthesis and cell
growth through ribosomal protein S6 kinase (S6Kajl @longation factor-4E binding
protein 1 (4E-BP1) (Inoket al 2003).
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1.5 Aims

The overall aim of this study was to characterise tole of AMPK in adipocytes.
Although AMPK activation has been previously repdrin adipose tissue and cultured
adipocytes, a thorough investigation of the expoes®f components of the AMPK
cascade, kinetics/mechanism of AMPK stimulation esld of AMPK in adipocyte insulin

action has yet to be undertaken.

The initial aim of this study was to investigatee txpression of the upstream AMPK
kinases; LKB1 and CaMK#/, and the downstream AMPK substrates ACC1/2 in BT 3-
adipocytes. Since AMPK has been shown to play @ irothe regulation of adipogenesis
and 3T3-L1 cells are widely used as a model systenstudy the differentiation of
preadipocytes to adipocytes, the expression of AMBKunit isoforms and the relative
contribution of the catalytic AMPK subunits to total AMPK activity throughout

development from fibroblasts to adipocytes in 3TBeells was also investigated.

The parameters of AMPK activation in 3T3-L1 in respe to various stimuli; AICAR,
arsenite, azide, metformin, rosiglitazone, lepsorbitol, hydrogen peroxide, A23187,
isoproterenol and A769662 were then determinedaddition, the mechanism by which
each activator stimulates AMPK activity in 3T3-Ldligocyte was investigated using the
CaMKK inhibitor STO-609 and high performance liquathromatography (HPLC) to

detect changes in cellular energy levels.

Acute AICAR treatment has previously been shownour laboratory to modestly
stimulate basal glucose transport and inhibit imsstimulated glucose transport in 3T3-L1
adipocytes (Salet al 2000), which is in contrast to the effect of AICAR muscle
Bergeronet al 1999) . In order to further characterise the odlAMPK in the inhibition of
insulin-stimulated glucose transport the acutecefté various other AMPK activators on
basal and insulin stimulated glucose uptake wassass using 2] deoxy-D-glucose.
The effect of AMPK inhibition and knockdown, usif@ompound C and Adl1DN
respectively, on AICAR stimulated basal glucosengport and inhibition of insulin-
stimulated glucose transport was also assesseeteéoniine whether the effects of AICAR

on glucose transport are dependent on AMPK actimati

Previous work in our laboratory also showed thatCAR did not alter IRS-1
phosphorylation, PI3K association with IRS-1 or PHE®&ivity in 3T3-L1 adipocytes (Salt
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et al 2000). During the course of this project AS160 aBC1D1 have emerged as Rab
GAPs (Thonget al 2007, Roactet al 2007) involved in the regulation of glucose traosp
Therefore another aim of this study was to inveséghe mechanism by which AICAR
inhibits insulin-stimulated glucose transport inpadtytes, with particular attention being
paid to the effect of AICAR on basal and insulimstlated AS160/TBC1D1
phosphorylation at phospho-Akt/PKB (PAS) sites.

Finally the effect of sustained AMPK activation glucose transport and insulin signaling
in 3T3-L1 adipocytes was also to be determinedaddition, the effects of sustained

AMPK activation on insulin signaling in human ad§eo tissue was investigated.



Chapter 2 — Materials and methods

2.1 Materials

2.1.1 List of materials and suppliers

American Type Culture Collection, Manassas, VirgiriSA
3T3-L1 preadipocytes

AXXORA (UK) Ltd, Bingham, Nottingham, UK

Rosiglitazone

Gliclazide

BDH Laboratory Supplies, Poole, UK
Calcium chloride (CaG)
Coomassie Brilliant Blue G-250

Dipotassium hydrogen phosphatelfO,)
Hydrogen peroxide (bD-)

Magnesium chloride (MgG)

Magnesium sulphate (MgSP

Potassium chloride (KCI)

Sodium chloride (NaCl)

Tetrasodium pyrophosphate (JRa0-)

Cambridge Bioscience Ltd, Cambridge, UK

Quick Titer™ Adenovirus Titer Immunoassay kit

Dundee University, Dundee, UK
A-769662 (AMPK activator), was a generous gift frémof. D.G. Hardie.

Eastman Kodak Company, Rochester, New York, USA

Kodak Medical X-ray film

Fisher Scientific UK Ltd, Loughborough, LeicestarehUK
Corning tissue culture T75/ T150 flasks
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D-Glucose

Ethanol

Glycine

HEPES (N-2-hydroxyethylpiperazine-N’ 2-ethane soipic acid
Potassium dihyrogen phosphate (rty)

Tris base (tris(hydroxymethyl)aminoethane)

GE Healthcare, Little Chalfont, Buckinghamshire, UK

Protein A-sepharose beads

Protein G-sepharose beads

Hopkin and Williams, Chadwell Health, Essex, UK
Sodium azide (Nah)

Inverclyde Biologicals, Bellshill, Lanarkshire, UK

Nitrocellulose transfer membrane, 0% pore size

Invitrogen (GIBCO Life Technologies Ltd), PaisléyK
Dulbecco’s modified Eagles media (DMEM)

Foetal calf serum (FCS) (USA origin)

Newborn calf serum (NCS) (EU origin)

Penicillin/streptomycin
L-glutamine

Trypsin

Premier International Foods, Cheshire, UK

Dried skimmed milk

Melford Laboratoried Ltd, Chelsworth, Ipswich, S, UK
Dithiothreitol (DTT)

Merck Chemicals Ltd, Nottingham, UK
Compound C
A23187

Chapter 2, 62



Pamela Jane Logan, 2009

National Diagnostics (UK) Ltd, Hessle, East Ridafdyorkshire, UK
Ecosint A

New England Biolabs, Hertfordshire, UK

Prestained protein markers (broad range 6-175kDa)

Novo-Nordisk, Bagsvaerd, Denmark

Porcine insulin

Pepceuticals, Leicester, UK
SAMS peptide (HMRSAMSGLHLVKRR)

PeproTech, London, UK
Leptin

Perkin Elmer, Beaconsfield, Buckinghamshire, UK

2-[*H]-deoxy-D-glucose
[y-*P] ATP

Pierce, Perbio Science, UK Ltd, Tattenhall, CheshiK
10,000 MWCO slide-a-lyzer

Severn Biotech Ltd, Kidderminster, Hereford, WoteesUK
Acrylamide:Bisacrylamide (37.5:1; 30% (w/v) Acrylais)

Sigma-Aldrich (Steinheim, Germany; Seelze, Germ&y.ouis, MO, USA)
5-Amino-2,3-dihydro-1,4-phthalazinedione (luminol)
Adenosine 5'-diphosphate (ADP)

Adenosine 5’-monophosphate (AMP)

Adenosine 5'-triphosphate (ATP)

Ammonium peroxydisulphate (APS)

Bovine serum albumin (BSA)

Benzamidine

p-Coumaric acid

Cytochalasin B

Dexamethasone
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Dimethyl sulphoxide (DMSO)

Disodium hydrogen phosphate (RdeQOy)
D-mannitol

Ethylenediamine tetraacetic acid (EDTA)
Ethylene glycol-bisf{-amino-ethylether)-N,N,N’,N’-tetraacetic acid (EGTA
Glycerol

Isobutylxanthine (IBMX)

Metformin

Methanol

ProteoPrep Blue Albumin and IgG Depletion Kit
Sodium flouride (NaF)

Sodium hydrogen carbonate (NaHgO

Sodium dihydrogen phosphate (NdtDy)

Sodium orthovanadate (N&O3)

Soybean trypsin inhibitor (SBTI)

Sodium dodecyl sulphate (SDS)
N,N,N’,N’-Tetramethylethylenediamine (TEMED)
Triethylamine (TEA)

Triton X-100

Tween-20

Tocris Cookson Ltd, Fouth Way, Avonmouth, UK
STO-609

Toronto Research Chemicals Inc, Ontario, Canada
AICAR (5-aminoimidazole-4-carboxamide-1-beta-4-filmanoside)

Varian, California, USA
Chrom Spher C18 octadecylsilane (5 pm)

VWR, Lutterworth, Leicestershire, UK

Falcon tissue culture 10 cm dishes and 6/12 watkepl

Whatman P81 phosphocellulose paper
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2.1.2 List of specialist equipment and suppliers

BeckmanCoulte™ High Wycombe, UK
Optima™ XL-80K ultracentrifuge

SW40 rotor

Multi-Purpose scintillation counter LS 6500

Bio-Rad Laboratories, Hemel Hempstead, UK

Protein gel casting and Western blotting equipnietimi Protean Il1)

Fisher Scientific, Loughborough, UK

Polycarbonate freezing container

Optika Microscopes, Ponteranica, Italy

XDS-1B light microscope

WPA, Cambridge, UK
S2000 spectrophotometer

Varian Limited, Oxford, UK
Varian ProStar 410 high performance liquid chrorgedphy (HPLC) AutoSampler

Stainless-steel column (250 x 4.6 mm 1.D) packeith wihrom Spher C18 octadecylsilane
(ODS)



Pamela Jane Logan, 2009

2.1.3 List of antibodies and conditions of use

2.1.3.1 Primary antibodies for Western blotting

Table 2-1: Primary antibodies used for western blotting
n/a: not applicable. All antibodies were incubabedrnight at 4°C.

Chapter 2, 66

Epitope

Clonality

Host

species

Dilution

Diluent
(wivin
TBST)

Source

14-3-3

polyclonal

rabbit

1:1000

5% mil

k Abcam, Gardge,
UK. (#9093)

ACCL1 N-
term (cDEP)

polyclonal

sheep

1:1000

5% mil

k A generous giftiro
Prof. D.G. Hardie,
University of Dundee,
Dundee, UK.
CDEPSPLAKTLELN
Q (C + residues 2-15 0
rat ACC coupled to
KLH.

ACC2 (146)

polyclonal

sheep

1:1000

5% m

lk A genergift from
Prof. D.G. Hardie,
University of Dundee,
Dundee, UK.
CEDKKQAPIKRQLM
T (C + residues 146-
159 of rat ACC2
coupled to KLH.

ACC Ser79

polyclonal

rabbit

1:1000

5% BSA New Emgl Biolabs,

Hertfordshire, UK.
(#3661)
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AMPKal

polyclonal

sheep

1:1000

5% milk A generous gdti

Prof. D.G. Hardie,
University of Dundee,
Dundee, UK (Woodst
al 1996Db).

AMPKa2

polyclonal

sheep

1:1000

5% mi

k A generous gdti
Prof. D.G. Hardie,
University of Dundee,
Dundee, UK (Woodst
al 1996Db).

AMPK Pan
al/ a2

polyclonal

sheep

1:500

5% milk A generous gift from

Prof. D.G. Hardie,
University of Dundee,
Dundee, UK.
CDPMKRAT (phospho
)IKDIRE (C + residues
252-264 of rat alpha-1).

AMPK
T172

polyclonal

rabbit

1:1000

5% BSA New England Biolab

[72)

Hertfordshire, UK.
(#2531)

AMPKp1

polyclonal

sheep

1:1000

5% mi

k A generous gdti
Prof. D.G. Hardie,
University of Dundee,
Dundee, UK (Woodst
al 1996a).

AMPKp2

polyclonal

sheep

1:1000

5% mi

k A generous gdti
Prof. D.G. Hardie,
University of Dundee,
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Dundee, UK (Woodst
al 1996a).

AMPKy1 polyclonal sheep 1:1000| 5% milk A generous gdti
Prof. D.G. Hardie,
University of Dundee,
Dundee, UK (Cheung
et al 2000).

AMPKy2 polyclonal sheep 1:1000| 5% milk A generous gdti
Prof. D.G. Hardie,
University of Dundee,
Dundee, UK
DLEGSGKHSSRKVD
(residues 51-63 human

gamma 2).

AMPKYy3 polyclonal sheep 1:1000| 5% milk A generous gdti
Prof. D.G. Hardie,
University of Dundee,
Dundee, UK
LSPAGIDPSGPEKI
(residues 479-492

human gamma 3).

AS160 polyclonal rabbit 1:1000| 5% BSA New Engld@idlabs,
Hertfordshire, UK.
(#2447)
CaMKKa monoclonal | mouse 1:200 5% milk Santa Cruz,
clone: F-2 Biotechnology,

California. (#17827)
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CaMKKp

polyclonal

goat

1:200

5% milk

Santa Cruz,
Biotechnology,
California. (#9629)

FAS

monoclonal

clone: 23

mouse

1:250

5% milK

BD transduction
laboratories, Oxford
science park, Oxford,
UK. (#610962)

GAPDH

monoclonal
clone: 6C5

mouse

1:40000

5% milk

Ambion, Ermine
Business Park,
Cambridgeshire, UK.
(#4300)

IRS1

polyclonal

rabbit

1:1000

5% BSA New Englandl&bs,

Hertfordshire, UK.
(#2382)

LKB1

polyclonal

sheep

1:500

5% milk A generous ibm

Prof. D.G. Hardie,
University of Dundee,
Dundee, UK.

LKB1 antibody was
raised against the
whole protein in sheep
and was purified using

protein G.

myc

monoclonal
clone: 9E10

mouse

1:1000

5% milk

Sigma, St Louis, MO
USA. (#5546)
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Y

PAS monoclonal | rabbit 1:1000 | 5% BSA New England Biolabs
clone:110B Hertfordshire, UK.
(#9614)
PKB ployclonal rabbit 1:1000 | 5% milk New EnglantBbs,
Hertfordshire, UK.
(#9272)
PKB Ser473| polyclonal rabbit 1:1000 | 5% BSA New England Biolab
Hertfordshire, UK.
(#9271)
TBC1D1 polyclonal sheep 1:1000, 5% BSA A generoiisfigim
Prof. C. Mackintosh
University of Dundee,
Dundee, UK, (Chest
al 2008).
2.1.3.2 Secondary detection agents for Western blot  ting
Table 2-2: Secondary detection agents for western blottin g
Linked Epitope Host | Dilution Diluent Sour ce
molecule species (wivin
TBST)
HRP mouse IgG sheep 1:1000 5% milk or] GE Healthcare,
BSA Little Chalfont,
Buckinghamshire
UK. (#NA931)
HRP rabbit 1IgG donkey 1:1000 5% milk or | GE Healthcare,
BSA Little Chalfont,
Buckinghamshire
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UK. (#NA934)

HRP streptococcus | n/a 1:1000 | 5% milk or

sp. Protein G BSA

Sigma, St Louis,
MO, USA.
(#P8170)

2.1.4 Standard solutions

Unless stated otherwise, all buffers and reageats wade up with distilled water.

Bradford’s reagent

35.0 mg/L coomassie brilliant blue
5.0% (v/v) ethanol
5.1% (v/v) orthophosphoric acid

Bradford’s reagent was filtered and stored in takd

Coomassie stain

0.05% (w/v) coomassie brilliant blue
50% (v/v) methanol
10% (v/v) acetic acid

Coomassie stain was filtered.

Coomassie de-stain
10% (v/v) methanol

10% (v/v) acetic acid

Enhanced chemiluminescence (ECL) detection reagents

Solution 1

0.1 mM Tris-HCI, pH 8.5

450 mg/L luminol in 2% (v/v) DMSO

130 mg/L coumaric acid in 1% (v/v) DMSO
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Solution 2
0.1 mM Tris-HCI , pH 8.5
0.02% (v/v) HO,

HEPES Brij-35 buffer

50 mM HEPES, pH 7.4 at 4°C
I1mMDTT

0.02% (v/v) Brij-35

Immunoprecipitation (IP) buffer
50 mM Tris-HCI, pH 7.4 at 4°C
150 mM NacCl

50 mM NaF

5 mM NaP,O;

1 mMEDTA

1 mM EGTA

1% (v/v) Triton X-100 Y
1% (v/v) glycerol
I1mMDTT

0.1 mM benzamidine >
0.1 mM PMSF
5 ug/ml SBT1
1 mM NaVOy, /

Krebs-Ringer HEPES (KRH) buffer
119.0 mM NacCl

20.0 mM HEPES-NaOH, pH 7.4
5.0 mM NaHCQ

10.0 mM glucose

4.8 mM KCI

2.5 mM CaC}

1.2 mM MgSQ

1.2 mM NaHPO,

0.1 mM L-Arginine

addedlay of use
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Krebs-Ringer phosphate (KRP) buffer
130 mM NacCl

4.8 mMKCI

5 mM NaHPO4, pH 7.4

1.25 mM MgSQ

1.25 mM Cad{

Lysis buffer
50 mM Tris-HCI, pH 7.4 (at 4°C)

50 mM NaF

1 mM NaP,O;

1 mM EDTA

1 mM EGTA

1% (v/v) Triton X-100 )
250 mM mannitol

1 mMDTT

1 mM NaVO, > added on day of use
0.1 mM benzamidine
0.1 mM PMSF

5 ng/ml SBTI /

Phosphate-buffered saline (PBS) (pH 7.2)
85 mM NacCl

1.7 mM KCI

5 mM NaHPO,

0.9 mM KH,PO,

Ponceau S Stain

0.2% (w/v) ponceau S
1% (v/v) acetic acid

SDS-polyacrylamide gel electrophoresis (SDS-PAGH)ing buffer
190 mM glycine

62 mM Tris base

0.1% (w/v) SDS
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4 X SDS-PAGE sample buffer
200 mM Tris-HCI, pH 6.8

8% (w/v) SDS

40% (v/v) glycerol

0.4% (w/v) bromophenol blue
200 mM DTT

Transfer buffer
25 mM Tris base
192 mM glycine
20% (v/v) ethanol

Tris buffered saline (TBS)
20 mM Tris-HCI, pH 7.5
137 mM NacCl

Tris buffered saline + Tween 20 (TBST)

20 mM Tris-HCI, pH 7.5
137 mM NacCl
0.1% (v/v) tween 20
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2.2 Methods

2.2.1 Cell Culture Procedures

2.2.1.1 Cell culture plastic ware

3T3-L1 cells were cultured in Corning T75 flaskgldralcon 10 cm dishes, 6 well plates
and 12 well plates.

Human embryonic kidney (HEK) 293 cells, a genergif6 from Dr. S. Yarwood,
University of Glasgow, were cultured in Corning Tifasks, T150 flasks, and 24 well

plates.

2.2.1.2 Cell culture growth media for 3T3-L1 preadi  pocytes

Preadipocytes were maintained as fibroblasts (pas£l2) in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% (v/@wiorn calf serum (NCS) and
200 IU penicillin and 200ug streptomycin/500ml. Cells were cultured af@7n a
humidified atmosphere of 10% (v/v) G{D media replaced every 48 hr.

2.2.1.3 Cell culture growth media for HEK 293 cells

HEK 293 cells were maintained in DMEM supplementeth 5% (v/v) foetal calf serum
(FCS),2 mM glutamine and 200 IU penicillin and 20 streptomycin/500ml. Cells were
cultured at 37C in a humidified atmosphere of 5% (v/v) €@ media replaced every 48
hr.

2.2.1.4 Preparation of 3T3-L1 fibroblast differenti  ation medium

Differentiation was initiated using DMEM medium ¢aming 10% (v/v) FCS, 0.5 mM
methyl isobutylxanthine (IBMX), 0.256M dexamethasone, and porcine insulinugfml),

prepared as outlined below.

A 2.5 mM sterile solution of dexamethasone in etthavas diluted 1:20 with 10% (v/v)
FCS/DMEM medium immediately prior to use yieldingp@0X stock solution. A 500X
concentrated sterile solution of IBMX was also @mepl by dissolving 110 mg IBMX in 2
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ml of 1 M KOH. Insulin (1 mg/ml) was then prepar@d0.01 M HCI. Sterile solutions of
dexamethazone, IBMX and insulin were achieved [sgiog through a 0.22 um filter.

3T3-L1 differentiation medium was prepared by diilgt both the dexamethasone and
IBMX solutions to a 1X concentration in 10% (v/MVCE/DMEM and then adding insulin

to a final concentration of dg/ml.

2.2.1.5 3T3-L1 fibroblast differentiation protocol

To differentiate the 3T3-L1 fibroblast cells intalipocytes, the cells were grown to
confluency in 10% (v/v) NCS/DMEM. At 48 hr post dluence, cell medium was
aspirated and replaced with differentiation mediconsisting of 10% (v/v) FCS/DMEM
containing 0.25M dexamethasone, 0.5 mM IBMX and insuliny@ml). After a further
two days this medium was aspirated and replaced 1@%o (v/v) FCS/DMEM containing
1 pug/ml insulin. The cells were incubated in this medifor two days, and then the
medium was aspirated and replaced with 10% (v/VB/BMEM. At 8-12 days post-
induction of differentiation, cells were used faperimentation.

2.2.1.6 Passaging of 3T3-L1 fibroblasts

When cells in T75 flasks were 70-80% confluent, CNGrowth medium was aspirated
and 5 ml of sterile trypsin (0.05% (v/v) in diame&tbanetetra-acetic acid, disodium salt
(EDTA)) was added to each T75 flask. Flasks weea fhcubated at 3 until the cells
began to lift off. Trypsin was titurated over tharface of the flask until all of the cells
were detached. An appropriate amount of DMEM grom#dium was then added to the 5
ml of trypsin and used to seed 10 cm cell cultuaetes, 12 well plates, 6 well plates and
T75 flasks.

2.2.1.7 Passaging of HEK 293cells

When cells in T75 flasks were 70-80% confluent, CNBrowth medium was aspirated
and 5 ml of sterile trypsin (0.05% (v/v) in EDTA)aw added to each T75 flask. Flasks
were then incubated at &7 until the cells began to lift off. Trypsin wasutiated over the
surface of the flask until all of the cells werdatded. 10-15 ml of DMEM was added to
neutralize the trypsin. The trypsinised cells wiren transferred to a 50 ml falcon tube.

Cells were centrifuged at 2000 x g for 5 min. Thedm was then aspirated and the cells
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re-suspended in the appropriate amount of medseéa T75, T150 flasks and 12 well

plates.

2.2.1.8 Resurrection of frozen 3T3-L1 cell stocks f  rom liquid nitrogen

Cell cryogenic vials were removed from liquid ngem and incubated in a water bath at
37°C until the cells were thawed. Vials were then sfarred to a cell culture sterile flow

hood where the following procedure was performed.

The cells were transferred to a T75 flask contgriif ml of 10% (v/v) NCS/DMEM. 3T3-
L1 cells were then maintained in an incubator &C3ih an atmosphere of 10% @Ohe
following day the medium was aspirated to removaddeell debris and was replaced with

fresh medium.

2.2.1.9 Resurrection of frozen HEK 293 cell stocks  from liquid nitrogen

Cell cryogenic vials were removed from liquid ngem and incubated in a water bath at
37°C until the cells were thawed. Vials were then gfarred to a cell culture sterile flow

hood where the following procedure was performed.

The cells were transferred to a T75 flask contgriib ml of 5% (v/v) FCS/DMEM. HEK
293 cells were then maintained in an incubator7a€3n an atmosphere of 5% GO'he
following day the medium was aspirated to removaddeell debris and was replaced with

fresh medium.

2.2.1.10 Preparation of 3T3-L1 murine fibroblast ce lls for freezing

DMEM medium was aspirated from T75 flasks and Sfrirypsin (0.05% (v/v) in EDTA)
was added to each flask. Flasks were then incutat&fC for 3-5 min until the cells
were just beginning to lift off the flask. The tsip solution was gently titurated over the
surface of the flask until all of the cells wergatded. 5 ml of 10% (v/v) NCS/DMEM
was added to each flask. The cell suspension wes tilansferred to a 15 ml universal
tube. The trypsin/cell mix was then centrifuged2800 x g for 3 min and the trypsin
supernatant aspirated. The cell pellet was thesuspended in 1 ml of freeze medium;
10% (v/iv) NCS/DMEM containing 10% (v/v) dimethyl Iphoxide (DMSO). The re-

suspended cell pellet was then transferred intaril.golypropylene cryogenic tubes and
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left for 10 min at room temperature. The cryogetubes were then placed into a
polycarbonate container and stored overnight atG8@he following morning the vials

were transferred to liquid nitrogen and storedlustjuired.
2.2.1.11 Preparation of HEK 293 for freezing

DMEM medium was aspirated from T75 flasks and 5hilygpsin (0.05% (v/v) in EDTA)
was added to each flask. Flasks were then incukat&¥C for 3-5 min until the cells
were just beginning to lift off the flask. The tsip solution was gently titurated over the
surface of the flask until all of the cells werdat#ed. 5 mils of 5% (v/v) FCS/DMEM was
added to each flask containing HEK 293 cells. Télesuspension was then transferred to
a 15 ml universal tube. The trypsin/cell mix wasrtltentrifuged at 2000 x g for 3 min and
the trypsin supernatant aspirated. The cell palet then re-suspended in 1 ml of freeze
medium; 5% (v/v) FCS/DMEM containing 10% (v/v) DMSThe re-suspended cell pellet
was then transferred into 1.8 ml polypropylene ggrmic tubes and was left for 10 min at
room temperature. The cryogenic tubes were plactxda polycarbonate container and
stored overnight at -8C. The following morning the vials were transferred liquid

nitrogen and stored until required.
2.2.2 Preparation of 3T3-L1 lysates

3T3-L1 cells cultured on 10 cm diameter Falconuissulture dishes were incubated for 2
hr at 37C in 5 ml Krebs-Ringer HEPES (KRH) per dish. Aftecubating the cells in fresh
KRH, test substances were then added to the dishnesrious durations at 3Z. The
medium was removed and 0.4 ml lysis buffer was dddethe dishes on ice. The cell
extract was scraped off using a cell lifter andngfarred into pre-cooled 1.5 ml
microcentrifuge tubes. The extracts were vortexadiand centrifuged (21,910 x g, 3 min,

4°C) on a bench top centrifuge. The supernatants stered at -8C.
2.2.3 Protein concentration determination

Spectrophotometric analysis of 3T3-L1 lysates atiogr to the Bradford method
(Bradford 197§ was carried out at 595 nm in a spectrophotomeiaguisposable plastic
cuvettes. Duplicates of 29, 4 ug and 6ug bovine serum albumin (BSA) were made up to
100 ul with H,O and utilised as reference standards. Lysate$ysamuhin duplicate, were
diluted (1:10) using distilled water. @ of diluted lysate was then added to Rbof
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distilled water in a cuvette. To all samples antenence standards, 1 ml Bradford’s
reagent was added and spectrophotometric analysiformed in a WPA S2000
spectrophotometer within 10 min of reagent additidhe mean absorbance for each
sample duplicate was calculated and the proteicardnation determined by comparison
to the calculated meansé/ ng BSA derived from the linear portion of the BSAemence

standard curve.

2.2.4 Immunoprecipitation

2.2.4.1 Immunoprecipitation of AMPK al, AMPK a2 and CaMKK B from 3T3-
L1 adipocytes

10 pl (per sample) of protein G-sepharose beads wesheadathree times in screw cap
microcentrifuge tubes using 1 ml of immunoprecigita (IP) buffer (21,910 x g, 1 min at
4°C). AMPK ol (2 ug/sample), AMPKi2 (2 ug/sample) or CaMKK(2 ug/sample) were
then added to the beads. 2p0of IP buffer was added to the mixture and mixed b
rotation for 1 hr at 4°CThe beads were pelleted (21,910 x g, 1 min at 4i@) re-
suspended in IP buffer (25% v/v). In 1.5 ml micmacduge tubes, 3T3-L1 adipocyte
lysate (200 png) was added to 20 pl of the proteisef@harose bead slurry pre-bound to
sheep anti-AMPKul, sheep anti-AMPKi2 antibody or goat anti-CaMKKantibody. The
volume was made up to 300 pl with IP buffer and wased for 4 hr at 4°C on a rotating
mixer. The beads were then pelleted (21,910 x gnid at 4°C) and the supernatant
aspirated. The pellet was washed twice (21,9101xrgin at 4°C) with 1 ml of high salt (1
M NaCl) IP buffer and twice (21910 x g, 1 min aC3#Wwith 1 ml of IP buffer. For AMPK
IPs the pellets were washed (21910 x g, 1 min @) #%ith 1 ml of HEPES Brij-35. The

pellets were stored at -20°C.
2.2.4.2 Immunoprecipitation of AS160 and TBC1D1 fro m 3T3-L1 adipocytes

Using 1.5 ml microcentrifuge tubes, 3T3-L1 adipeciytsate (200 png) was added to 6 pl
of rabbit anti-AS160 antibody (1:12) or (1.5 pg/sde) of sheep anti-TBC1D1 antibody
and mixed by rotation overnight at 4°C in screw o@pocentrifuge tubeslhe following
morning 10 ul (per sample) of protein A-sepharosads or protein G-sepharose beads
were washed three times (21,910 x g, 1 min at @i@) 1 ml of IP buffer. The beads were
then re-suspended in IP buffer (25% v/v). 20 pthef protein A-sepharose bead slurry was
added to the lysate/anti-AS160 antibody mixture 20l of the protein G-sepharose bead
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slurry was added to the lysate/anti-TBC1D1 antibodixture. The mixture was then
mixed by rotation for 3 hr at 4°C. The beads waentpelleted (21,910 x g, 1 min at 4°C)
and the supernatant aspirated. The pellet was wasbiee with 1 ml of high salt (1 M
NaCl) IP buffer (21,910 x g for 1 min at 4°C), egtevhen looking for 14-3-3 co-
immunoprecipitation, before washing three timeshvilitml of IP buffer (21,910 x g for 1

min at 4°C). The pellets were stored at -20°C.
2.2.5 AMPK Assay

AMPK activity in immunocomplexes was determined ghyosphorylation of the peptide
HMRSAMSGLHLVKRR [SAMS]. The AMPK pellets were re-spended in 2Qul of
HEPES Brij-35 buffer. Reaction mixtures (g containing 5ul of HEPES Brij-35 buffer,

5 ul of 1 mM SAMS peptide in HEPES Brij-35 bufferybof 1 mM AMP in HEPES Brij-
35 buffer and 5ul of immunoprecipitate re-suspended in HEPES Bgij{luffer, were
prepared in 1.5 ml microcentrifuge tubes on ice thedreaction initiated by the addition of
5 ul of MGATP solution (1 mM y-*3P] ATP, 250 - 500 c.p.m./pmol; 25 mM MgGh
HEPES Brij-35 buffer). Reaction mixtures were thecubated on a vibrating platform in
an air incubator at 30°C for 10 min. Assay mixtuf@s ul) were spotted onto P81
phosphocellulose paper, and rinsed, with gentterggito remove free ATP, for 5 min in
1% (v/v) phosphoric acid. A further 2 x 5 min wateashes were performed on the
phosphocellulose paper, before a final 5 min wagi A% (v/v) phosphoric acid. A
Beckman Multi-Purpose scintillation counter LS 6508s used to measur&m]-labelled
substrate. 3 ml of scintillation fluid was used Eample. Results were corrected for
radioactivity recovered in blank reactions lackihg SAMS peptide. One unit of AMPK
activity is that required to incorporate 1 nmol &P into the SAMS substrate

peptide/min/mg protein.
2.2.6 SDS-Polyacrylamide Gel Electrophoresis

Sodium dodecyl sulphate-polyacrylamide gel eledtospsis (SDS-PAGE) was performed

using 1.5 mm thick vertical slab gels containintpei 6% or 10% acrylamide.

Slab gels were prepared using Bio-Rad mini-Protdagel units, with a stacking gel of
approximately 2 cm deep. The stacking gel consistéd5% acrylamide/0.136%
bisacrylamide in 125 mM Tris-HCI, pH 6.8, 0.1% SD&lymerized with 0.1% (w/v)
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ammonium peroxidisulphate (APS) and 0.05% (v/v) rameethylethylenediamine
(TEMED).

Cell lysate samples were mixed 3:1 with 4 X SDStaming sample buffer and heated to
95°C in a heating block for 5 min prior to separatby SDS-PAGE on Tris buffered gels.
Prestained broad range (6-175 kDa) protein markese used as a standard.

Gels were electrophoresed using the Bio-Rad Prdteapstem at a constant voltage of 80
V for stacking and 150 V through the separating Galls were electrophoresed until the
tracking dye had migrated to the bottom of theayed good separation of the molecular

weight markers had been obtained.

2.2.7 Western Blotting of Proteins

2.2.7.1 Electrophoretic transfer of proteins from g els onto nitrocellulose

membranes

Proteins were separated by SDS-PAGE as previoustgrithed (2.2.6). The gels were
removed from the plates and placed on top of amlesjged sheet of nitrocellulose (0.45
um pore size), pre-wet with transfer buffer and tptted between 2 layers of 3 MM filter
paper also pre-wet with transfer buffer. The ‘salthivwas then inserted between the
plates of the gel holder cassette and transferpgeermed using a Bio-Rad mini Protean
[l trans-blot electrophoretic transfer cell at@stant current of 40 mA overnight or at 60
V for 2 hr. The nitrocellulose membranes were ttesnoved from the transfer cassette and
the efficiency of transfer determined by the preseand intensity of pre-stained molecular
weight standards. Membranes were also briefly sthiwith Ponceau to check for equal

loading of the gels.
2.2.7.2 Blocking of membranes and probing with anti bodies

Non-specific sites on the nitrocellulose membramese blocked by incubation with
shaking in tris buffered saline (TBS)/5% (w/v) mitke 30 min at room temperature. After
washing (3 x 5 min) the membrane in tris bufferatine tween (TBST), the primary
antibody was applied to the blot and incubatedhwshaking, overnight at°@ in

TBST/5% (w/v) milk or TBST/5% (w/v) BSA. After wasig (3 X 5 min) in TBST the
membranes were incubated, with shaking, for 1 hrraatm temperature with the
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appropriate horseradish peroxidase (HRP)-conjugatmbndary antibody in TBST/5%
(w/v) milk or TBST/5% (w/v) BSA. The membranes wehen washed (5 x 5 min) in
TBST. If required, membranes were further washexd $3min) in high salt (0.5 M NaCl)
TBST and then washed (2 x 5 min) in TBST.

2.2.7.3 Immunodetection of proteins using western b  lotting and the ECL

detection system

Enhanced chemiluminescence (ECL) is a light engttion-radioactive method for the
detection of immobilized specific antigens, conjiggiadirectly or indirectly with HRP-
labeled antibodies. HRP is used to catalyze thdabixin of luminol in the presence of
hydrogen peroxide. Immediately after the oxidatitdme luminol is in an excited state
which decays to ground state via a light emittiaghpvay.

Equal volumes of ‘detection reagent 1’ and ‘detacttreagent 2' were mixed and the
membranes, prepared as described in 2.2.7.2, wanetised in the mix with shaking for
60 seconds. The detection reagents were then reinmembranes wrapped in cling-film
and exposed to Kodak film. Finally the films werevdloped using the X-OMAT

processor.
2.2.7.4 Stripping of nitrocellulose membranes

Nitrocellulose membranes were incubated in 50 mitigk, pH 2.5 with shaking for 5
min. Membranes were then washed in TBST for 5 mins.

2.2.7.5 Densitometric quantification of protein ban  ds

The antibody-detected bands on the developed fierevécanned on a Mercury 1200c
scanner, using Adobe Photoshop software. The ityeokthe immuno-detected protein

bands on the film was measured using ImageJ satwar
2.2.8 2-deoxy-D-glucose uptake assay

Glucose uptake was measured by the uptake dfiRdeoxy-D-glucose according to the
method of Gibbs (Gibbet al 1988). Cells were cultured on 12 well plates aralibated at
37°C in 1 ml of serum free DMEM for 2 hr prior teau Cells were subsequently incubated
at 37C in 475pl/well of Krebs-Ringer phosphate (KRP) for 1 hr dadt substances added
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to the plates for various durations at@7The cells were then stimulated with 181 n
insulin for 15 min. Glucose transport was initiatey the addition of 2H]-deoxy-D-
glucose (final concentration 50mol/l and 1uCi/ml) to each well. The reaction was
terminated after 3 min by inverting the plates dpto remove the incubation buffer, and
then by immersing them sequentially in 2 x 2| ahdflice-cold phosphate buffered saline
(PBS). After air drying the plates for 1 hr, 0.5 ofl 1% (v/v) Triton X-100/H20 was
added to the cell monolayers. A Beckman Multi-Psmpscintillation counter LS 6500 was
used to measure 3H]-deoxy-D-glucose uptake. 5 ml of scintillatioruifi was used per
sample. Non-specific association of radioactivigswietermined in parallel incubations in

the presence of 1imol/l cytochalasin B.
2.2.9 Nucleotide extraction and analysis

2.2.9.1 Nucleotide extraction

3T3-L1 cells cultured in 10 cm diameter dishes wieceibated for 2 hr at 32 in 5 ml of
KRH buffer. Test substances were added a€ ¥@r various durations. The buffer was
removed and 500l of 5% (w/v) ice cold perchloric acid added to tishes on ice. The
extract was scraped off with a cell scraper andsfeared to a screw cap microcentrifuge
tube. Precipitated protein was removed by centaiffiog of the extract at 21,910 x g for 3
min in a microcentrifuge at @. The supernatant was then extracted twice to vemo
perchloric acid with 10% excess (by volume) of & fnixture of tri-n-octylamine and
1,1,2-trichlorotrifluoroethane.  Nucleotides were pa@ated by reversed-phase
chromatography adapted from the method publisheddsugi (Uesuget al 1997).

2.2.9.2 Reversed-phase chromatography

Neutralised perchloric acid extracts were prepaedescribed (see 2.2.9.1). All analyses
were performed on a stainless-steel column (25@>¥m 1.D) packed with Chrom Spher
C18 octadecylsilane (ODS) (5 um) attached to aaviaArostar HPLC system. The column
was equilibrated (30-60 min) with the eluent 0.ltMdthylamine (TEA) phosphate buffer
pH 8 and methanol (96:4, v/v) at a flow rate of /min for 25 min at ambient
temperature (22-2°G) prior to sample injection. Nucleotides were dttd by their
absorbance at 259 nm, and compared with the elgiition of standards; AMP, ADP
and ATP. Retention times were measured from the between the injection point (p0

sample) and the peak maximum on the chromatogram.
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The concentration of each nucleotide was determimeduantifying the area under the

peaks, after calibration using standards of a knoantentration.
2.2.9.3 Preparation of TEA phosphate buffer

Stock solutions of 0.1 M TEA and a mixture of 0.1 T&A and 0.1 M phosphoric acid
were filtered through a 0.48M filter and kept at €. The pH of the TEA phosphate buffer
was adjusted to pH 8 by admixing both of the swmlktions at 2T.

2.2.10 Recombinant adenoviruses

2.2.10.1 AMPK adenoviruses

Adenovirus encoding a dominant negative AMPK mutgkd.a1-DN) was constructed
from cDNA encoding AMPHK1 containing a mutation that alters aspartic aegidue 157
to alanine (D157A), and adenovirus encoding a doisely active AMPK mutant
(Ad.a1*) was constructed from cDNA encoding residues 1-&2&MPKal, containing a
mutation that alters threonine 172 to an aspaxid &r172D) as described previously
(Woodset al 2000). These AMPK adenoviruses were a generousrgi Dr. F. Foufelle,

Centre Biomédical des Cordeliers, Paris.
2.2.10.2 Adenovirus propagation

HEK 293 cells in T75 flasks were cultured in DMENMogth media (see 2.2.1.5) and
passaged at 70-80 % confluency (see 2.2.1.7). E&Bhflask was split into 5 x T150
flasks. Once 30 x T150 flasks were obtained, anowgrto 70-80% confluency,
recombinanadenoviruses were propagated in the HEK 293 d@étached cells were then
pelleted in 50 ml falcon tubes (5 min at 2000 x1§)0 ml of the supernatant was retained
to infect more HEK 293 cells, and the pellets pda@d re-suspended in 5 ml of sterile
PBS.

2.2.10.3 Adenovirus purification

In order to lyse the HEK 293 cells containing tlderovirus particles, 5 ml of Arklone P
(trichlorotrifluroethane) was added to the HEK 298I suspension (2.2.10.2) and mixed
gently by inverting the tube for about 10 secondlke mixture was left at room

temperature for 3 min and then centrifuged at 200§ for 10 min. The upper layer
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containing virus was separated from cell debrite(face) and the Arklone P layer (bottom
layer). 2.5 ml sterile CsCl dissolved in Tris’EDTAmM Tris-HCI, 1 mM EDTA pH 7.8)
at a density of 1.33 g/ml was added to a steritgrifage tube. This was underlaid with 1.5
ml of sterile 1.45 g/ml CsCIl. The virus layer wasaded on the CsCl gradient and
centrifuged at 100,000 x g in a SW40 rotor usingDatima™ XL-80K ultracentrifuge at
8C for 90 min. The tube was then punctured justwdlme virus band with a 21 guage
needle, and withdrawn into a 2.5 ml syringe. Theiwiwas transferred to a 10 micron
Slide-A-Lyzer cassette and dialysed against cold/EDTA buffer at 4°C overnight, and
against fresh buffer containing 10% (v/v) glycefan a further 2 hr the following morning.

The purified virus was removed and stored atGso
2.2.10.4 Adenovirus titration

The Quick Tite™ Adenovirus Titer Inmunoassay kit was used to titve virus. Briefly,
HEK cells were plated onto a 24 well plate. Aftehr1100pl of 103, 10* 10° and 10
diluted virus solutions were added to the wellse Eells were then incubated for 48 hr at
37°C, 5% (v/v) CQ. To fix the cells the media was removed and regglagith 0.5 ml cold
methanol and incubated for 20 min at®0Cells were washed three times in PBS prior to
blocking with PBS containing 1% (w/v) BSA at rooemntperature for 1 hr. 25d of anti-
Hexon antibody was added to each well and incubfated hr at room temperature. The
cells were then washed three times in PBS priathéoaddition of 25Qul of the HRP-
conjugated secondary antibody to each well andbai@d for 1 hr at room temperature.
The cells were then washed five times in PBS. g56f diaminobenzidine (DAB) was
added to each well and incubated for 10 min at reemperature. DAB was then aspirated
and the wells were washed twice with PBS. 1 ml BERvas added to each well. The
positive stained cells were counted for at least eparate fields per well using a light
microscope and 10X objective. Calculation of adensvtitre was determined (Infectious
Units/ml).

2.2.10.5 3T3-L1 adipocyte adenovirus infection

6 days post differentiation 500 pl of serum free EMiwas added to 3T3-L1 adipocytes
cultured on 12 well plates. Adenovirus was add€x (€u/cell) to the dishes and incubated
for 6 hr at 37C in a humidified atmosphere of 10% (v/v) £600 pls of DMEM / 20%

FCS was added to the cells for a further 24 hr. iedia was replaced with 1 mls DMEM
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/ 10% FCS and incubated for a further 24 hr be83r8-L1 cell lysates were prepared (see

2.2.2) or a glucose transport assay performed8R.2.

2.2.11 Albumin and IgG depletion

Albumin and immunoglobulin gamma (IgG), two aburnidgmoteins in serum, were
depleted from human adipose samples collected by Boyle, University of Glasgow,
using the ProteoPrep Blue Albumin and IgG DepleKdn

2.2.12 Statistical Analysis

Results are expressed as mean +/- SEM. Statigticadnificant differenceswere
determined using a one or two-tailed Studenttest (two-sample assuming unequal

variance), or one-way ANOVA where appropriate, viath 0.05 as significant.

The statistics package, Minitab, was used for datdysis of results obtained from human
adipose tissue samples (chapter 5). Each dataasetested separately for normality using
the Ryan-Joiner test and subsequently (when retjuiransformed by logarithmic (leg)

or square route (sqrt) transformation. The mean248d confidence intervals of the mean
were calculated using transformed data; howevar,pf@sentation results were back
transformed. Statistically significant differencesre determined using a paired T-test,

with p< 0.05 as significant.
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Chapter 3 - Activation parameters and mechanism
of AMPK activation by various stimuli in 3T3-L1

cells

3.1 Introduction

3.1.1 Known activators of AMPK in adipocytes

AMPK has been shown to be activated by some AMPHvators in adipocytes and
adipose tissue. The adipocytokines leptin (Gxtcal 2004) and adiponectin (Wt al
2003) have both been shown to activate AMPK inwhite fat tissue and isolated rat
adipocytes respectively. AICARas been shown to activate AMPK in isolated rat
adipocytes and 3T3-L1 adipocytéSortonet al 1995, Saltet al 2000). The biguanides
metformin and phenformin have been reported tovaidi AMPK in 3T3-L1 adipocytes
and isolated rat adipocytes respectively (Huyptas 2005, Davakt al 2005). In addition
the TZD, pioglitazone has also been shown to aeti®MPK in vivo in rat adipose tissue
(Sahaet al 2004). Furthermore, tHeadrenergic agonist, isoproterenol, has been shiown
stimulate AMPK activity in isolated rat adipocyt@doule and Denton 1998) and in 3T3-
L1 adipocytes (Yiret al 2003, Gauthieet al 2008).

3.1.2 Role for LKB1 as an AMPK kinase in adipocytes

Indirect arguments suggest that the upstream kinldB4. is involved in AMPK activation

in adipocytes. Phenformin can induce AMPK activatio isolated rat adipocytes by
decreasing the ATP concentration (Dagiabl 2005) and AICAR, which is converted to
ZMP, a cellular mimetic of AMP, activates AMPK igalated rat adipocytes and 3T3-L1
adipocytes (Cortomt al 1995, Salet al 2000). In addition, in transgenic mice expressing
UCP1 in white adipose tissue, the AMP/ATP ratiansreased and AMPK is activated
(Matejkovaet al 2004). However, a potential role for CaMKK in AMRiCtivation has yet

to be demonstrated in adipocytes.
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3.1.3 AMPK subunit isoform expression

AMPK is a heterotrimeric complex containing twptwo 3, and threey subunit isoforms
of which the expression level of each varies betwekfferent tissues. The liver
predominantly expresses th& subunit (Stapletoat al 1996) and31 subunit (Thorntort
al 1998), where as skeletal muscle predominantlyesgas the2 subunit (Stapletost al
1996) and32 subunit (Thorntoret al 1998). Expression profiling of the AMPKsubunit
expression across different tissues in human, mdt raouse found that thg3 subunit
appears to be predominantly expressed in skelatiatcl® while theyl andy2 subunits
showed broad tissue distributions (Chewh@ 2000, Mahlaputet al 2004) In 3T3-L1
adipocytes both thel anda2 catalytic subunits have been shown to be expilg&atet
al 2000).

In addition to tissue distribution, subunit isof@man also exhibit preferential cellular
localization. Salt and co-workers showed thatdBesubunit was clearly localized in the
nucleus of both INS-1 cells and CCL13 cells, whilgth o subunit isoforms could be
found in the cytoplasm (Sadt al 1998a).

3.1.5 Aims

Although AMPK activation has been previously repdrin adipose tissue and cultured
adipocytes, a thorough investigation of expressibsomponents of the AMPK cascade
and kinetics of AMPK stimulation has yet to be undleen.

AMPK has been shown to be involved in the regufatd adipogenesis (Habinowski and
Witters 2001, Dagort al 2006, Giriet al 2006, Tonget al 2008), however the AMPK

subunit isoform expression throughout adipogenesigins unknown.

The 3T3-L1 cell line is derived from disaggregafgiss mouse embryos. The cell line
isolated and cloned by Green and Kehinde haveraliast like morphology, but, under
appropriate conditions, the cells differentiateoirtells resembling adipocytes which
synthesise and store TG (Green and Hehinde 19%&EnGand Hehinde 1975, Green and
Hehinde 1976). 3T3-L1 fibroblasts, once conflueatvert to adipocytes in the presence
of IBMX, dexamethasone, and insulin. Thus, 3T3-lellcare used widely as a model

system to study the differentiation of preadiposytteadipocytes.
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In the current study the expression of the upstraMPK kinases; LKB1 and CaMK¥#/,
and the downstream AMPK substrates ACC1/2 in 3T&dlipocytes, was investigated. In
addition, the expression of AMPK subunit isofornmad ghe relative contribution of the
catalytic AMPKo subunits to total AMPK activity throughout devetopnt from
fibroblasts to adipocytes was determined using BT 3ells as a model system. Finally,
the parameters and molecular mechanism of AMPKainbin by various stimuli in 3T3-

L1 adipocytes was investigated.
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3.2 Results

3.2.1 Investigating the expression of LKB1, CaMKKa, CaMKKJ},
ACC1 and ACC2in 3T3-L1 adipocytes

The expression of molecules both upstream and dosam of AMPK in the AMPK
signalling cascade was investigated. The presehtteeaipstream AMPK kinases; LKB1,
CaMKKo and CaMKK3 and the downstream substrates of AMPK; ACC1 andCAC

were determined by western blotting analysis of-BI3adipocyte lysates.

The tumour suppressor LKB1, is expressed in 3T&dlipocytes as demonstrated by the
presence of two bands (splice variants of LKBI)atid between the 62kDa and 47.5kDa
molecular weight markers (Fig. 3.1A). These two dsamare not present in HelLa cells,
which lack LKB1.CaMKKa is expressed in 3T3-L1 adipocytes as demonstiayethe
presence of a band at approximately 63kDa in 3T3ekll lysates (Fig. 3.1B) which
corresponds to a band present in rat brain extvhth is rich in CaMKKu. It appears that
CaMKK§p is also expressed in 3T3-L1 adipocytes, as thppeas to be a faint band at
approximately 66kDa (Fig. 3.1C) in the 3T3-L1 dghate immunoprecipitated with anti-
CaMKKp antibody corresponding to a band present in @inlbextract, which is abundant
in CaMKKp.

Using anti-ACC antibodies, the presence of a barapproximately 260kDa (Fig. 3.2A) in
the 3T3-L1 cell lysate, corresponds to a band piteiserat liver extract which is rich in
ACC1, indicating that 3T3-L1 adipocytes express ACC

3T3-L1 cell lysate probed with anti-ACC2 antibodigpmlays a doublet at approximately
280kDa (Fig. 3.2B). Muscle is rich in ACC2, yet thand detected by the anti-ACC2
antibody in the rat muscle extract, runs at a mdéoveight in between the doublet in the
3T3-L1 lysate. In addition, the single band in taemuscle extract (assumed to be ACC2),
corresponds to the lower molecular weight bandnftbe doublet, in the rat liver extract.
Thus the higher molecular weight band, from thelivar doublet, may be a non-specific

band and the lower band may correspond to ACC2.
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Figure 3-1: LKB1, CaMKK a, CaMKKB and LKB1 expression in 3T3-L1 adipocytes.
3T3-L1 lysate (25 pg) was resolved by 10% SDS-PAGE, transferred to nitrocellulose, and probed

with (A) anti-LKB1 antibody or (B) anti-CaMKKa antibody. (C) 3T3-L1 lysate (200 rg) was
immunoprecipitated using anti-CaMKK/ antibody, resolved by 6% SDS-PAGE, transferred to
nitrocellulose, and probed with anti-CaMKKg antibody. Negative control for LKB1 was HeLa cell
lysate. Br = rat brain extract. IP+ = immunoprecipitation using anti-CaMKK/ antibody in the
presence of 3T3-L1 lysate. IP- = immunoprecipitation using anti-CaMKK/ antibody in the absence
of 3T3-L1 lysate. The positions of the molecular weight markers are shown to the left of the gels.
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Figure 3-2: ACC1 and ACC2 expression in 3T3-L1 adipocytes.
3T3-L1 lysate (60 pg) was resolved by 6% SDS-PAGE, transferred to nitrocellulose, and probed

with (A) anti-ACC1 antibody or (B) anti-ACC2 antibody. Li = rat liver extract, Mu = rat muscle
extract. The position of the molecular weight markers are shown to the left of the gel.
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3.2.2 AMPK subunit isoform expression during adipogenesis

To investigate AMPK subunit isoform expression dgriadipogenesis, lysates obtained

from 3T3-L1 cells every 48 hr post differentiatioere analysed by western blotting.

As shown below (Fig. 3.3) thel subunit isoform expression level was not sigaifity
altered throughout adipogenesis.

Unfortunately, densitometric analysis @2 expression could not be accurately performed
on fibroblasts (day 0) due to smearing in mostsldthea?2 subunit isoform expression
level (Fig. 3.4) is undetectable at 2 days podedshtiation. Modest expression levels of
a2 were detected at 4 days post differentiation, évaw a significant < 0.05) increase,
compared to 2 days post differentiationol expression was observed at 6, 8, 10 and 12
days post differentiation. Interestingly, theraliso an intense band recognised by the anti-
AMPK a2 antibody resolving with a higher molecular mdsmtthat ofx2 which appears

to decrease throughout adipogenesis.

Bl is expressed in fibroblasts, however expressorl$ (Fig. 3.5) are significantlyp <
0.05) decreased throughout differentiation. Theimar significant p < 0.05) reduction
in expression level, compared to fibroblasts at@ayas 74 +/- 3.5 % which was observed
after 8 days post differentiation.

B2 (Fig. 3.6) is also expressed in fibroblasts, hewdhere is a general increasep@
expression levels throughout adipogenesis. A maxiniu66 +/- 0.2 fold increase in
expression levels, op2 was observed at 10 days post differentiation, paoed to

fibroblasts at day 0.

vl (Fig. 3.7) is expressed in fibroblasts, and esgion levels were found to increase
during adipogenesis with significanp € 0.05) increases, compared to fibroblasts, in
expression levels at 10 and 12 days post diffeagati. A maximum significang(< 0.05),
2.55 +/- 0.31 fold increase in expression levelsybfwas observed at 12 days post
differentiation, compared to fibroblasts at day 0.

v2 (Fig. 3.8) and3 (Fig. 3.9) are both expressed in fibroblastshtiuld be noted that the
doublet (52/54 kDa) recognised by the anti-AMFPX antibody corresponds to different
splice variants of the3 isoform. Unfortunately, densitometric analysisuldonot be
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accurately performed on fibroblasts (day 0) duesrnwaring. In general, the expression
levels of bothy2 andy3 are decreased through out adipogenesis. Sigmifipa< 0.05)
reductions iny3 expression levels occurred at 8, 10 and 12 dagsdfferentiation, with a
maximum significantf < 0.05) 51 +/- 13 % reduction in expression odograt 12 days

post differentiation, compared to 2 days post défeiation.
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Figure 3-3: AMPK al subunit expression during adipogenesis
Lysates (15 ug) obtained from cells at various time points post differentiation were resolved by 10%

SDS-PAGE, transferred to nitrocellulose, and probed with anti-AMPK al and anti-GAPDH
antibodies. K = purified rat liver AMPK (positive control). (A) Quantification of AMPK al expression
was determined by comparison with total GAPDH by densitometric analysis. Data shown
represents the mean % maximum +/- S.E.M of three independent experiments. (B) Representative
blots from three independent experiments. The position of the molecular weight markers are shown

to the left of the gel.
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Figure 3-4: AMPK a2 subunit expression during adipogensis.
Lysates (15 ug) obtained from cells at various time points post differentiation were resolved by 10%

SDS-PAGE, transferred to nitrocellulose, and probed with anti-AMPK a2 and anti-GAPDH
antibodies. K = purified rat liver AMPK (positive control). (A) Quantification of AMPK a2 expression
was determined by comparison with total GAPDH using densitometric analysis, *p < 0.05 (one-way
ANOVA), compared to 2 days post differentiation. Data shown represents the mean % maximum
+/- S.E.M of three independent experiments. (B) Representative blots from three independent

experiments. The position of the molecular weight markers are shown to the left of the gel.
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Figure 3-5: AMPK B1 subunit expression during adipogenesis
Lysates (15 ug) obtained from cells at various time points post differentiation were resolved by 10%

SDS-PAGE, transferred to nitrocellulose, and probed with anti-AMPK 81 and anti-GAPDH
antibodies. K = purified rat liver AMPK (positive control). (A) Quantification of AMPK 1 expression
was determined by comparison with total GAPDH using densitometric analysis, *p < 0.05 (one-way
ANOVA), compared to 0 days post differentiation. Data shown represents the mean % maximum
+/- S.E.M of three independent experiments. (B) Representative blots from three independent

experiments. The position of the molecular weight markers are shown to the left of the gel.



Pamela Jane Logan, 2009 Chapter 3, 98

0 -] T ‘ T i T I T i T I T '
0 2 4 6 8 10 12

Days post differentiation

I
:

% maximum B2 expression
8 & 8 8 8

H HM M

32.5kDa—
Wasesahcomen - o

32.5kD «—GAPDH

0 2 4 6 8 10 12
Days post differentiation

B

Figure 3-6: AMPK B2 subunit expression during adipogenesis.
Lysates (15 ug) obtained from cells at various time points post differentiation were resolved by 10%

SDS-PAGE, transferred to nitrocellulose, and probed with anti-AMPK 82 and anti-GAPDH
antibodies. H = rat heart extract, M = rat muscle extract (positive controls). (A) Quantification of
AMPK B2 expression was determined by comparison with total GAPDH using densitometric
analysis. Data shown represents the mean % maximum +/- S.E.M, of three independent
experiments. (B) Representative blots from three independent experiments. The position of the

molecular weight markers are shown to the left of the gel.
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Figure 3-7: AMPK y1 subunit expression during adipogenesis.
Lysates (15 ug) obtained from cells at various time points post differentiation were resolved by 10%

SDS-PAGE, transferred to nitrocellulose, and probed with anti-AMPK y1 and anti-GAPDH
antibodies. (A) Quantification of AMPK y1 expression was determined by comparison with total
GAPDH using densitometric analysis, *p < 0.05 (one-way ANOVA), compared to 0 days post
differentiation. Data shown represents the mean % maximum +/- S.E.M of three independent
experiments. (B) Representative blots from three independent experiments. The position of the

molecular weight markers are shown to the left of the gel.
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Figure 3-8: AMPK y2 subunit expression during adipogenesis.
Lysates (15 ug) obtained from cells at various time points post differentiation were resolved by 10%

SDS-PAGE, transferred to nitrocellulose, and probed with anti-AMPK y2 and anti-GAPDH
antibodies. (A) Quantification of AMPK y2 expression was determined by comparison with total
GAPDH using densitometric analysis. Data shown represents the mean % maximum +/- S.E.M of
three independent experiments. (B) Representative blots from three independent experiments. The
position of the molecular weight markers are shown to the left of the gel.
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Figure 3-9: AMPK y3 subunit expression during adipogenesis.
Lysates (15 ug) obtained from cells at various time points post differentiation were resolved by 10%

SDS-PAGE, transferred to nitrocellulose, and probed with anti-AMPK y3 and anti-GAPDH
antibodies. (A) Quantification of AMPK y3 expression was determined by comparison with total
GAPDH using densitometric analysis, *p < 0.05 (one-way ANOVA), compared to 2 days post
differentiation. Data shown represents the mean % maximum +/- S.E.M of three independent
experiments. (B) Representative blots from three independent experiments. The position of the

molecular weight markers are shown to the left of the gel.
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3.2.3 Investigating catalytic a-subunit isoform specific AMPK

activity during adipogenesis

AMPK was immunoprecipitated from fibroblasts and330J1 adipocytes in order to
determine the contribution of the two catalytic AKIRubunits to total AMPK activity
throughout adipogenesis. As shown below (Fig. 3)10Ae ol subunit was found to
contribute almost all of the total basal AMPK aittivn both fibroblasts and adipocytes. In
addition there was no significant change in totdIPK activity observed between
fibroblasts and adipocytes throughout adipogendsisensure that the2 AMPK subunit
was successfully immunoprecipitated from the 3T3Hdates, 02 immunoprecipitates
were subjected to western blotting. As shown inirgg3.10B thex2 AMPK subunit was
successfully immunoprecipitated. Western blotting the o2 AMPK subunit
Immunoprecipitates also clearly shows (Fig. 3.108) a2 AMPK subunit expression is

increased throughout adipogenesis, which is ineumd a previous observation (Fig. 3.4).
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Figure 3-10: Contribution of the AMPK a1 and AMPK a2 subunits to total AMPK activity

throughout adipogenesis.
Fibroblast and 3T3-L1 adipocyte lysates were prepared at the indicated time points throughout

adipogenesis. Anti-al and anti-a2 antibodies were used to immunoprecipitate al containing AMPK
complexes, a2 containing AMPK complexes and total AMPK complexes (al and a2) from 3T3-L1
lysates (100 ug). (A) Immunoprecipitates were then assayed for AMPK activity. Data shown
represents the mean % basal +/- S.E.M of three independent experiments. The remaining 5 pl from
the AMPK a2 immunoprecipitates were resolved on 10% SDS-PAGE, transferred to nitrocellulose
and probed with anti-AMPK a2 antibody. (B) Representative blot from the three independent
experiments. K=purified rat liver kinase, 3T3-L1 = adipocyte lysate (3 pg) from 12 days post

differentiation. The position of the molecular weight markers are shown to the left of the gel.
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3.2.4 Investigating AMPK activation parameters by various stimuli
in 3T3-L1 adipocytes

Using a mixture of anti-AMPK1 and anti-AMPKi2 antibodies, AMPK was
immunoprecipitated from 3T3-L1 lysates preparedmfr@ells incubated for various
durations with different stimuli and assayed for RKI activity. In addition,
phosphorylation of AMPK at Thrl72 in these lysateas also assessed by western
blotting.

The AMPK activation parameters and the extent oflTB phosphorylation after
incubation of 3T3-L1 adipocytes with 0.6 M sorbjtdl mv AICAR, 100 UM arsenite, 5
MM A23187, 100 M rosiglitazone, 1 il metformin, 1 M isopreterenol, 5 M sodium

azide, 1 M H,O, 0.1 M leptin and 300 uM A769662, are shown below (F&81 —

3.21).

Sorbitol

Incubation of 3T3-L1 adipocytes with sorbitol (F§11) caused a significarp € 0.05)
increase, compared to the basal level, in AMPKvagtafter 5 min, 15 min, 30 min and 60
min. A significant p < 0.05) maximum 3.71 +/- 0.54 fold increase in AIRCctivity
occurred after 30 min and was sustained for a éur8® min. In parallel, AMPK Thrl72
phosphorylation was also increased, compared tbdbkal level. Statistically significarn (
< 0.05) increases in Thrl72 phosphorylation wereeoled after 5 min, 15 min, 30 min
and 60 min, with a significanp(< 0.05) maximum 3.5 +/- 0.6 fold increase in TH17

phosphorylation, occurring after 30 min.

AICAR

AICAR (Fig. 3.12) displayed a tendency to increA84PK activity. A maximum 2.05 +/-
0.55 fold increase, compared to the basal leveAMPK activity, occurred after 30 min,
although this did not reach statistical significanp < 0.05), and was sustained for a
further 30 min. A maximum 1.38 +/- 0.24 fold incsea compared to the basal level, in
AMPK Thr172 phosphorylation, was observed aftemib.
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Figure 3-11: Effect of 0.6 M sorbitol on AMPK activity and Thrl72 phosphorylation.
3T3-L1 cells were incubated in 0.6 M sorbitol for various times and lysates prepared. (A) Total

AMPK was immunoprecipitated from 3T3-L1 lysates (200 pg) with a mixture of anti-AMPK al and
a2 antibodies and assayed for AMPK activity. Data shown represents the mean % basal +/- S.E.M
of three independent experiments performed in duplicate, *p < 0.05 (1-tail t-test). Basal AMPK
activity (nmol **P incorporated into the SAMS substrate peptide/min/mg protein) is 0.15 +/- 0.03
(mean +/- S.E.M). Lysates (30 ug) were resolved by 7% SDS-PAGE, transferred to nitrocellulose,
and probed with anti-AMPKa Thr172 and anti-Pan AMPKa antibodies. (B) Representative blots are
shown, from three independent experiments in duplicate. (C) Quantification of AMPKa Thr172
phosphorylation was determined by comparison with total AMPK using densitometric analysis.
Data shown represents the mean % maximum +/- S.E.M of three independent experiments

performed in duplicate, *p < 0.05 (one-way ANOVA).
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Figure 3-12: Effect of 2 mM AICAR on AMPK activity and Thr 172 phosphorylation.
3T3-L1 cells were incubated in 2 mM AICAR for various times and lysates prepared. (A) Total

AMPK was immunoprecipitated from 3T3-L1 lysates (200 pg) with a mixture of anti- AMPK a1 and
a2 antibodies and assayed for AMPK activity. Data shown represents the mean % basal +/- S.E.M
of three independent experiments performed in duplicate. Basal AMPK activity (nmol ¥p
incorporated into the SAMS substrate peptide/min/mg protein) is 0.28 +/- 0.06 (mean +/- S.E.M).
Lysates (30 pg) were resolved by 7% SDS-PAGE, transferred to nitrocellulose, and probed with
anti-AMPKa Thr172 and anti-Pan AMPKa antibodies. (B) Representative blots are shown, from
three independent experiments in duplicate. (C) Quantification of AMPKa Thr172 phosphorylation
was determined by comparison with total AMPK using densitometric analysis. Data shown
represents the mean % maximum +/- S.E.M of three independent experiments performed in

duplicate.
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Arsenite

There was no significantp(< 0.05) increase, compared to the basal levelAMPK
activity in 3T3-L1 adipocytes incubated with argenior various durations. However, a
modest maximum 1.76 +/- 0.8 fold increase, compacedhe basal level, in AMPK
activity, was obtained after incubation ®f3-L1 adipocytes with arsenite (Fig. 3.13) for
15 min. In addition, there was no significant irase, compared to the basal level, in
AMPK Thrl72 phosphorylation. However, a maximum11.8/- 0.66 fold increase in
Thrl72 phosphorylation occurred after 15 min.

A23187

Incubation of 3T3-L1 adipocytes with A23187 (Figl®) displayed a modest 1.4 increase,
compared to the basal level, in AMPK activity afermin. A significant | < 0.05)
maximum 1.61 +/- 0.25 fold increase in AMPK actyvitccurred at 60 min. There was no
significant increase, compared to the basal lewel AMPK Thrl72 phosphorylation.
However, a maximum 1.54 +/- 0.73 fold increase INIPX Thrl72 phosphorylation
occurred at 60 min.

Rosiglitazone

A significant p < 0.05) increase, compared to the basal leve AMPK activity was
obtained after incubation of 3T3-L1 adipocytes asiglitazone (Fig. 3.15) for 5 min, 15
min and 60 min. A maximum 2.27 +/- 0.75 fold in@ean AMPK activity occurred after
30 min, although this did not reach statisticalngigance. There was no significant
increase, compared to the basal level, in AMPK TBrphosphorylation. However,
rosiglitazone displayed a tendency to increase mThidhosphorylation after 15 min, and
reached a maximum 1.53 +/- 0.41 fold increase &fdanin.

Metformin

Metformin (Fig. 3.16) stimulated a subtle signifitgp < 0.05) 1.30 +/- 0.07 fold increase,
compared to the basal level, in AMPK activity affermin in 3T3-L1 adipocytes. A
maximum 1.35 +/- 0.35 fold increase was observeer &0 min, although this did not
reach statistical significance € 0.05). There was no significant increase, coegh#én the
basal level, in AMPK Thrl172 phosphorylation. Howeva maximum 1.79 +/- 0.51 fold
increase in Thrl72 phosphorylation was obtainesr &tmin.
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Figure 3-13: Effect of 100 pM arsenite on AMPK activity and Thrl72 phosphorylat  ion.
3T3-L1 cells were incubated in 100 yM arsenite for various times and lysates prepared. (A) Total

AMPK was immunoprecipitated from 3T3-L1 lysates (200 pg) with a mixture of anti- AMPK a1 and
a2 antibodies and assayed for AMPK activity. Data shown represents the mean % maximum +/-
S.E.M of three independent experiments performed in duplicate. Basal AMPK activity (nmol p
incorporated into the SAMS substrate peptide/min/mg protein) is 0.14 +/- 0.01 (mean +/- S.E.M).
Lysates (30 pg) were resolved by 7% SDS-PAGE, transferred to nitrocellulose, and probed with
anti-AMPKa Thr172 and anti-Pan AMPKa antibodies. (B) Representative blots are shown, from
three independent experiments in duplicate. (C) Quantification of AMPKa Thr172 phosphorylation
was determined by comparison with total AMPK using densitometric analysis. Data shown
represents the mean % maximum +/- S.E.M of three independent experiments performed in

duplicate.
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Figure 3-14: Effect of 5 pM A23187 on AMPK activity and phosphorylation.
3T3-L1 cells were incubated in 5 yM A23187 for various times and lysates prepared. (A) Total

AMPK was immunoprecipitated from 3T3-L1 lysates (200 pg) with a mixture of anti-AMPK al and
a2 antibodies and assayed for AMPK activity. . Data shown represents the mean % maximum +/-
S.E.M of three independent experiments performed in duplicate, *p < 0.05 (1-tail t-test). Basal
AMPK activity (nmol p incorporated into the SAMS substrate peptide/min/mg protein) is 0.30 +/-
0.13 (mean +/- S.E.M). Lysates (30 pg) were resolved by 7% SDS-PAGE, transferred to
nitrocellulose, and probed with anti-AMPKa Thr172 and anti-Pan AMPKa antibodies. (B)
Representative blots are shown, from three independent experiments in duplicate. (C)
Quantification of AMPKa Thr172 phosphorylation was determined by comparison with total AMPK
using densitometric analysis. Data shown represents the mean % maximum +/- S.E.M of three

independent experiments performed in duplicate.
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Figure 3-15: Effect of 100 pM rosiglitazone on AMPK activity and phosphorylatio n.
3T3-L1 cells were incubated in 100 uM rosiglitazone for various times and lysates prepared. (A)

Total AMPK was immunoprecipitated from 3T3-L1 lysates (200 ug) with a mixture of anti-AMPK al
and a2 antibodies and assayed for AMPK activity. Data shown represents the mean % maximum
+/- S.E.M of three independent experiments performed in duplicate, *p < 0.05 (1-tail t-test). Basal
AMPK activity (nmol p incorporated into the SAMS substrate peptide/min/mg protein) is 0.32 +/-
0.04 (mean +/- S.E.M). Lysates (30 pg) were resolved by 7% SDS-PAGE, transferred to
nitrocellulose, and probed with anti- AMPKa Thr172 and anti-Pan AMPKa antibodies. (B)
Representative blots are shown, from three independent experiments in duplicate. (C)
Quantification of AMPKa Thr172 phosphorylation was determined by comparison with total AMPK
using densitometric analysis. Data shown represents the mean % maximum +/- S.E.M of three

independent experiments performed in duplicate.
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Figure 3-16: Effect of 1 mM metformin on AMPK activity and phosphorylation.
3T3-L1 cells were incubated in 1 mM metformin for various times and lysates prepared. (A) Total

AMPK was immunoprecipitated from 3T3-L1 lysates (200 pg) with a mixture of anti-AMPK al and
a2 antibodies and assayed for AMPK activity. Data shown represents the mean % maximum +/-
S.E.M of three independent experiments performed in duplicate, *p < 0.05 (1-tail t-test). Basal
AMPK activity (nmol **P incorporated into the SAMS substrate peptide/min/mg protein) is 0.27 +/-
0.02 (mean +/- S.E.M). Lysates (30 pg) were resolved by 7% SDS-PAGE, transferred to
nitrocellulose, and probed with anti-AMPKa Thr172 and anti-Pan AMPKa antibodies. (B)
Representative blots are shown, from three independent experiments in duplicate. (C)
Quantification of AMPKa Thrl172 phosphorylation was determined by comparison with total AMPK
using densitometric analysis. Data shown represents the mean % maximum +/- S.E.M of three

independent experiments performed in duplicate.
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| soproterenol

A significant p < 0.05) (Fig. 3.17) increase, compared to theldagal, in AMPK activity
was observed after incubation of 3T3-L1 adipocyésh isoproterenol for 15 min. A
maximum 1.99 +/- 0.78 fold increase in AMPK actvitvas obtained after 30 min,
although this did not reach statistical significand@here was no significant increase,
compared to the basal level, in AMPK Thrl72 phosplation. However, a maximum
subtle 1.18 +/- 0.40 fold increase in Thr172 phasplation did occur after 15 min.

Sodium azide

Incubation of 3T3-L1 adipocytes with sodium azidieg( 3.18) displayed a tendency to
increase AMPK activity, compared to the basal levelmaximum 3.01 +/- 0.79 fold
increase was obtained after 30 min, although thdsndt reach statistical significance. A
maximum 2.3 +/- 0.37 fold increase, compared to lbhsal level, in AMPK Thrl172
phoshorylation was observed after incubation of3M8-L1 adipocytes with azide for 15

min.

Hydrogen peroxide

Incubation of 3T3-L1 adipocytes with hydrogen pedex(Fig. 3.19) caused a significant
increase, compared to the basal level, in AMPKviagtafter 15 min, 30 min and 60 min.
A maximum 1.92 +/- 0.17 fold increase in AMPK advoccurred after 30 min, and was
sustained for a further 30 min. In parallel, hydrmogperoxide displayed a significant
increase, compared to the basal level, in Thrl#sphorylation after 5 min, 15 min, 30
min and 60 min, with a maximum 3.32 +/- 0.33 fahtrease in Thrl172 phosphorylation

occurring after 60 min.

L eptin

Incubation of 3T3-L1 adipocytes with leptin (Fig28) displayed a tendency to increase
AMPK activity, compared to the basal level. A maxm 2.3 +/- 0.72 fold increase in
AMPK activity occurred after 30 min, although itddnot reach statistical significance.
There was no significant increase, compared to bbasal level, in AMPK Thrl172
phosphorylation. However, a maximum 155 +/- 0.68df increase in Thrl72

phosphorylation was observed at 30 min.
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A769662

Incubation of 3T3-L1 adipocytes with the novel dirdMPK activator, A769662, (Fig.
3.21) caused a significanp & 0.05) increase, compared to the basal leveAMPK
activity after 30 min and 60 min. A maximum 1.9 /29 fold increase in AMPK activity
was observed after 60 min. In parallel, A769662seduan increase, compared to the basal
level, in Thrl72 phosphorylation after 15 min, 30nnand 60 min, with a maximum
significant < 0.05) 1.92 +/- 0.10 fold increase in Thrl72 gitasylation, occurring

after 60 min.
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Figure 3-17: Effect of 1 pM isoproterenol on AMPK activity in 3T3-L1 adipocyt  es
3T3-L1 cells were incubated in 1 uM isoproterenol for various times and lysates prepared. (A) Total

AMPK was immunoprecipitated from 3T3-L1 lysates (200 pg) with a mixture of anti-AMPK al and
a2 antibodies and assayed for AMPK activity. Data shown represents the mean % maximum +/-
S.E.M of three independent experiments performed in duplicate, *p < 0.05 (1-tail t-test). Basal
AMPK activity (nmol p incorporated into the SAMS substrate peptide/min/mg protein) is 0.36 +/-
0.16 (mean +/- S.E.M). Lysates (30 pg) were resolved by 7% SDS-PAGE, transferred to
nitrocellulose, and probed with anti-AMPKa Thr172 and anti-Pan AMPKa antibodies. (B)
Representative blots are shown, from three independent experiments in duplicate. (C)
Quantification of AMPKa Thr172 phosphorylation was determined by comparison with total AMPK
using densitometric analysis. Data shown represents the mean % maximum +/- S.E.M of three

independent experiments performed in duplicate.



Pamela Jane Logan, 2009 Chapter 3, 115

:

:

AMPK activity (% basal)
g 8

o

10 20 30 40 a0 60

o

Incubation time {min)

0 05 5 15 15 30 30 60 60
Incubation time {min)

|
C i=]
©
E*‘* 120 =
%E 100 = '|_ - “7
SE 80- i
268 7). {
o E
TR 40-
=~ 20
o 0
Z 0 5 15 30 50

Incubation time {min)

Figure 3-18: Effect of 5 mM sodium azide on AMPK activity = and phosphorylation.
3T3-L1 cells were incubated in 5 mM sodium azide for various times and lysates prepared. (A)

Total AMPK was immunoprecipitated from 3T3-L1 lysates (200 pg) with a mixture of anti-AMPK al
and a2 antibodies and assayed for AMPK activity. Data shown represents the mean % maximum
+/- S.E.M of three independent experiments performed in duplicate. Basal AMPK activity (nmol **P
incorporated into the SAMS substrate peptide/min/mg protein) is 0.40 +/- 0.04 (mean +/- S.E.M).
Lysates (30 pg) were resolved by 7% SDS-PAGE, transferred to nitrocellulose, and probed with
anti-AMPKa Thr172 and anti-Pan AMPKa antibodies. (B) Representative blots are shown, from
three independent experiments in duplicate. (C) Quantification of AMPKa Thr172 phosphorylation
was determined by comparison with total AMPK using densitometric analysis. Data shown

represents the mean % maximum +/- S.E.M of two independent experiments performed in

duplicate.
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Figure 3-19: Effect of 1 mM hydrogen peroxide on AMPK acti  vity and phosphorylation.
3T3-L1 cells were incubated in 1 mM hydrogen peroxide for various times and lysates prepared.

(A) Total AMPK was immunoprecipitated from 3T3-L1 lysates (200 pg) with a mixture of anti-AMPK
al and a2 antibodies and assayed for AMPK activity. Data shown represents the mean %
maximum +/- S.E.M of three independent experiments performed in duplicate, *p < 0.05 (1-tail t-
test). Basal AMPK activity (nmol **P incorporated into the SAMS substrate peptide/min/mg protein)
is 0.10 +/- 0.01 (mean +/- S.E.M). Lysates (30 pg) were resolved by 7% SDS-PAGE, transferred to
nitrocellulose, and probed with anti-AMPKa Thr172 and anti-Pan AMPKa antibodies. (B)
Representative blots are shown, from three independent experiments in duplicate. (C)
Quantification of AMPKa Thrl172 phosphorylation was determined by comparison with total AMPK
using densitometric analysis. Data shown represents the mean % maximum +/- S.E.M of three

independent experiments performed in duplicate, *p < 0.05 (one-way ANOVA).
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Figure 3-20: Effect of 0.1 pM leptin on AMPK activity and phosphorylation.
3T3-L1 cells were incubated in 0.1 uM leptin for various times and lysates prepared. (A) Total

AMPK was immunoprecipitated from 3T3-L1 lysates (200 pg) with a mixture of anti-AMPK al and
a2 antibodies and assayed for AMPK activity. Data shown represents the mean % maximum +/-
S.E.M of three independent experiments performed in duplicate, *p < 0.05 (1-tail). Basal AMPK
activity (nmol **P incorporated into the SAMS substrate peptide/min/mg protein) is 0.28 +/- 0.14
(mean +/- S.E.M). Lysates (30 ug) were resolved by 7% SDS-PAGE, transferred to nitrocellulose,
and probed with anti-AMPKa Thr172 and anti-Pan AMPKa antibodies. (B) Representative blots are
shown, from three independent experiments in duplicate. (C) Quantification of AMPKa Thr172
phosphorylation was determined by comparison with total AMPK using densitometric analysis. .
Data shown represents the mean % maximum +/- S.E.M of three independent experiments

performed in duplicate.
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Figure 3-21: Effect of 300 pM A769662 on AMPK activity and phosphorylation.
3T3-L1 cells were incubated in 300 uM A769662 for various times and lysates prepared. (A) Total

AMPK was immunoprecipitated from 3T3-L1 lysates (200 pg) with a mixture of anti-AMPK al and
a2 antibodies and assayed for AMPK activity. Data shown represents the mean % maximum +/-
S.E.M of three independent experiments, *p < 0.05 (1-tail t-test). Basal AMPK activity (nmol %2p
incorporated into the SAMS substrate peptide/min/mg protein) is 0.25 +/- 0.025 (mean +/- S.E.M).
Lysates (30 pg) were resolved by 7% SDS-PAGE, transferred to nitrocellulose, and probed with
anti-AMPKa Thr172 and anti-AMPKal antibodies. (B) Representative blots are shown, from three
independent experiments in duplicate. (C) Quantification of AMPKa Thr172 phosphorylation was
determined by comparison with total AMPK using densitometric analysis. Data shown represents

the mean % maximum +/- S.E.M of three independent experiments, *p < 0.05 (one-way ANOVA).
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3.2.5 Investigation of the molecular mechanism of AMPK

activation by various stimuli in 3T3-L1 adipocytes

3.2.5.1 Effect of STO-609 on AMPK activity in respo  nse to various stimuli

To determine whether any of the stimuli activate RP#1 via CaMKK in 3T3-L1
adipocytes, the cells were treated with the differtimuli, in the presence or absence of
the CaMKK inhibitor STO-609 (Tokumitset al 2002). AMPK was immunoprecipitated
with a mixture of anti-AMPK1 and anti-AMPK2 antibodies, and total AMPK activity

assayed.

In the presence of STO-609, A23187-stimulated AM&iivity was significantly g <
0.05) abrogated. A statistically significamt € 0.05) increase in AMPK activity was
obtained from AICAR, sorbitol and azide in the mmse and absence of STO-609,
isoproterenol, metformin, arsenite and A23187 ire thbsence of STO-609 and
rosiglitazone in the presence of STO-609. AMPK stated activity by all these
activators, apart from A23187, was not significargltered in the presence of STO-609.
Leptin and hydrogen peroxide, in the presence &sérece of STO-609, did not cause a
significant < 0.05) increase in AMPK activity compared to bdseels.

These results suggest these activators, apart ABB8187, may activate AMPK via a
CaMKK independent pathway (Fig. 3.22).
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Figure 3-22: Effect of STO-609 on AMPK activity, stimulate  d by different AMPK activators.
Lysates were prepared from cells pre-incubated in the presence and absence of the CaMKK

inhibitor STO-609 (25 M) for 20 min, prior to the addition of 5 mM sodium azide, 0.6 M sorbitol, 2
mM AICAR, 5 @M A23187, 100 uM rosiglitazone, 1 mM metformin, 1 M isopreterenol, 1 mM H,O,
and 0.1 M leptin for 30 min or 100 M arsenite for 15 min. Total AMPK activity was
immunoprecipitated from the 3T3-L1 lysates (200 ug) with a mixture of anti-AMPK al and a2
antibodies and assayed for AMPK activity. Data shown represents the mean % basal +/- S.E.M of
three independent experiments performed in duplicate, *p < 0.05 (1-tail t-test), increase in AMPK
activity, relative to control. Tp < 0.05 (2-tail t-test), compared to the presence of STO-609. Basal
AMPK activity was 0.315 +/- 0.03 nmol/min/mg (SEM).
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3.2.5.2 Effect of various stimuli on the AMP/ATP an d ADP/ATP ratios

HPLC was used to determine whether any of the ANMiIe#vators caused a change in the
cellular adenine nucleotide ratios (AMP/ATP or ABPP).

The elution times of AMP, ADP, and ATP are showioe(Fig. 3.23).

To ensure that other common nucleosides/nucleotiittshot have an elution time that
would mask the AMP, ADP or ATP peaks, the elutioness of the candidate molecules;
adenosine, cAMP and ZMP were determined. It wasbéished that these molecules had

distinct elution times, as shown below (Fig. 3.2463.

As AICAR is phosphorylated to the nucleotide ZMP cells, nucleotide extracts from

AICAR-treated cells were subjected to HPLC to easaparation and identification of the
ZMP/AMP peaks. Analysis (Figs. 3.27 and 3.28) @& tghromatogram from the nucleotide
extract of AICAR treated cells, suggested thatgbaks occurring at 4.4 min and 5.4 min
are ZMP and AICAR respectively.

3T3-L1 adipocytes were incubated in the presenceaabus stimuli, prior to nucleotide
extraction and analysis using HPLC. A significamt<(0.05) 4.14 +/- 0.38, 4.14 +/- 0.96
and 2.71 +/- 0.38 fold increase in the ADP/ATP aattompared to basal level, was
observed in cells incubated in the presence of ridepenol, sodium azide, and

rosiglitazone respectively (Fig. 3.29).

None of the AMPK stimuli produced a significantdahcrease in the AMP/ATP ratio,
compared to basal level. However, isoproterenaljwo azide, rosiglitazone and AICAR

all displayed a tendency to increase the AMP/ATi® ompared to basal levels.
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Figure 3-23: Elution times of AMP, ADP and ATP.
HPLC analysis, as described in section 2.2.9, of a mixture of 1 nmol each of AMP, ADP and ATP.

Individual runs of each nucleotide were performed in order to identify the elution time for each

molecule (data not shown).
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Figure 3-24: Elution time of adenosine.
HPLC analysis, as described in section 2.2.9, of (A) a mixture of 2.5 nmol each of AMP, ADP, ATP

and adenosine, (B) a mixture of 5 nmol each of AMP, ADP and ATP, and (C) 5 nmol adenosine.
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Figure 3-25: Elution time of cAMP.
HPLC analysis, as described in section 2.2.9, of (A) a mixture of 5 nmol each of AMP, ADP, ATP

and cAMP, (B) a mixture of 5 nmol each of AMP, ADP and ATP, and (C) 1 nmol cAMP.
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Figure 3-26: Elution time of ZMP.
HLPC analysis, as described in section 2.2.9 of (A) a mixture of 2.5 nmol each of AMP, ADP, ATP

and ZMP, (B) a mixture of 5 nmol each of AMP, ADP and ATP, and (C) 5 nmol ZMP.
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Figure 3-27: Identification of a ZMP peak in a nucleotide  extract from AICAR treated cells
using HPLC.

HPLC analysis, as described in section 2.2.9, of (A) 5 nmol ZMP, (B) a nucleotide extract obtained
from AICAR treated cells, (C) a nucleotide extract obtained from control cells, spiked with 2.5 nmol
ZMP and (D) a nucleotide extract obtained from control cells.
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Figure 3-28: Identification of an AICAR peak in a nucleoti  de extract from AICAR treated cells
using HPLC.
HPLC analysis, as described in section 2.2.9, of (A) a nucleotide extract obtained from AICAR

treated cells, (B) a nucleotide extract obtained from control cells, spiked with 1 nmol AICAR, (C) a

nucleotide extract obtained from control cells and (D)5 nmol AICAR.
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Figure 3-29: The effect of various AMPK activators onthe = ADP/ATP ratio.
Nucleotide extracts were prepared from cells incubated for 15 min in 100 M arsenite and 30 min

in 5 mM sodium azide, 0.6 M sorbitol, 1 yM isoproterenol, 2 mM AICAR, 100 uM rosiglitazone, 1
mM metformin, 5 yuM A23187, 0.1 uM leptin or 1 mM hydrogen peroxide. Analysis of nucleotide
ratios (ADP/ATP) was performed using HPLC, as described in section 2.2.9. Data shown
represents the mean ADP/ATP ratio +/- S.E.M of three independent experiments performed in
duplicate, *p < 0.05 (one-way ANOVA). Basal ADP and ATP concentrations were 2.07 uM +/- 0.14
and 32 uM +/- 1.82 respectively.
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Figure 3-30: The effect of various AMPK activators onthe  AMP/ATP ratio
Nucleotide extracts were prepared from cells incubated for 15 min in 100 &M arsenite and 30 min

in 5 mM sodium azide, 0.6 M sorbitol, 1 yM isoproterenol, 5 mM azide, 2 mM AICAR, 100 yM
rosiglitazone, 1 mM metformin, 5 yM A23187, 0.1 uM leptin or 1 mM hydrogen peroxide. AMP and
ATP were separated and quantified by HPLC, as described in section 2.2.9. Data shown
represents the mean AMP/ATP ratio +/- S.E.M of three independent experiments performed in
duplicate. Basal AMP and ATP concentrations were 3.7 uM +/- 0.21 and 32 uM +/- 1.82

respectively.
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3.3 Discussion

The initial studies reported here investigated @éRpression of molecules both upstream
and downstream of AMPK in the AMPK signalling casdea

3T3-L1 adipocytes expressed LKB1, CaMKlkknd CaMKK3 at the protein level. Tumour
cell lines have been shown to lack the tumour seggor LKB1 (Tiaineret al 1999). As
shown in figure 3.1A LKBL1 is expressed in 3T3-Lipatytes, which is as expected since
only tumour cells lack the tumour suppressor LKB1.

CaMKKao/p are both expressed in brain tissue (Sakaghali1998) and in mouse skeletal
muscle (Witczalket al 2007, Jensest al 2007, McGeeet al 2008). In addition CaMKK
has been shown to be expressed in mouse liver dipdse tissue (McGeet al 2008).
Previous work in 3T3-L1 adipocytes has shown thareéssion of CaMKIR at the mRNA
level (Yamauchket al 2008) however this study is, to our knowledge, fitet to show the
expression at the protein level of both CaMKK isafe in 3T3-L1 adipocytes (Fig.
3.1B/C).

Downstream of AMPK, ACC catalyses the conversioaadtyl CoA to malonyl CoA. The
relative levels of expression of the two isoformisA€C, termed ACC1 and ACC2 are
tissue specific. ACC1 is primarily expressed inefivand adipose, where as ACC2 is

primarily expressed in cardiac and skeletal mu@dkeet al 1996).

As malonyl-CoA is the substrate for fatty acid $ydis, ACC1 which is predominantly
expressed in liver and adipose, regulates the bibegis of long-chain fatty acid§hus,
expression of the lipogenic enzyme ACCL1 in 3T3-ldlpacytes (Fig. 3.2A) is also not
surprising as 3T3-L1 adipocytes undergo signifidgrtgenesis. In addition previous work
has shown the expression of ACC1 in 3T3-L1 adipesyt the mRNA level (Mizuarat

al 2005, Kimet al 2004).

In contrast, ACC2 which is primarily expressed ardiac and skeletal muscle (ldqal
1996), is reported to primarily regulate fatty ackddation, whereby malonyl-CoA inhibits
CPT1, the rate-limiting step in fatty acid uptakedaoxidation by mitochondria. The
identification of the band in the 3T3-L1 lysatedF8.2B) corresponding to ACC2 remains
uncertain. Rat and mouse ACC2 are known to diffemfeach other by 8 amino acid
residues, whereby rat ACC2 has 2456 amino acidlwesi and mouse ACC2 has 2448
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amino acid residues. This would suggest that m&GE2 may run at a slightly lower
molecular weight than rat muscle ACC2. Thus perliapsntense lower molecular weight
band, from the doublet, in the 3T3-L1 lysate laoeresponds to ACC2. However, the
difference of 8 amino acid residues, approxima8@@Da, is probably too small to observe
any difference in migration between rat and mou$gCA. Previous work in 3T3-L1
adipocytes has shown the expression of ACC2 atnfRBIA level (Duet al 2008). Thus in
summary, it is likely that the ACC2 protein is eapsed in 3T3-L1 adipocytes, however as
the antibody appears not to be particularly spectiie band corresponding to mouse

ACC2 in 3T3-L1 adipocytes remains unclear.

Investigation of AMPK subunit isoform expressiong(F3.3-3.9) revealed changes in all
subunit isoform expression levels throughout adgmasis, apart from AMPKL subunit
expression which remained at a constant level tiitout adipogenesis. An increase in
expression throughout development from fibroblastadipocytes was observed with the
a2, B2 andyl subunits. In contra$tl, y2 andy3 subunit expression decreased throughout
adipogenesis. As the differentiation process inesltreatment of fibroblasts with insulin,
dexamethasone and IBMX on day 0 and insulin on2lays possible that insulin and / or
IMBX and / or dexamethasone may suppress or prorieexpression levels of the

different subunit isoforms.

Both a1l anda2 subunits recognise the *(RXXS/TXXX* motif (where * represents a
hydrophobic residue angl a basic residue). However, it appears that therstdexhibit
differences with respect to preferences for therdyiobic residues as the P-5 and P+4
positions (Woodgt al 1996b). These subtle differences may confer satessipecificity of
the two isoforms within the cell. Thus increasegression of thei2 subunit throughout
adipogenesis may allow phosphorylation of spesiibstrates, such as lipogeneic proteins,

which may not be phosphorylated &,

Previous work using recombinant AMPK heterotrimexaenplexes (Sco#t al 2004) and
native rat complexes (Cheumtyal 2000) found that the different isoform complexes
differed in their degree of stimulation by AM#2 displayed the greatest stimulation by
AMP, while y1 displayed an intermediate stimulation by AMP ayRl the lowest
stimulation by AMP. In this study during adipogeisethe y1 subunit expression is
increased, where as th2 andy3 subunit expression is decreased. There was nisant

(p < 0.05) difference in total AMPK activity (Fig.13), as determined under a saturating
AMP concentration (20@M), between fibroblasts and adipocytes. Thus it wobé
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interesting to investigate the sensitivity to AMPof AMPK complexes
immunoprecipitated, from both fibroblasts and adytes, given that the expression levels
of they subunit isoforms are altered during adipogenesis.

Previous work in human adipose tissue (Léiral 2004) and rat adipocytes (Dawtlal
2005) found that theil catalytic subunit accounts for the major partbasal AMPK
activity. Interestingly, thel subunit was found to account for almost all tbdal AMPK
activity in both fibroblasts and adipocytes throaghadipogenesis, while the subunit
displayed negligible contribution to total basal RM activity (Fig. 3.10). Salt and co-
workers also found that thel subunit accounts for the majority of the basal M
activity in 3T3-L1 adipocytes (Sadt al 2000). However, in contrast to this study, Satt an
co-workers (Salet al 2000), also found that the2 subunit contributed about 20% to the
total basal AMPK activity. Thus in this current gyuit was initially thought that the lack
of a2-specific AMPK activity might be due to the faikumof the antie2 antibody to
successfully immunoprecipitate the AMPK complexestaininga2 subunits. However,
this seems unlikely ag is detected in the2 immunoprecipitates as shown in figure 3.10
The relative contribution of thel anda?2 isoforms to total AMPK activity in rat liver is
approximately equal (Woods al 1996b). Equal volumes of the rat liver kinase (¥re
used as a positive control farl and a2 subunit expression blots (Fig. 3.3 and 3.4).
Comparable intensities of the rat liver kinase {h expression levels of thel ando2
isoforms suggests there is indeed far le&s subunit expression in fibroblasts and
adipocytes compared tdl i.e the intensity of the2 band in the purified rat liver kinase
detected by the an#i2 antibody is more intense compared to the 3T3yisate, whereas
the ol band detected by the anfti- antibody in the purified liver kinase is lesseime
compared to the 3T3-L1 lysates suggestingdiatxpression is far more abundant than
throughout adipogenesis. Thus, in conclusion, likedy thatal may account for almost all
total AMPK activity in this study, due to its predmant expression level. Thus the only
other possible explanation for the discrepancya the 3T3-L1 cell passage number and
initial source were different in this work comparedthe work by Salt and co-workers
(Saltet al 2000), and that either of these differences altéhe contribution of the2
subunit to the total basal AMPK activity.

In this study the kinetics of AMPK activity in respse to various activators was assessed,
in order to determine whether there is a corretabietween AMPK activation and various
downstream effects such as glucose transport. Xiemteof AMPK activation and Thrl172

phosphorylation in the 3T3-L1 adipocytes varieddach of the different stimuli, as shown
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in (Figs. 3.11-21). In 3T3-L1 adipocytes sorbitobguced the greatest fold increase in
AMPK activity compared to basal levels. It shoutrnted that the direct AMPK activator
A769662 has been shown to activate ofilycontaining AMPK complexeéScottet al
2008), whereas it is probable that the other siican activate botil andf2 containing
AMPK complexes. Thus potentially this may account fhe very modest increase in
AMPK activity observed with the direct AMPK activaitA769662.

These results support previous studies reportirgstimulation of AMPK activity by
various AMPK activators in various tissues; arsemtrat hepatocytes (Cortehal 1994),
azide in fao hepatoma cells (Wittetsal 1991), rosiglitazone in mouse muscle cells (Fryer
et al 2002b) andn vivo in rat adipose tissue (Yat al 2004), metformin in rat hepatocytes
(Zhou et al 2001) and adipocytes (Huypessal 2005), sorbitol in mouse muscle cells
(Fryeret al 2002b), AICAR in rat hepatocytes (Cortenal 1995) and adipocytes (Corton
et al 1995), hydrogen peroxide in NIH-3T3 cells (Clebial 2001), leptin in skeletal
muscle (Minokoshgt al 2002) and adipose tissue (Oetial 2004), adiponectin in muscle
and liver (Yamauchét al 2002) and adipose (Wat al 2003) and isoproterenol in isolated
rat epididymal fat cells (Moule and Denton 19983 an 3T3-L1 adipocytes (Yiret al
2003).

Subsequently, this study investigated the molecul@chanisms by which AMPK is
activated by each test substance in 3T3-L1 adipscyfhis included using the CaMKK
inhibitor STO-609 and determining whether there waschange in the nucleotide
ADP/ATP ratio and AMP/ATP ratio by HPLC.

As mentioned AICAR is converted into ZMP in theloghich functions as a cellular
mimetic of AMP. Thus like AMP, ZMP causes allosteaictivation of AMPK and protects
phosphorylation of Thrl72, by the constitutivelytiae AMPK kinase LKB1, from
dephosphorylation. Thus, it was not surprising tBatO-609 did not inhibit AICAR
stimulated AMPK activity (Fig. 3.22), and that AI®Adid not significantly alter the
ADP/ATP ratio (Fig. 3.29) and AMP/ATP (Fig. 3.30atio. In contrast, the calcium
ionophore A23187 stimulates AMPK activity via CaMKKherefore in the presence of
STO-609, A23187 stimulated AMPK activity is sigodintly @ < 0.05) attenuated (Fig.
3.22). Thus, this study shows that 3T3-L1 adipaxyexpress CaMKK and exhibit
CaMKK-dependent AMPK activation upon A23187 stintida. These results suggest a
potential role for CaMKK as an upstream AMPK kinaise8T3-L1 adipocytes. However,
Hawley et al 2005 showed that CaMKKappears to activate AMPK much more rapidly
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than CaMKKka in cell-free assays. Further work such as siRNackdown of CaMKKu/},
is required to determine which CaMKK isoform is mastalytically active in 3T3-L1

adipocytes.

This current study found that sorbitol did not siigantly increase the ADP/ATP ratio
(Fig. 3.29) and AMP/ATP ratio (Fig. 3.30). Indequtevious observations in a mouse
skeletal muscle cell line (Fryest al 2002b) have concluded that sorbitol can activate
AMPK without altering the cellular energy level. 6ol has been shown to be able to
increase intracellular calcium levels in the chitl cell line DT40 (Qiret al 1997) and
was recently suggested to stimulate AMPK activityLIKB1 deficient HelLa cells via
CaMKKpB (Woods et al 2005). However this current study suggests thaB8Ti3-L1
adipocytes sorbitol appears to be able to activdtK in a CaMKK independent and
nucleotide independent manner (Fig. 3.22). Thuhitb may stimulate AMPK activity in
adipocytes via an alternative AMPK kinase. A recstutdy has suggested that TAK1
(Momcilovic et al 2006) may function as a novel mammalian AMPK kend&urthermore

it should be noted that there is still residualaba®sMPK activity in CaMKKB knockout
studies in HelLa cells, which lack LKB1 (Woodsal 2005). This could be explained in
part by the incomplete knockdown of CaMRHrotein expression in these cells, however
the possibility still remains that another unidéet upstream kinase is contributing to
AMPK activity in these cells. This supports thedadéat there may be as yet unidentified

mammalian AMPK kinases, which may exhibit diffeiahtissue expression.

The g adrenoreceptor agonist isoproterenol has prewdustn shown to activate AMPK
in rat epididymal fat cells (Moule and Denton 1998)d 3T3-L1 adipocytes (Yiet al
2003, Gauthieret al 2008). In addition incubation of isolated adip@sytwith thef
adrenoreceptor agonists, adrenaline and forskalsg increased AMPK activity and the
AMP/ATP ratio (Kohet al 2007) (Gauthieet al 2008). This study showed that ST0-609
does not perturb the ability of isoproterenol (Rd22) to stimulate AMPK activity in 3T3-
L1 adipocytes, and that it stimulates a statidicaignificant < 0.05) increase in the
ADP/ATP ratio (Fig. 3.29), and displays a tendetwyncrease the AMP/ATP ratio (Fig.
3.30). This suggests that isoproterenol activatédPK by a mechanism which is
independent of CaMKK, and dependent on a decreaseicellular energy level. Thus, in
3T3-L1 adipocytes, isoproterenol potentially adsaAMPK via LKB1.

A recent study (Gauthieet al 2008) concluded that the activation of AMPK, and
subsequent inhibition of lipolysis, in 3T3-L1 adgytes, by agents (isoproterenol, IBMX
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and forskoline) that increase cAMP appears to bsors#ary to an increase in the
AMP/ATP ratio that accompanies lipolysis and na threct result of increases in cCAMP
levels and PKA activity, as treatment of cells wattistat partially inhibited isoproterenol
induced lipolysis and AMPK activity, yet did noted CAMP levels or PKA activity. The
re-esterification of NEFAs back into TG requiregithacylation, which is catalysed by
acyl-CoA synthetase. This process is energy depermd@sequently reducing ATP levels
and increasing AMP levels. Gauthier and co-workerscluded that reduced energy levels
are possibly due in part to acylation of fatty agmloduced during lipolysis, as Triacsin C,
an acyl-CoA synthetase inhibitor, blunted isoprete@l induced increases in AMPK
activity and the AMP/ATP ratio.

Other events may contribute to the reduced enetge svhich accompanies lipolysis.
NEFAs cause uncoupling of oxidative phosphorylatiwhich depletes energy levels,
(Wojtczak et al 1993) and the formation of glycerol-3-phosphateedudor the re-
esterification of NEFAs into TG is also energy deghent.

In addition, NEFAs have been shown to activate AMRKat islets, the MIN@ cell line
(Wanget al 2007) and rat L6 skeletal muscle cells (Fedial 2006). Thus, it is possible
that NEFAs accumulating in adipose tissue followisgproterenol induced lipolysis
activate AMPK via an AMP/ATP dependent pathway.

In contrast it has also been shown that activatbriAMPK in 3T3-L1 adipocytes by
isoproterenol stimulates lipolysis (Yt al 2003). Interestingly, Yiret al 2003, showed
that CAMP analogues also stimulated AMPK phospladiyh. Furthermore, they showed
that insulin, which inhibits lipolysis via the aedtion of PDE3B which breaks down
cAMP to AMP, antagonized the activation of AMPK faoyskolin. Therefore Yin and co-
workers suggested that isoproterenol is activadinPK via an intermediary rise in CAMP
levels and not via an increase in AMP levels rasgiffrom degradation by PDE3B (Y&t

al 2003).

In this current study the source of this decreasecellular energy level was not
investigated. As maximum AMPK activity was obsenadter 30 min, it is perhaps more
likely that NEFAs or re-esterification of NEFAs agtycerol to TG may play a role in the
AMP/ATP dependent stimulation of AMPK activity, ngr than elevated AMP levels
resulting from the degradation of cAMP to AMP by D To confirm this, a PDE3B

inhibitor could be used to determine whether istgrenol is activating AMPK via
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elevating AMP levels resulting from degradationcéfMP into AMP, or indeed whether
re-esterification of NEFAs is playing a role in tAdP/ATP dependent stimulation of
AMPK activity.

In cells treated with metformin, hydrogen peroxideptin and arsenite there was no
observed increase in the ADP/ATP or AMP/ATP rafgg( 3.29, 3.30). In addition, these
stimuli did not appear to stimulate AMPK activity 8 CAMKK dependent manner (Fig.
3.22). These results suggest that metformin, hyarogeroxide, leptin and arsenite all
activate AMPK via a nucleotide and CAMKK indepentieranner. However, in general,
the effect of these activators on AMPK activityesry subtle in 3T3-L1 adipocytes, thus
potentially masking any alterations in nucleotidgdls and effects of STO-609. Leptin,
hydrogen peroxide and arsenite have previously Beewn to activate AMPK, in skeletal
muscle, NIH-3T3-L1 cells, and rat hepatocytes reSpely, and cause an increase in the
AMP/ATP ratio (Minokoshiet al 2002, Chouet al 2001, Cortonet al 1994). Previous
studies in CHO cells, the rat hepatoma cell linélEH4nd the skeletal muscle cell line H-
2K® have also reported that metformin activates AMA#out altering the cellular energy
level (Hawleyet al 2002, Fryeret al 2002b). Interestingly, Huypens and co-workers
showed that prolonged stimulation of 3T3-L1 adigesywith metformin stimulated
AMPK activity, as shown by an increase in AMPK Th2lphosphorylation (Huyperes al
2005). It has been demonstrated that metformirraesported into liver cells via the
organic cation transporter 1 (OCT1), stimulating RKiphosphorylation (Shet al 2007).
The same study found that acute treatment of 3Ta&dipocytes with metformin did not
stimulate AMPK Thrl72 phosphorylation, and that dT13 adipocytes exhibited little
OCT-activity (Shuet al 2007). Thus, it has been suggested (8hal 2007) that perhaps
prolonged metformin treatment results in passivigusion of metformin into 3T3-L1

adipocytes which consequently causes an increaskIRK activity.

In this study azide and rosiglitazone were bothwshto cause a significant (p < 0.05)
increase in the ADP/ATP ratio (Fig. 3.29), and tigpd a tendency to increase the
AMP/ATP ratio (Fig. 3.30). This supports previouorw by Witters and co-workers
(Witterset al 1991) in fao hepatoma cells and Fryer and co-wsrieryeret al 2002b) in
mouse muscle cells that azide and rosiglitazoneboéimdecrease the cellular energy level.
In addition, in this study these activators did appear to stimulate AMPK activity in a
CAMKK dependent manner (Fig. 3.22). Thus, it is pbke that both azide and
rosiglitazone stimulate AMPK activity in 3T3-L1 adicytes in a LKB1 dependent

manner.
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It should be noted that in this study the basal AébRcentration appeared to be greater
than the basal ADP concentration, which differgrirthe studies by Fryer and co-workers
(Fryeret al 2002b) and Luo and co-workers (Labal 2007) which reported that the ADP
concentration was greater than the AMP concentratioder basal conditions in muscle
cells and 3T3-L1 adipocytes respectively. Also, &MdP/ATP ratio in the muscle cells
under basal conditions was 0.05 and in the 3T3+lis,c0.04, which is lower than the
AMP/ATP ratio of 0.14 under basal condition in tlsgudy. It is possible that another
molecule not tested in this study such as guanosioeophosphate (GMP), inosine
monophosphate (IMP), or uridine monophosphate (UMBY have a similar elution time
as AMP in this system, which could mask the real AMeak and account for the
apparently elevated AMP concentrations. Thus furtherk is required to determine the
elution time of other candidates including GMP, IMfad UMP. Furthermore, the
equilibrium between adenine nucleotides (2ABPAMP + ATP) refers to free AMP in
the cell This study measured the adenine nucleotide ragilogutotal cellular nucleotide
concentrations, i.e including AMP bound to proteifiBus in general these results should
be taken with caution, given that AMPK is only regad by the cytosolic AMP/ATP ratio.

As shown in figure 3.31, there was no simple linedationship between the fold increase

in AMPK activity and the ADP/ATP ratio for eachrstilli in 3T3-L1 adipocytes.

0.4 - « sothitol
= jsoproterenol
azide
;% 0.3 - - AICAR
= * rosiglitazone
& D 2 i = metformin
E ' * + arsenite
() -A23187
< 01 - + e hydrogen peroxide
» leptin
control
O ¥ L) LJ L]
0 1 2 3 4

AMPK activity (Fold Increase compared to basal)

Figure 3-31: Effects of various stimuli on AMPK activity v ersus ADP/ATP ratio.
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Figure 3.32 summarises the proposed mechanisms MIPKA activation in 3T3-L1
adipocytes. AICAR is converted into ZMP in the aghich functions as a cellular mimetic
of AMP i.e ZMP causes allosteric activation of AMRIAd protects phosphorylation of
Thrl72, by the constitutively active AMPK kinase BK, from dephosphorylation. The
novel direct AMPK activator A769662 activates AMBK mimicking the effects of AMP.
The calcium ionophore A23187 is thought to stimeIlAMPK activity through CaMKK,
as A23187 stimulated AMPK activity is perturbed 8¥0-609. AMPK activation by
isoproterenol, azide and rosiglitazone caused aifgignt (@ < 0.05) increase in the
ADP/ATP ratio and displayed a tendency to incretiee AMP/ATP ratio. In addition
AMPK stimulated activity by these activators wag significantly altered in the presence
of STO-609. Therefore it is possible that theseévatdrs are stimulating AMPK via an
LKB1 dependent pathway. Sorbitol, metformin, arsenhydrogen peroxide and leptin
were found to have no significamm € 0.05) effect on the nucleotide ratios, and AMPK
stimulated activity by these activators was nohsigantly altered in the presence of STO-
609. In summary, these results suggest a role dtin hKB1 and CaMKK as AMPK
kinases in 3T3-L1 adipocytes. However, potentittigre exists other as yet unidentified

AMPK kinases in 3T3-L1 adipocytes, which are baticlaotide and calcium independent.

Az23187 AICAR

N

LKB1
\ ZMP

CaMKK \ isc.:proterenol,
A769662 +— tAMP/ATP <+—azide,

\ \ rosiglitazone

AMPK Thr172

Figure 3-32: Mechanism of acute AMPK activation in 3T3-L1  adipocytes.
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Chapter 4 - Role of acute AMPK activation in

adipocyte insulin action

4.1 Introduction

4.1.1 Insulin-stimulated glucose uptake

Insulin is a polypeptide hormone which is producedhe Islets of Langerhans in the
pancreas. After feeding, elevated blood glucosel$etrigger exocytosis of the insulin

secretary vesicles and release of insulin intdthedstream (see 1.2.2).

Upon insulin signalling (see 1.2.2) in target tssuglucose transporters which facilitate
the uptake of glucose into target cells, are trartsg to the plasma membrane in vesicles.
In muscle and fat cells the glucose transporteiJB4, is responsible for the uptake of
glucose into the cells where it is stored as glgecognd TG respectively (Saltiet al
2001).

4.1.2 Insulin indepedent glucose uptake

In muscle, exercise has been reported to stim#dM@K activity (Winder and Hardie
1996) and increase glucose transport in an insatlependent manner, resulting in
increased translocation of GLUT4 to the plasma nmramd from intracellular stores
(Hayashiet al 1997, Douenet al 1990, Douenet al 1989, Goodyeaet al 1991). In
addition, contraction of isolated rat epitrochleamuscles via electrical stimulation has
also been shown to increase AMPK activity and gdecdransport in an insulin-
independent manner (Hayashal 1998). Like physical exercise, contraction has alsen
reported to increase GLUT4 translocation to thermla membrane (Goodyeeral 1990,
Lundet al 1995).

The AMPK activator AICAR has also been reportednttrease glucose transport in L6
myocytes (Cheret al 2002), isolated rat epitrochlearis muscles (Hayashal 1998
Hayashiet al 2000,Bergeronet al 1999), perfused rat hindlimbs (Merrdi al 1997) and in
skeletal muscle of conscious rats (Bergeebral 1999). In addition, AICAR has been

shown to potentiate insulin-stimulated glucose spamt (Bergeroret al 1999, Hayashet
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al 1998)in isolated rat epitrochlearis muscles, and stiteu@aLUT4 translocation to the

plasma membrane in perfused rat hindlir(srth-Kraczeket al 1999).

Since exercise, contraction and AICAR all activatddPK activity and stimulate glucose
uptake into skeletal muscle independently of imsatimulated glucose transport, it has
been hypothesised that AMPK mediates this effecayéshi et al 1998). However
currently there exists a great deal of confusiotbashether AMPK mediates contraction-
stimulated glucose uptake into muscle due to ocifly studies. Experiments using
genetically manipulated mice with knockout catalytigrgensest al 2004) or regulatory
(Barneset al 2004) AMPK subunits in skeletal muscles have reggbthat contraction-
stimulated glucose transport was unaffected. AgmoAMPK activity was only partially
reduced in these studies, the AMPK knockouts dnibihthe effect of AICAR on muscle
glucose transport (Jgrgensenal 2004, Barneset al 2004). In contrast, another study
using genetically manipulated mice where AMPK wamsnpletely knocked down in
skeletal muscle by overexpression of functionaictive AMPK (Muet al 2001) reported
that there was a significant reduction in cont@etstimulated glucose transport in fast and
slow twitch muscles. Interestingly, another studyperfused rat hindlimbs (Deraee al
2000) showed that there was a significant cor@talbietween AMPK activity and glucose
transport in contracting fast-twitch muscles, hogrein slow-twitch muscles glucose
transport was increased during contraction whefddBK activity did not increase. This
suggests that the role of AMPK may differ betwearsate fibre type.

Interestingly, in adipocytes AICAR was shown to resilly stimulate basal glucose
transport while demonstrating an inhibitory effect insulin-stimulated glucose transport
and GLUT4 translocation to the plasma membranet ¢all 2000). Thus the effect of

AICAR in adipocytes contrasts with the effect ofCWR in skeletal muscle.

4.1.3 The role of AS160 and TBC1D1 in glucose transport

AS160 has been identified as a potential targe?kOB and AMPK which both mediate
GLUT4 translocation in response to insulin and AR Aespectively in muscle cells (Bruss
et al 2005, Thonget al 2007).

AS160 is a 160kDa Rab GAP which was first discodeusing the PAS antibody to
iImmunoprecipitate proteins harbouring phosphorgdd&&B substrate motifs from insulin-
stimulated adipocytes (Karet al 2002). In addition to a GAP domain at the C-temusin
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AS160 also contains two phospho-tyrosine bindingmaios and six potential
phosphorylation sites (Ser318, Ser341, Ser570,8Berbhr642, Ser751) that match the
criteria for a PKB consensus motif (RXRXXS*/T*) (S@aet al 2003) Quantification of
the relative amount of phosphopeptides derived fesmnactsof 3T3-L1 adipocytes in the
presence or absence of insulin revedlet levels of phosphorylation at five of these
phosphorylatiorsites (Ser318, Ser570, Ser588, Thr642, and Thri&k) increasewith
insulin (Sanoet al 2003) More recently, in HEK 293 cells, Geraghty and corkers
identified two novel AS160 sites Thr568 and Ser&@ich lie within a motif which is not
a consensus sequence for PKB (Geragh#y 2007).

AS160 has been implicated in insulin-stimulated GUUtrafficking of vesicles to the
plasma membrane. It has been demonstrated in 3Tcllslthat AS160 can retain GLUT4
vesicles intracellularly by the activity of its GAR®main under basal conditions (Egutz
al 2005, Laranceet al 2005). It has been proposed that AS160 phosphmylat PAS
sites in response to insulin promotes exocytosi&ldf T4 vesicles by reducing the GAP
activity of the protein towards Rab proteins ass@d with GLUT4 vesicles, as
transfection of 3T3-L1 adipocytes and L6 GLUT4-myyoblasts with a constitutively
active AS160 incapable of being phosphorylated AS Regulatory motifs displayed
reduced insulin-induced GLUT4 translocation (Seina 2003, Thonget al 2005).

Despite the finding that AS160 is thought to intggrsignals from both PKB and AMPK
in muscle cells (Brusat al 2005, Thonget al 2007), it is possible that this is not the case in
adipocytes due to the opposing action of AICAR osulin-stimulated glucose transport
(Saltet al 2000). In addition, it is thought that the inhdsi effect of AICAR on insulin-
stimulated glucose transport in adipocytes is aite downstream of PKB in the insulin
signalling cascade, as AICAR appears to have rexedin IRS-1 tyrosine phosphorylation,
PI3K recruitment to IRS-1 or PKB activity (Sattal 2000).

TBC1DL1 is a paralogue of AS160, with a predictedenalar mass of 133kDa (Chehal
2008). TBC1D1 and AS160 both contain GAP domainglwlare highly conserved, but
display sequence variation at the N-terminus anthiwithe two distinct clusters of
phosphorylated sites that are located either sfdieosecond phospho-tyrosine binding
domain. TBC1D1 contains predicted PKB phosphormytasites at Thr596 and Ser507
corresponding to Thr642 and Ser53i® AS160, respectively (Roach al 2007). Mass
spectrometer analysis of TBC1D1 isolated from HE®3 Zells incubated in medium
containing serum identified Thr596, Ser507, SerZ3a1263, Ser565, Ser566 and Ser585
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as phosphorylation sites on TBC1D1 (Chenal 2008). Interestingly it has been
established that Ser237 on TBC1D1 becomes phodphexiin response to treatments that
elevate levels of active amthosphorylated AMPK in 3T3-L1 adipocytes, HEK 28I
and rat L6 myotubes (Chaveizal 2008, Cheret al 2008). During the course of this work
TBC1D1 emerged as a Rab GAP also involved in reiggiglucose transport.

TBC1D1 is expressed in 3T3-L1 adipocytes (Chaateat 2008), however it appears to be
only 1/20 as abundant as AS160. Insulin treatméBT@-L1 adipocytes has been shown
to cause phosphorylation of TBC1D1 on Thr596 in #€B phosphorylation motif
RRRANTL (Roachet al 2007). TBC1D1 is thought not to be as importanA&160 in
3T3-L1 cells as TBC1D1 did not contribute signifidg to the total GAP activity towards
the Rab(s) involved in GLUT4 translocation. Thisswsnown by knockdown of TBC1D1
which did not increase the amount of GLUT4 at thk surface in the absence of insulin
(Chavezet al 2008), whereas knockdown of AS160 did (Egeeal 2005). Interestingly,
overexpression of TBC1D1 was shown to markedlybihinsulin-stimulated GLUT4
translocation (Roackt al 2007) in 3T3-L1 adipocytes, whereas overexpressfoihS160
did not (Sancet al 2003). It was initially thought that perhaps thelegenous PKB was
insufficient to phosphorylate ectopic TBC1D1 to thetent required. However, in a
subsequent study overexpressed TBC1D1 was alsonstmimhibit GLUT4 translocation
elicited by ectopic activated PKB which suggestt the GAP activity of TBC1D1 is not
suppressed by PKB phosphorylation (Chaeeal 2008), whereas the GAP activity of
AS160 is suppressed by PKB phosphorylation. Thitspagh TBC1D1 is expressed in
3T3-L1 adipocytes, it is considered unlikely to tmajpate significantly in insulin-
stimulated GLUT4 translocation. Hence, in adiposytieis thought that insulin signals
GLUT4 translocation primarily through AS160 and Ai&C1D1.

TBC1DL1 is highly expressed in skeletal muscle (@aaval 2008, Tayloret al 2008) and
was shown to be phosphorylated at PAS sites in enekisletal musclen vivo by insulin,
AICAR and contraction (Tayloet al 2008). However AMPK is thought to be the more
important regulator as semi-quantitative analy$ispectra suggested that AICAR caused
greater overall phosphorylation of TBC1D1 sites paned to insulin (Tayloet al 2008).
Recent work by Chavez and co-workers, showed tH&AR partially reversed the
inhibition of insulin-stimulated GLUT4 translocatidoy overexpressed TBC1D1 in 3T3-
L1 cells (Chavezt al 2008). These findings have led to the proposdl TC1D1 may
participate in the regulation of GLUT4 translocatim response to contraction and/or
AMPK activation.
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Insulin-stimulated GLUT4 translocation in 3T3-Llipakcytes is thought to require insulin-
stimulated association of 14-3-3 proteins with gitmsylated AS160 (Ramm al 2006).
In rat L6 myotubes, insulin was shown to promote gthosphorylation of Thr596 on
TBC1D1 but not the binding of 14-3-3 proteins, wdas AMPK activation by AICAR,
phenformin and A-769662 was shown to promote thesphorylation of Ser237 on
TBC1D1 and binding of 14-3-3 proteins. In contragtS160 was shown to be
phosphorylated on its 14-3-3 binding sites (Ser&htl Thr642) and to bind 14-3-3
proteins in response to insulin, but not the AMRKator A-769662 in rat L6 myotubes
(Chenet al 2008). These findings further support the proptisat TBC1D1 and AS160
may have complementary roles in regulating vedia#icking in response to insulin and
AMPK activation in skeletal muscle.

The mechanism by which AS160/TBC1D1/Rabs mediateywsis of GLUT4 vesicles

remains undefined. However, the v-SNARE VAMP2 ahd t-SNAREs syntaxin4 and
SNAP23 have been shown to be involved in GLUT4 gtasis (Bryant et al 2002, Hou

and Pessin 2007). In addition, the syntaxin 4-lmgdproteins, Muncl8c, tomosyn and
synip have also been proposed to regulate SNAREplexmassembly and GLUT4

translocation (Kandet al 2005, Widbergt al 2003, Yamadaet al 2005).

4.1.4 Rab proteins

Rabs are small G-proteins that in their GTP-bowrdhfparticipate in vesicle movement
and membrane fusion (Zeriel al 2001). Rabs are activated by replacement of GOR wi
GTP catalysed by GEFs (guanine nucleotide exchéajers). Active Rabs can interact
with Rab effector proteins on target membraneschvhilows tethering of the vesicle to its
target membrane and other membrane proteins, iimgutde SNARE proteins, to interact,
facilitating docking of the vesicle to the plasmambrane. SNARE proteins can be
classified as either v-SNARES, (SNARES associaté the vesicle) and, t-SNARES,
(SNARES associated with the target membrane) (Brgiaal 2002). GAP degrades GTP
to GDP which allows the Rabs to be recycled. GDRatiation inhibitor (GDI) binds the
Rab inhibiting the exchange of GDP for GTP, andad Rscort protein escorts the Rab
back to its original membrane (Fig. 4.1).
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Figure 4-1: The Rab GTPase cycle.
The Rab GTPase switches between GDP- and GTP-bound forms, which have different

conformations. Conversion from the GDP- to the GTP-bound form is caused by nucleotide
exchange, catalyzed by a GDP/GTP exchange factor (GEF). Conversion from the GTP-to the
GDP-bound form occurs by GTP hydrolysis, facilitated by a GTPase-activating protein (GAP). The
GTP-bound form interacts with effector molecules, whereas the GDP-bound form interacts with

Rab escort protein (REP) and GDP dissociation inhibitor (GDI). Pi, inorganic phosphate.

Miinea and co-workers identified specific Rab igofie (RablA, 1B, 2A, 3A, or 3D; Rab
4B, 5A, 5B, 5C, 6A, or 6B; Rab7, 8A, or 8B; Rab1AB, 14, 18, and 35) associated with
GLUT4 vesicles in 3T3-L1 cells by immunoprecipitati(Miineaet al 2005). Also in 3T3-
L1 adipocytes, Larance and co-workers found thaUTA vesicles were associated with
Rab 10, 11 and 14 (Laraneeal 2005). In addition RNAi knockdown of Rab10 wasridu
to result in an approximately 80% reduction in Gl4Jfanslocation in 3T3-L1 adipocytes
(Sanoet al 2007). Thus, Rab 10 is currently thought to benttost likely Rab involved in
GLUT4 vesicle translocation in 3T3-L1 adipocytes.

415 Aims

Previous work (Salet al 2000) showed that AICAR inhibits insulin-stimuldtglucose

transport in 3T3-L1 adipocytes, which is in contri@sthe effect of AICAR in muscle. In
order to further characterise the role of AMPK ke tinhibition of insulin-stimulated
glucose transport, this study investigated thecetdé various AMPK activators, including
the direct AMPK activator A769662, on insulin-stilated glucose transport in 3T3-L1
adipocytes. The effect of AMPK inhibition and kndckvn, on AICAR stimulated basal
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glucose transport and inhibition of insulin-stinteld glucose transport was also assessed
to determine whether the effects of AICAR on gledsansport were dependent on
AMPK activation.

Previous work by Salt and co-workers showed thaCA® did not alter IRS-1
phosphorylation, association of PI3K with IRS-1RIKB activity in 3T3-L1 adipocytes
(Saltet al 2000). During the course of this project AS160 aBd1D1 have both emerged
as Rab GAPs involved in the regulation of glucosadport. Therefore, in this study the
mechanism by which AICAR inhibits insulin-stimuldtglucose transport in adipocytes
was further investigated, with particular attentioging paid to the effect of AICAR on
basal and insulin-stimulated AS160/TBC1D1 phosplatign at PAS sites.
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4.2 Results

4.2.1 Effect of various AMPK activators on basal and insulin-

stimulated glucose transport

The effect of various AMPK activators on basal amsulin-stimulated glucose transport
was investigated using 3H] deoxy-D-glucose. A significanp(< 0.05) 39.7 +/- 2.28 %,
49 +/- 10.7 %, 73.6 +/- 5.7 %, 38.7 +/- 3.5 % ands56+/- 7.8 % inhibition of insulin-
stimulated glucose transport (Fig. 4.2) was obskinvecells pre-treated with AICAR,
sorbitol, rosiglitazone, isoproterenol and A769G@8pectively. A23187 did display an
apparent tendency to inhibit insulin-stimulatedcglse transport, however this effect was
not statistically significant (Fig. 4.2). In additi, sorbitol produced a significamqt € 0.05)
5.74 +/- 0.55 fold increase in basal glucose trarispvhereas the other stimuli did not

significantly alter basal glucose transport.

4.2.2 Investigating whether the inhibition of insulin-stimulated

glucose transport by AICAR is dependent on AMPK activation

4.2.2.1 Effect of Compound C on AICAR mediated inhi bition of insulin-

stimulated glucose uptake

The AMPK inhibitor, Compound C, was utilized to eehine the effect of AMPK
inhibition on the inhibition of insulin-stimulatedlucose transport by AICAR. Western
blotting assessing phosphorylation of the AMPK ¢argrotein ACC, at Ser79, was
performed to determine whether AMPK activity wakibited by Compound C. As shown
in figure 4.3B/C, AICAR caused a significamt € 0.05) 2.18 +/- 0.69 and 2.54 +/- 0.49
fold increase in ACC Ser79 phosphorylation, in mwsulin-stimulated cells and insulin-
stimulated cells respectively. In comparison, AICARas not found to significantly
increase ACC Ser79 phosphorylation, under non-imstimulated and insulin-stimulated
conditions, in 3T3-L1 adipocytes incubated in tihespnce of Compound C. Incubation of
3T3-L1 adipocytes in AICAR caused a significapt<{0.05) 28.4 +/- 3.5 % inhibition of
insulin-stimulated glucose transport (Fig. 4.3Apwever, in the presence of Compound
C, AICAR did not inhibit insulin-stimulated glucoseansport in 3T3-L1 adipocytes (Fig.
4.3A). In addition, a significantp(< 0.05) 32 +/- 1.2 % reduction in insulin-stimaldt
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glucose transport was observed in 3T3-L1 adipocytesibated in the presence of

Compound C.

4.2.2.2 Effect of a DN AMPK mutant on AICAR mediate d inhibition of insulin-

stimulated glucose transport

Adenovirus-mediated gene transfer was used to pperses a dominant negative AMPK
mutant (AdalDN) in 3T3-L1 adipocytes, in order to further istigate the effect of down-
regulation of AMPK on AICAR mediated inhibition oinsulin-stimulated glucose

transport.

The alDN mutant protein is based on the entilesubunit sequence and contains an N-
terminal myc tag. The expressioncdfDN is shown by the presence of a band detected by
the myc antibody at about 62kDa (Fig. 4.4A). Iniadd, AICAR stimulated ACC Ser79
phosphorylation was decreased in &&kDN infected cells, compared to Ad.null infected

cells.

AICAR caused a 22.4 +/- 9.2 % and 41 +/- 26.8 %hilon of insulin-stimulated glucose
transport in Ad.null and Ad1DN infected cells, respectively. In addition, tlusrrent
work also found that both insulin-stimulated anddaylucose transport were exacerbated
in Ad.a1DN infected cells, compared to Ad.null infectedi€Figure 4.4B). In Ad.null
infected cells the fold increase in glucose transppon insulin-stimulation was 8 +/- 0.62
and 4.38 +/- 0.8 in non-AICAR treated cells and AR treated cells respectively.
However, in AdalDN infected cells the fold increase in glucosengport upon insulin-
stimulation was 4.54 +/- 1.42 and 2.27 +/- 0.8 on4AICAR treated cells and AICAR
treated cells respectively. This implies that seppion of AMPK increases basal glucose
transport, while reducing the extent by which imsalctivates glucose transport.
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Figure 4-2: Effect of various AMPK activators on basal and insulin-stimulated glucose

transport.
3T3-L1 adipocytes were pre-incubated for 30 min in the presence of 2 mM AICAR, 0.6 M sorbitol,

100 uM rosiglitazone, 1 uM isoproterenol, 5 uM A23187or 300 uM A-769662 prior to stimulation
with 10 nM insulin for 15 min. Glucose transport was initiated by the addition of 2-[3H]-deoxy-D-
glucose, and terminated after 3 min. Data shown represents the mean % insulin-stimulated +/-
S.E.M of three independent experiments, *p < 0.05 (2-tail t-test), compared to insulin-stimulated, *p
< 0.05 (2-tail t-test), compared to control. Insulin-stimulated glucose transport was 644 +/- 34

(mean +/- SEM) pmol glucose transported / min / mg protein.
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Figure 4-3: Effect of Compound C on AICAR mediated inhibit  ion of insulin-stimulated

glucose transport.
3T3-L1 adipocytes were pre-incubated for 30 min in the presence of 60 uM Compound C, prior to

the addition of 2 mM AICAR for 30 min. The cells were then stimulated with 10 nM insulin for 15
min. (A) Glucose transport was initiated by the addition of 2-[*H]-deoxy-D-glucose, and terminated
after 3 min. Data shown represents the mean % insulin-stimulated +/- S.E.M of three independent
experiments, *p < 0.05 (one-way ANOVA). Insulin-stimulated glucose transport was 940 +/- 378
(mean +/- SEM) pmol glucose transported / min / mg protein. 3T3-L1 lysates (10 pg) were resolved
on 10% polyacrylamide gels, transferred to nitrocellulose and probed with anti-ACC Ser79 and anti-
GAPDH antibodies. (B) Representative blots from three independent experiments. (C)
Quantification of ACC Ser79 phosphorylation was determined by comparison with total GAPDH
using densitometric analysis. Data shown represents the mean % maximum +/- S.E.M of three
independent experiments, *p < 0.05 (one-way ANOVA). The position of the molecular weight

markers are shown to the left of the gel.
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Figure 4-4: Effect of overexpression of a dominant negativ. e AMPK mutant on AICAR
mediated inhibition of insulin stimulated glucose t ransport in 3T3-L1 adipocytes
(A) 3T3-L1 adipocytes were infected (600 ifu/cell) for 48 hr with Ad.a1DN or Ad.null prior to

stimulation for 30 min with 2 mM AICAR. Cell lysates (25 ug) were resolved by SDS-PAGE,
transferred to nitrocellulose and probed with anti-ACC Ser79, anti-AMPKal, anti-c-myc and anti-
GAPDH antibodies. The position of the molecular weight markers are shown to the left of the gel.
(B) 3T3-L1 adipocytes cultured on 12 well plates were infected (600 ifu/cell) with Ad.a1DN or
Ad.null. After 48 hr 3T3-L1 adipocytes were pre-incubated for 30 min in the presence of 2 mM
AICAR prior to stimulation with 10 nM insulin for 15 min. Glucose transport was initiated by the
addition of 2-[*H]-deoxy-D-glucose, and terminated after 3 min. Data shown represents the mean
% insulin-stimulated +/- S.E.M of three independent experiments. Insulin-stimulated glucose
transport in Ad.null cells was 540 +/- 126 (mean +/- SEM) pmol glucose transported / min / mg
protein. A = AICAR, | = insulin.
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4.2.3 Investigating the mechanism of AICAR mediated inhibition
of insulin-stimulated glucose uptake in 3T3-L1 adipocytes.

4.2.3.1 Specificity of anti-AS160 and anti-TBC1D1 a ntibodies

AS160 and TBC1D1 are highly related Rab GAPs. Twestigate the specificity of the
anti-AS160 and anti-TBC1D1 antibodies, AS160 andCIB1 were immunprecipitated
from 3T3-L1 lysates wusing anti-TBC1D1 and anti-A8l6antibodies. The
immunoprecipitates and respective supernatants ama/sed by western blotting using
anti-TBC1D1 and anti-AS160 antibodies. As showiigare 4.5A TBC1D1 is detected in
the TBC1D1 immunoprecipitate and the supernatardms footh TBC1D1 and AS160
immunoprecipitates. However, it would appear the anti-AS160 antibody does not
immunoprecipitate TBC1D1 since TBC1D1 is not detdctin the AS160
immunoprecipitate. Conversely, as shown in figurgB4 AS160 is detected only in the
AS160 immunoprecipitate, suggesting that the aBGID1 antibody does not
immunoprecipitate AS160.

4.2.3.2 Effect of AICAR on basal and insulin-stimul ated AS160
phosphorylation at PAS sites and association of 14- 3-3 proteins.

In order to determine the effect of AICAR on baseald insulin-stimulated AS160

phosphorylation at PAS sites and association of3-B4proteins with phosphorylated

AS160, AS160 was immunoprecipitated from 3T3-Llatgs treated in the presence and
absence of AICAR, prior to stimulation with insulitmmunoprecipitates were then

subjected to western blotting with anti-PAS and-aat3-3 antibodies.

As shown in figure 4.6, AICAR did not significantlglter basal or insulin stimulated
phosphorylation of AS160 at PAS sites. Interestinghe amount of proteins that co-
immunoprecipited with AS160 with apparent molecutasses matching those of the 14-

3-3 proteins, did not differ between basal andlinsstimulated conditions.
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Figure 4-5: Specificity of anti-AS160 and anti-TBC1D1 anti  bodies.
(A) AS160 and TBC1D1 were immunoprecipitated from 3T3-L1 adipocyte lysates (200 ug) using

anti-TBC1D1 and anti-AS160 antibodies. Immunoprecipitates and respective supernatants were

then resolved on 10% SDS-PAGE, transferred to nitrocellulose and probed with (A) anti-TBC1D1
antibody, (B) anti-AS160 antibody. Representative blots from two independent experiments. The
position of the molecular weight markers are shown to the left of the gel. IP = immunoprecipitate,

sup = supernatant.
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Figure 4-6: Effect of AICAR on basal and insulin-stimulate ~ d AS160 phosphorylation at PAS
sites and association with 14-3-3 proteins.
AS160 was immunoprecipitated from 3T3-L1 lysates (250 pg) obtained from cells treated in the

presence and absence of 2 mM AICAR for 30 min, prior to stimulation with 10 nM insulin for 30
min. Immunoprecipitates were resolved on 10% SDS-PAGE, transferred to nitrocellulose and
probed with anti-PAS and anti-14-3-3 antibodies. (A) Quantative analysis of AS160 phosphorylation
at PAS sites. Data shown represents the mean % insulin-stimulated +/- S.E.M of three independent
experiments with duplicates in each. (B) Representative western blot, from three independent
experiments with duplicates. C = control, A = AICAR, | = insulin. The position of the molecular

weight markers are shown to the left of the gel.



Pamela Jane Logan, 2009 Chapter 4, 154

4233 Effect of AICAR on basal and insulin-stimul ated TBC1D1
phosphorylation at PAS sites.

In order to determine the effect of AICAR on basald insulin-stimulated TBC1D1
phosphorylation at PAS sites, TBC1D1 was immundpieted from 3T3-L1 lysates
treated in the presence and absence AICAR, priorstimulation with insulin.

Immunoprecipitates were then subjected to westlattidg with anti-PAS antibody.

As shown below in figure 4.7, there was no detdetdbvels of PAS phosphorylated
TBC1D1 in control or AICAR treated 3T3-L1 adipocytdn addition, AICAR did not
significantly alter insulin-stimulated TBC1D1 phdspylation at PAS sites.

4.2.3.4 Effect of AICAR on PKB substrate phosphoryl  ation

To determine whether AICAR alters the phosphorglatof any insulin-stimulated PKB
substrate proteins, lysates from 3T3-L1 adipocypes-incubated for 30 min in the
presence of 2 mM AICAR, prior to stimulation witl® ™M insulin for 15 min, were
resolved by SDS-PAGE and western blotted with the-RAS antibody. As shown in
figure 4.8, AICAR does not appear to perturb insglimulated phosphorylation of any
proteins. However, AICAR does appear to increasé& phosphorylation, compared to

basal levels, of two proteins * with molecular messsf about 40kDa and 48kDa.
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Figure 4-7: Effect of AICAR on basal and insulin-stimulate ~ d TBC1D1 phosphorylation at PAS
sites.
TBC1D1 was immunoprecipitated from 3T3-L1 lysates (200 ug) obtained from cells treated in the

presence and absence of 2 mM AICAR for 30 min, prior to stimulation with 10 nM insulin for 30
min. Immunoprecipitates were resolved on 10% SDS-PAGE, transferred to nitrocellulose and
probed with anti-PAS and anti-TBC1D1 antibodies. (A) Quantification of TBC1D1 phosphorylation
was determined by comparison with total TBC1D1 using densitometric analysis. Data shown
represents the mean % insulin-stimulated +/- S.E.M of two independent experiments. (B)
Representative western blot, from two independent experiments. C = control, A = AICAR, | =

insulin. The position of the molecular weight markers are shown to the left of the gel.
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Figure 4-8: Effect of AICAR on PKB substrate phosphorylati  on.
3T3-L1 adipocytes were pre-incubated for 30 min in the presence of 2 mM AICAR, prior to

stimulation with 10 nM insulin for 15 min. Lysates (25 pg) were then resolved on 10% SDS-PAGE
gels, transferred to nitrocellulose and probed with the anti-PAS antibody. Representative blot from
four independent experiments with duplicates. C = control, A = AICAR, | = insulin. The position of

the molecular weight markers are shown to the left of the gel. * = AICAR increases basal PAS

phosphorylation of the indicated proteins.
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4.3 Discussion

The key findings of this chapter are that multigdPK stimuli inhibited insulin-
stimulated glucose transport, that in the presefcke AMPK inhibitor Compound C the
inhibitory effect of AICAR on insulin-stimulated gtose transport was no longer apparent,
and that inhibition of insulin-stimulated glucosarnsport by AICAR was not associated
with altered PKB-mediated phosphorylation of AST&C1D1.

AMPK and glucose transport
AICAR

In muscle cells, AICAR stimulates basal glucosengport and potentiates insulin-
stimulated glucose transport (Bergerenal 1999). In contrast this study showed that
AICAR significantly @ < 0.05) inhibits insulin-stimulated glucose uptaike 3T3-L1
adipocytes, which supports previous work by Saldl ao-workers (Salet al 2000).
AICAR has also been shown to inhibit insulin-stiateld glucose transport in isolated rat
adipocytes (Gaidhet al 2006), and rat cardiomyocytes (Segadeal 2008). Salt and co-
workers also reported that AICAR inhibited insusitimulated GLUT4 translocation to the
plasma membrane in 3T3-L1 adipocytes by assayashmh membrane lawns (Seltal
2000). In contrast, Chavez and co-workers meastirecamount of GLUT4 at the cell
surface by the quantitative single-cell fluoreseerassay that employs the reporter
construct of GLUT4 with a haemagglutinin (HA) tag the amino-terminal extracellular
loop and green fluorescent protein (GFP) fusedhto darboxyl terminus (HA-GLUT4-
GFP), and reported that AICAR did not alter instdtrmulated GLUT4 translocation to
the plasma membrane (Chawtzal 2008). Potentially the tagged GLUT4 construct may
behave differently to endogenous GLUT4 in the 3T3ddipocytes, which could explain
the contrasting results. For example AICAR may ease the rate at which endogenous
GLUT4 is trafficked from the plasma membrane imtracellular storage vesicles, which
would deplete the amount of GLUT4 at the plasma brame, whereas potentially the

tagged GLUT4 maybe retained at the plasma membrane.

Sor bitol

This study found that sorbitol caused a significgmt< 0.05) 5 fold increase in basal
glucose transport and significantly € 0.05) inhibited insulin-stimulated glucose umak
Previous studies have also shown that sorbitoludéites basal glucose transport in rat
adipocytes, L6 myotubes and 3T3-L1 adipocytes (Batjal 2002,Chenet al 1997, Chen



Pamela Jane Logan, 2009 Chapter 4, 158

et al 1999). In 3T3-L1 adipocytes, signalling pathwaysvdstream of Grb2-associated
binding protein 1 (Gabl), and specifically the GadbZT10 sarcoma oncogene cellular
homolog Il (Crkll) / GTP binding protein TC10 (TCiLSignalling pathway, are thought to
play a crucial role in osmotic-stress induced ghectransport (Janet al 2000, Guakt al
2002). It has also been reported that hyperosnstiss activates the proline-rich tyrosine
kinase 2 (PYK2) / extracellular signal-regulatedddge (ERK) / phospholipase D (PLD) /
aPKC pathway in 3T3-L1 adipocytes and rat adipaytieading to GLUT4 translocation
and glucose uptake (Sajeinal 2002).

In muscle overexpression of a dominant-negativenfof AMPK blocked the stimulation
of GLUT4 translocation by hyperosmotic stress (Figteal 2002a), suggesting a role for
AMPK activation in hyperosmotic-induced glucose aka. In skeletal muscle,
hyperosmotic stress was shown to stimulate AMP/i&gtand increase insulin-stimulated
glucose transport (Smitt al 2005). In addition, the increase in insulin-stiatad glucose
transport caused by hyperosmotic stress was preddrytinclusion of the AMPK inhibitor
Compound C, suggesting that AMPK activation may iatedthe synergistic effect of
hyperosmotic stress on insulin-stimulated gluceaasport (Smitret al 2005) This is in
stark contrast to the findings of this study angravious study in 3T3-L1 adipocytes
(Chenet al 1999), which found that hyperosmotic stress indubg sorbitol inhibited
insulin-stimulated glucose transport in 3T3-L1 adiptes. Similarly, in rat epididymal
adipose cells, hyperosmotic stress was shown taeadbr reduce insulin-induced glucose
transport (Komjatiet al 1998). The proposed modes of action of hyperosmsttiess
induced inhibition of insulin-stimulated glucoseartsport in 3T3-L1 adipocytes include;
inactivation of PKB (Cheret al 1999) serine phosphorylation of IRS1 (Geahl 2003)
and enhanced degradation of IRS proteins (@&l 2003).

Rosiglitazone

This study showed that acute treatment of 3T3-Lipaytes with the anti-diabetic drug,
rosiglitazone, significantlyp( < 0.05) inhibited insulin-stimulated glucose traos. It
should be noted that using concentrations of 100pdiglitazone in this study was merely
a tool to stimulate activation of AMPK, and thatstlacute inhibition of insulin-stimulated
glucose transport with 100uM rosiglitazone has Iioal significance as the maximum
concentration of rosiglitazone reached in patientgpproximately 1puM. Indeed previous
work, showed that chronic (48hr) treatment of 3T3-hdipocytes with increasing
concentrations (I-10uM)of rosiglitazone resulted in progressive increasdmth basal
and insulin-stimulated 2-deoxyglucagstake (Standaeet al 2002).Interestingly, a recent
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study showed that long-term TZD treatment enhandeiiPK-stimulated glucose uptake

into muscle and adipose tissue in insulin-resisséates in rats (Yet al 2006).

| soproterenol

This current study showed that isoproterenol sigaiftly (o < 0.05) inhibited insulin-
stimulated glucose transport. Previously, isopestel was shown to induced a two fold
increase in glucose transport (Sméhal 1984) and inhibit insulin-stimulated glucose
uptake in rat adipose cells (Smeéial 1984, Joostt al 1986, Kirschet al 1983, Kashiwagi
et al 1983, Yanget al 2002).

A23187

It has been reported that calcium is involved sulm signalling in muscle (Clausehal
1974) and adipose (Clausenal 1974, Drazniret al 1987, Yanget al 2000). Calcium is
thought to be involved in at least two differerds of the insulin-dependent recruitment
of GLUT4 to the plasma membrane. One involves thastocation step. The second
involves the fusion of GLUT4 vesicles with the ptesmembrane (Whiteheatlal 2001).

In this study the calcium ionophore A23187 dispthgemodest tendency to inhibit insulin-
stimulated glucose transport, however this wasstatistically significant. Previous work
by Draznin and co-workers also showed that anotacium ionophore, ionomycin,
inhibited insulin-stimulated glucose transport solated rat adipocytes (Drazneb al
1987). Draznin and co-workers proposed that higihl@nsustained levels of intracellular
calcium may function as a postreceptor feedbacksmento diminish cellular
responsiveness to insulin (Drazrenhal 1987). Potentially elevated intracellular calcium
levels by the two ionophores may activate AMPK @@MKK, which in turn may mediate

inhibition of insulin-stimulated glucose transport.

A769662

Interestingly, this current study also found thae tnovel, direct AMPK activator,
A769662, significantlyg < 0.05) inhibited insulin-stimulated glucose traod. Given that
A769662 is a direct AMPK activator, these resultsvie the best evidence so far that
activation of AMPK inhibits insulin-stimulated glase transport in 3T3-L1 adipocytes.

As AICAR, sorbitol, rosiglitazone, isoproterenoldatie direct AMPK activator, A769662,
have all been shown to stimulate AMPK activity @&ig.11-3.21), and inhibit insulin-
stimulated glucose transport in 3T3-L1 adipocyteg.(4.1), it is possible that activation
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of AMPK inhibits insulin-stimulated glucose transpo 3T3-L1 adipocytes. In addition,
there did appear to be a correlation between thehibition of insulin-stimulated glucose
transport and fold increase in AMPK activity in 3L3 adipocytes (Fig. 4.9) i.e
rosiglitazone displayed a large % inhibition of uhs-stimulated glucose transport and
stimulated a large fold increase in AMPK activitypproterenol and AICAR displayed a
lower % inhibition of insulin-stimulated glucoseamisport and stimulated a lower fold
increase in AMPK activity compared to rosiglitazpaad A23187 displayed the lowest %
inhibition of insulin-stimulated glucose transpartd stimulated the lowest fold increase in
AMPK activity. The exceptions were the direct AMP&ctivator A769662, which
displayed the second greatest % inhibition of imsstimulated glucose uptake, despite
only modestly stimulating AMPK activifyand sorbitol which displayed the third highest
% inhibition of insulin-stimulated glucose transpatespite stimulating the greatest fold
increase in AMPK activity. The direct AMPK activatcA769662, has been reported to
activate onlyB1 containing AMPK complexeScottet al 2008), which is likely to account
for the modest increase in AMPK activity observedells incubated with A769662. Since
sorbitol, is not a direct AMPK activator it is pdde that through non-AMPK mediated

pathways sorbitol is having additional effects sulin-stimulated glucose transport.
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Figure 4-9: Fold increase in AMPK activity versus % inhibi  tion of insulin-stimulated glucose
transport.



Pamela Jane Logan, 2009 Chapter 4, 161

It should also be noted that the most potent AMRHvator, sorbitol, displayed a highly
significant p < 0.05) five fold increase in basal glucose transpwvhereas all the other
stimuli did not significantly alter basal glucoseartsport. This suggests that the
exceptionally high increase in basal glucose traridpy sorbitol may be mediated by both

AMPK-dependent and -independent mechanisms.

Interestingly in isolated hepatocytes and headulin has been shown to inhibit AMPK
activity (Witters and Kemp 1992, Gamble and 19¢19wever, in the liver cell line H4IIE
insulin was found to have no effect on AMPK aciv{Lochheadet al 2000). In this
current work insulin did not significantly alter ARK activity as assessed by ACC Ser79
phosphorylation (Fig. 4.3). In addition, previousrw in our lab showed that insulin did
not alter AMPK activity, as assessed by AMPK assays3T3-L1 adipocytes (personal

correspondence with Dr. I.P Salt).

In order to investigate whether the effect of AICAR insulin-stimulated glucose transport
iIs mediated by AMPK activation, the effect of AICA& insulin-stimulated glucose
transport was assessed in the presence of the Aiktiisitor Compound C (Fig. 4.3). This
study found that in the presence of Compound C ARG id not inhibit insulin-stimulated
glucose transport. This suggests that AMPK activatin 3T3-L1 adipocytes inhibits
insulin-stimulated glucose transport. However, st difficult to conclude whether
Compound C is rescuing the inhibition of insulimrsilated glucose transport by AICAR,
given the fact that Compound C itself significanthhibits insulin-stimulated glucose

transport.

In general the results obtained using Compound dtildhbe interpreted with caution as
Compound C is not a specific AMPK inhibitor. It Hasen shown to also inhibit a number
of other protein kinaseg vitro including; ERK 8, MAP kinase-interacting kinase 1
(MNK1), phosphorylase kinase (PHK), maternal emhigoleucine zipper kinase
(MELK), dual specificity tyrosine phosphorylationdiregulated kinase (DYRK) isoforms,
homeodomain-interacting protein kinase2 (HIPK2Jjcsma kinase (Src) and lymphocyte
cell-specific protein-tyrosine kinase (Lck) (Ba@h al 2007). Bain and co-workers also
found that the CaMKK inhibitor STO-609 was a moretgmt AMPK inhibitor than
Compound Gn vitro (Bain et al 2007). In the previous chapter, 281 STO-609 was used
to inhibit CaMKK in 3T3-L1 adipocytes. However, 28 STO-609 did not appear to
inhibit AMPK since AICAR stimulated AMPK activity as not perturbed in the presence
of STO-609. Potentially a higher concentration afC8609 could be used to inhibit
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AMPK and assess the role of AMPK in AICAR mediatedibition of insulin-stimulated

glucose transport.

Interestingly, Fryer and co-workers, showed tham@ound C can inhibit the adenosine
transporter, which is the main transport systemd usg cells in the uptake of AICAR
(Fryeret al 2002c). Thus, the reduction in AICAR stimulated @Ser79 phosphorylation
in the presence of Compound C could have resulteth fthe inhibition of AMPK
activation by AICAR and/or inhibition of AICAR upka into the cell.

Adenoviral DN AMPK was also used to investigate thlee the effect of AICAR on
insulin-stimulated glucose transport is mediatedAMPK activation (Fig. 4.4). Although
inhibition of insulin-stimulated glucose transpdry AICAR did not reach statistical
significance in Ad.null and Ad1DN infected cells, the results do suggest thaetfext of
AICAR on insulin-stimulated glucose transport i dependent on AMPK activation. This
is in contrast to results obtained using the AMRHWibbitor Compound C. However,
perhaps in this current study Compound C inhibé&egteater proportion of total AMPK in
3T3-L1 adipocytes compared to AdDN, which could explain the discrepancy between
the results. In addition, this study found thathbbisal and insulin-stimulated glucose
transport were exacerbated in ADN infected cells, compared to Ad.null infectedie
However, the fold increase in glucose transportnupsulin-stimulation was reduced in
Ad.alDN infected cells compared to Ad.null infected€el'hese results suggest that long
term suppression of AMPK improves glucose transpite reducing the extent by which
insulin increases glucose transport. The increasglucose transport may be due to the
inhibition of endogenous AMPK activity, which if éhcase, supports the possibility that
AMPK activation may inhibit insulin-stimulated glose transport. In addition, long-term
treatment of adipocytes with AALDN maybe increasing glucose transport by altettireg
expression level of key insulin-signalling moleaikuch as SNARES, AS160 and PKB.
Previous work in muscle showed that prolonged AM#&iivation increased expression
levels of GLUT4 (Holmest al 1999). However, currently the effect of prolongedPK

activation on GLUT4 expression in adipocytes hadyée determined.

Interestingly, Sakoda and co-workers found thatexgression ol 1LDN abolishes AMPK

activation, without affecting the increase in baghicose uptake by AICAR, thereby
suggesting that AICAR-induced glucose uptake in-BI3adipocytes is independent of
AMPK activation (Sakodat al 2002). However, in this current study AICAR didtno

significantly increase basal glucose transport dndill infected cells.
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Since the inhibition of insulin-stimulated glucasansport by AICAR is rescued in cells
incubated in Compound C, but not in AfIDN, further work is required to determine
whether AMPK activation inhibits insulin-stimulatgtlicose transport. This might involve
investigating the effect of Compound C and dN on the inhibition of insulin-
stimulated glucose transport by other AMPK stimulin particular, sorbitol and
rosiglitazone which both displayed a large % intimoi of insulin-stimulated glucose
transport, and the novel AMPK activator A769662 athdiffers from the other AMPK
stimuli including AICAR, in that it directly actitas AMPK.

Mechanism of AICAR mediated inhibition of insulin-stimulated glucose transport

The mechanism by which AICAR inhibits insulin-stitated glucose transport in 3T3-L1
adipocytes was explored. This study (Fig. 4.6) tbtimat in 3T3-L1 adipocytes AICAR
does not appear to alter AS160 phosphorylation/A® Bites compared to basal levels,
which is in contrast to observed effects in skéletascle where AICAR has been shown
to increase AS160 phosphorylation at PAS sitesg8eual 2005). Figure 4.6 also shows
that concomitant incubation of AICAR with insulinoes not alter insulin-stimulated
AS160 phosphorylation at PAS sites, thus it is kelli that AMPK inhibits insulin-
stimulated glucose transport by inhibiting inswtmulated AS160 phosphorylation.

In addition, this study found that the anti-AS16@tilaody did not appear to

immunoprecipitate TBC1D1, which has an apparenteswbar weight of 130kDa (Fig.

4.5). Thus the intense dark band present at appeigly 140kDa in the AS160 IP’s (Fig.
4.6) detected with the PAS antibody is most likelyoe a short splice variant of AS160 or
another PKB substrate molecule which co-immunoprates with AS160, and not

TBC1D1.

Ramm and co-workers previously showed that in 3T3Hipocytes, insulin-stimulated a
4 fold increasen the amount of 14-3-3 associated with AS160 (Raghad 2006). This
current study also looked at whether AICAR alteirezulin-stimulated AS160 binding to
14-3-3 proteins. The several protein bands detebiedhe anti-14-3-3 antibody with
apparent molecular masses matching those of th8-34proteins were thought to
correspond to the various 14-3-3 protein isoforfig.(4.6). However, the intense band,
recognised by the anti-14-3-3 antibody, which reselat about approximately 27kDa is
most likely to correspond to the AS160 antibodyiighain (Fig 4.6). The identity of the
14-3-3 proteins and antibody light chain could femed by comparison with a

negative control i.e antibody and protein G beadsch is lacking in this experiment. In
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contrast to the work by Ramm and co-workers, ia thirrent study the amount of proteins
that co-immunoprecipitated with AS160 with appanmeriecular masses matching that of
the 14-3-3 proteins, did not differ between basal msulin-stimulated conditions. Chen
and co-workers, used cross linking to stabilize itigulin-stimulated 14-3-3 interactions
with TBC1D1 (Cheret al 2008), thus perhaps the interaction between 14®&ins and

AS160 in this study were lost during the immunojpiation process.

TBC1D1 was shown to be phosphorylated at PAS sitesouse skeletal musdie vivo by
insulin, AICAR and contraction (Taylogt al 2008). Although, insulin was shown to
stimulate TBC1D1 phosphorylation at PAS sites, thisrent study could not detect any
TBC1D1 phosphorylation at PAS sites in AICAR trea®T3-L1 cells (Fig. 4.7). The
current study also found that AICAR did not altesulin-stimulated PAS phosphorylation
of TBC1D1 (Fig. 4.7). Interestingly, anti-TBC1D1pgars to immunoprecipitate a protein
with a molecular weight of about 160kDa, which i8S phosphorylated. A likely
candidate was thought to be AS160. However, weditatiing of TBC1D1 and AS160
iImmunoprecipitates, with the anti-AS160 antibodyggested that anti-TBC1D1 does not
immunoprecipitate AS160. However, this experimesmains inconclusive, as unlike
TBC1D1, AS160 was not detected in the immunopréaipin supernatants, suggesting
that the AS160 antibody is relatively weak. Thusteptially anti-TBC1D1 may
immunoprecipitate small quantities of AS160 whiale detected by the more sensitive
anti-PAS antibody, but not by the anti-AS160 antiypo

It should be noted that AMPK may be altering instgtimulated AS160/TBC1D1
phosphorylation at PAS sites which are not pringasicognized by the anti-PAS antibody
in 3T3-L1 adipocytes which may alter AS160/TBC1xtiaty. Indeed in HEK 293 cells
the anti-PAS antibody was found to primarily detelsbspho-Thr642 on AS160 (Geraghty
et al 2007). Furthermore AMPK activation in 3T3-L1 adigtes may result in
phosphorylation of AS160/TBC1D1 at non-PAS sitesd auch phosphorylations may
have additional effects on AS160/TBC1D1 functiod &1L.UT4 trafficking.

Antibodies against specific phosphorylation sitesA&160 and TBC1D1 could be used in
order to determine whether AICAR alters phosphaiytaof these Rab GAP proteins at
PAS sites not primarily detected by the anti-PAStibaxly and/or stimulates
phosphorylation at non-PAS sites. Site directedagenesis of any such sites could be
used to investigate whether AICAR inhibits insuitimulated glucose transport, by
altering phosphorylation of AS160 /TBC1D1 at a sfiesite.
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Finally this study found that AICAR did not appe#r perturb insulin-stimulated
phosphorylation of any PKB target proteins. Howevgterestingly it appears that AICAR
stimulates phosphorylation at PAS sites, compapelasal levels, of two proteins with
molecular weights of approximately 37kDa and 50kBlawever, the identity of these
bands remains unknown. Potentially, mass spectrgnoetuld be used to identify the

proteins.

Interestingly, intracellular acidification shownlbe induced by the AMPK stimuli AICAR
and isoproterenol, has been proposed to mediateinthibition of insulin-stimulated
glucose transport by these reagents (Segealeh 2008, Yanget al 2002, Civeleket al
1996).

Exposure of cells to insulin has been shown to €amsincrease in intracellulpH in rat
adipocytes (Civelelet al 1996), 3T3-L1 cells (Klipet al 1988), muscle (Fidelmaet al
1982, Klipet al 1986),and liver (Pealet al 1992). This alkalinization of cells by insulin is
reported to be required for optimal glucose transpo

Inhibition of insulin-induced glucose uptake by AR in rat cardiomyocytes is reported
to occur via the inhibition of the Né4i® exchanger-1 (NHE-1), which subsequently
decreases the insulin mediated increase in inttdaepH (Segalert al 2008). In addition
AICAR is thought to exert these effects indepenigenit AMPK activation (Segalest al
2008). Although the N#@H" exchanger 1 is ubiquitously expressed (Fliegel5201 is
possible that this is a cell type specific mechanaf inhibition by AICAR, and that the
mechanism of inhibition of insulin-stimulated glseotransport by AICAR in 3T3-L1
adipocytes is different. This may well be the cgisen that the effect of AICAR on basal
glucose transport differs between the two cell sype AICAR inhibits basal glucose
transport in rat cardiomyocytes, while modestlynsiiating basal glucose transport in 3T3-
L1 adipocytes (Sakt al 2000).

Civelek and co-workers have suggested that tredtmieadipocytes with isoproterenol
induces acidification in adipocytes due to thelijfio release of free fatty acid€iveleket

al 1996). Thus it has been proposed that the inbibibf insulin-stimulated glucose
transport by isoproterenol may occilnmough cytosolacidification, which essentially
reverses the alkalinizing effeasinsulin required for optimum glucose transpafag et

al 2002)
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Overall this current work suggests that acute AMditivation by AICAR in adipocytes

inhibits insulin-stimulated glucose uptake, yetstiis not associated with altered PKB-
mediated phosphorylation of AS160/TBC1D1. As diseds(1.1.2) glucose is taken up
into adipocytes in the fed state and stored as Tii@refore inhibition of glucose uptake
into adipocytes would subsequently reduce fattd acid TG synthesis. Thus, it could be
reasoned that AMPK activation inhibits insulin-stileted glucose uptake in adipocytes in
order to reduce the ATP-dependent synthesis of fatids and TG in adipocytes.
Furthermore, the inhibition of glucose transportuldoallow glucose to be used by other
tissues as a source of energy, rather than adigmcwthich would start using the stored

triglyceride.



167

Chapter 5 - Effect of sustained AMPK activation on

adipocyte insulin action

5.1 Introduction

In chapter 4 it was reported that acute treatmeBT8-L1 adipocytes with various AMPK
stimuli inhibited insulin-stimulated glucose transp Furthermore, in the presence of the
AMPK inhibitor, Compound C, the inhibitory effectt @AICAR on insulin-stimulated
glucose transport was no longer apparent. HoweM&AR still displayed a tendency to
inhibit insulin-stimulated glucose transport in AHDN infected cells. In addition,
sustained AMPK knockdown in Adll-DN infected cells appeared to enhance both basal
and insulin-stimulated glucose transport. Currentlye effect of sustained AMPK

activation on insulin-stimulated glucose transpordipocytes has still to be determined.

As discussed in section 1.4.12, previous studiese haported that sustained AMPK
activation by AICAR inhibits differentiation of 3TB1 preadipocytes (Habinowski and
Witters 2001, Giriet al 2006, Tonget al 2008). In contrast other studies suggest that
AMPK may not play a role in regulating adipocytdfelientiationin vivo (Villena et al
2004, Giriet al 2006). Huypens and co-workers showed that long teeatment with the
AMPK activators metformin and AICAR reduced adipciie protein expression and
release in 3T3-L1 adipocytes (Huypesisal 2005). A recent study by Gaidhu and co-
workers showed that prolonged AICAR-induced AMPKtiation promotes energy
dissipation in white adipocytes by preventing TGrage and by activating pathways that
promote energy dissipation within the adipocytehsas fatty acid oxidation (Gaidtetial
2008). Interestingly, Gaidhu and co-workeatso reported that lipolysis was first
suppressed, but then increased hattitro andin vivo with prolonged AICAR treatment
in rat epididymal adipocytes (Gaidhai al 2008). However, in general the effect of
prolonged AMPK activation in mature adipocytes remma poorly characterized,

particularly with respect to glucose transport arsiilin signalling.
5.1.1 Aims

The principal aim of this study was, thereforeinestigate the effect of sustained AMPK

activation on glucose transport and insulin sigraln 3T3-L1 adipocytes. In addition, the
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effects of sustained AMPK activation on insulinr&fing in human adipose tissue was

investigated.
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5.2 Results

5.2.1 Effect of sustained AMPK activation on basal and insulin-
stimulated glucose transport in 3T3-L1 adipocytes.

5.2.1.1 Effect of 24 hr and 48 hr incubation of 3T3 -L1 adipocytes with AICAR
on AMPK expression, ACC expression, AMPK Thrl2 phos phorylation and
ACC Ser79 phosphorylation

As shown in figure 5.1 a significam € 0.05) 2.02 +/- 0.36 and 2.08 +/- 0.57 fold irwe
in AMPK Thrl172 phosphorylation was obtained in 3IB-adipocytes incubated with
AICAR for 24 hr and 48 hr, respectively, in insutimulated cells. These significamt €
0.05) increases in Thrl72 phsophoryaltion were associated with altered AMPK1
protein expression. In addition, a significapt< 0.05) 3.1 +/- 0.69 and 2.84 +/- 0.73 fold
increase in phosphorylation of the AMPK downstreanget ACC at Ser79 was obtained
in 3T3-L1 adipocytes incubated with AICAR for 24 &nd 48 hr respectively, in insulin-
stimulated cells. These significant increases vase not associated with altered ACC

protein expression (Fig. 5.1).

5.2.1.2 Effect of 24 hr and 48 hr incubation of 3T3 -L1 adipocytes with
metformin  on AMPK expression, ACC expression, AMPK Thr12
phosphorylation and ACC Ser79 phosphorylation

As shown in figure 5.2, AMPK Thrl72 phosphorylatiohCC Ser79 phosphorylation,
AMPK protein expression and ACC protein expressi@re not significantly altered in
non-insulin-stimulated and insulin-stimulated 3TB-Ladipocytes incubated with
metformin for 24 hr and 48 hr.
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Figure 5-1: Effect of 24 hr and 48 hr incubation of 3T3-L1  adipocytes with AICAR on AMPK
expression, ACC expression, AMPK Thrl172 phosphoryla  tion and ACC Ser79

phosphorylation.
3T3-L1 lysates (15 pg) obtained from cells incubated for 24 hr and 48 hr with 1ImM AICAR were

resolved by 10% SDS-PAGE, transferred to nitrocellulose, and probed with anti-AMPK al, anti-
AMPK Thr172, anti-ACC Ser79, anti-ACC1 and anti-GAPDH antibodies. (A) Quantification of
AMPK Thr172 phosphorylation and AMPK al expression were determined by comparison with
GAPDH by densitometric analysis. Data shown represents the mean % maximum +/- S.E.M of
three independent experiments, *p < 0.05 (one-way ANOVA). (B) Quantification of ACC Ser79
phosphorylation and ACC1 expression were determined by comparison with GAPDH by
densitometric analysis. Data shown represents the mean % maximum +/- S.E.M of three
independent experiments, *p < 0.05 (one-way ANOVA). (C) Representative blots from three
independent experiments. The position of the molecular weight markers are shown to the left of the

gel. A=AICAR, | =insulin.
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Figure 5-2: Effect of 24 hr and 48 hr incubation of 3T3-L1  adipocytes with metformin on
AMPK expression, ACC expression, AMPK Thrl72 phosph  orylation and ACC Ser79

phosphorylation.
3T3-L1 lysates (15 pug) obtained from cells incubated for 24 hr and 48 hr with 1mM metformin were

resolved by 10% SDS-PAGE, transferred to nitrocellulose, and probed with anti-AMPK al, anti-
AMPK Thr172, anti-ACC Ser79, anti-ACC1 and anti-GAPDH antibodies. (A) Quantification of
AMPK Thr172 phosphorylation and AMPK al expression. Data shown represents the mean %
maximum +/- S.E.M of three independent experiments. (B) Quantification of ACC Ser79
phosphorylation and ACC1 expression were determined by comparison with GAPDH by
densitometric analysis. Data shown represents the mean % maximum +/- S.E.M of three
independent experiments. (C) Representative blots from three independent experiments. The

position of the molecular weight markers are shown to the left of the gel. M = metformin, | = insulin
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5.2.1.3 Effect of 24 hr and 48 hr incubation of 3T3 -L1 adipocytes with AICAR

on insulin-stimulated glucose transport

The effect of sustained incubation of 3T3-L1 adiyies with AICAR, on basal and
insulin-stimulated glucose transport was inveséda®s shown in figure 5.3 a significant
(p <0.05) 73 +/- 11.3 % and 67 +/- 27 % inhibitidnresulin-stimulated glucose transport
was observed in cells incubated with AICAR for 24&ahd 48 hr respectively. However, 24
hr and 48 hr treatment of 3T3-L1 adipocytes witlCAR did not significantly alter basal

glucose transport.

5.2.1.4 Effect of 24 hr and 48 hr incubation of 3T3 -L1 adipocytes with

metformin on insulin-stimulated glucose transport

As shown in figure 5.4, basal and insulin-stimullatglucose transport were not

significantly altered in 3T3-L1 adipocytes inculzhteith metformin for 24 hr and 48 hr.

5.2.1.5 Effect of overexpression of a constitutivel y active AMPK mutant on

basal and insulin-stimulated glucose transport in 3 T3-L1 adipocytes.

Adenovirus-mediated gene transfer was used to ppezss a constitutively active (CA)
AMPK mutant ¢13'% in 3T3-L1 adipocytes in order to investigate &ftects of sustained

AMPK activation on basal and insulin-stimulatedagise transport.

The a1%'? mutant proteiris based on the first 312 amino acid residues efAMPK ol
subunit and contains an N-terminal myc tag. Theeetbe expression of thel**? mutant
in 3T3-L1 adipocytes was confirmed by the preseote band detected by the myc
antibody at about 35kDa (Fig. 5.5A). As expectesl AMPK activator sorbitol increased
ACC Ser79 phosphorylation in control infected céksl.null). In addition, basal ACC
Ser79 phosphorylation was increased in ¢Adt? infected cells, compared to Ad.null

infected cells.

Interestingly, in Adul**? infected cells there appears to be a reductioringulin-

stimulated glucose transport compared to Ad.nddlated cells (Fig. 5.5B).
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Figure 5-3: Effect of 24 hr and 48 hr incubation of 3T3-L1  adipocytes with AICAR on basal
and insulin-stimulated glucose transport.
3T3-L1 adipocytes were incubated for 24 hr and 48 hr in the presence of 1 mM AICAR prior to

stimulation with 10 nM insulin for 15 min. Glucose transport was initiated by the addition of 2-[*HJ-
deoxy-D-glucose, and terminated after 3 min. Data shown represents the mean % insulin-
stimulated +/- S.E.M of three independent experiments, *p < 0.05 (2-tail), compared to insulin-
stimulated. Insulin-stimulated glucose transport was 3366 +/- 3173 (S.E.M) pmol transported / min /

mg protein.
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Figure 5-4: Effect of 24 hr and 48 hr incubation of 3T3-L1  adipocytes with metformin on
basal and insulin-stimulated glucose transport.
3T3-L1 adipocytes were incubated for 24 hr and 48 hr in the presence of 1 mM metformin prior to

stimulation with 10 nM insulin for 15 min. Glucose transport was initiated by the addition of 2-[*HJ-
deoxy-D-glucose, and terminated after 3 min. Data shown represents the mean % insulin-
stimulated +/- S.E.M of three independent experiments. Insulin-stimulated glucose transport was
519 +/- 357 (S.E.M) pmol transported / min / mg protein. This work was performed by Dr.l.Salt
(FBLS, University of Glasgow).
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Figure 5-5: Effect of overexpression of a constitutivelya  ctive AMPK mutant on basal and
insulin stimulated glucose transport in 3T3-L1 adip ocytes.
(A) 3T3-L1 adipocytes were infected (600 ifu/cell) for 48 hr with Ad. a1*' or Ad.null prior to

stimulation for 30 min with 0.6M sorbitol. Cell lysates (25 ug) were resolved by SDS-PAGE,
transferred to nitrocellulose and probed with anti-ACC Ser79, anti-AMPKal, anti-c-myc and anti-
GAPDH antibodies. The position of the molecular weight markers are shown to the left of the gel.
(B) 3T3-L1 adipocytes cultured on 12 well plates were infected (600 ifu/cell) with Ad. a1** or
Ad.null. After 48 hr 3T3-L1 adipocytes were incubated for 30 min in the presence of 2 mM AICAR
prior to stimulation with 10 nM insulin for 15 min. Glucose transport was initiated by the addition of
2-[3H]-deoxy-D-qucose, and terminated after 3 min. Data compiled from one experiment. A =

AICAR, | = insulin.
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5.2.1.6 Effect of 24 hr and 48 hr incubation of 3T3 -L1 adipocytes with AICAR

on PKB expression and insulin-stimulated PKB phosph orylation

Stimulation of 3T3-L1 adipocytes with insulin cadsa significant § < 0.05) 13.38 +/-
3.16, 12.46 +/- 2.73 and 13.8 +/- 2.59 fold inceemsPKB Ser473 phosphorylation under
control conditions and incubation of adipocytes hwiAICAR for 24 hr and 48 hr
respectively (Fig. 5.6). Insulin-stimulated PKB &£8 phosphorylation was not altered in
3T3-L1 adipocytes incubated in AICAR for 24 hr a4l hr. In addition, in non-insulin-
stimulated cells and insulin-stimulated cells PKiBtpin expression was not significantly
altered in 3T3-L1 adipocytes incubated with AICAR 24 hr or 48 hr.

5.2.1.7 Effect of 24 hr and 48 hr incubation of 3T3 -L1 adipocytes with
metformin on PKB expression and insulin-stimulated PKB phosphorylation

Stimulation of 3T3-L1 adipocytes with insulin cadsa significant [§ < 0.05) 6.35 +/-
1.07, 6.28 +/- 0.64 and 5.64 +/- 1.06 fold increas®@KB Ser473 phosphorylation under
control conditions and pre-treatment of adipocytgth metformin for 24 hr and 48 hr
respectively (Fig. 5.7). Insulin-stimulated PKB &&8 phosphorylation was not altered in
3T3-L1 adipocytes incubated in metformin for 24ahd 48 hr. In addition, in non-insulin-
stimulated cells and insulin-stimulated cells PKiBtpin expression was not significantly
altered in 3T3-L1 adipocytes incubated with metfiorfior 24 hr or 48 hr.
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Figure 5-6: Effect of 24 hr and 48 hr incubation of 3T3-L1  adipocytes with AICAR on PKB

expression and insulin-stimulated PKB phosphorylati on.
3T3-L1 lysates (15 pug) obtained from cells incubated for 24 hr and 48 hr with 1mM AICAR prior to

stimulation for 15 min with 10nM insulin were resolved by 10% SDS-PAGE, transferred to
nitrocellulose, and probed with anti-PKB, anti-PKB Ser473 and anti-GAPDH antibodies. (A)
Quantification of PKB expression was determined by comparison with GAPDH, and quantification
of PKB phosphorylation was determined by comparison with PKB by densitometric analysis. Data
shown represents the mean % maximum +/- S.E.M of three independent experiments, *p < 0.05
(one-way ANOVA) compared to non-insulin stimulated cells. (B) Representative blots from three

independent experiments. The position of the molecular weight markers are shown to the left of the

gel. A = AICAR, | = insulin.
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Figure 5-7: Effect of 24 hr and 48 hr incubation of 3T3-L1  adipocytes with metformin on PKB

expression and insulin-stimulated PKB phosphorylati on.
3T3-L1 lysates (15 pg) obtained from cells incubated for 24 hr and 48 hr with 1mM metformin prior

to stimulation for 15 min with 10nM insulin were resolved by 10% SDS-PAGE, transferred to
nitrocellulose, and probed with anti-PKB, anti-PKB Ser473 and anti-GAPDH antibodies. (A)
Quantification of PKB expression was determined by comparison with GAPDH, and quantification
of PKB phosphorylation was determined by comparison with PKB by densitometric analysis. Data
shown represents the mean % maximum +/- S.E.M of three independent experiments, *p < 0.05
(one-way ANOVA) compared to non-insulin-stimulated cells. (B) Representative blots from three
independent experiments. The position of the molecular weight markers are shown to the left of the

gel. M = metformin, | = insulin.
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5.2.2 Effect of chronic AMPK activation in human adipose tissue
5.2.2.1 Effect of prolonged treatment of type 2 dia betic subjects with

metformin on AMPK activity in human adipose tissue.

In a separate study undertaken by others in therdatry, the effect of metformin on
adipose tissue AMPK activity was assessed in stgjeith type 2 diabetes. 20 men (aged
50-70, BMI 27-33) with type 2 diabetes, treatedhwdiet or monotherapy were recruited
for the study. The study was a double-blinded @ressdesign, randomised to gliclazide
(80 mg twice a day) or metformin (500 mg once a)day 10 weeks with a 6 week
washout period. Subjects were treated with glidazn order to try to match glycaemic
control at the end of each treatment phase. Timécaliand metabolic parameters of test
subjects after each treatment phase are shown l{&lalole 5.1). There was no significant
difference in BMI, total serum adiponectin concatin, total cholesterol concentration,
HDL cholesterol concentration or triglyceride contation after each phase of therapy.
However, gliclazide therapy was more effectiveatdring HbAlc than metformin (7.8
+/- 1.73 % versus 8.3 +/- 1.7 %< 0.001). This was complemented by significanthyer
fasting blood glucose with gliclazide versus metfor therapy (10.3 +/- 3.2 mM versus
12.1 +/- 4.7 mM). Furthermore LDL cholesterol camtcation was significantly lower
after gliclazide therapy compared with metformiertpy (2.42 +/- 0.74 mM versus 2.79
+/- 0.74 mM,p = 0.022).

Metformin | Gliclazide | p-value

mean (SD) | mean (SD)
BMI (Kg/m?) 31.0 (4.3) 31.0 (4.5) 0.80
Adiponectin (ng/ml) 4193 (2670) 4648 (3291) 0.054
HbA1c (%) 8.34 (1.70) | 7.82(1.74), <0.00
Fasting blood glucose (mM) | 12.1 (4.7) 10.3(3.2) 0.005
Insulin (U/L) 15.6 (13.8) | 14.3(6.0) 0.69
Cholesterol (mM) 5.16 (1.16) | 4.75(1.59)| 0.054
HDL-C (mM) 1.25(0.24) | 1.20(0.24), 0.13
LDL-C (mM) 2.79 (0.74) | 2.42(0.73), 0.022
Triglycerides (mM) 2.78 (3.76) | 2.94 (4.80)] 0.58

Table 5-1: Clinical and metabolic parameters of test subj  ects
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As shown in figure 5.8, metformin did not alter AMIRxpression levels, but did cause an
approximate 2 fold significanp(< 0.01) increase in AMPK activity in adipose tiesn

type 2 diabetic subjects.
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Figure 5-8: Effect of prolonged treatment of type 2 diabet  ic subjects with metformin on
AMPK activity and expression in human adipose tissu e.
Total AMPK was immunoprecipitated from the adipose biopsies (100 ug) with a mixture of anti-

AMPK al and a2 antibodies and assayed for AMPK activity. (A) AMPK activity in each experiment
was standardized against the activity of purified rat liver AMPK kinase (K). Data shown represents
the mean +/- 95% confidence intervals of the mean, of 20 subjects, each treated for 10 weeks with
gliclazide (80 mg) and 10 weeks with metformin (500 mg), *p < 0.01. The values given for the
means and 95% confidence intervals were calculated using logarithmic transformed data, and back
transformed for purposes of presentation. Adipose tissue (80 ug) was resolved on 10% SDS-
PAGE, transferred to nitrocellulose and probed with anti-Pan AMPKa antibody. (B) Quantification of
AMPK expression. Data shown represents the mean +/- 95% confidence intervals of the mean, of
19 subjects, each treated for 10 weeks with gliclazide (80 mg) and 10 weeks with metformin (500

mgq).This work was performed by Dr Jim Boyle (FBLS, University of Glasgow).
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5.2.2.2 Effect of prolonged treatment of type 2 dia betic subjects with
metformin on the expression of GAPDH in human adipo se tissue

As the human adipose tissue lysates used in thdy stascribed in 5.2.2.1 represent
sustained activation of AMPK by metformin vivo, the expression of several key insulin
signalling molecules was assessed. As shown beldigure 5.9, prolonged treatment of
type 2 diabetic subjects with metformin did notngiigantly alter the expression of
GAPDH in adipose tissue. Thus, GAPDH was used &sading control in subsequent
blotting which assessed the expression of the PBKsubunit, PKB, IRS-1 and FAS.

5.2.2.3 Effect of prolonged treatment of type 2 dia betic subjects with
metformin on the expression of PI3K in human adipos e tissue.

As shown below in figure 5.10, prolonged treatmehttype 2 diabtic subjects with
metformin did not significantly alter the expressiof the PI3K subunit p85 in adipose

tissue.

5.2.2.4 Depletion of alboumin from human adipose tis  sue samples.

Subsequent western blotting of the adipose tisaugpkes with anti-PKB antibody, anti-
IRS-1 antibody and anti-FAS antibody was problemadis they produced unclear data
even after numerous high salt washes. Albumin isl@mdant protein in these samples.
Thus in an attempt to improve the quality of thestgen blots, an albumin depletion kit
was used to remove albumin from the adipose tisangples. As shown below in figure
5.11, the kit was efficient at removing most of @#dbumin (albumin depletion column).
Elution of the unbound proteins, which includedtpnes of interest, did cause elution of
some bound albumin, however the amount of albumirthis elution fraction was an

improvement compared to the amount in the initialtsng material.
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Figure 5-9: Effect of prolonged treatment of type 2 diabet  ic subjects with metformin on
GAPDH expression in human adipose tissue.
Adipose tissue (80 ug) was resolved on 10% SDS-PAGE, transferred to nitrocellulose and probed

with anti-GAPDH antibody. (A) Quantification of GAPDH expression, relative to an internal control
(subject 14). Data shown represents the mean +/- 95% confidence intervals of the mean, of 19
subjects, each treated for 10 weeks with gliclazide (80 mg) and 10 weeks with metformin (500 mg).
(C) Representative western blot (subject 13). The position of the molecular weight markers are

shown to the left of the gel. G = gliclazide, M = metformin.
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Figure 5-10: Effect of prolonged treatment of type 2 diabe  tic subjects with metformin on the
expression of the PI3K p85 subunit in adipose tissu e.
Adipose tissue (80 pg) was resolved on 10% SDS-PAGE, transferred to nitrocellulose and probed

with anti-PI3K p85 antibody. (A) Quantification of PI3K p85 subunit expression, relative to an
internal standard (subject 14) and GAPDH. Data shown represents the mean +/- 95% confidence
intervals of the mean, of 19 subjects, each treated for 10 weeks with gliclazide (80 mg) and 10
weeks with metformin (500 mg). The values given for the means and 95% confidence intervals
were calculated using square root transformed data, and back transformed for purposes of
presentation. (C) Representative western blot (subject 13). The position of the molecular weight

markers are shown to the left of the gel. G = gliclazide, M = metformin.
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Figure 5-11: Albumin depletion from adipose tissue sample.
Equal equivalent volumes from samples obtained at various points throughout the albumin

depletion process, from one adipose tissue sample (subject 13), were resolved by 10% SDS-
PAGE. Proteins were visualized by Coomassie stain.
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5.2.2.5 Effect of prolonged treatment of type 2 dia betic subjects with
metformin on the expression of IRS-1 and PKB in hum  an adipose tissue.

The albumin depleted samples were then subjectedestern blotting to investigate the
effect of prolonged treatment of type 2 diabetibjsaots with metformin on IRS-1 and
PKB expression in adipose tissue. As shown belowfigare 5.12 and 5.13, IRS-1
expression and PKB expression, respectively, wetasignificantly altered by metformin.

5.2.2.6 Effect of prolonged treatment of type 2 dia betic subjects with

metformin on FAS expression in human adipose tissue

As the AMPK assays were performed on adipose késpsbtained from subjects treated
with metformin which contain other cells such adahelial and fibroblasts, it is possible
that AMPK activation is occuring in another celpéydifferent from that of adipocytes.

To determine whether AMPK activation was occurrimgdipocytes within adipose tissue
the effect of metformin on the expression of th&e ladipogenic marker FAS, whose
expression has previously been shown to be reddoedg differentiation of 3T3-L1

preadipocytes by AMPK activation (Habinowski andtéfis 2001), was investigated. As
shown in figure 5.14 prolonged treatment of typdi@betic subjects with metformin did

not appear to significantly alter the expressiorAE in adipose.

The expression of the transcription factors C/EBRd PPAR have also previously been
shown to be reduced by AMPK activation during ddfgiation of 3T3-L1 preadipocytes
(Habinowski and Witters 2001, Gl al 2006, Tonget al 2008) and in fully differentiated
3T3-F442A adipocytes (Dagost al 2006). In addition AMPK activation in muscle has
been shown to increase the expression level of GL(Holmeset al 1999). Thus the
effect of metformin on the expression of C/EBPFPPAR and GLUT4 were also
investigated. Unfortunately it was not possibledliably determine expression by western

blotting (data not shown).
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Figure 5-12: Effect of prolonged treatment of type 2 diabe  tic subjects with metformin on the
expression of IRS-1 in adipose tissue.
Albumin depleted adipose tissue (80 pg) was resolved on 10% SDS-PAGE, transferred to

nitrocellulose and probed with anti-IRS-1 antibody. (A) Quantification of IRS-1 expression, relative
to an internal standard (subject 14) and GAPDH. Data shown represents the mean +/- 95%
confidence intervals of the mean, of 19 subjects, each treated for 10 weeks with gliclazide (80 mg)
and 10 weeks with metformin (500 mg). (B) Representative western blot (subject 9). The position of

the molecular weight markers are shown to the left of the gel. G = gliclazide, M = metformin.
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Figure 5-13: Effect of prolonged treatment of type 2 diabe tic subjects with metformin on the
expression of PKB in adipose tissue.
Albumin depleted adipose tissue (80 pg) was resolved on 10% SDS-PAGE, transferred to

nitrocellulose and probed with anti-PKB antibody. (A) Quantification of PKB expression, relative to
an internal standard (subject 14) and GAPDH. Data shown represents the mean +/- 95%
confidence intervals of the mean, of 19 subjects, each treated for 10 weeks with gliclazide (80 mg)
and 10 weeks with metformin (500 mg). The values given for the means and 95% confidence
intervals were calculated using logarithmic transformed data, and back transformed for purposes of
presentation. (B) Representative western blot (subject 13). The position of the molecular weight

markers are shown to the left of the gel. G = gliclazide, M = metformin.
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Figure 5-14: Effect of prolonged treatment of type 2 diabe tic subjects with metformin on the
expression of FAS in adipose tissue.
Albumin depleted adipose tissue (80 pg) was resolved on 10% SDS-PAGE, transferred to

nitrocellulose and probed with anti-FAS antibody. (A) Quantification of FAS expression, relative to
an internal standard (subject 14) and GAPDH. Data shown represents the mean +/- 95%
confidence intervals of the mean, of 13 subjects, each treated for 10 weeks with gliclazide (80 mg)
and 10 weeks with metformin (500 mg). The values given for the means and 95% confidence
intervals were calculated using logarithmic transformed data, and back transformed for purposes of
presentation. (B) Representative western blot (subject 13). The position of the molecular weight

markers are shown to the left of the gel. G = gliclazide, M = metformin.
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5.3 Discussion

The principal findings of this study are that prujed treatment of 3T3-L1 adipocytes with
AICAR, but not metformin, increased AMPK Thrl72 gpborylation and inhibited
insulin-stimulated glucose transport. Inhibitioningulin-stimulated glucose transport by
AICAR in 3T3-L1 adipocytes was not associated vattered PKB protein expression or
insulin-stimulated PKB Ser473 phosphorylation. GltoAMPK activation in adipose
tissue was observed in metformin treated type Bedia subjects, and was not associated
with altered expression of three key insulin signgl molecules; PKB, the PI3K p85
subunit and IRS-1.

Incubation of 3T3-L1 adipocytes with AICAR for 24r land 48 hr was shown to
significantly ¢ < 0.05) increase AMPK Thr172 phosphorylation isuln-stimulated cells
(Fig. 5.1), and significantlyp(< 0.05) inhibit insulin-stimulated glucose trandp(rig.
5.3). Total AMPK expression was not altered in 3T3adipocytes incubated with AICAR
for 24 hr and 48 hr (Fig. 5.1), suggesting thas ithe specific activity of AMPK that is
increasing rather than an increase in AMPK proipression. However it should be
noted that only AMPKal protein expression levels were assessed. Thisspassible that
incubation of 3T3-L1 adipocytes with AICAR for 24 &ind 48 hr may increase AMRK
protein expression which could account for the ease in AMPK Thrl72
phosphorylation. In addition, this study also fouhdt incubation of 3T3-L1 adipocytes
with AICAR for 24 hr and 48 hr displayed a signéit increase in phosphorylation of the
AMPK downstream target ACC at Ser79 in insulin-stiated cells (Fig. 5.1). Habinowski
and Witters, previously showed that prolonged AMR&tivation by AICAR during
differentiation of 3T3-L1 preadipocytes decreasdte texpression level of ACC
(Habinowski and Witters 2001). However, in contraisis current study found that
prolonged treatment of 3T3-L1 adipocytes with AICAIRI not significantly alter ACC1
expression (Fig. 5.1). Thus, perhaps the effecAIEAR on ACC expression differs
between fibroblasts and fully differentiated adiyges. In addition to assessing ACC1
protein expression it would have been interestmdpdve also investigated the effect of
AICAR on ACC2 protein expression, as it is possithlat the effect of AICAR on ACC

expression observed by Habinowski and Witters Wa€ 2 specific.

In contrast, incubation of 3T3-L1 adipocytes witletformin for 24 hr and 48 hr did not
significantly alter AMPK Thr172 phosphorylation ¢Fi5.2), nor alter insulin-stimulated

glucose transport (Fig. 5.4). It should be noteat this work is in contrast to a previous
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study (Huypengt al 2005) which showed that treatment of 3T3-L1 adypes with 1mM
metformin for 48 hr did not alter AMPK protein ergsion levels, but did increase AMPK
Thrl72 phosphorylationSince this current study found that treatment of3-BI
adipocytes with metformin for 24 hr and 48 hr dit significantly alter AMPK Thr172
phosphorylation, it was not surprising that phosplation of the AMPK downstream
target ACC at Ser 79 was also not found to be fsogmtly altered (Fig. 5.2). In addition,
ACC1 protein expression was also found not to geiscantly altered (Fig. 5.2).

In hepatocytes and intestinal cells metformin ansported into the cell by the organic
cation transporterl (OCT1) (McKinney and Hosfor®29Wanget al 2002). However,
there was no detectable level of OCT1 mRNA expoessi 3T3-L1 adipocytes (Helen M
McLeod, University of Glasgow personal communicatioHowever, as mentioned
previously, Huypens and co-workers (Huypehal 2005) have suggested that metformin
may be taken up into 3T3-L1 adipocytes via anotrarsporter or by diffusion, although
this does not appear to be the case in this custady.

A preliminary experiment showed that in A#'? infected cells there appeared to be a
reduction in insulin-stimulated glucose transpaninpared to Ad.null infected cells (Fig.
5.5). This suggests that prolonged AMPK activatior8T3-L1 adipocytes does indeed
inhibit insulin-stimulated glucose transport. HoweMt is important to stress that this was
a preliminary experiment (n=1), thus further refpatis are required in order to confirm

this observation.

Collectively, these results suggest that prolongbtPK activation in adipocytes inhibits
insulin-stimulated glucose transport. This is iarktcontrast to the effect of chronic
AMPK activation by AICAR in skeletal muscle. Longrin activation of AMPK with
AICAR increases glycogen content, hexokinasivity, and total GLUT4 protein content
in rat skeletal muscle (Holmeg al 1999, Ojukaet al 2000). In addition, long term
treatment of rats with AICARvas shown to induce a pronounced incraasasulin-
stimulated glucose uptake and GLUT4 cell suriamatent in rat skeletal muscle (Budl
al 2001).

This current work showed that long-term AMPK activa by AICAR in 3T3-L1
adipocytes did not alter PKB protein expressiorelgvnor alter insulin-stimulated PKB
phosphorylation at Ser473 (Fig. 5.6). Howevers ihighly possible that prolonged AMPK

activation in 3T3-L1 adipocytes may inhibit insubtimulated glucose transport by
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altering the expression level of other key insuligralling molecules, as prolonged
AMPK activation has previously been demonstratedltier protein expression. Activation
of AMPK by AICAR during differentiation of 3T3-L1 neadipocytes has been shown to
reduce the expression of the early adipogenic ¢rgton factors C/EBE, C/EBR and
PPARy (Habinowski and Witters 2001, Gie al 2006, Tonget al 2008), and the late
adipogenic markers FAS and ACC (Habinowski and &¥4tt2001). Incubation of rat
hepatocytes with AICAR was also found to inhibiigpse activated FAS gene expression
(Foretzet al 1998). In addition the expression of the genegHergluconeogenic enzyme
phosphoenolpyruvate carboxy kinase and glucoses8gitatase were also shown to be
reduced in hepatoma cells by activating AMPK usMi@AR (Lochheadet al 2000). In
muscle, AMPK activation by AICAR, was shown to iease both GLUT4 and hexokinase
gene transcription (Holmest al 1999, Zhenget al 2001, Ojukaet al 2000). AMPK has
been proposed to regulate gene expression by lgimadsphorylating certain transcription
factors and co-activators including; p53, p300,A®&land TORC2 (Leff 2003, Imamusa

al 2001,Solaz-Fusteet al 2006,Shawet al 2005).

The biguanide metformin, used in the treatmentypket2 diabetes, works primarily by
reducing hepatic glucose release from hepatic ggnostores (Kirpichnikoet al 2002).
Metformin is thought to mediate its effects on hepalucose production via AMPK
activation in cultured primary rat and human hepgtes (Zhouet al 2001). This AMPK
dependent mechanism has been further investigated racent work suggests that
metformin increases the expression of the nuclemeptor gene, SHP, via AMPK
activation and that this in turn inhibits the exgsien of the hepatic gluconeogenic genes
PEPCK and G6Pase (Kist al 2008). Metformin has also been shown to increag® ik
activity in human muscle of subjects with Type aldites (Muset al 2002).Furthermore
this metformin-induced increase in AMPK activity muscle is associated with higher
rates of glucose disposal (Mwial 2002). Prolonged treatment of 3T3-L1 adipocyteswit
metformin has previously been reported to stimudPK activity (Huypenst al 2005),

in contrast to the data presented here, yet meifloimereases adipose AMPK activity
vivo in adipose tissue of subjects with type 2 diabetespared with gliclazide (Fig. 5.8).
The increase in adipose AMPK activity was not asged with an increase in AMPK
protein expression. This suggests that the changdliPK activity is due to an increase in
the specific activity of AMPK rather than simplyddference in the total amount of AMPK
between phases. The study design aimed to matdaegtyic control at the end of each

phase but this, in the event, proved not to beiplesdMetformin increased AMPK activity



Pamela Jane Logan, 2009 Chapter 5, 192

when compared to gliclazide despite better glycaesuntrol with the latter, supporting a

glucose-independent mechanism for this metfornfecef

Prolonged AMPK activatiomn vivo in adipose tissue could occur under other constio
The B adrenoreceptor agonists isoproterenol and adrendlave both previously been
shown to stimulate acute AMPK activity in adipos/{®loule and Denton 1998, Ya al
2003, Kohet al 2007). Thus it is feasible that sustained isopestel or adrenaline levels
could result in prolonged AMPK activation vivo in human adipose tissue. Leptin (Oeti

al 2004) has been shown to acutely activate AMPKdip@se tissue. Given that leptin
secretion increases with adipose tissue mass (Maffal 1995), it is possible that
prolonged AMPK activation may occun vivo in adipose tissue in obese individuals.
Hypoxia/ischaemia has previously been shown toudéita AMPK activity (Marsinet al
2000, Kudocet al 1995) in rat hearts. Thus, sustained ischemi@vo in adipose tissue may
also cause prolonged AMPK activation given thas Mvell established that adipose tissue
is highly susceptible to ischemia (Kovaettal 1976 Cobanet al 2005).

The TZD’s are another class of drugs used in tkattment of type 2 diabetes. They
stimulate PPAR mediated adipocyte differentiation and increase nlamber of small
adipocytes (Okunet al 1998). This is associated with reduced serum NE&k#sreduced
TNFa expression, which increases insulin sensitivitiivar and skeletal muscle (Quiren

al 2008). In addition, TZDs can also elevate levéladponectin. This is achieved in part
via the generation of the small adipocytes whichunalantly express and secrete
adiponectin (Yamauchét al 2001) and by the up-regulation of adiponectin digect
effects of TZDs on adiponectin gene transcriptibmaki et al 2003). Adiponectin has
previously been demonstrated to activate AMPK insaoey liver and adipocytes
(Yamauchiet al 2002, Wuet al 2003). In addition, Yamauchi and co-workers havenwsn
that adiponectin stimulates glucose utilization &attly-acid oxidation by activating AMP-
activated protein kinase in liver and muscle (Yaomet al 2002). Thus TZDs are able to
activate AMPK indirectly via adiponectin. In adodmi, the TZD, rosiglitazone has been
shown to stimulate AMPK activity after 30 min in 2&” muscle cells suggesting an
adiponectin independent effect (Fryeral 2002b). Saha and co-workers showed that
prolonged treatment of rats with pioglitazone iased the activity of AMPK in rat
adipose and liver tissue, however, it is uncleaetiver it does so by a direct effect and/or
by increasing plasma levels of adiponectin (Sethed 2004). Therefore rosiglitazone may
directly or indirectly, via adiponectin, cause surs¢éd AMPK activatiorin vivo in human

adipose tissue.
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Metformin has also been shown to reduce the express various genes involved in the
endocrine system in adipocytes; i.e inhibition esistin (Rea and Donnelly 2006) leptin
(Klein et al 2004) and adiponectin (Huypeasal 2005). The study by Huypens and co-
workers is one of the few that effectively linkstioemin’s suppression of gene expression
with AMPK activation. In this current study the et of chronic AMPK activation by
metformin on the expression of key insulin sigmagjlimolecules in the human adipose
biopsies was investigated. In summary, this stwiyd that chronic AMPK activation by
metformin in human adipose tissue did not appeaigdoificantly alter the expression of
IRS-1 (Fig. 5.12), the PI3K p85 subunit (Fig. 5.80d PKB (Fig. 5.13). However, it still
remains to be determined whether metformin altés isulin sensitivity of these
molecules in adipose tissue of type 2 diabeticexibj

It should be noted that potentially metformin mayj he having a direct effect on adipose
tissuein vivo. Perhaps another molecule secreted from the litver, primary site of

metformin action, may be activating AMHKvivo in human adipose tissue.

Adiponectin is secreted exclusively from adipocysesd has been shown to activate
AMPK in isolated rat adipocytes (Wai al 2003). Thus potentially metformin, via a direct
or indirect effect on adipose tissue, could inceetse adiponectin expression level in
plasma and/or locally in adipose tissue in type idbetic subjects which could
subsequently result in adiponectin-mediated AMPH#vation in adipose tissue. However,
this seems unlikely since the data (Table 5.1) guesl in this study shows that the
increase in adipose AMPK activity after metformieatment was not associated with any
difference in the serum adiponectin level. Thigmisgreement with other previous studies
which also found that metformin did not alter seradiponectin concentration in type 2
diabetic subjects (Phillipet al 2003, Tiikkainenet al 2004). In addition it has also been
reported that treatment of type 2 diabetic subjestth metformin does not alter
adiponectin mRNA concentration in adipose tissugher adipocyte adiponectin protein
content (Tiikkaineret al 2004, Phillipset al 2003). However it should also be noted that
measuring the total serum adiponectin level dodsdigzriminate between adiponectin
trimeric, hexameric and higher order polymeric cmees which all exist in plasma
(Pajvaniet al 2003). The biological activity of adiponectin dage on its structure, with
different oligomeric complexes activating differgrathways. For example only globular
and trimeric adiponectin were found to activate A myocytes (Tasaet al 2003,
Tomaset al 2002).
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Adipose tissue is constructed of different compdsencluding; adipocytes, connective
tissue matrix, nerve tissue, stromovascular cefld anmune cells. Thus potentially
metformin may not be directly or indirectly activeg AMPK in adipocytes within human
adipose tissue. This current study found that #pression of FAS, whose expression has
previously been shown to be reduced by AMPK adtvaduring differentiation of 3T3-
L1 preadipocytes (Habinowski and Witters 2001) was significantly altered (Fig. 5.14)
in adipose tissue from type 2 diabetic subjectatéet with metformin. This suggests that
metformin, either directly or indirectly, may benstilating an increase in AMPK activity
in non-adipocyte cells within adipose tissue. Pigkd AMPK activation by AICAR
during differentiation of 3T3-L1 preadipocytes halko been reported to block the
expression of the early adipogenic transcriptianidies C/EBR, C/EBR and PPAR, and

of the late adipogenic marker ACC (Habinowski antt&ks 2001, Giret al 2006, Tongget

al 2008). In addition, 24 hr AICAR treatment has dsen shown to inhibit the expression
of C/EBRv and PPAR in fully differentiated 3T3-F442A cells (Dagoet al 2006).
Therefore it would be useful to determine whethes &xpression of these adipogenic
transcription factors and adipogenic markers infonetin treated type 2 diabetic subjects
is altered in order to establish whether chronic AMactivation by metformin in type 2
diabetic subjects activates AMPK in adipocytes imithdipose tissue. However it is
possible that the effect of AMPK activation on tleapression of the adipogenic
transcription factors and adipogenic markers mé#fgerdin mature adipocytes. In addition,
adipocytes could be isolated from the adipose g¢issapsies and AMPK activity assessed.
However, this would take several hours which maguiltein any non-genomic effects of
metformin on the AMPK activity being lost.

Overall the findings of this study suggest thatlgmged AMPK activation in 3T3-L1

adipocytes inhibits insulin-stimulated glucose $ort and that this is not associated with
altered PKB protein expression or insulin-stimudafKB Ser473 phosphorylation. This
study also reported that prolonged treatment oé t2pdiabetic subjects with metformin
increased AMPK activity in adipose tissue and tinég was not associated with altered
expression of three key insulin signalling molesuleKB, the PI3K subunit p85 and IRS-
1. The very modest effect of acute metformin treattnon AMPK activity in 3T3-L1

adipocytes, the lack of effect of prolonged metfortneatment on AMPK activity in 3T3-

L1 adipocytes and the lack of effect of metformm BAS expression in human adipose
tissue suggests metformin’s effects in adipose maty represent direct effects on the

adipocytes within that tissue.
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Chapter 6 — Final discussion

The principal findings of this study were that AMRCtivity in 3T3-L1 adipocytes is
sensitive to multiple stimuli that act via diffetemechanisms, did not alter substantially

during adipogenesis and is associated with redinsedin-stimulated glucose transport.

AMPK has been proposed to be a therapeutic taoggidtients with type 2 diabetes and
the metabolic syndrome due to its beneficial efemt metabolic parameters. In skeletal
muscle AMPK stimulates glucose uptake and fattyd amtidation, whereas in liver it
inhibits gluconeogenesis, fatty acid synthesis ahdlesterol synthesis (Hardie 2004a).
Overall the beneficial metabolic effects of AMPKiiaation in muscle and liver have been
well-studied. However, despite the importance opask tissue in energy homeostasis the
potential role of AMPK in the regulation of adipaeybiology was poorly characterised

prior to this study.

Work in this current study showed that AMPK can deutely activated in 3T3-L1
adipocytes by a variety of different stimuli; sadbi AICAR, arsenite, A23187,
rosiglitazone, metformin, isopreterenol, sodiumdaziHO,, leptin and A769662. The
mechanism of AMPK activation differs for the diféent stimuli (Fig. 6.1). AICAR is
converted into ZMP in the cell which functions asdlular mimetic of AMP i.e ZMP
causes allosteric activation of AMPK and proteck®gphorylation of Thrl72, by the
constitutively active AMPK kinase LKB1, from deplpb®rylation. The novel direct
AMPK activator A769662 activates AMPK by mimickindpe effects of AMP. The
calcium ionophore A23187 elevates intracellular cicaeh concentrations, thereby
stimulating AMPK activity via a CaMKK dependent patay. AMPK activation by
isoproterenol, azide and rosiglitazone was notisogmtly altered in the presence of the
CaMKK inhibitor STO-609. In addition these stimglkused a significant increase in the
ADP/ATP ratio which suggests that these stimulivate AMPK via an LKB1-dependent
pathway. Sorbitol, metformin, arsenite, hydrogerogele and leptin were found to have
no significant effect on the nucleotide ratios, ahBlIPK stimulated activity by these
activators was not significantly altered in the ggmece of STO-609. This suggests that
these stimuli may be activating AMPK via novel AMRKases which are both nucleotide
and calcium independent. One potential candidat€ AK1, which has recently been
identified as a possible novel AMPK kinase in marhamacells (Momcilovicet al 2006),

however there may also exist other currently urtiied AMPK kinases.
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Previous work by Salt and co-workers reported Htemhulation of AMPK is associated
with reduced insulin-stimulated glucose transpor8T3-L1 adipocytes (Saét al 2000),
which is in contrast to the effect in muscle.

Acute stimulation of AMPK activity by sorbitol, rmgitazone, isoproterenol, AICAR and
A769662 in 3T3-L1 adipocytes significantlyp (< 0.05) inhibited insulin-stimulated
glucose transport. Although AICAR still displayedesmdency to inhibit insulin-stimulated
glucose transport in AdLDN infected cells, in the presence of the mosative AMPK
inhibitor available, compound C, the inhibitory exft of AICAR on insulin-stimulated
glucose transport was no longer apparent. Takeatheg these results provide strong
evidence that acute AMPK activation does inhibguiln-stimulated glucose transport.
Results from this current study also showed thatPX\activation does not impair insulin-
stimulated phosphorylation of AS160 or TBC1D1 atSPAites. Thus, the molecular
mechanism by which AMPK elicits the inhibition @fsulin-stimulated glucose uptake still
remains to be determined, but may potentially ocedr a site downstream of
AS160/TBC1D1 in the insulin signalling cascade. Shéndings are summarized below
(Fig. 6.1).

. +—insulin

insulin
receptor
plasma
membrane
l AICAR
PI3K N
A23187 P LKB1
\ \ \ isoproterenol,
PKB — +azide
CaMKK A769662 tAMP/ATP )
\ \ R rosiglitazone
AS160 / TRCID1 AMPK Thr'72
?
|
|
GLUT4 translocation

Figure 6-1: Proposed mechanism of acute AMPK activation an  d subsequent inhibition of
insulin-stimulated glucose transport in 3T3-L1 adip ocytes.
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This current work also investigated the long-tefifecs of AMPK activation on insulin-
stimulated glucose transport. Prolonged treatmeBi8-L1 adipocytes with AICAR was
found to activate AMPK activity and dramaticallyhibit insulin-stimulated glucose
transport. In addition a preliminary experimentwhd that infection of 3T3-L1 adipocytes
with Ad.a13'?also inhibited insulin-stimulated glucose transp6ollectively, these results
suggest that prolonged AMPK activation also inistatsulin-stimulated glucose transport
in 3T3-L1 adipocytes. The mechanism of inhibitidnrsulin-stimulated glucose transport
by prolonged AMPK activation in adipocytes was ailseestigated in this current study.
However prolonged treatment of 3T3-L1 adipocytes wat associated with altered PKB
expression or insulin-stimulated PKB phosphorylatid-urthermore chronic AMPK
activation by metformin in adipose tissue of typelidbetic subjects was not associated
with altered expression of three key insulin signgl molecules; PKB, the PI3K p85
subunit and IRS-1.

Overall this study suggests that both acute antbpged AMPK activation in adipocytes
inhibits insulin-stimulated glucose uptake. As dissed (1.1.2) glucose is taken up into
adipocytes in the fed state and is stored as T@tefbre inhibition of glucose uptake into
adipocytes would subsequently reduce fatty acid BRAdsynthesis. The synthesis of fatty
acids and TG from glucose is an energy dependextps. Thus, it could be reasoned that
AMPK activation inhibits insulin-stimulated glucosgtake in adipocytes in order to
reduce the ATP-dependent synthesis of fatty aadisT& in adipocytes. Furthermore, the
inhibition of glucose transport would allow glucdsebe used as an energy source by other

tissues, rather than adipocytes, which would sisirtg the stored triglyceride.

Although this current work reported that there waschange in total AMPK activity, as
determined under a saturating AMP concentratiorO(®0, between fibroblasts and
adipocytes throughout adipogenesis, there was seredd change in the expression levels
of the y subunit isoforms throughout adipogenesis i.e thveas an increase in thel
isoform expression level and a reduction in theresgion level of thg2 andy3 isoforms.
Previous studies using native rat complexes andmbmant AMPK heterotrimeric
complexes (Cheungt al 2000, Scottet al 2004) reported that different isoform
complexes differed in their degree of stimulation AMP i.e y2 displayed the greatest
stimulation by AMP, whileyl displayed an intermediate stimulation by AMP aBdhe
lowest stimulation by AMP. Since the expressiorelef the differeny isoforms is altered
during adipogenesis it would be interesting to siigate the sensitivity of AMPK

complexes immunoprecipitated from fibroblasts adgacytes to AMP, as it is possible
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that during adipogenesis the sensitivity of adipesyto energy balance changes may be

altered.

Currently the mechanism by which AMPK activation 373-L1 adipocytes inhibits
insulin-stimulated glucose transport remains teelheidated. This current work reported
that AMPK activation did not impair insulin-stimiéal phosphorylation of
AS160/TBC1D1 at PAS sites. AS160 contains six paePKB phosphorylation sites
(Ser318, Ser341, Ser570, Ser588, Thr642, Ser754no(& al 2003), and TBC1D1
contains two potential PKB phosphorylation siteeréP6 and Ser507) (Roaehal 2007).
The anti-PAS antibody only gives a measure of tptalsphorylated AS160/TBC1D. Thus
although the total PAS phosphorylation is unaltetied actual extent of phosphorylation at
each PAS site may be altered, with consequentteffet AS160/TBC1D1 activity. Since
AMPK (*( XB)XX(SIT)XXX*); *= Met, Val, Leu, lle, or Phe, anfl = Arg, Lys, or His)
(Daleet al 1995) and PKB (RRXX(S/T) (Yaffeet al 2001)have subtly different substrate
specificities it is feasible that AICAR would predatially cause phosphorylation of some
PAS sites, and insulin (via PKB) of different on&his could result in a different
phosphorylation pattern on AS160/TBC1D1 with theneghosphorylation stoichiometry.
It is not known precisely which PAS sites are im@ot for regulating activityn vivo, thus

it is possible that AICAR/PKB may cause phosphdigta at different PAS sites with
corresponding changes in AS160/TBC1D1 activityhaitt altering total AS160/TBC1D1
PAS phosphorylation.

In HEK 293 cells the anti-PAS antibody was foungtionarily detect phospho-Thr642 on
AS160 (Geraghtyt al 2007). Thus potentially AMPK may be altering insedtimulated
AS160/TBC1D1 phosphorylation at PAS sites which mat/be primarily recognized by
the anti-PAS antibody in 3T3-L1 adipocytes.

In addition activation of AMPK in 3T3-L1 adipocytesay result in phosphorylation of
AS160/TBC1D1 at non-PAS sites which may subsequenlter the activity of
AS160/TBC1D1. Since the AMPK phosphorylation sites AS160 lie within the PAS
sites, and are thus detected by the PAS antibody,more likely that AMPK activation
may result in the subsequent activation of a dowast kinase which may then
phosphorylate AS160 at non-PAS sites, rather th&mPR directly phosphorylating
AS160 at non-PAS sites. Thr568 and Ser666 haveiquely been identified as
phosphorylation sites on AS160 which do not liehwmta PKB consensus phosphorylation
motif, and have been shown to be phosphorylate®®K1 and SGKIin vivo in HEK
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cells (Geraghtyet al 2007). Thus it is feasible that AMPK activationadipocytes may
result in activation of downstream kinases whichynmsubsequently phosphorylate
Thr568/Ser666 or novel sites on AS160.

Ser237, which lies within an AMPK consensus phosylation motif on TBC1D1, has
been shown to be phosphorylaiedesponse to treatments that elevate levelstofeaand
phosphorylated AMPK in HEK 293 cells and rat L6 ruwes (Cheret al 2008). As
previously mentioned overexpression of TBC1D1 wasas to markedly inhibit insulin-
stimulated GLUT4 translocation in 3T3-L1 adipocy{@oachet al 2007). Furthermore,
this inhibition was reported to be partially revatsby AICAR (Chavezet al 2008).
Interestingly, phosphorylation at Ser237 did nqtesgy to underlie the effect of AICAR to
relieve in part TBC1D1 inhibition of the insulinistulated increase in cell surface GLUT4
in 3T3-L1 adipocytes (Chavet al 2008). In addition to Ser237, human TBC1D1 corgain
three other Ser/Thr residues that conform to the PKMconsensus phosphorylation
sequence at amino acid residues 69, 372, and S96&v€Zet al 2008). Thus in 3T3-L1
adipocytes it is possible that AMPK may phosphdgylBBC1D1 at non-PAS sites, which
may subsequently alter the activity of TBC1D1.

Mass spectrometer analysis of TBC1D1 isolated fitiEK 293 cells incubated in medium

containing serum also identified Ser263, Ser566 &85 as phosphorylation sites on
TBC1D1 (Cheret al 2008). Thus, as discussed with regards to AS180RRK activation

in 3T3-L1 adipocytes may result in the activatiohdownstream kinases which may

subsequently phosphorylate TBC1D1 at non-PAS aitésalter its activity.

Although antibodies against specific phosphorylatisites could be used to further
investigate the effect of AMPK activation on ASIBBC1D1 phosphorylation, it is
currently not possible to directly assess endoged@&160/TBC1D1 Rab-GAP activity or

Rab activation in adipocytes.

It is also possible that AICAR inhibits insulinfstulated glucose transport at a site
downstream of AS160/TBC1D1. It has been establistted the SNARE complex
VAMP2/SNAP23/syntaxin4 is involved in insulin-stimated GLUT4 translocation to the
plasma membrane (Bryadtal 2002). In addition, the accessory proteins, muoc&gnip
and tomosyn, have also been proposed to regula#dR&ENomplex assembly and GLUT4
translocation (Kandet al 2005 Widberget al 2003 Yamadaet al 2005).
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Since the known molecular machinery (VAMP2/SNAP#28{axin4, muncl8c, synip,
tomosyn) that regulates GLUT4 exocytosis, downstred AS160/TBC1D1, is common
to muscle and adipocytes (Foster and Klip 2000,dRawaet al 2000, Olsoret al 1997,
Widberget al 2003, Yanget al 2001, Kandat al 2005, Spurlinet al 2003, Yamadaet al
2005, Min et al 1999), it is possible that the inhibition of insustimulated glucose
transport by AMPK activation in adipocytes is meedh by an effector specific to
adipocytes that is absent or not functioning in cheus

Thus the aim of future experiments would be to wheilee the molecular mechanism by
which AMPK suppresses insulin-stimulated glucosedport in adipocytes. There a few
potential mechanisms by which AMPK may be mediatitgbition of insulin-stimulated

glucose transport in adipocytes; 1. AMPK may altee subcellular location of key
components of the insulin-stimulated GLUT4 traffiak pathway, subsequently altering
their function, 2. AMPK may phosphorylate a curhgninidentified protein which may

inhibit insulin-stimulated glucose transport atite slownstream of AS160/TBC1D1, 3.
AMPK may increase the rate at which GLUT4 is ticééd from the plasma membrane
into intracellular storage vesicles, thus effedfiveeducing the amount of GLUT4 at the
plasma membrane under insulin-stimulated conditighsAMPK could potentially be

altering the CbIl-TC10 pathway which is requiredifegulin-stimulated glucose transport.

In order to determine the effect of AMPK activation the subcellular localization of key
insulin-signalling molecules, cell lysates obtairiemm 3T3-L1 adipocytes incubated in the
presence or absence of insulin and AMPK activatoosiyd be subjected to subcellular
fractionation. Proteins from the cytosolic, plasmambrane and microsomal fractions
could then be subjected to immunoblotting with #iie@ntibodies to insulin signalling
and GLUT4 trafficking proteins.

In order to try to identify the AMPK effector prats that inhibit insulin-stimulated
glucose transport, 3T3-L1 adipocytes would be labelith **PO,* and incubated in the
presence or absence of insulin and AMPK activatdreorporation of*PQ;* into any
proteins in the presence of AMPK activators coutddetected by autoradiography, with
target protein bands being subsequently excisedd@miified by sequencing. The effect of
knockdown of the potential AMPK effector proteims3T3-L1 adipocytes, using SiRNA,
on AMPK mediated inhibition of insulin-stimulatedugose transport would help identify

the AMPK effector mediating inhibition of insuliriisulated glucose transport.
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In the absence of insulin, GLUT4 is sequesteredyafiam the cell surface plasma
membrane, and stored in GLUT4 storage vesicled|adea for rapid mobilisation upon
insulin binding (Bryantet al 2002). To determine whether AMPK activation in 30B-
adipocytes accelerates internalization and seqimstr of GLUT4 from the plasma
membrane under insulin-stimulated conditions, the of reversal of insulin-stimulated
glucose transport could be determined by washingyawsulin, as previously described
(Proctoret al 2006, in the presence and absence of AMPK activatdra. ¢hange in
trafficking was observed, 3T3-L1 adipocytes traosfd with a GLUT4 tagged with an HA
on the extracellular loop (HA-GLUT4) could be wéd to permit the precise
determination of GLUT4 internalisation under baamad insulin-stimulated conditions.

The Cbl-TC10 pathway is a parallel insulin-signadlipathway which has been reported to
contribute to GLUT4 translocation. Insulin-stim@dtphosphorylation of Cbl activates the
small GTP-binding protein TC10, which functions somulate trafficking of GLUT4
vesicles due to actin rearrangement (Saltiel argsiR€2002).To determine the effect of
AMPK activation on the Cbl-TC10 pathway, Cbl phosptation could be assessed by
western blotting using phospho-specific antibodieslysates obtained from 3T3-L1
adipopcytes incubated in the presence or absendesolin and AMPK activators. In

addition, analysis of TC10 activity (GTP-loadingyuéd also be determined in cell lysates.

Impaired insulin-stimulated glucose transport insele and adipose contributes to
hyperglycaemia in patients with diabetes. Thusidaion of the molecular mechanisms
which mediate the regulation of insulin-stimulatgidcose transport in adipocytes, may
uncover potential novel therapeutic targets, whnthy lead to the development of novel

therapies for treating type 2 diabetes.
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