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ABSTRACT 

Since obesity is characterized by excessive accumulation of white adipose tissue 

(WAT), remodeling adipocyte metabolism to promote energy dissipation versus storage 

has become of great therapeutic interest. AMP-kinase (AMPK) has emerged as a 

potential candidate for mediating these processes, since its activation causes suppression 

of anabolic pathways and promotes fatty acid (FA) oxidation. Previous data from our lab 

demonstrated that acute activation of AMPK elicits tissue-specific effects, however 

chronic activation of this enzyme remains to be elucidated with regards to glucose and 

lipid metabolism in WAT. 

We investigated the role of AMPK on various metabolic parameters in the WAT of 

rodents using the pharmacological agonist AICAR in both in vitro and in vivo systems. 

We show evidence of time-dependent effects of chronic AICAR-induced AMPK 

activation on lipolysis, which involves antagonistic modulation of hormone-sensitive 

lipase (HSL) and adipose triglyceride lipase (ATGL). Additionally, we demonstrate that 

exposure of adipocytes for 15h to AICAR increased the expression of proteins involved 

in oxidative metabolism and an increase in FA oxidation. Chronic in vivo administration 

of AICAR supported these observations with increased mitochondrial content in 

subcutaneous and visceral WAT depots. Importantly, our in vivo work showed marked 

reductions in all WAT depots, an effect that was accompanied by increased spontaneous 

physical activity and energy expenditure. Conversely, in a diet-induced obesity model we 

observed a reduction in AMPK activity in WAT depots and corresponding reductions in 
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FA oxidation, suggesting impaired activity of this enzyme exists under 

pathophysiological conditions. 

The fat-reducing effects of chronic AMPK activation are compatible with the 

inhibitory effect of this enzyme on glucose uptake in WAT. We clearly demonstrate the 

inhibitory effects of AICAR-induced AMPK activation are due to impaired 

phosphorylation of Akt-substrate of 160kDa (AS 160) and a decrease in GLUT4 

translocation to the plasma membrane, and this effect is mediated by AMPKal signaling. 

In summary, our data suggest a role for AMPK in remodeling adipocyte metabolism 

by up-regulating pathways that stimulate energy dissipation versus lipid storage. These 

findings identify AMPK as a potential target for the development of therapies for the 

treatment of obesity and its related metabolic disorders. 
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CHAPTER 1: INTRODUCTION 

Obesity rates in Canada have risen over the past 25 years, with the prevalence of 

obesity (defined as having a body mass index (BMI) of 30 kg/m2 or more) reaching 

24.1% amongst Canadian adults in 2007-2009 (1). Unfortunately, a substantial number of 

Canadian youth are also part of this trend with obesity rates among adolescents tripling 

from 1978 to 2004 (2), which is particularly alarming since this condition often persists 

into adulthood. For both adults and adolescents, the current obesity epidemic is at least 

partially attributed to decreased physical activity coupled with excessive energy intake 

from high sugar and fat-laden "convenience" or fast food. 

The burden of obesity on the Canadian healthcare system has been substantial, 

particularly in the last decade. Recent estimates on the direct costs of obesity on 

healthcare reached $5.9 billion in 2006, accounting for 4.1% of the total federal 

healthcare budget (3). Approximately $2.0 billion was attributed to overweight 

individuals (defined as having a BMI of 27 or greater) while $3.9 billion was due to the 

obese population (3). Direct costs included medical, psychological, and psychiatric 

diagnoses and treatment of comorbidities that were strongly linked to obesity (3). These 

include, but are not limited to: type 2 diabetes, cardiovascular disease, several types of 

cancer, sleep apnea, and osteoarthritis. As research in the field of bariatrics progresses, 

identification of new comorbidities will add to the current costs inflicted by obesity. 

Additionally, these numbers do not even include the indirect expenses to the healthcare 

system, which include loss of wages and reduced productivity in the working sector. 

Therefore, implementation of health policies and interventions in order to prevent or 
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counteract obesity are necessary for both the health and well-being of Canadians, and for 

the economic "health" of the health care system. 

Currently, the most common prescription to try and counteract obesity is a regimen 

of exercise and diet, which is generally effective in the short-term. Unfortunately, long-

term success rates of this therapy are low, where 90-95% of adults and children who lose 

weight gain it back within 1-2 years (4). This is due to hormonal and physiological 

changes that up-regulate mechanisms of food intake and reduces the basal metabolic rate 

under conditions of chronic negative energy balance to maintain weight at a "set-point" 

and prevent continuous weight loss (5). Understanding the protective mechanisms that 

are activated under these conditions will help in developing new therapies and identify 

new targets for treating obesity and its related comorbidities. Novel approaches could 

involve either increasing energy expenditure or reducing food intake, while bypassing 

energy sparing mechanisms in order to maintain long-term weight loss. To date, there are 

no pharmacological or surgical treatments for obesity that are at the same time effective 

and free of undesirable and dangerous side effects. Almost all appetite suppressants (i.e. 

diethylproprion, fenfluramine) are modified amphetamines that alter the brain chemistry 

in order to reduce hunger, but also tend to foster anxiety, depression, and suicidal 

thoughts (6,7). Increasing energy expenditure through consumption of products 

containing ephedrine alkaloids was popular in North America. Unfortunately, it had such 

adverse effects to the cardiovascular and central nervous system of users that the 

compound is now banned as a weight loss agent (8,9). Therefore, identifying targets and 

developing therapies for treating obesity that are not accompanied by unacceptable side 

2 



effects will reduce the risk of associated comorbidities, and improve the health and lives 

of Canadians. In this context, it is important to identify strategies and molecular targets to 

overcome energy-sparing mechanisms in order to improve the outcome of weight loss 

programs. 
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CHAPTER 2: LITERATURE REVIEW 

2.1. White adipose tissue (WAT) 

2.1.1. Structure and distribution 

The WAT is the major energy reservoir in mammals and plays a critical role in the 

maintenance of whole-body energy homeostasis. The WAT is composed of 35-75% 

white adipocytes, with the remaining being comprised of stromal vasculature tissue 

containing fibroblasts, endothelial cells, blood cells, macrophages, pericytes, and 

preadipocytes among others (10). White adipocytes are specialized and differentiated 

spherical cells with a great capacity to store lipids in the form of triacylglycerides (TAGs) 

for subsequent release of fatty acids (FAs) under conditions of high metabolic demand 

(i.e. exercise) or negative energy balance (i.e. food restriction). Once the adipocyte has 

reached a mature appearance of a single lipid droplet (unilocular adipocytes) surrounded 

by a rim of cytoplasm and offset nucleus, cell size can continue to increase from less than 

lOum to nearly 200um in diameter, mostly by increases in TAG storage (10). White 

adipocytes have a small number of thin and elongated mitochondria with randomly 

oriented cristae (10). Other organelles such as Golgi complex, rough and smooth 

endoplasmic reticulum, and lysosomes are poorly developed in these cells (10). 

WAT is distributed throughout the body in subcutaneous (SC) and visceral (VC) 

regions. SC tissue lies beneath the dermis, while VC adipose tissue resides within the 

body cavity. In mice and rats, the SC depots account for about 60-70% of the adipose 

organ. The remaining parts of the organ (30-40%) form several VC depots in the thorax, 

abdomen, and limbs (10). In humans, 80% of the total WAT exists as SC while the 
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remaining 20% corresponds to the VC component (11). It is important to note that the VC 

fat depots in humans correspond to those described above for rodents, except that the 

omental depot is much more developed and epididymal fat is not found in the former. 

Despite these depot-specific differences, the morphology of human adipose tissues is 

identical to that of mice and rats (10). 

2.1.2. Main functions 

From a metabolic perspective, the main classical functions of white adipocytes 

are: a) lipid synthesis and storage from a variety of substrates; and b) TAG breakdown 

(lipolysis) and exportation of FAs (10,12). However, adipocytes also express and secrete 

various factors (adipokines) that exert autocrine, paracrine, and endocrine effects in the 

body (12). These adipokines relay information to the CNS regarding energy availability 

in the organism and make continuous adjustments in food intake and energy expenditure 

(13,). Therefore, the WAT is currently viewed as a multifunctional organ that has the 

ability to regulate the metabolic rate of various organs and tissues, as well as whole-body 

substrate metabolism and energy homeostasis (12,13). 

2.1.2.1. Energy storage 

A primary function of adipocytes is the storage of excess energy in the highly 

efficient form of TAGs, where lg of lipid yields 9 kCal/g compared to glucose or protein 

which yields approximately 4 kCal/g. Fat is stored as neutral TAGs in the adipocyte, 

which requires esterification of circulating FAs with a glycerol backbone. As the name 

implies, TAG consist of a 3-carbon glycerol backbone with 3 FAs attached by ester 
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bonds. Therefore, glycerol synthesis within the adipocyte is crucial for lipid esterification 

and storage as TAG. This process depends fundamentally on the uptake of glucose and 

conversion of this substrate into glycerol-3-phosphate (G-3P) (14). A considerable 

fraction of glucose (20-30%) under normal conditions is used for producing intracellular 

G-3P (14) since the enzyme glycerol kinase (GyK) is present in very low amounts in 

adipose tissue (15). Efficient glucose transport requires the hormone insulin, which 

triggers a series of intracellular events resulting in the translocation of glucose transporter 

4 (GLUT4) to the plasma membrane for facilitation of glucose uptake in skeletal muscle 

and white adipose tissue (16) (Figure 2-1). Briefly, insulin is secreted by pancreatic P-

cells under conditions of high plasma glucose, i.e. post-prandially. Insulin binds to the 

insulin receptor (IR) and is autophosphorylated. This results in an interaction with insulin 

receptor substrate 1 (IRS-1) (17,18) allowing the IR to phosphorylate IRS-1 at 

multiple tyrosine residues. The phosphotyrosine residues of IRS-1 then interact with the 

p85 sub-unit of phosphatidylinositol 3-kinase (PI3-K), thereby recruiting the pi 10 

catalytic subunit of this enzyme to the plasma membrane where it converts 

phosphatidylinositol (3,4) biphosphate (PIP2) into phosphatidylinositol (3,4,5) 

triphosphate (PIP3) (17,18). Activation of the PI3-K pathway by insulin leads to rapid 

increase of PIP3 and activation phosphatidylinositol-dependent kinases 1 and 2 (PDK1/2), 

also located on the plasma membrane. The latter directly activates downstream 

mediators, such as Akt/protein kinase B (Akt/PKB), via phosphorylation on serine and 

threonine residues (17,18) (Figure 2-1). Phosphorylation of Akt then targets 

6 



^Insulin Glucose 

Figure 2-1. Schematic representation of the intracellular signaling steps of insulin-
stimulated glucose uptake and glyceroneogenesis. (1) Insulin binds to its receptor, which 
is subsequently autophosphorylated. This facilitates phosphorylation of tyrosine residues 
on IRS-1 (2) and activates PI3-K. PI3-K converts PIP2 to PIP3 (3), subsequently 
activating PDK-1/2 and targets Akt for phosphorylation/activation at Thr308 and Ser473 
residues, respectively (4). Under basal conditions, AS160 promotes intracellular retention 
of GLUT4-containing vesicles (5). However, once phosphorylated by Akt under insulin-
stimulated conditions AS 160 is inactivated and allows GLUT4 vesicles to translocate, 
dock, and fuse with the plasma membrane (6). This allows glucose to enter the cell, 
where it is promptly phosphorylated and enters the glycolytic pathway (7). In adipocytes, 
glucose is primarily used to generate glycerol-3-phosphate (G-3P) in order to esterify 
FAs. Alternatively, non-carbohydrate precursors (i.e. lactate, pyruvate) (8) can be 
metabolized and converted to G-3P through the process of glyceroneogenesis (9). Up to 3 
FAs can be esterified to the G-3P backbone to generate TAG for neutral lipid storage 
(10). PM, plasma membrane; Mito, mitochondria; MDH, malate dehydrogenase. 
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the Akt Substrate of 160kDa (AS 160). AS 160 contains six potential phosphomotifs 

allowing it to be phosphorylated by Akt at these residues upon insulin stimulation (19). 

AS 160 has been identified as a protein containing a GTPase-activating protein (GAP) 

domain towards members of the Rab protein family (20). Rabs are small G-proteins that 

participate in vesicle movement and fusion with target membranes (21). It has been 

proposed that the GAP domain of AS 160 acts on Rab proteins stimulating the conversion 

of GTP into GDP, rendering Rab inactive (21). However, upon insulin stimulation, the 

activity of the AS 160 GAP domain is inhibited, increasing the amount of GTP-bound 

Rab allowing translocation of GLUT4 vesicles to dock and fuse with the plasma 

membrane (22) (Figure 2-1). This results in exocytosis of the vesicle's contents, and 

GLUT4 is fused to plasma membrane to allow glucose transport into the cell. Although 

GLUT4 is the most insulin-sensitive isoform of the GLUT family, GLUT1 is also 

modestly stimulated by insulin by about 1.5-fold relative to basal levels (16). GLUT1 is 

ubiquitously expressed in many tissues, including muscle and adipose tissues, and 

accounts for the majority of basal levels of glucose uptake. 

In addition to using glucose to produce G-3P, non-glucose derived precursors such as 

lactate and pyruvate can also be utilized in a process termed glyceroneogenesis (Figure 2-

1). This is particularly important under conditions such as fasting, where FAs released 

from the WAT inevitably return to the adipocyte to be re-esterified. In this scenario, the 

limited amount of glucose under fasting conditions is spared for use by the central 

nervous system (CNS). Therefore, these conditions require glyceroneogenesis to generate 

G-3P for FA esterification. For this process to take place, non-glucose derived substrates 
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(i.e.lactate) enter the mitochondria and are converted into malate via malate 

dehydrogenase. Malate exits the mitochondria and enters the cytosol, where malate is 

converted into oxaloacetate (OAA). OAA is acted on by phosphoenolpyruvate 

carboxykinase (PEPCK), the rate limiting enzyme for glyceroneogenesis (Figure 2-1). 

PEPCK converts OAA into phosphoenolpyruvate (PEP) and through a series of 

intracellular biochemical reactions, produces G-3P. The importance of PEPCK in WAT 

in the recycling and re-esterification of FAs is demonstrated by adipose tissue-specific 

PEPCK knockout mice that display lipodystrophy (23), while overexpression of the 

enzyme fosters an obese phenotype (24). When considering that high levels of non-

esterified FAs (NEFAs) are hallmarks of metabolic diseases such as insulin resistance 

and type 2 diabetes, the role of PEPCK in glyceroneogenesis is important for normalizing 

plasma NEFA levels, and maintaining energy homeostasis. 

One source of FAs comes from dietary fats. When ingested, the majority of fat is 

carried to the small intestine to be broken down. At this stage, fats are emulsified by bile 

salts in the duodenum and converted by the enterocytes into lipid-protein complexes 

called lipoproteins, more specifically chylomicrons (25). These lipoproteins enter the 

lymphatic system, which shuttles these lipid-rich particles to the circulatory system. 

Chylomicrons are acted on by lipoprotein lipase (LPL) that mobilizes FAs so they can be 

taken up by the adipocyte by either diffusion through the plasma membrane or via 

proteins that facilitate FA transport into the adipocyte (26,27). FAs are then available to 

be esterified by G-3P for storage as neutral TAG molecules. The remnants of the 

chylomicrons are processed in the liver (15). 
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Alternatively, adipocytes also have the machinery in place to undergo de novo FA 

synthesis under conditions where glucose influx into the adipocyte is high (i.e. post-

prandially). This process begins with the conversion of glucose into pyruvate, which is 

then decarboxylated in the mitochondria and converted to acetyl-CoA. The latter 

undergoes a condensation reaction with oxaloacetate to form citrate in the Kreb's cycle. 

Citrate exits the mitochondrion and can be cleaved by ATP-citrate lyase (ACL) to form 

oxaloacetate and acetyl-CoA in the cytoplasm (28). Subsequently, acetyl-CoA 

carboxylase (ACC) uses acetyl-CoA as a substrate to produce malonyl-CoA, a 3-carbon 

molecule (29),(30). The fatty acid synthase (FAS) complex then initiates FA synthesis via 

a condensation reaction between acetyl-CoA and malonyl-CoA (34), resulting in a 4-

carbon molecule and the release of a CO2 molecule during the reaction. In order to make 

a long-chain fatty acid (LCFA), several condensation reactions follow, each time adding 

2-carbons from a malonyl-CoA molecule and releasing a CO2 molecule. Once a 16-

carbon chain is produced, a thioesterase cleaves the bond linking the carbon chain with 

the FAS complex, and completes the de novo lipogenic pathway. Once palmitate is 

produced, it can be modified by increasing the length of the carbon chain through the 

action of elongases (i.e. stearate, 18 carbons) as well as through introduction of double 

bonds via desaturases to produce unsaturated FAs (i.e. oleate, 18 carbons with one double 

bond). Subsequently, three of these newly formed FAs are esterified with G-3P to form 

TAG. The TAGs then merge with the large central droplet, making the adipocyte larger 

(31). 
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2.1.2.2. Regulation of lipolysis in the adipose tissue 

Lipolysis occurs when the body's glucose stores are low, during periods of fasting 

(32), and/or exercise (33). In these conditions, FAs become the major substrate for energy 

production in most peripheral tissues and organs, sparing glucose to be utilized by the 

central nervous system (32). In this context, the adipocyte takes the role of exporting 

FAs to other organs for oxidation during glucose deficit conditions (34). In order for this 

to occur, lipolysis must take place within the adipocyte to breakdown stored TAGs for 

glycerol and FA exportation (Figure 2-2). This process is stimulated under conditions 

such as exercise and fasting, where catecholamines such as epinephrine and 

norepinephrine are produced and released by either the adrenal glands or by post­

ganglionic sympathetic fibres. Epinephrine is predominately produced and secreted by 

the adrenal glands and enters the circulatory system whereas norepinephrine is the 

primary neurotransmitter for sympathetic nerve fibres. Both catecholamines produce 

similar responses with respect to increasing lipolysis, and are delivered to tissues through 

the endocrine system or via direct sympathetic innervation of the WAT. To stimulate 

lipolysis, catecholamines bind to a P-adrenergic receptors (p-ARs) located on the surface 

of the adipocyte (34) (Figure 2-2). Three different isoforms of P-ARs exist in WAT. 

While pi and P2 are predominately expressed in humans, P3 is responsible for the 

majority of the effects in rodents (35). Binding of catecholamines to the P-AR induces an 

intracellular cascade mediated by the G-stimulatory-protein coupled receptor (GSPCR) 

and its effector adenylate cyclase (34) that increase cyclic AMP (cAMP) production. This 

leads to the activation of Protein Kinase A (PKA) and phosphorylation of several 
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Figure 2-2. Regulation of lipolysis in adipocytes. When catecholamines are released they 
bind to P-ARs (1) coupled to G-stimulatory proteins that subsequently activates adenylate 
cyclase (AC) to generate cAMP (2). High levels of cAMP activate PKA and 
phosphorylates both HSL and perilipin (Peri) (3). Perilipin is associated with CGI-58 
under basal conditions, however when phosphorylated, it dissociates from CGI-58 and 
promotes fragmentation of the lipid droplet to allow lipase access for hydrolysis to occur. 
The first step of TAG hydrolysis requires ATGL to associate with CGI-58 (4), which act 
together to liberate the first FA from the TAG molecule generating DAG (5). P-HSL 
translocates to the lipid droplet to breakdown DAGs, generating MAG (6). The last step 
of lipolysis requires the constitutively active MAG lipase to release the final FA and 
glycerol backbone that originally held the TAG together. FAs are exported to peripheral 
tissues, or re-enter the adipocyte to be either re-esterified or metabolized. Mechanisms 
also exist to inhibit lipolysis, including presence of a2-ARs, adenosine Al, and EP3 
prostaglandin receptors (7) that are coupled to G-inhibitory proteins. Binding of ligands 
to these receptors inhibits cAMP production (8) and subsequently the lipolytic cascade. 
Lipoysis is also potently inhibited through insulin signaling (9). Phosphorylation of the 
downstream target Akt activates phosphodiesterase-3B (PDE3B), an enzyme that 
inactivates cAMP by converting it into 5'AMP (10). 

12 



downstream targets including perilipin A, a protein located exclusively on the surface of 

the adipocyte lipid droplet (Figure 2-2). Perilipin has been demonstrated to serve a dual 

role by acting as a protective barrier for the lipid droplet under basal conditions, while 

also being necessary for propagating the catecholamine-induced lipolytic response (36). 

Under basal conditions, perilipin coats the lipid drop in association with comparative 

gene identification 58 (CGI-58; also known as abhydrolase domain containing protein 5) 

(37-39). Once phosphorylated at serines residues 492 and 517, perilipin dissociates from 

CGI-58 and causes fragmentation and dispersion of lipid droplets (40). This provides 

lipases greater access to TAG molecules in order for hydrolysis to occur. CGI-58 that is 

dissociated from perilipin interacts with adipose triglyceride lipase (ATGL) to activate 

this enzyme and initiate lipolysis by removing the first FA from a TAG molecule through 

a hydrolysis reaction (41). The removal of a FA from TAG generates the intermediate 

diacylglycerol (DAG) (Figure 2-2), a reaction that is facilitated by adipose triglyceride 

lipase (ATGL). ATGL has been described as a TAG-specific lipase, and has recently 

been shown to be the rate-limiting step of the lipolytic pathway (42). In fact, ATGL null 

mice show ectopic deposition of WAT in many organs, including the heart, causing 

cardiac dysfunction and premature death (43). 

Currently, hormone sensitive lipase (HSL) is the only hydrolase that has been 

identified as a DAG lipase. In fact, in HSL null mice, the inability to breakdown DAGs 

causes accumulation of this intermediate within the WAT (44). When PKA is active, it 

phosphorylates HSL at key serine residues (563, 659, and 660 in rat, and 552, 640, 650 in 

humans) (45) and facilitates its translocation to the lipid droplet (46). Simultaneously, 
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phosphorylation of perilipin at serine residues 8, 222, and 276 in rodents has also been 

demonstrated to be critical for recruitment of HSL to perilipin-coated droplets (47). 

Therefore, PKA phosphorylation of both HSL and perilipin is required for the breakdown 

of DAG. Once DAG has been cleaved to produce monoacylglycerol (MAG), a 

constitutively active MAG lipase releases the final FA and the glycerol backbone that 

originally held the TAG together (48) (Figure 2-2). While the liver metabolizes glycerol 

molecules, FAs are conjugated with serum albumin and transported through the 

circulatory system. Once in the circulation, FAs are taken up by peripheral tissues (i.e. 

heart muscle, liver, skeletal muscle, etc) and enter several different pathways or re-enter 

the adipocyte for re-esterification (26). 

Under resting or basal conditions, lipolysis is suppressed and fat stores are 

preserved for potential future episodes of increased energy demand. The most potent 

inhibitor of lipolysis in WAT is insulin, which phosphorylates and activates 

phosphodiesterase 3B (PDE3B). When activated, PDE3B converts cAMP to the inactive 

5'AMP and prevents the activation of downstream targets that promote lipolysis (Figure 

2-2). Adipocytes also express a2 adrenergic G-inhibitory-protein coupled receptors 

(G;PCR) (Figure 2-2). Contrary to P-ARs, catecholamine-induced activation of a2-ARs 

inhibits adenylate cyclase and prevents the lipolytic cascade. Binding studies indicate that 

epinephrine has a greater affinity for a2 receptors compared to norepinephrine, although 

both hormones display greater binding affinity to a2 receptors than to pi and P2-AR 

isoforms (35). Interestingly, despite these observations, the effect of P-adrenergic 
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stimulation predominates under catecholamine-stimulated conditions. This appears to be 

linked with the absence or abundance of the P3-AR, and the ratio between these receptors 

and the a2-ARs (35). The dual presence of these antagonistic receptors plays an 

important role in different physiological conditions. Under resting circumstances, low 

levels of catecholamines preferentially bind to a2-ARs and inhibit lipolysis. On the other 

hand, during conditions where there are high levels of sympathetic activity, P-ARs are 

highly operative and activation of these receptors overrides the inhibitory effect of a2-

ARs on lipolysis. Therefore, the interplay between p- and a2-ARs is important in 

regulating fat cell function with respect to lipolysis under basal and catecholamine-

stimulated conditions. 

It has been well established that prostaglandins and adenosine are produced by the 

WAT and serve as paracrine/autocrine inhibitors of lipolysis. Of the prostaglandins, 

prostaglandin E2 (PGE2) is released in the highest levels by adipose tissue (49). Its 

synthesis requires the WAT-specific adipose phospholipase A2 (AdPLA2) to convert 

phosphatidylcholine into arachadonic acid, the main precursor for prostaglandin synthesis 

(49) (Figure 2-2). Once PGE2 is synthesized, it is secreted by the WAT and acts as the 

primary ligand for the E-prostanoid 3 receptor (EP3) located on the cell membrane of 

adipocytes (50). EP3 is coupled to G, protein receptors and inhibits cAMP production, 

thereby exerting an anti-lipolytic effect (50) (Figure 2-2). Also released by the WAT and 

other cells in the body, adenosine acts via its receptors (adenosine 1, Al and adenosine 2, 

A2 receptors) that are coupled to inhibitory and stimulatory GPCRs, respectively (Figure 
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2-2). Al receptors are highly expressed in mature adipocytes making adenosine a potent 

inhibitor of lipolysis (51). On the other hand, A2 receptors are less abundant in fully 

differentiated adipocytes (51) and do not seem to exert important regulatory roles in 

WAT lipolysis. 

2.1.2.3. Endocrine function of adipose tissue 

Once considered a mere energy reservoir, it is now clear that the WAT has the 

ability to secrete bioactive molecules collectively referred to as adipokines. These 

adipocyte-derived proteins act at both the local and systemic levels and play important 

roles in many metabolic processes, including steroid synthesis, inflammation, as well as 

in glucose and lipid transport (52). In particular, leptin, adiponectin, tumor necrosis 

factor a (TNFa), and interleukin 6 (IL-6) have been demonstrated to play important roles 

in regulating insulin action and whole-body energy homeostasis (52). 

Leptin 

With respect to whole-body energy homeostasis, leptin seems to be the most 

influential adipokine. Leptin is a 16 kDa peptide hormone that was identified in 1994 as 

the circulating hormone that could transmit information to the central nervous system 

(CNS) regarding the energy stores in the body (53). Circulating leptin levels are directly 

proportional to the amount of WAT present in the body. This hormone signals to the CNS 

to regulate food intake and energy expenditure accordingly. The impact of leptin on 

energy homeostasis has been well demonstrated in mice lacking a functional form of 

leptin (pb/ob mice). These animals exhibit hyperphagia, reduced energy expenditure, 
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obesity, and insulin resistance (54). These abnormalities were eradicated with the 

administration of exogenous leptin (54), which gave great promise to the role of leptin as 

the "anti-obesity hormone". However, this idea was quickly dispelled with the discovery 

that obese humans and various animal models of diet-induced obesity had high 

circulating levels of leptin without the accompanying anorexic effects, indicating the 

presence of leptin resistance (55-57). The cause of leptin resistance is not clearly 

understood, although hypotheses on defects in leptin signaling and transport across the 

blood-brain-barrier are currently being investigated (58). 

The effects of leptin require cell-surface receptors expressed in both the periphery 

and CNS. Five splice variants of the leptin receptor (LepR) exist (denoted as a to e), 

however the long form of LepR (variant b) seems to mediate the majority of the effects of 

leptin through the JAK2-STAT3 (Janus kinase 2-signal transducer and activator of 

transcription 3) pathway (Figure 2-3). Once leptin binds to LepRb, which exists as 

homodimerized transmembrane gpl30 molecules, the JAK2 kinases constitutively 

associated with the cytoplasmic portion of the receptor are activated. This allows JAK to 

phosphorylate the receptor cytoplasmic domains, creating docking sites for src-homology 

2 (SH2)-containing signaling proteins, such as STAT3. Located in the cytoplasm under 

resting conditions, STAT3 docks onto LepRb and is phosphorylated at tyrosine residue 

705 (59). STAT3 then dimerizes and migrate to the nucleus where the complex activates 

a variety of genes such as the anorexigenic peptide proopiomelanocortin (POMC) as well 

as up-regulation of suppressor of cytokine signaling 3 (SOCS3). The latter works as 
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Figure 2-3. Leptin signaling via STAT3 in the hypothalamus. Leptin binds to its 
homodimerized receptor (1) and activates the JAK2 kinases located on the cytoplasmic 
portion of LepRb (2). This allows STAT3, which are normally in the cytoplasm (3), to 
dock onto the LepRb where they are phosphorylated and able to dimerize (4). Once 
dimerized, STAT3 enters the nucleus (5) and promotes expression of many genes (6), 
including POMC and SOCS3. SOCS3 exits the nucleus (7) and acts as a negative 
feedback mechanism by phosphorylating the tyrosine 985 (Y985) residue on LepRb (8). 
This prevents leptin signaling through the JAK2-STAT3 pathway. 
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a negative feedback regulator through binding to phosphorylated tyrosine residue 985 on 

LepRb and prevents leptin signaling through STAT3 (60) (Figure 2-3). Leptin receptors 

are present in various hypothalamic nuclei. Neurons in the arcuate nucleus release 

neuropeptides and neurotransmitters to second-order neurons within the hypothalamus 

that regulate food intake and energy expenditure in response to upstream signals. LepRb 

is found on neurons expressing both orexigenic and anorexigenic agents. Neuropeptide Y 

(NPY) and agouti-related protein (AgRP) are two neuropeptides that are co-expressed in 

hypothalamic neurons and are clearly linked with increased feeding behaviour. 

Exogenous NPY injections into the hypothalamus of Sprague-Dawley rats induced 

hyperphagia and obesity (61), while ablation of NPY/AgRP neurons in mice promoted a 

lean, hypophagic phenotype, with a total body fat reduction of - 5 3 % (62). In the same 

hypothalamic nuclei reside neurons co-expressing anorexigenic agents such as POMC 

and cocaine and amphetamine regulated transcript (CART). POMC is the pre-

prohormone for melanocyte stimulating hormone (MSH), which acts on melanocortin 

receptors in the hypothalamus to decrease food intake and up-regulate energy 

expenditure. Since both NPY/AgRP and POMC/CART neurons express the leptin 

receptor, leptin controls food intake by regulating these neurons simultaneously (63). 

Briefly, leptin inhibits NPY/AgRP neurons while stimulating POMC/CART neurons. 

When leptin levels are low (reduced adiposity), there is no inhibition of the NPY/AgRP 

neurons, which stimulates feeding behaviour, and simultaneously prevents activation of 

POMC/CART neurons in order to decrease energy expenditure. On the contrary, when 

leptin levels are high (increased adiposity), leptin signaling inhibits the NPY/AgRP while 
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stimulating POMC/CART neurons, resulting in decreased food intake and increased 

energy expenditure (64). The action of leptin on these neurons is crucial in the regulation 

of feeding and whole-body energy expenditure. Disruption of the leptin receptor in 

POMC/CART neurons attenuates the actions of leptin and results in mild-obesity (65). 

Ablation of NPY partially reverses hyperphagia and promotes energy expenditure in 

ob/ob mice (66). Altogether, leptin signaling in the hypothalamus to NPY/AgRP and 

POMC/CART expressing neurons is necessary to convey information regarding the 

body's energy stores and allows for changes in food intake and energy expenditure 

accordingly. 

The intricate regulation of leptin signaling is required in order to ensure energy 

homeostasis is maintained. Although leptin levels do not seem to be acutely regulated 

with fasting or re-feeding, it is clear that this hormone functions largely within the long-

term system and influences the quantity of food consumed relative to the amount of 

energy expended (58,67). This is particularly relevant when we consider the role of leptin 

during diet and exercise induced weight loss. Under these conditions of chronic negative 

energy balance, low leptin levels exert orexigenic effects by stimulating food intake and 

decreasing energy expenditure (68). The role of leptin in these processes is a major 

obstacle for long-term weight loss, and reduces the efficacy of currently used strategies 

(diet and exercise) for the reduction of fat mass. Therefore, understanding the regulation 

and signaling of leptin under conditions of reduced adiposity are important to identify 

long-term treatments for obesity that are safer and more effective than the ones currently 

available. 
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Adiponectin 

Adiponectin is a 30kDa protein uniquely mainly expressed by mature, 

differentiated adipocytes and is involved in whole-body insulin sensitivity. The hormone 

exists as hexamers arranged in multimeric structures of low, middle and high molecular 

weights, although the latter form has been implicated in exerting the most potent insulin 

sensitizing effects (69). Reductions in plasma adiponectin levels are consistently reported 

in obese humans, primates, and rodent models as well as diseased states associated with 

insulin resistance such as cardiovascular disease (70). Constant infusion of recombinant 

adiponectin in both lipoatrophic and obese mouse models {db/db and KKAy mice) 

ameliorated hyperglycemia and insulin resistance in these animals (71). Replenishment of 

adiponectin in obese humans has been considered as a treatment strategy for treating 

insulin resistance and type 2 diabetes. In fact, some of the insulin-sensitizing effects of 

thiazolidinediones (TZDs) have been attributed the ability of these anti-diabetic drugs to 

increase adiponectin release by the WAT (72). 

The actions of adiponectin are mediated by specific receptors denominated 

AdipoRl and AdipoR2 (70,73). These G-protein coupled receptors share 67% sequence 

homology and are expressed abundantly in skeletal muscle and liver, respectively (74). 

Transcriptional regulation of AdipoRl/R2 occurs rapidly, where fasting and feeding 

increases and reduces mRNA levels of these receptors, respectively. Since expression 

seemed to be nutritionally regulated, experiments were conducted to assess whether 

insulin was involved in this process. Studies using streptozotocin-treated mice to render 

them hypoinsulinemic showed increased expression of AdipoRl/R2 in skeletal muscle, 
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and this effect was reversed with exogenous insulin administration, indicating that insulin 

negatively regulates expression of the adiponectin receptors. Therefore, it was not 

surprising when decreased expression of AdipoRl and AdipoR2 was observed in skeletal 

muscle and WAT of hyperinsulinemic ob/ob mice. These findings indicate that obesity 

not only reduces circulating adiponectin, but also down-regulates the relative expression 

of the receptors for this adipokine (75). The latter is particularly detrimental, since 

targeted disruption of AdipoRl and AdipoR2 in vivo results in insulin resistance and 

reverses the beneficial effects of adiponectin on glucose homeostasis (74). The end result 

is a positive feedback cycle of reduced adiponectin levels, leading to insulin resistance 

and hyperinsulinemia, which invariably reduces expression of AdipoRl/R2, further 

exacerbating the insulin resistant condition. 

TNFa 

TNFa is expressed and produced primarily by macrophages; however adipocytes 

and stromovascular cells within the WAT also express this cytokine (76). The receptors 

for TNFa exist as membrane bound and soluble forms, both of which are expressed in 

the WAT (77). TNFa was originally described as a cytokine that induced cachexia, and 

then subsequently implicated in the development of insulin resistance (78,79). In fact, 

studies have shown that obese rodents and humans have increased plasma levels of TNFa 

that are positively correlated with adiposity (79). This is supported by studies in mice 

lacking TNFa or its receptors (80) showing improvement in insulin sensitivity and 

reduction in circulating plasma FAs. In WAT, TNFa exerts its effects by downregulating 
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the expression of genes involved in adipogenesis, lipogenesis, and uptake of FAs and 

glucose (79,81). These effects of TNFa are invariably accompanied by increases in 

plasma FAs and have been associated with insulin resistance. In fact, TNFa interferes 

directly with insulin signaling by phosphorylating serine resides of IRS-1 and 2. This, in 

turn, prevents insulin-induced phosphorylation of tyrosine residues that are required for 

the action of this hormone (78). Therefore, the effects of TNFa appear to have direct 

implications for the ability of the WAT to respond to the anti-lipolytic effect of insulin. 

This contributes to increase circulating FAs and impairment of insulin signaling in other 

tissues such as skeletal muscle and liver, with major detrimental effects on whole-body 

glucose homeostasis. 

IL-6 

Similar to TNFa, IL-6 is a cytokine that circulates in levels positively correlated 

with fat mass and acts on receptors that have the same structure and homology as LepRb 

(82). Approximately 15-30% of IL-6 is derived from the stromovascular fraction of the 

WAT, while the remaining is secreted from other tissues, notably skeletal muscle (83). 

The precise relationship between IL-6 and obesity remains unclear and controversial due 

to the pleiotropic effects of this cytokine on peripheral tissues and the CNS. Because of 

its positive correlation with fat mass, it was considered that elevated levels of IL-6 in the 

plasma were a predictor of insulin resistance (83,84). Indeed, studies in liver (85) and 

adipose tissue have demonstrated that IL-6 imposes negative effects on insulin signaling 

by reducing expression of insulin receptor signaling components (85,86), inhibiting 
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adipogenesis (87), and decreasing adiponectin secretion (88). Chronic IL-6 treatment of 

3T3-L1 adipocytes also shows blunted phosphorylation of the insulin receptor and IRS-1 

in response to insulin stimulation (86). At the same time, IL-6 stimulates WAT lipolysis, 

further contributing to increased levels of plasma FAs that are associated with insulin 

resistance (89,90). However, a study using IL-6 deficient mice demonstrated that these 

animals developed mature-onset obesity that was partly reversed by IL-6 replacement, 

suggesting that a lack of IL-6 could lead to metabolic disorders (91). In fact, a positive 

role of IL-6 in glucose metabolism is compatible with the marked increases in circulating 

IL-6 levels that occur after exercise bouts (92). Studies in cultured L6 myotubes provide 

further evidence that, contrary to the effects in liver and WAT, IL-6 promoted FA 

oxidation and glucose uptake (93). Importantly, acute infusion of IL-6 into healthy 

humans has been shown to either enhance or have no negative effect on insulin-

stimulated glucose disposal in humans (93,94), supporting the notion that IL-6 could have 

beneficial effects on insulin sensitivity at least in skeletal muscle. 

When assessing the role of IL-6 in the CNS, levels of this cytokine were inversely 

proportional to fat mass, contrary to the positive correlation seen in the periphery (95). 

These observations are corroborated with studies in mice and rats where 

intracerebroventricular injections of IL-6 reduced body weight as well as fat pad mass 

after 14 days of treatment (96). This was mediated by decreased food intake and 

increased energy expenditure (96), suggesting that the central effects of IL-6 have 

different effects on energy homeostasis when compared to liver and WAT. 
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2.2. Brown Adipose Tissue (BAT) 

BAT is a highly vascularized tissue composed primarily of brown adipocytes 

ranging from 10-50(xm in diameter. Contrary to white fat cells, brown adipocytes are 

multilocular cells composed of numerous small lipid droplets with a centralized nucleus. 

The cytoplasmic portion of the cell is primarily occupied with large mitochondria, which 

confer the brown colour to the tissue (97). The main function of BAT is to generate heat 

through non-shivering thermogenesis. This response is typically triggered in rodents 

when these animals are exposed to temperatures that fall below thermoneutrality, leading 

to increased sympathetic nervous system activity in the highly innervated BAT. The 

generation of heat by brown adipocytes is possible because these cells express 

uncoupling protein 1 (UCP-1), which uncouples oxidative phosphorylation from ATP 

synthesis (98). It does so by shuttling protons across the mitochondrial membrane to 

produce heat instead of ATP. Since BAT is highly vascularized, it allows adequate blood 

flow to distribute the heat generated by this tissue to other parts of the body. 

BAT is present throughout the lifespan of rodents (99). Until recently, BAT in humans 

was considered to be present only in infants and children, serving a negligible role in 

thermogenesis attributed to this tissue in adults (99). However, recent studies using 18F-

fluorodeoxyglucose positron emission tomography/computed tomography (PET/CT) 

imaging techniques identified physiologically relevant amounts of BAT localized in the 

anterior neck and the thoracic regions close to the heart in adult humans (99). 

Immunohistochemical and immunofluorescence analyses of adipose tissue biopsies from 

these areas confirmed the presence of UCP-1 positive multilocular cells (99,100). 
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Importantly, the amount of BAT present in adult humans appears to be inversely related 

to body mass index, suggesting that it may have a protective effect against obesity (100). 

2.2.1. Differentiation of BAT versus WAT 

Since WAT and BAT share many common features, the pursuit for mechanisms 

that regulated the differentiation of these two tissue types has been of great interest. In 

particular, because the BAT has the ability to dissipate energy and could potentially exert 

an anti-obesity effect. In this context, it has been demonstrated that both WAT and BAT 

require the peroxisome proliferator and activated receptor y (PPARy) for differentiation 

to occur (101,102). However, there are several major factors that have been identified as 

key regulators in driving brown versus white adipocyte differentiation. One of the first 

transcriptional regulators largely expressed in brown but almost undetectable in white fat 

cells was PPARy co-activator l a (PGC-la) (103). PGC-la has been identified as a key 

player in regulating adaptive thermogenesis and as a master regulator of mitochondrial 

biogenesis and oxidative metabolism, particularly in BAT and skeletal muscles (104). 

This is supported by studies in PGC-la knock out mice showing reduced tolerance to 

cold in these animals (105). On the other hand, ectopic expression of PGC-la in WAT 

induces the expression of various mitochondrial genes, including the one coding for 

UCP-1 (104,106). Interestingly, while depletion of PGC-la appears to affect 

mitochondrial biogenesis and thermogenesis, the mass of BAT and expression of BAT-

specific genes are not markedly altered. This led to speculation that another factor was 

required to induce the BAT phenotype. Recently, the zinc finger protein PRD1-BF-1-
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RIZ1 homologous domain containing 16 (PRDM16) was identified as the factor that 

drove commitment towards the brown fat lineage (107). Knockdown of PRDM16 in 

brown fat precursors resulted in a loss of brown fat characteristics and reduced mRNA 

levels of BAT-specific genes including UCP-1, cell death-inducing DNA fragmentation 

factor alpha-like effector A (CIDE-A), and type 2 deiodinase (107). Since WAT and 

BAT were originally believed to arise from common precursors, it was speculated that 

ablation of PRDM16 in BAT precursors would result in a phenotype that would promote 

fat accumulation in a pattern similar to WAT. Surprisingly, the phenotype that emerged 

was that of myoblasts, indicating that PRDM16 drives brown adipocyte differentiation 

from a progenitor that expresses myoblast markers (108,109). In fact, technology using 

genetic fate mapping indicate that brown adipocytes arise from precursors that express 

Myf5, previously thought to be exclusively expressed in myogenic cells (109). 

Furthermore, ectopic expression of PRDM16 in C2C12 myoblasts resulted in activation of 

the brown adipogenic program (109). Interestingly, transgenic expression of PRDM16 in 

white fat depots in vivo as well as in cultured white adipocyte precursors activates a 

robust BAT phenotype including the induction of PGC-la and UCP-1 (109,110). This 

indicates that despite being expressed in different progenitor cells, PRDM16 is a 

powerful inducer of the brown adipocyte program. Importantly, PRDM16 expression is 

not effective in eliciting these changes after adipogenic differentiation has occurred 

(107), suggesting that PRDM16 establishes the brown adipocyte program at an early 

stage of BAT differentiation, but it is unable to change it. 

Mutational analysis of PRDM16 indicates that its actions do not require direct 

27 



DNA binding for activation of brown fat adipogenesis, but rather acts through protein-

protein interactions. PRDM16 interacts with a variety of transcription factors including 

PPARa, PPARy, and the transcriptional complex CCAAT/enhancer-binding proteins 

(C/EBPs) for brown adipocyte differentiation to occur (108). With respect to the latter, 

ablation of C/EBPp in mice suppressed the ability of PRDM16 to exert its brown 

adipogenic effects (108). Interestingly, it has also been shown that transcriptional control 

of brown adipocytes relies partially on the interaction of PRDM16 with the co-activator 

PGC-la (108). Since the importance of PGC-la in regulating mitochondrial biogenesis 

and UCP-1 expression in BAT has been well established, these findings help to explain 

the actions of PRDM16 in BAT development. 

2.2.2. Plasticity between WAT and BAT depots 

The term "adipose organ" was first used to better understand the coexistence of 

WAT and BAT, two tissues with markedly distinct functions and properties (97). It is 

now clear that adipocytes have the phenotypic plasticity to be converted from an energy 

storing to an energy-dissipating compartment, despite being a terminally differentiated 

cells. The term "transdifferentiation" was coined based on studies that identified the 

conversion of white into brown adipocytes and vice versa in response to different 

biological demands (111). This was observed in studies where mice were chronically 

exposed to cold (112,113), stimulated with P-adrenergic agonists (114,115), and treated 

with various TZDs (116,117). These studies showed increased presence of multilocular 

and UCP-1 positive cells in the WAT. Interestingly, this adaptation to environmental 
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stimuli is reversed under exposure to warm environments (10). Since UCP-1 is a 

hallmark of brown adipocytes, it was initially thought that white adipocytes were 

switched to a brown adipogenic program. However, recent literature has determined that 

there are developmental and molecular differences between classical brown adipocytes 

(i.e. interscapular region) and those that reside within WAT depots (107,109). Evidence 

now suggests that the phenomenon of transdifferentiation is not a complete switch to 

brown adipocytes, but rather an induction of "brown-like" characteristics within the 

WAT (118) (Figure 2-4). One study reported that it was a subset (-10%) of adipocytes 

within the WAT that elicited the ability to acquire a broad, but incomplete, array of 

brown adipocyte-specific genes (118). The induction of mitochondrial biogenesis is also 

seen in white adipocytes exposed to these conditions, which is an important aspect of the 

acquisition of a "brown-like" phenotype (118). This subset population of fat cells was 

termed "brite" (brown in white) adipocytes, and still retained expression of the 

homeobox protein Hoxc9, a white adipocyte cell autonomous marker (118). This 

suggests that white and "brite" adipocytes arise from a common precursor (Figure 2-4). 

Importantly, despite the fact that these cells did not express myogenin or PRDM16, they 

were capable of UCP-1-dependent thermogenesis. Therefore, physiological or 

pharmacological remodeling of white adipocytes towards a "brown-like" phenotype 

clearly takes place in the absence of classical brown-adipocyte markers (Figure 2-4). In 

fact, it has been repeatedly demonstrated that white adipocytes have the biochemical 

oxidative machinery to dissipate energy within themselves (31,119). In vivo studies have 

demonstrated that when exposed to adenovirus-induced hyperleptinemia, white 
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PRDM1P PPARf, PRDM1F, 
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White adipocytes 

© 
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UCP-1*, PRDU1&, Hoxc9* 

Figure 2-4. Molecular distinctions between white and brown adipocytes. Brown 
adipocytes arise from the same progenitor as skeletal muscle and are Myf5+ (1). When 
Myf5 and MyoD are simultaneously expressed, cells are driven towards differentiation as 
skeletal muscle (2). When these precursors express PRDM16 (3), cells differentiate into 
classical brown adipocytes that also express PPARy, PGC-la, and UCP-1 (4). White 
adipocytes arise from a Myf5~ precursor (5). When these cells express PPARy (6), they 
are normally differentiated into mature white adipocytes (7). However, if these cells are 
subjected to different stimuli such as cold exposure or P-adrenergic stimulation, they can 
being to express markers characteristic of brown adipocytes such as PGC-la, UCP-1 
while still retaining expression of white adipocyte markers (i.e. Hoxc9) (8). Importantly, 
although these "brown-like" adipocytes are also capable of thermogenesis, they still do 
not express PRDM16 (9). 
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adipocytes can be rapidly transformed into very effective "fat burning machines" (119), 

suggesting that WAT can undergo a change in phenotype to resemble BAT. 

Additionally, isolated adipocytes chronically exposed to leptin increased glucose and FA 

oxidation within the fat cells that was accompanied by an increase in uncoupling protein-

2 (UCP2) expression, which has similar sequence homology to UCP-1 (120). These 

increases in intra-adipocyte combustion of fat were characterized by elevated 

mitochondrial content and thermogenic proteins, and decreased expression of lipogenic 

enzymes (106,119). Other in vitro and in vivo studies on human and mouse adipose 

tissues (106), have shown that adipocytes over-expressing PGC-la increases the 

expression of UCP-1. Furthermore, ectopic expression of UCP-1 specifically in WAT 

prevents genetically induced obesity in mice by increasing thermogenesis and effectively 

reducing fat mass (121). Thus, it is interesting that WAT has the ability to transform into 

an oxidative compartment (106). Altogether, these functional and structural 

transformations of white adipocytes confer high metabolic versatility to fat tissue with 

important therapeutic implications for the treatment of obesity and its related metabolic 

disorders. 

2.3. Obesity 

Characterized by the excessive accumulation of white adipose tissue, the 

prevalence of obesity has reached epidemic proportions worldwide and it is a major risk 

factor for a number of debilitating conditions including heart disease, type 2 diabetes 

(T2D), and even certain types of cancer. The current non-pharmacological strategies 
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available to treat obesity involve a regimen of diet and exercise in order to acquire a 

condition of chronic negative energy balance that induces fat loss. Although relatively 

effective in the short term, these approaches frequently lead to poor long-term weight loss 

results (90 to 95% of adults and children who lose weight gain it back) (4), suggesting 

that attempts to alter body weight is opposed by systems of energy homeostasis that up-

regulate food intake and decrease metabolic rate in order to maintain an individualized 

weight "set point". Overcoming this defensive mechanism has become a major obstacle 

in the treatment of obesity and pharmacological therapies targeted towards reducing fat 

mass have been unsuccessful to date due to detrimental side effects (122). 

2.3.1. Adipose tissue lipolysis and insulin resistance 

Expansion of adipose tissue occurs two ways: 1) hypertrophy of existing 

adipocytes, and 2) hyperplasia, or increasing the number of fat cells. In obesity, both have 

been shown to occur in all WAT depots regardless of anatomical location. In particular, 

increased adipocyte size has been correlated with serum insulin concentrations, whole-

body insulin resistance, and increased risk of developing T2D (123). Adipocytes isolated 

from obese non-diabetic individuals indicate that larger fat cells size show impaired 

insulin-stimulated glucose uptake compared to smaller cells in lean controls (123,124). 

Interestingly, adipocytes isolated from diabetic individuals exhibit insulin resistance 

regardless of cell size (125), suggesting that defects in the insulin signaling cascade occur 

prior to adipocyte enlargement. This could be caused by increased secretion of 

inflammatory mediators (i.e. TNFa, IL-6, etc.) by macrophages infiltrated in WAT that 
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promote insulin resistance, as well as changes in expression or activation of proteins 

involved in insulin signaling. 

It is hypothesized that insulin resistance in adipocytes is a protective mechanism 

to prevent cell death, since bigger adipocytes are more fragile and susceptible to rupture 

(126). Therefore, once storage within the adipocyte reaches a certain capacity, it prevents 

further uptake of FAs and leaves them in the circulation. Additionally, since insulin is a 

potent anti-lipolytic hormone in the WAT, insulin-resistant adipocytes exhibit increased 

rates of basal lipolysis, further increasing circulating levels of FAs (125). Circulating 

levels of FAs in obese individuals under resting conditions can reach levels of 600-

800JXM, while lean individuals are generally in the 200-400uM range (127). 

Subsequently, under conditions such as obesity when the WAT can no longer expand to 

accommodate additional FAs and glucose through either hypertrophy or 

proliferation/differentiation of new adipocytes, the FAs in circulation are diverted 

towards other tissues, such as skeletal muscle and liver. However, if FAs are not oxidized 

in these tissues in response to an increased flux of substrate, lipid accumulation occurs in 

tissues not originally meant to store large amounts of fat. This ectopic lipid deposition 

that occurs in skeletal muscles and liver is particularly detrimental, since fat content in 

these tissues is invariably associated with insulin resistance and the development of type 

2 diabetes (128). The skeletal muscle comprises between 30-45% of total body mass 

depending on age and sex (129), and has been estimated to account for -80% of insulin 

stimulated glucose disposal (130). Thus, the toxic effects of FAs (lipotoxicity) on skeletal 

muscle have important implications for whole-body glucose homeostasis. Insulin 
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resistance in the liver results in impaired suppression of hepatic glucose output (131) and 

exacerbates hyperglycemic conditions since the skeletal muscle is unable to uptake 

glucose. 

The mechanism by which FAs induce insulin resistance was first described by 

Randle and colleagues as the "glucose-fatty acid cycle" and was based on the notion of 

substrate competition (132) (Figure 2-5A). The hypothesis proposes that relative 

availability of glucose and FAs determines which substrate will be utilized for energy 

production. When high levels of FAs exist, this substrate is preferentially oxidized 

resulting in subsequent production of acetyl-CoA and NADH in the mitochondria (Figure 

2-5A). This leads to inhibition of pyruvate dehydrogenase further preventing metabolism 

of glucose. Additionally, the elevated condensation of acetyl-CoA and oxaloacetate into 

citrate increases the exit of the latter metabolite into the cytoplasm. Increased 

cytoplasmic concentrations of citrate inhibit phosphofructokinase, the rate-limiting 

enzyme of glycolysis (Figure 2-5A). By preventing glycolysis from proceeding, it was 

postulated that increased intracellular glucose-6-phosphate (G-6P) levels would prevent 

further entry of glucose into the cell. However, the absence of accumulation of 

intracellular G-6P as predicted by this model led to interest in other potential mechanisms 

of FA-induced insulin resistance (133,134). It has been shown that an increase in 

intracellular FA metabolites can inhibit glucose uptake in a manner dependent on 

phosphorylation of proteins in the insulin-signaling pathway (135,136) (Figure 2-5B). In 

particular, it has been demonstrated that elevated plasma FA concentrations results in the 

intracellular production and accumulation of ceramides, fatty acyl-CoAs, and DAG 
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A Glucose-fatty acid cycle B Impaired insulin signaling 

Figure 2-5. Mechanisms of FA induced insulin resistance. [A] The "glucose-fatty acid" 
cycle hypothesis proposes that competition between glucose and FAs determines which 
substrate will be utilized for energy production. Under conditions such as obesity where 
circulating FAs are increased, FAs enter the cell where they are activated through 
acylation (1). This allows the FA-CoA to enter the mitochondrion where they are 
oxidized and increase production of acetyl-CoA and NADH (2). This inhibits pyruvate 
dehydrogenase (PDH) (3) and promotes the production of citrate (4). Citrate enters the 
cytoplasm where its accumulation inhibits phosphofructokinase (PFK) (5) and increases 
build-up of glucose-6-phosphate (G6P). Hexokinase (HK) activity is subsequently 
suppressed G6P accumulation (6), not allowing retention of glucose inside of the cell for 
metabolic processes. [B] Normally, when insulin binds to its receptor it phosphorylates 
tyrosine (denoted Y) residues on IRS-1 (1) and triggers a signaling cascade (2) that 
translcoates GLUT4-vesicles to the plasma membrane (3), facilitating glucose uptake. 
However, when circulating FA levels are elevated, FAs enter the cell and are converted 
into FA metabolites (i.e. DAGs, ceramides) (4). These metabolites activate PKC6 (5) that 
subsequently phosphorylates serine (denoted S) residues on IRS-1. Serine 
phosphorylation prevents phosphorylation of tyrosine residues on IRS-1, and results in 
impaired insulin signaling (6). 
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within the skeletal muscle (137). These FA metabolites act as signaling molecules that 

activate protein kinase C 0 (PKC0) (135,136) (Figure 2-5B). PKC0 phosphorylates 

serine/threonine residues on IRS-1/2 and prevents phosphorylation at tyrosine residues 

required for insulin signaling. Downstream targets of insulin signaling such as PI3-kinase 

activation is also observed to be impaired, indicating that the ability of IRS-1/2 to be 

phosphorylated is a critical mediator of glucose uptake via insulin (135,136). Based on 

these observations, an alternative explanation for the FA-induced insulin resistance in 

skeletal muscle has been put forward. Instead of substrate competition ("glucose-fatty 

acid cycle") leading to reduced glucose uptake and metabolism, it is the impairment of 

insulin signaling caused by intracellular accumulation of intermediates of lipid 

metabolism that suppress glucose uptake in skeletal muscle cells. These effects of 

increased circulating FAs would also impair the ability of insulin to signal in hepatocytes 

to inhibit glucose production by the liver. 

2.3.2. Impaired catecholamine-induced lipolysis in obesity 

In contrast to basal lipolysis being elevated, in vivo experiments in humans 

(138,139) and rodents (140,141) have demonstrated that catecholamine-induced lipolysis 

is blunted in obesity, a condition sometimes referred to as catecholamine resistance (142). 

It has been postulated that a blunted response to catecholamines occurs as an adaptive 

response that counteracts the insulin resistant state in obesity (142). The underlying 

mechanisms are not clear, although studies have suggested that SC adipocytes from obese 

men have reduced P2-AR density and increased a2-AR content (138). However, a 
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thorough analysis of the AR distribution in the obese condition as well as of the relative 

importance of each type of receptor still remains to be performed. Interestingly, 

expression and content of HSL in SC fat of obese men has reportedly been decreased 

(143). This could at least partially explain the blunted lipolytic response to 

catecholamines, since HSL plays an important role in the process of DAG hydrolysis. In 

fact, WAT from ATGL and HSL null mice both display blunted lipolysis in response to 

isoproterenol or epinephrine (43,44). Additionally, perilipin knockout mice also show 

blunted lipolysis in vivo, which is similar to the phenotype seen in HSL knockout mice 

(36,144). 

The production of PGE2 has been shown to be upregulated in obese rodents and 

humans, and this is in line with increased expression and activity of AdPLA2 (49,145). 

Since PGE2 binds to the EP3 receptor coupled to a G, protein, increased levels of this 

prostaglandin may also contribute to a reduction in cAMP levels and therefore blunted P-

adrenergic stimulated lipolysis. 

2.3.3. Regional adiposity - Subcutaneous versus visceral WAT 

Most adipose tissue (-80%) is localized in the subcutaneous area (11,146); 

however, the proportion of SC and VC depots to total body fat varies with sex, age, 

physical activity levels, and nutritional status (147). VC adipose tissue has been estimated 

to account for -20% of total body fat in men but only 6% women (148). Cadaver 

dissection studies (age range 55-94 years) indicate that VC corresponds to 16.8% and 

12.9% of total body adipose tissue in men and women, respectively (149). In obese 
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patients, especially those with abdominal obesity, VC accounts for a much higher 

proportion of the total body fat (150). 

From a functional perspective, SC and VC adipose tissue have the biochemical 

machinery necessary to either store or release of FAs depending on the nutritional status. 

However, despite the fact that SC fat is the major component of total fat mass, it is VC 

adiposity that has been consistently linked to many facets of the metabolic syndrome, 

including glucose intolerance, hypertension, dyslipidemia, and insulin resistance (151). 

One common explanation for the detrimental effects of VC adiposity is the highly 

metabolic nature of this fat depot, particularly in regards to lipolysis. VC fat has been 

demonstrated to elicit higher lipolytic rates and to be less responsive to the anti-lipolytic 

effect of insulin than SC (152-154). The major contributing factors accounting for the 

differences in lipolytic activity of SC and VC WAT occur at the receptor and post-

receptor levels (155). VC depots have an ratio of P:a2 adrenergic receptors when 

compared to SC fat depots (155,156). Additionally, the affinity of insulin to its receptor is 

lower in VC versus SC adipocytes, which results in reduced autophosphorylation of the 

insulin receptor (154). This limits the insulin-mediated activation of PDE3B, which 

serves as a potent inhibitor of lipolysis by degrading cAMP within the cell. 

Variations in lipase activity between VC and SC fat depots have also been 

investigated, but the literature currently available is conflicting and precludes a definitive 

answer as to whether these differences contribute to depot-specific lipolytic activity. 

Studies in rats indicate that epididymal and retroperitoneal fat pads have -2-fold greater 

HSL mRNA and protein levels compared to SC fat, suggesting that HSL could be a 
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contributing factor to regional differences in lipolytic activity (157,158). However, 

another study in human fat cells found that LPL and HSL mRNA levels were not 

different between SC and omental fat depots of lean subjects, although increased levels in 

omental fat were detected in obese subjects (159). One study in human adipocytes 

classified as having either 'low' or 'high' lipolytic acitivity while controlling for cell size 

found that cells with higher lipolytic activity had elevated HSL mRNA and activity. 

However, this study did not compare VC and SC fat depots (160). Examination of ATGL 

mRNA in humans showed no differences in omental versus SC fat in either lean or obese 

individuals (159), although rats under fasting conditions showed an increase in ATGL 

mRNA in retroperitoneal and mesenteric fat depots versus SC (158). Due to the 

conflicting results in the literature in both human and rodent studies, it is unclear whether 

the different lipolytic activities observed in various fat depots are dependent on 

differences in lipase expression/activity. 

Despite the fact that VC fat exhibits greater lipolytic activity, approximately 70% 

of FAs circulating systemically are derived from the SC fat depots (161). This is 

interesting since VC adiposity was found to be specifically associated with metabolic 

alterations in obese men and women (151). Because VC fat, specifically omental and 

mesenteric fat depots, drain directly into the portal vein, the "portal hypothesis" was 

developed as an attempt to explain the detrimental effects of VC adiposity despite its 

relatively low contribution to circulating FAs. The portal hypothesis proposes that an 

increased flux of FAs into the liver causes detrimental effects in this organ (128). This 

has been attributed to the high lipolytic activity of VC fat, since all factors released from 
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this fat depot are drained directly into the portal vein. Consequently, the liver ends up 

being exposed to a much higher concentration of FAs than what is found in the systemic 

circulation (128). This condition may lead to pronounced lipotoxic effects, ultimately 

impairing the ability of insulin to suppress hepatic glucose production. Additionally, 

enlargement of VC WAT results in elevated secretion of inflammatory cytokines such as 

TNFa and IL-6, which further worsens the insulin resistant condition in the liver. 

Importantly, proper regulation of glucose homeostasis depends not only on the 

liver responsiveness to insulin, but also on the sensitivity of skeletal muscle to this 

hormone and the ability to uptake and store large amounts of glucose. In fact, it has been 

estimated that skeletal muscle is responsible for 70-80% of whole-body insulin-

stimulated glucose disposal (130) and is considered the most important site of insulin 

resistance. There is now compelling evidence that elevated circulating levels of NEFAs 

causes impairment of insulin signaling in skeletal muscle and greatly contributes to the 

pathogenesis of type 2 diabetes (127,162). Additionally, since SC fat depots also exhibit 

insulin resistant and increased basal lipolysis in obesity, the fat derived from SC lipolysis 

should also be seen as critical for inducing lipotoxicity and for the development of insulin 

resistance and type 2 Diabetes. 

2.4. AMP-kinase (AMPK) 

2.4.1. Structure and regulation 

AMPK is a well-conserved heterotrimeric enzyme composed of a catalytic (a) and 

two regulatory subunits (P and y) (Figure 2-6). Multiple isoforms of each mammalian 

subunit exist ( a l , a2, p i , P2, yl-y3) and are differentially expressed in various tissues. 
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Bateman Bateman 
domain 1 domain 2 

Figure 2-6. Structure of AMPK. AMPK is a heterotrimeric enzyme composed of a, P, 
and y subunits. There are two isoforms of the a-subunit, and both contain the catalytic 
domain where AMPK is phosphorylated at Thrl72 by upstream kinases. It also contains a 
domain where P and y subunits can bind and interact with the a subunit. Two isoforms 
also exist for the p-subunit, which contains a glycogen binding domain and an ay-subunit 
binding domain. The y subunit has 3 isoforms of varying lengths which all contain 4 
CBS sequences where AMP, ADP, and ATP can bind. The CBS sequences are found in 
tandem pairs called Bateman domains. N and C denote the N- and C-terminus, 
respectively. 
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The existence of various isoforms of each subunit enables the potential formation of 12 

heterotrimer combinations that are thought to exhibit differences in subcellular 

localization and signaling functions (163). The N-terminus portion of the a catalytic 

subunit has a serine/threonine protein kinase domain, while the C-terminal region contains 

the pi-binding domain required for the formation of the heterotrimer complex (164) 

(Figure 2-6). The p subunit serves as a scaffold that allows the assembly of the aPy 

complex, and also contains the glycogen binding domain (GBD), which is a member of 

the isoamylase-N domain family usually found in enzymes that metabolize the a l ->6 

branch of glycogen and starch (165). Recent studies provide evidence that the existence of 

the GBD allows AMPK to also act as a cellular sensor of glycogen that regulates the rate 

of synthesis and breakdown of this fuel source (165). The y subunit of AMPK has four 

cystathionine P-synthase sequence repeats (CBS domains), which are small motifs found 

in tandem pairs also referred to as Bateman domains (Figure 2-6). The CBS sequences 

provide sites for the binding of the regulatory nucleotides AMP, ADP and ATP (166,167). 

AMPK is activated by stresses that cause depletion of ATP leading to increased binding of 

AMP and ADP (i.e. exercise, fasting). This is a result of ATP hydrolysis, which is rapidly 

converted into AMP via the adenylate kinase reaction. In fact, studies in adenylate kinase-

deficient mice have demonstrated that a reduction in AMP formation results in impaired 

AMPK phosphorylation (168). Therefore, it is the AMP:ATP ratio within the cell that is 

critical in regulating AMPK activity (163). ATP has also been demonstrated to bind to the 

CBS domain and inactivate AMPK either directly or indirectly by preventing binding of 
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AMP. It has been reported that ATP binds with a lower affinity than AMP or ADP and in 

a mutually exclusive manner (169). These observations help to explain how AMPK can be 

activated under physiological conditions with small increases in AMP and ADP despite 

high intracellular ATP levels. With the use of N-methylanthraniloyl (mant)-labelled 

probes for AMP and ATP, Xiao et al (166) demonstrated that under physiological 

conditions AMPK mainly exists in its inactive form in complex with Mg-ATP, which is 

much more abundant than either AMP or ADP. Based on these findings, even when 

activated under metabolic stress only a small proportion of AMPK will be activated or 

bound to AMP, but these small changes induce a large enough increase in AMPK activity 

that allows for functional alterations in metabolism to occur. 

The interaction of AMP with CBS domains exerts a direct allosteric effect that 

increases up to 10-fold the activity of AMPK, whereas the binding of ADP does not elicit 

this effect (167). Recent evidence indicates that binding of ADP to CBS domains plays 

an important role in preventing dephosphorylation of the Thrl72 residue on AMPKa by 

inhibiting the action of protein phosphatases, particularly protein phosphatase 2C (PP2C) 

(167). Likewise, AMP also elicits a protective effect against dephosphorylation. Support 

from this comes from studies using an in vitro system with purified AMPK, upstream 

kinases, and phosphatase, which found that AMP was not able to increase 

phosphorylation of AMPK (170). However, elevated AMP levels in response to stress 

inhibited PP2C, thereby preventing dephosphorylation of AMPK at Thrl72 (170). By 

preventing the action of PP2C, increased AMP allows for the accumulation and 

potentiation of AMPK activity. AMP also promotes the phosphorylation of a critical 
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threonine residue (Thr-172) within the kinase domain of the a-catalytic subunit, which 

further activates AMPK by up to 100-fold, accounting for the majority of its activity 

(170). Therefore, the combined effect of AMP and upstream kinases on AMPK activation 

is estimated to elicit up to -1000-fold increase in enzyme activity (170). The tumor 

suppressor LKB1 (a dysfunctional kinase in Peutz-Jeghers syndrome) was described as 

the main kinase of AMPK. LKB1 forms a complex with STRAD and M025 (171,172) 

and all three subunits are required for full activity (173). It has been shown that activity 

of LKB1 is not altered with contraction, phenformin, or 5-aminoimidazole-4-

carboxamide-1-P-D-ribofuranotide (AICAR) in skeletal muscle, suggesting that this 

AMPK kinase is constitutively active (174). Interestingly, it has been shown in cell lines 

lacking LKB1 that alternative kinases can activate AMPK, particularly Ca2+/calmodulin-

dependent protein kinase kinase p (CaMKKP), linking increases in intracellular Ca2+ to 

AMPK activation (175). A third kinase, transforming growth factor-P-activated protein 

kinase (TAKl) activates AMPK (176), and its physiological role seems to mediate 

autophagy induced by tumour necrosis factor-related apoptosis-inducing ligand (TRAIL)-

triggered apoptosis preferentially in cancer cells (177). 

2.4.2. The role of AMPK in lipolysis 

Since a primary function of adipose tissue is delivery of substrate for ATP 

production in peripheral tissues, the majority of studies investigating the role of AMPK in 

adipose tissue have focused on the effects of this enzyme on lipolysis. The initial 

evidence of a regulatory role for AMPK in adipocyte lipolysis came from the observation 
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that hormone sensitive lipase (HSL), an important intermediary enzyme involved in 

lipolysis, was phosphorylated by AMPK. Studies in vitro indicated that phosphorylation 

of HSL by AMPK occurs on a serine residue that antagonizes phosphorylation of HSL by 

PKA (178), causing suppression of P-adrenergic stimulated lipolysis. Based on these in 

vitro studies, it was proposed that AMPK activation would exert an antilipolytic effect in 

adipocytes. However, while several studies (179,180) have reported an inhibitory effect 

of AMPK on adipocyte lipolysis, others (181,182) have found that activation of this 

kinase caused the opposite effect. In this scenario, whether AMPK exerted an anti- or 

pro-lipolytic role in adipocytes became a controversial issue. This was particularly 

evident when considering that acute and chronic exercise bouts increase catecholamine 

release, lipolysis, and AMPK activation in the adipose tissue (182). Therefore, an anti­

lipolytic role for AMPK seemed counterintuitive, since during exercise levels of FAs are 

significantly increased and not reduced in the circulation. These disparities were 

subsequently reconciled by observations that AMPK was activated in adipocytes as a 

consequence of lipolysis and was proposed to function as a mechanism that limits TAG 

breakdown in WAT in order to spare energy (183). The rationale for this is based on the 

fact that if FAs released by lipolysis are not oxidized either within the adipocyte or in 

other tissues, they are re-esterified into TAGs in the fat cells, creating an energy-

consuming "futile cycle" (184). Therefore, AMPK activation as a consequence of 

lipolysis has been proposed to restrain energy depletion through its reciprocal anti­

lipolytic effect in WAT. This is supported by studies showing that AICAR-induced 

AMPK activation potently suppresses glycerol release by isolated visceral and 
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subcutaneous rat adipocytes, an effect that is prevented by pre-treatment with the AMPK 

inhibitor Compound C (179). Furthermore, adipocytes from AMPKal knockout mice 

exhibit increased lipolysis, indicating an anti-lipolytic role of this enzyme (180). 

As originally proposed by Garton et al (178), the mechanism by which AMPK 

inhibits lipolysis seems to be via suppression of PKA-mediated phosphorylation of key 

HSL serine residues. In fact, upon catecholamines binding to P-adrenergic receptors, a 

cascade of events lead to activation of PKA, which in turn phosphorylates HSL at Ser 

563, 660, and 659 residues leading to activation of this lipase. It has been shown that 

phosphorylation of HSL at the Ser565 residue by AMPK prevents phosphorylation of the 

PKA-targeted serine residues, thereby impairing lipolysis (178). Both acute and 

prolonged AICAR-induced AMPK activation in rat adipocytes increases Ser565 

phosphorylation, and this is accompanied by a potent suppression of phosphorylation at 

the HSL Ser563 and 660 residues under both basal and epinephrine-stimulated conditions 

(179). The inhibitory effect of AICAR on lipolysis and phosphorylation of Ser563 and 

660 are reversed when cells were pre-treated with Compound C (179). These findings 

indicate that AMPK inhibits HSL activity by regulating key phosphorylation sites on this 

enzyme (179). In vivo studies have also indicated that acute AICAR infusions in diabetic 

rats decrease whole-body lipolysis (185), an effect that can be attributed to inhibition of 

HSL phosphorylation. 

Although the effects of AMPK on regulating lipolysis through HSL have been 

well documented, it still remains to be determined whether or not this kinase also plays a 

role in modulating ATGL activity. A recent study examined the role of the AMPKa2 
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subunit in the nematode C. elegans (186). The data suggest that this subunit is 

responsible for inhibiting ATGL and preserving lipid stores during diapause. This serves 

as a mechanism to increase lifespan of the C. elegans larvae, while deletion of the 

AMPKal subunit did not affect the phenotype (186). Since major differences exist 

between mammalian models and the use of multicellular eukaryotic nematodes, it is 

difficult to translate these findings to rodents and humans. Future studies are warranted to 

unravel the potential role of AMPK in regulating ATGL activity and the effects that this 

may have on lipid metabolism. 

2.4.3. Regulation of glucose metabolism by AMPK 

Studies in skeletal muscle have demonstrated that activation of AMPK through 

muscle contractions or by pharmacological agents leads to a significant increase in 

glucose uptake (187). This effect was demonstrated to be independent of insulin and 

mediated by increased plasma membrane GLUT4 content (188). Although the signaling 

mechanisms involved in the regulation of basal and insulin-stimulated glucose uptake are 

very similar in skeletal muscle cells and adipocytes, the role of AMPK activation in 

regulating this process in the latter is still controversial. Studies in differentiated 3T3-L1 

adipocytes have shown that exposure of these cells to the AMPK agonist AICAR 

stimulated GLUT4 translocation to the plasma membrane. This was also accompanied by 

increased basal glucose uptake, which was prevented when cells were pre-treated with 

the PI3-kinase inhibitor wortmannin, suggesting a cross-talk between the AMPK and 

insulin-signaling pathways (189). However, assessment of insulin-stimulated glucose 
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uptake revealed that this variable was inhibited by AICAR in 3T3-L1 adipocytes, an 

effect that could not be prevented by pre-incubation of these cells with wortmannin. 

Furthermore, the phosphorylation states of the insulin receptor substrate 1 (IRS-1) and of 

the downstream signaling target protein kinase B (PKB) were unaltered with AICAR 

treatment (190), suggesting that a signaling step downstream of PKB could be targeted by 

AMPK. Studies from our lab have consistently demonstrated that glucose uptake in 

primary rat adipocytes is potently inhibited by AICAR under both basal and insulin-

stimulated conditions (191). These findings indicate that clear differences exist between 

fully differentiated primary adipocytes and 3T3-L1 cells with regards to the role of 

AMPK in the regulation of glucose uptake. The mechanisms underlying these differences 

still remain to be fully elucidated, but could be due to the presence of different AMPK 

isoforms in primary and 3T3-L1 adipocytes. These could exert distinct regulatory effects 

on specific steps of the signaling cascade involved in the regulation of basal and insulin-

stimulated glucose uptake in primary and 3T3-L1 adipocytes. 

A major step involved in the regulation of GLUT4 translocation in adipocytes that 

could affect the ability of these cells to uptake glucose is the downstream target of PKB 

known as AS 160. In fact, it has been found in skeletal muscle that AS 160 is a converging 

point of the AMPK and insulin signaling pathways. In vitro contraction and AICAR 

treatment of isolated extensor digitorum longus (EDL) muscle induced phosphorylation 

of AS 160 in a wortmannin-insensitive manner (22). Additionally, muscle incubations 

using the EDL and tibialis anterior from animals deficient in AMPK signaling showed 

that this kinase is required for contraction-induced AS 160 phosphorylation (192). 
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Therefore, it could be that AS 160 is distinctly regulated by AMPK in skeletal muscle and 

primary adipocytes, since activation of this kinase leads to stimulation and inhibition of 

glucose uptake in the former and latter, respectively. 

The opposite effects of AMPK on glucose uptake in adipocyte versus skeletal 

muscle seem counterintuitive. However, the inhibitory role of AMPK on adipocyte 

glucose uptake and metabolism may serve as a mechanism that conserves adipocyte 

energy content while still providing substrate for energy production in peripheral tissues. 

The rationale is that the costly process of FA re-esterification into TAG in adipocytes 

relies on glucose metabolism for the production of glycerol 3-phosphate, since glycerol 

kinase activity is negligible in WAT (193). Therefore, by suppressing glucose uptake and 

its metabolism AMPK not only prevents energy consumption through FA re-

esterification, but also facilitates the exportation of FAs to be used as substrate for energy 

production in other peripheral tissues. This is particularly important under conditions of 

stress and increased energy demand, which are also known to induce AMPK activation in 

the WAT. This hypothesis is compatible with observations that short-term activation of 

AMPK markedly reduced glucose and FA uptake and the incorporation of glucose and 

palmitate into lipids in adipocytes (191). 

2.4.4. Regulation of fatty acid oxidation by AMPK 

The majority of the literature regarding how AMPK regulates FA oxidation refers 

to the role of this kinase in skeletal muscle. It has been well documented that 

phosphorylation and activation of AMPK facilitates phosphorylation and inactivation of 

acetyl-CoA carboxylase (ACC) (Figure 2-7). There are two isoforms of ACC (ACC1 and 
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Figure 2-7. Regulation of fatty acid oxidation by AMPK. Under conditions such as 
exercise and fasting, an increase in the AMPATP ratio induces allosteric activation of 
AMPK (1). This makes AMPK a better substrate for its upstream kinases (i.e. LKB1) to 
phosphorylate and increase its activity (2). Once activated, AMPK phosphorylates and 
inactivates ACC (3), which prevents the conversion of acetyl-CoA into malonyl-CoA. 
The resulting low malonyl-CoA levels disinhibit CPT-1 (4) and permits FA entry into the 
mitochondria (5) where they are oxidized to produce ATP and CO2 (6). Chronic AMPK 
activation has also been demonstrated to increase expression of genes involved in 
mitochondrial biogenesis (7), ultimately leading to increased oxidative capacity of the 
cell (8). Activation of AMPK can also occur pharmacologically using AICAR, a cell 
permeable adenosine analog that enters the cell where it is promptly phosphorylated into 
ZMP (9). ZMP serves as an AMP mimetic and activates AMPK without altering the 
AMP:ATP ratio. 
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ACC2), which are encoded by separate genes and display distinct tissue distributions 

(194). ACC1 is primarily expressed in adipose tissue and liver, whereas ACC2 is 

predominantly expressed in heart and muscle (195). Inhibition of ACC by 

phosphorylation suppresses the formation of malonyl-CoA in the de novo lipid synthesis 

pathway. A reduction in intracellular malonyl-CoA increases carnitine 

palmitoyltransferase 1 (CPT-1) activity and facilitates the import of long chain fatty acids 

(LCFAs) into the mitochondrial matrix, where they can be oxidized to produce ATP 

(196). Evidence for this comes from rats injected with AICAR, which causes a decrease 

in malonyl-CoA levels in skeletal muscle, liver, and adipose tissue presumably through 

activation of AMPK and inhibition of ACC (197,198). Additionally, AICAR- and 

contraction-induced AMPK activation has been shown to increase the activity of 

malonyl-CoA decarboxylase (MCD), which degrades malonyl-CoA and prevents 

inhibition of CPT-1 (199). However, other groups have noted that MCD is not a direct 

substrate of AMPK (200), therefore the relationship between these two enzymes requires 

further investigation. The important role of AMPK in the regulation of FA oxidation is 

further substantiated in studies using ACC2 knockout (ACC2"A) mice, which have 

elevated levels of FA oxidation due to reduced malonyl-CoA (201). These ACC2"A mice 

also have reduced fat mass and low accumulation of hepatic lipids compared to wild type 

mice (201). Furthermore, ACC2-/" mice are protected against diet-induced obesity and 

have increased insulin sensitivity, presumably through a decrease in ectopic lipid 

deposition (202,203). 

Although it has been documented that FA oxidation in skeletal muscle is reduced 
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in obesity, the role of AMPK in regulating oxidation under conditions of elevated FAs is 

unclear. Exposure of up to 8h of L6 rat myotubes to elevated levels of palmitic acid 

(100jiM-800uM) commonly found in obese states, impaired FA oxidation in a time- and 

concentration-dependent manner despite AMPK and ACC phosphorylation (204), 

suggesting alterative mechanisms are responsible for down-regulating oxidation in these 

conditions. Impairment of the AMPK pathway has been reported in human cultured 

skeletal muscle cells from obese subjects, which show a reduction in AMPK activation 

and FA oxidation compared to their lean counterparts (205). Interestingly, stimulation of 

AMPK activity using AICAR or adiponectin in myotubes increased AMPK activity, 

however was unable to recover the effects on ACC phosphorylation or on FA oxidation 

(205). These studies suggest that in diseases states such as obesity where FA levels are 

high, there may be lipotoxic effects that either suppress maximal AMPK activity or 

prevent downstream proteins in this pathway from exerting anti-diabetic effects, allowing 

intracellular accumulation of lipids and the development of insulin resistance. Repairing 

or targeting downstream targets of this pathway may be a potential therapy to stimulate 

oxidation in order to prevent/alleviate ectopic deposition of lipids, particularly in skeletal 

muscle where this condition leads to insulin resistance. It could also be that the 

abundance of FAs under conditions such as obesity overrides any regulatory mechanisms 

(i.e. AMPK) that control substrate metabolism under normal conditions. For example, the 

acute elevation of circulating FAs during exercise is accompanied by increased whole-

body fat oxidation. However, under conditions of chronically elevated FAs such as in 

obesity, the oxidative machinery cannot process the excessive FAs available. This may 
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result in ectopic lipid deposition and cause deleterious effects that would prevent the 

oxidative machinery from functioning properly, despite activation of the AMPK pathway. 

In addition to its acute metabolic effects, it has also been demonstrated that 

chronic activation of AMPK causes alterations in gene expression, and this is compatible 

with observations that the a2 isoform is localized in the nucleus of various cell types 

(206). It is now clear that AMPK activation plays a critical role in initiating mitochondrial 

biogenesis (207-210). A direct cause-effect relationship between AMPK and induction of 

mitochondrial biogenesis was revealed in mice exposed to P-guanidinopropionic acid 

(GPA), a pharmacological method of depleting intracellular phosphocreatine and ATP 

concentrations (210). This study indicated that energy depletion with GPA increased 

CaMK IV and PGC-la as expected, but this effect was abolished in transgenic mice 

expressing DN-AMPKa2 in skeletal muscle (210). Additionally, recent studies have 

revealed that AMPK is required to phosphorylate PGC-la directly in order to mediate its 

effects on mitochondrial function and content (211). Recent work published by Canto et al 

(209) indicate both in vitro and in vivo that in skeletal muscle, AMPK controls the 

expression of genes such as PGC-la by acting in coordination with the NAD+-dependent 

type III deacetylase sirtuin 1 (SIRT1). Deacetylation of PGC-la by SIRT1 results in its 

activation, and allows PGC-la to upregulate the expression of oxidative enzymes (209). 

Similarly to AMPK, SIRT1 activity is increased under conditions such as exercise and 

fasting, where FA oxidation is increased causing a subsequent elevation of NAD+ levels 

(212,213). In fact, when SIRT1 was knocked down in C2C12 myotubes, AICAR-induced 
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expression of genes related to mitochondrial metabolism was markedly attenuated, 

indicating a clear link between AMPK and SIRTl with respect to activation of PGC-la 

(209). When AMPK-targeted phosphorylation sites on PGC-la were mutated, general 

SIRTl activity was not altered; however, PGC-la deacetylation was impaired. These 

findings provide evidence that direct phosphorylation of PGC-la makes it a specific 

target for deacetylation by SIRTl (209). The interdependent regulation between AMPK 

and SIRTl provides a finely tuned mechanism to control the action of PGC-la in 

regulating FA metabolism through expression of key genes that regulate oxidation. 

While there have been extensive studies on the regulation of FA metabolism by 

AMPK in skeletal muscle, there is limited information regarding the metabolic fate of 

FAs under conditions of either acute or chronic AMPK activation in adipocytes. In fact, 

the importance of investigating the role of AMPK in WAT is highlighted by the fact that 

this enzyme exerts tissue-specific effects with respect to metabolism. Work in primary 

adipocytes acutely exposed to AICAR indicated that contrary to what has been shown in 

skeletal muscle, activation of AMPK inhibits intra-adipocyte FA oxidation (191). The 

decrease in FA oxidation is likely an effect due to limited substrate availability, since FA 

uptake is also suppressed in AICAR-treated adipocytes. When considering the role of 

WAT in whole-body energy metabolism it is compatible that under conditions of higher 

energy demand, adipocytes would prevent FA uptake and oxidation in order to spare 

energy for more metabolically active tissues such as skeletal muscle and liver (191). 

Although acute AMPK activation can rapidly suppress glucose and FA uptake 
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and metabolism in adipocytes, chronic AMPK activation has been associated with major 

alterations in gene expression, which may affect the ability of adipocytes to process 

glucose and FAs in a similar manner. Therefore, investigation of chronic AMPK 

activation in WAT is necessary to see whether the tissue-specific effects of acute AMPK 

activation remain after alterations in gene expression may have occurred. Interestingly, 

the observation that prolonged AMPK activation facilitates mitochondrial biogenesis to 

increase FA oxidation in skeletal muscle (209,210) gives insight into potential therapeutic 

targets to treat obesity by increasing FA oxidation and reducing fat stores in adipocytes 

(191). Indirect evidence of the role of AMPK in promoting FA oxidation after chronic 

activation is documented in studies where white adipocytes of hyperleptinemic rats were 

accompanied by increases in PGC-la, uncoupling protein (UCP)-l, and AMPK activity 

in WAT (119). These findings suggested that induction of oxidative genes and 

acquisition of a brown adipocyte phenotype could be achieved through chronic 

pharmacological activation of AMPK in WAT. Physiological activation of AMPK using 

exercise and adrenaline has also demonstrated an up-regulation of PGC-la mRNA in rat 

adipose tissue (214). In fact, a recent study indicated that mice injected with AICAR 

showed increased UCP-1 expression and induced accumulation of brown adipocytes 

within the WAT (215). These data suggest that AMPK could be a target for the 

conversion of WAT into a more "BAT-like phenotype", which opens up a new possibility 

for the treatment of obesity and its related metabolic disorders. However, more studies 

are required to address the effects of chronic AMPK activation on remodeling WAT 

towards a more oxidative tissue. 
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2.4.5. Effects of adipokines on AMPK activation 

Adiponectin and leptin are two important hormones released by adipocytes that 

have been associated with dysfunctional metabolic alterations present in obesity and type 

2 diabetes. The concentration of leptin in the blood is directly proportional to fat mass, 

and this hormone plays a critical role in regulating food intake, energy expenditure and 

neuroendocrine function (216). Several obese and insulin resistant murine models such as 

ob/ob (lacking functional leptin) or db/db (lacking functional leptin receptors) mice 

strongly indicate that leptin plays a critical role in regulating fat mass and the 

development of insulin resistance (54,217). Although the effects of leptin on food intake 

and energy balance are primarily mediated through the action of this hormone in the 

CNS, there is a large body of evidence demonstrating that leptin also increases glucose 

disposal and FA oxidation by acting directly in skeletal muscle and adipose tissue 

(119,120,218-222). Minokoshi et al (223) have shown that the expression of a dominant-

negative form of AMPK in H-2Kb muscle cells abolished the direct peripheral effects of 

leptin. Although the direct energy dissipating effects of leptin could lead to reduced fat 

accumulation and increase glucose disposal, it does not seem to be the case in human 

obesity. In fact, compared to lean individuals obese people have much higher levels of 

circulating leptin, indicating impaired ability to respond to this hormone (67). Thus, 

obese individuals face the obstacle of overcoming leptin resistance, which seems to 

prevent the peripheral effects of AMPK activation. In this context, an attractive 

therapeutic alternative that has emerged involves targeting AMPK directly in order to 
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facilitate its downstream anti-diabetic effects, while bypassing the limitations imposed by 

impaired leptin-receptor-mediated signaling. 

Unlike most adipokines, the concentration of adiponectin in the blood is inversely 

related to fat mass, where healthy individuals have high circulating adiponectin and obese 

patients exhibit lower levels of this hormone (224). Furthermore, the expression of 

AdipoRl and AdipoR2 is reduced in obesity, which negatively affects adiponectin 

sensitivity in these individuals (73). This is problematic, since AMPK activation by 

adiponectin requires binding to AdipoRl/R2 to exert its metabolic effects, such as 

glucose uptake and FA oxidation in the liver and in muscle (74,225). However, other 

studies have also suggested that impaired adiponectin signaling in obesity is not a result 

of reduced receptors, but a downstream defect in this pathway that reduces AMPK 

activity (205). 

2.4.6. Role of AMPK in adipocyte proliferation and differentiation 

Compatible with the role of AMPK in shutting down anabolic pathways when 

activated, it has been demonstrated in preadipocytes as well as in various other cell lines 

that activation of this kinase potently inhibits cell proliferation (226-230). Treatment of 

3T3-L1 cells either as fibroblasts or in the early stages of differentiation with AMPK 

agonists also inhibits clonal expansion in a dose-dependent manner (229,230). Notably, 

the effect of AMPK on cell proliferation has been well demonstrated in cancer cell lines 

where activation of AMPK using AICAR has been shown to arrest the cell cycle in the S-

phase by inducing expression of genes involved in halting cell cycle progression (i.e. p21, 
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p27, p53) (226,227). Inhibition of AMPK activity through expression of dominant-

negative AMPK, shRNA, or treatment with iodotubercidin reverses the effects of 

AICAR, indicating that these are indeed AMPK-mediated (226,227). Reduced clonal 

expansion of 3T3-L1 adipocytes with AMPK activation is accompanied by large 

reductions in neutral lipid content and suppresses transcription factors PPARy 1/2, 

C/EBPa, adipocyte differentiation and determination factor 1 (ADD1), and sterol-

regulatory element binding protein lc (SREBPlc) that are necessary for adipogenesis to 

occur (226,227). Expression of late adipogenic markers is also inhibited with AMPK 

activation, including expression of ACC and FAS (226,227). Interestingly, once 

adipocytes are differentiated activation of AMPK does not seem to reverse adipogenesis 

since there is no alteration in the expression of PPARy 1/2, C/EBPa, and SREBPlc 

(226,227). Rather, there seems to be a decrease in the pre-existing adipocyte size through 

reduced expression of proteins involved in TAG synthesis such as glycerol-3-phosphate 

and diacylglycerol acyltransferases (GPAT and DGAT, respectively). 

Although AMPK inhibits white adipocyte differentiation, a recent study in 

cultured brown adipocytes suggests a different role for this enzyme in regulating brown 

fat cell differentiation (215). When activated during the later stages of the differentiation 

process, AMPK was found to be necessary for inhibition of the mammalian target of 

rapamycin (mTOR), which stimulates protein synthesis and cell growth via multiple 

mechanisms including phosphorylation of S6 kinase. Importantly, AMPK-dependent 

inhibition of mTOR was required for brown adipocyte differentiation to take place (215). 
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2.4.7. Effects of AMPK on the hypothalamus 

Regulation of AMPK in the hypothalamus occurs via alterations in nutritional and 

hormonal signals. Under fasting conditions AMPK is activated in the hypothalamus 

(specifically the arcuate and paraventricular nuclei) and promotes food intake while 

refeeding elicits the opposite effect (231). Similarly to the periphery, AMPK activation in 

the hypothalamus promotes phosphorylation and inactivation of ACC. This results in low 

levels of malonyl-CoA that in turn elicits anorectic effects in the hypothalamus. 

Inhibition of FAS through intracerebroventricular (i.c.v.) administration of cerulinin 

increases malonyl-CoA levels and subsequently decreases food intake and body weight, 

while increasing energy expenditure (232). Additionally, expression of orexigenic 

neuropeptides NPY and AgRP are reduced (232,233), while POMC and CART 

expression are increased in response to elevated malonyl-CoA levels (234). The signaling 

mechanisms by which malonyl-CoA regulates these processes are not clear. It could be 

that malonyl-CoA interacts directly with a yet unidentified signaling protein that 

regulates expression of these neuropeptides. Alternatively, it has been demonstrated that 

malonyl-CoA binds to and inhibits CPT-1 c, the brain specific isoform of this protein, 

which may mediate the effects of malonyl-CoA in the CNS (235). Indeed, CPT-lc 

knockout mice exhibit reductions in food intake and body weight (236). Paradoxically, 

the presence of CPT-lc protects against the effects of a high fat diet, suggesting a more 

complex role for CPT-lc in regulating whole body energy balance (236). 

Since leptin plays a critical role in food intake, there was interest in examining 

whether this hormone could regulate AMPK in the hypothalamus. In contrast to 
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peripheral tissues, intraperitoneal (i.p.) and i.c.v. injections of leptin substantially reduced 

phosphorylation of this enzyme as well as ACC in the hypothalamus (237,238). In 

contrast, injection of ghrelin, a gut peptide hormone that has been shown to induce 

feeding, increased phosphorylation and activity of AMPK relative to saline treated 

controls (237). The role of AMPK was further substantiated in a mouse model where 

constitutively active (CA) and a dominant negative (DN) version of AMPKal and a2 

increased and decreased food intake, respectively (231). Furthermore, leptin injections in 

the CA-AMPK mice did not attenuate food intake or body weight, indicating that 

suppression of AMPK activity in the hypothalamus is required for the anorexigenic 

effects of leptin (231). Importantly, activation of AMPK in the hypothalamus was 

accompanied by increases in expression of NPY and AgRP in the arcuate nucleus (231). 

A recent study was done where AMPKa2 was knocked out in either POMC 

(POMCa2KO) or AgRP (AgRPa2KO) expressing neurons to establish whether these 

neuronal populations required AMPK activity (239). AgRPa2KO mice developed a lean 

phenotype with increased insulin sensitivity, an anticipated result since AMPK stimulates 

food intake as does AgRP. On the other hand POMCa2KO mice exhibited an obese 

phenotype. This was at odds with the initial role for AMPK, since removal of its 

enzymatic activity should have promoted anorexigenic effects. These results suggest that 

rather than acting as a general energy sensor in the hypothalamus, AMPK may play a 

specific role in different populations of neurons (239). The divergent roles of AMPK in 

POMC and AgRP neurons indicate a complex role for AMPK in the hypothalamus. 
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In addition to feeding, a role for AMPK as a glucose sensor in the ventromedial 

hypothalamus (VMH) has recently emerged. Under hypoglycemic conditions, AMPK is 

activated in the VMH, an area of the brain that has been known to increase hepatic 

glucose production. The injection of AICAR into the VMH nucleus to mimic 

fasting/hypoglycemia increased AMPK activity and hepatic glucose production 

(240,241). Conversely, inhibition of AMPK attenuated these responses, resulting in 

severe and prolonged hypoglycemia (241,242). This indicates that AMPK mediates 

counterregulatory mechanisms in response to alterations in glucose availability to the 

brain. Additionally, POMCa2KO mice displayed a deficiency in responding to 

alterations in extracellular glucose levels, suggesting that the interaction of AMPK and 

POMC is required for proper glucose sensing in the hypothalamus (239). 

2.4.8. Clinical applications of AMPK activation 

From a clinical perspective, AICAR has been administered to humans 

intravenously as "acadesine" to ameliorate ischaemic reperfusion injury after myocardial 

infarction associated with coronary artery bypass graft surgery (243). Acadesine is a 

purine nucleoside analog that enters the cell and is rapidly phosphorylated into ZMP, 

which is an AMP mimetic. Although the precise mechanism is unclear, acadesine 

increases the endogenous pool of adenosine to allow increased blood flow while inhibiting 

platelet aggregation and neutrophil activation (244,245). Whether this cardioprotective 

effect of acadesine is mediated by the activation of AMPK remains controversial. It has 

been reported that acadensine does not act on adenosine receptors located on the plasma 
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membrane (190,246), although it has been demonstrated in rat brain slices that this 

compound does compete with adenosine for uptake into cells (246). Regardless of the 

mechanisms of actions, the efficacy of acadesine has been tested in stage III of clinical 

trials, which indicate that unlike the use of adenosine, this drug is site- and event-specific, 

thereby preventing unwanted side effects. Interestingly, one noted side effect of acadesine 

is the lowering of plasma glucose levels, which in hindsight can now be attributed to 

AMPK facilitated glucose disposal into skeletal muscle, as well as to suppression of 

hepatic glucose production (247,248). In fact, recent studies in healthy men and type 2 

diabetic humans indicated that intravenous infusion of AICAR reduces plasma glucose 

levels by stimulating 2-deoxyglucose uptake into skeletal muscle and by lowering hepatic 

glucose output (249,250). Diabetic patients also exhibited lowered levels of NEFAs in the 

plasma, presumably through reduced adipose tissue lipolysis and/or increased FA 

oxidation in skeletal muscle (249). However, AICAR infusion in either lean or diabetic 

individuals was not accompanied by an increase in AMPK phosphorylation. These 

findings suggest that either a small change in AMPK activity is enough to stimulate 

glucose uptake in skeletal muscle or that this drug acts via AMPK-independent pathways. 

It is clear that the controversy regarding the mechanism of action of acadesine with 

respect to treating obesity requires more detailed clinical trials. 

The effect of acadesine in humans illustrates the potential of AMPK as an 

important therapeutic target for metabolic disease, but poor bioavailability of acadesine 

for chronic treatment of metabolic disease is a major obstacle (245). Currently, only acute 

intravenous administration of acadesine has been demonstrated to reach circulation when 
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measured in whole blood, whereas comparable oral doses of this drug elicited <5% 

bioavailability (251); therefore further research is required to optimize agents that can be 

administered to the general population without invasive procedures requiring 

hospitalization. 

The classical insulin-sensitizing effects of thiazolidinediones (TZDs) have been 

described to occur through chronic activation of PPARy in white adipose tissue through 

increased adipogenesis and increasing levels of adiponectin (252,253). However, it has 

been demonstrated in differentiated L6 myotubes and isolated muscle that these drugs can 

rapidly activate AMPK and elicit PPARy-independent effects (254,255). In these studies, 

the downstream effects compatible with AMPK activation were observed including 

increased FA oxidation, and insulin-independent increases in glucose uptake (254,255). 

Rats treated in vivo with pioglitazone have increased AMPK activation in liver and 

adipose tissue and this is accompanied by a reduction in malonyl-CoA levels, which 

suggests enhanced fat oxidation in these tissues (256). This is compatible with the notion 

that reduced hepatic lipid accumulation seen in patients administered pioglitazone (257) 

may be partially due to increased phosphorylation of AMPK and promotion of FA 

oxidation. TZDs can also activate AMPK indirectly by increasing adiponectin levels, 

which would promote FA oxidation in skeletal muscle and liver (225). In fact, when 

phosphorylation of AMPK was assessed after pioglitazone injections in adiponectin 

knock out ob/ob mice, it was attenuated relative to the ob/ob control, suggesting that 

TZDs activate AMPK through adiponectin-dependent mechanisms (258). 
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The biguanide drug metformin alleviates hyperglycemia in type 2 diabetics primarily 

through suppression of gluconeogenesis in the liver (248) and also by stimulating glucose 

uptake into skeletal muscle (259). Increased FA oxidation via AMPK in the liver and 

skeletal muscle have been documented with metformin treatment (260), suggesting that 

this drug has pleiotropic effects through AMPK activation and explains the high efficacy 

of metformin treatment for type 2 diabetes. The use of metformin and TZDs in 

combination provides the most substantial improvement in glycemia and the lipid profile 

when compared to treatment with either drug alone (261). It has been demonstrated that 

metformin inhibits complex I in the respiratory chain in mitchondria, causing a rise in 

AMP levels and an increase in AMPK activity (262). Recent studies now suggest that 

TZDs also work in this manner, indicating that anti-diabetic agents are working through a 

similar mechanism of action (263). Several novel small molecule AMPK activators have 

recently been shown to activate this enzyme via different mechanisms, including 

inhibition of complex I respiration, direct activation, and some with unknown modes of 

action (please refer to (264) for a comprehesive review of these compounds). A particular 

AMPK agonist of interest is from a class of drugs called thienpyridones referred to as 

A769662, which has improved specificity for AMPK and does not significantly interfere 

with a large number of protein kinases involved in metabolism such as glycogen 

phosphorylase, fructose- 1,6-bisphosphatase, and Akt (265). Injection of A769662 into 

ob/ob mice activated the AMPK/ACC pathway, leading to lowered glucose levels and 

reduced fat content in the liver (265). Importantly, since A769662 is not an adenosine 

analog, it does not bind to CBS domains on the y subunit (265). It activates AMPK 
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allosterically through interacting with the P-subunit glycogen binding domain (GBD) and 

y-subunit as shown in mutation studies (266). These studies have demonstrated that 

partial and complete deletions of the GBD and mutations of residues on the yl subunit 

that interact with the carbohydrate-binding loop proximal to the GBD are required for 

A769662-mediated AMPK activation. Importantly, it preferentially activates AMPK 

complexes containing the pi subunit, highlighting the ability of this drug to target 

specific combinations of heterotrimers (266). Since the pi subunit is expressed primarily 

in liver, the insulin-sensitizing effect of A769662 is thought to be mainly due to 

suppression of glucose production and FA oxidation within this organ (265). However, 

the same obstacle seen with acadesine arises since bioavailability of A769662 is only 

-7% (265). Therefore a drug that exhibits more favourable pharmacokinetics still needs 

to be developed and investigated. 

A natural remedy such as berberine, an alkaloid isolated from Chinese herbs, has 

been extensively used in natural medicine to treat gut-infections, although more recently 

to treat hyperglycemia and dyslipidemia (267). It was recently reported by Turner et al 

(267) that berberine inhibits complex I respiration. Furthermore, through the use of a cell 

model deficient in LKB1 signaling, they show that berberine requires AMPK activity to 

exert its metabolic effects on glucose and lipid homeostasis (267). Although berberine 

requires high oral doses to be effective, this study indicates that derivatives of berberine 

can be designed to reduce the amount required to achieve efficacy (267). Similarly, 

resveratrol, a compound found in grapes and red wine, has been demonstrated to 
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increased AMPK activity by increasing the AMP ATP ratio in the cell (268). This effect 

was thought to be in combination of SIRTl and AMPK activity (269), however later 

studies using AMPKal and a2 knockout mice indicated that AMPK was the central 

target mediated the metabolic effects of resveratrol (270). When added as a supplement to 

high-calorie diets administered to mice, resveratrol improved blood lipid profiles, 

increased survival, and fatty liver disease (268,271-273), ultimately enhancing overall 

health of these animals. Specifically, the downstream effects of AMPK activation 

included increased insulin sensitivity and glucose uptake in skeletal muscle and increased 

mitochondrial content (272). Since resveratrol can be administered efficiently through the 

diet, the delivery of small molecule activators of AMPK is an attainable goal for the 

development of treatments for obesity and metabolic disease. 
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CHAPTER 3: OBJECTIVES AND HYPOTHESES 

OBJECTIVE #1 (Chapter 4): To investigate the effects of prolonged AICAR-induced 

AMPK activation on lipid partitioning and the potential molecular mechanisms involved 

in these processes in adipocytes. 

Hypotheses: 

1) Chronic AMPK activation will increase expression and content of proteins 

involved in oxidative metabolism (i.e. PGC-la, PPARa, PPAR5, CPT-1) and 

cause a subsequent increase in FA oxidation. 

2) Lipolysis will be suppressed due to AMPK-mediated inhibition of HSL 

phosphorylation and activity. 

OBJECTIVE #2 (Chapter 5): To investigate the molecular mechanisms by which diet-

induced obesity dysregulates lipid metabolism and whether AMPK is involved in these 

processes in adipocytes from visceral (VC) and subcutaneous (SC) fat depots. 

Hypotheses: 

1) The activity of the lipolytic machinery will be increased in VC compared to SC 

fat depots. 

2) Blunted catecholamine-induced lipolysis in both VC and SC fat depots under 

conditions of diet-induced obesity will be mediated by impaired HSL 

phosphorylation. 

3) The inhibitory effect of AMPK on HSL activity will be disrupted in VC and SC 

adipose tissue under conditions of diet-induced obesity. 
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OBJECTIVE #3 (Chapter 6): To investigate the molecular mechanisms by which 

AICAR-induced AMPK activation inhibits basal and insulin-stimulated glucose uptake in 

primary rat adipocytes. 

Hypotheses: 

1) AMPK activation inhibits basal and insulin-stimulated phosphorylation of the Akt 

substrate of 160 kDa (AS 160) and GLUT4 translocation in adipocytes. 

2) Disruption of AMPKal signaling will reverse the inhibitory effects of AICAR-

induced AMPK activation on glucose uptake in primary adipocytes. 

OBJECTIVE #4 (Chapter 7): To determine the functional and structural alterations in 

VC and SC fat depots, as well as the adaptive responses in whole-body energy balance 

induced by chronic in vivo systemic AMPK activation. 

Hypotheses: 

1) Increased mitochondrial content and a greater number of multilocular and UCP-1 

positive adipocytes within the WAT will be accompanied by elevated rates of FA 

oxidation with chronic AMPK activation. 

2) Adiposity will be reduced by chronic AMPK activation. 

3) Reductions in adiposity will activate energy-sparing mechanisms, causing 

reduction in whole-body resting energy expenditure. 

4) Systemic AICAR treatment will increase hypothalamic AMPK activation and 

trigger whole-body energy-sparing mechanisms. 
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ABSTRACT 

This study was designed to investigate the effects of prolonged activation of 

AMP-activated protein kinase (AMPK) on lipid partitioning and the potential molecular 

mechanisms involved in these processes in white adipose tissue (WAT). Rat epididymal 

adipocytes were incubated with AICAR (0.5mM) for 15h. Also, epididymal adipocytes 

were isolated 15h after AICAR was injected (i.p. 0.7g/kg b.w.) in rats. Adipocytes were 

utilized for various metabolic assays and for determination of gene expression and 

protein content. Time-dependent in vivo plasma non-esterified fatty acid (FA) 

concentrations were determined. AICAR treatment significantly increased AMPK 

activation, inhibited lipogenesis, and increased FA oxidation. This was accompanied by 

up-regulation of peroxisome proliferator-activated receptor (PPAR)a, PPAR5, and 

PPARy-coactivator-la (PGC-la) mRNA levels. Lipolysis was first suppressed, but then 

increased both in vitro and in vivo with prolonged AICAR treatment. Exposure to AICAR 

increased adipose triglyceride lipase content (ATGL) and FA release, despite inhibition 

of basal and epinephrine-stimulated hormone sensitive lipase (HSL) activity. Here, we 

provide evidence that prolonged AICAR-induced AMPK activation can remodel 

adipocyte metabolism by up-regulating pathways that favor energy dissipation versus 

lipid storage in WAT. Additionally, we show novel time-dependent effects of AICAR-

induced AMPK activation on lipolysis, which involves antagonistic modulation of HSL 

and ATGL. 
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INTRODUCTION 

Obesity is a major risk factor for metabolic disorders such as Type 2 Diabetes and 

cardiovascular disease and it is characterized by the excessive accumulation of fat in the 

white adipose tissue. In this context, physiological and/or pharmacological strategies 

aimed towards increasing fatty acid (FA) oxidation and energy dissipation in adipocytes 

have become of great therapeutic interest (274). One enzyme that has emerged as a 

potential target for dissipation of fat stores is AMP-activated protein kinase (AMPK). 

This enzyme functions as an energy sensor and is activated in response to changes to the 

AMP:ATP ratio in the cell (274,275). Upon activation, AMPK switches on catabolic 

pathways to produce ATP in an attempt to restore cellular energy homeostasis. One 

pathway that is central to the integrated effects of AMPK in peripheral tissues is the 

stimulation of FA oxidation (274,275), which could be of great relevance for the 

treatment of obesity and metabolic syndrome. However, currently very little is known 

regarding the effects of AMPK activation on glucose and lipid metabolism in WAT. We 

have recently reported that acute (lh) AICAR-induced AMPK activation in isolated rat 

adipocytes caused a reduction in glucose and FA uptake with concomitant reduction in 

oxidation of these substrates (191). This is contrary to the effects previously described in 

skeletal muscle (254), indicating that AMPK regulates glucose and lipid metabolism in a 

tissue-specific manner. Importantly, although acute AMPK activation can rapidly 

suppress glucose and FA uptake and metabolism in adipocytes (191), chronic AMPK 

activation has been associated with major alterations in gene expression, which might 

powerfully affect the ability of adipocytes to process glucose and FAs. In fact, it has been 
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demonstrated that AMPKa2 is localized in the nuclei of many cells and is involved in the 

regulation of gene expression (206). Support for this comes from correlative in vivo 

studies reporting that chronic AMPK activation in hyperleptinemic rats is associated with 

increased expression of PGC-la, higher mitochondrial content, up-regulation of 

uncoupling proteins (UCPs), elevated expression of enzymes involved in /J-oxidation, 

such as carnitine palmitoyl transferase 1 and acetyl-CoA oxidase, and decreased 

expression of lipogenic enzymes (acetyl-CoA carboxylase and fatty acid synthase) in 

WAT (119,276). Observations from these studies suggest that since hyperleptinemia 

depletes body fat without increasing plasma FA levels, the up-regulation of genes 

involved in oxidative metabolism were responsible for enhanced intra-adipocyte 

oxidation (119,222). Even though these studies show that AMPK phosphorylation is 

increased by hyperleptinemia, a direct cause-effect relationship between AMPK 

activation and these metabolic changes in adipocytes has not been established (119,222). 

Importantly, the effects of hyperleptinemia require the presence of a functional leptin 

receptor that engages many downstream targets, not specifically AMPK. In order to 

extend the knowledge on the role of AMPK activation in adipocyte metabolism, we 

tested whether chronic activation of AMPK causes alterations in gene expression that 

promote energy dissipation rather than storage in adipocytes. This is particularly 

important because potential pharmacological strategies for the treatment of obesity and 

its related metabolic disorders by selectively targeting adipose tissue AMPK activation 

will be chronic rather than acute in nature. Therefore, in order to test whether or not 

chronic activation of AMPK can lead to metabolic alterations that promote energy 
72 



dissipation in WAT, we performed in vivo and in vitro studies to assess various 

parameters as well as the potential mechanisms involved in the regulation of glucose and 

lipid metabolism by AMPK in adipocytes. Here, we provide novel evidence that chronic 

AICAR-induced AMPK activation causes a potent anti-lipogenic effect by increasing the 

expression of PGC-la, PPARa, and PPARS, by suppressing FA uptake, and by 

promoting oxidation of this substrate in rat white adipocytes. Chronic AICAR-induced 

AMPK activation also increased ATGL content and FA release, despite the fact that basal 

and epinephrine-stimulated HSL phosphorylation and activity was suppressed in 

adipocytes. Our data indicate that, through chronic AMPK activation, WAT metabolism 

can be remodeled towards energy dissipation and this may be of great relevance for the 

treatment of obesity and its related metabolic disorders. 

MATERIALS AND METHODS 

Reagents - 5'-aminoimidasole-4-carboxamide-l-beta-d-ribofuranoside (AICAR) was 

purchased from Toronto Research Chemicals, Inc. (Toronto, Ontario, Canada); 

cardiolipin, E. coli DAG kinase, DETAPAC, DTNB, di-'isononyl' phthalate, 

epinephrine, FA-free bovine serum albumin (BSA), free glycerol determination kit, 

glucose oxidase kit, MTT toxicology assay kit, octyl-P-glucoside, oxaloacetic acid, 

palmitic acid, phenylethylamine, silica coated TLC plates, and SYBR green were 

obtained from Sigma; [l-14C]diolein, [9,10-3H]triolein, [U-14C]glycerol and [y-32P]ATP 

was purchased from American Radiolabeled Chemicals, Inc. (St. Louis, MO); D-[U-

14C]glucose, [l-14C]pyruvic acid, and [l-14C]palmitic acid was from GE Healthcare 
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Radiochemicals (Quebec City, Quebec, Canada), and human insulin (Humulin) was from 

Eli Lilly. Non-esterified fatty acid (NEFA) kit was from Wako Chemicals. Lactate 

oxidase kit was from Trinity Biotech. RNeasy Lipid Extraction Kit was from Qiagen. 

Superscript II and Taq polymerase was from Invitrogen. DNase kit was from Ambion. 

Tripalmitin, triolein, and sM-l,2-dioleoylglycerol standards were purchased from Nu 

Check Prep (Elysian, MN). Phosphatidic acid standard was from Avanti Polar Lipids 

(Alabaster, AL). Specific antibodies against phospho-AMPK, AMPK, acetyl-CoA 

carboxylase (ACC), hormone sensitive lipase (HSL), phospho-HSL (all residues), and 

adipose triglyceride lipase (ATGL) were from Cell Signaling Technology Inc. (Beverly, 

MA). Phospho-ACC was antibody was from Upstate (Charlottesville, VA). PEPCK-1 

and GAPDH were from Abeam (Cambridge, MA). PGC-la was from Cayman 

Chemicals (Ann Arbor, MI). All other chemicals were of the highest grade available. 

Animals and isolation of primary adipocytes - Male albino rats (Wistar strain), weighing 

150 - 200g, were maintained on a 12/12-h light/dark cycle at 22°C and fed {ad libitum) 

standard laboratory chow. The experimental protocol was approved by the York 

University Animal Care Ethics Committee. Rat epididymal fat pads were quickly 

removed, finely minced, and digested at 37°C for 30min in DMEM containing type II 

collagenase (lmg/ml). The digested tissue was filtered through a nylon mesh, and washed 

3 times with DMEM supplemented with 1% fetal bovine serum (FBS), 1% 

antibiotic/antimycotic, 50|xg/mL gentamycin, and 15mM HEPES (DMEM-1% FBS) 

(191). Cells were re-suspended in DMEM-1% FBS, and incubated in the absence or 
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presence of AICAR (0.5mM) for 15h prior to assaying for various metabolic parameters. 

The amount of AICAR was chosen for our in vitro studies was based on a dose response 

with concentrations of 0, 0.25, 0.5, 1, and 2mM, where AMPK activation was detectable 

using 0.5mM. 

MTT assay for cytotoxicity - The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl 

tetrazolium bromide) cytotoxicity test was performed according to manufacturer's 

instruction with slight modifications as described by Canova et al (277). Briefly, cells 

were incubated for 15h in the absence or presence of AICAR (2mM). Subsequently, cells 

were re-suspended in serum and phenol red-free DMEM and cultivated for 2h in MTT 

work solution, consisting of a final concentration of 500 ug/ml MTT. The resulting 

purple formazan crystals were solubilized using the solution provided, and measured 

spectrophotometrically at 540nm. 

Measurement of glycerol kinase (GyK) activity - Adipocytes were incubated for 15h in 

the presence of either AICAR (0.5mM) or Rosiglitazone (luM). Control cells received 

only vehicle (DMEM-1% FBS or DMSO). After incubation, cells were snap-frozen in 

liquid nitrogen and prepared for measurement of GyK activity (253). Briefly, 150uL of 

extraction buffer (50 mM HEPES, 40 mM KC1, 11 mM MgCl2, 1 mM EDTA, 1 mM 

dithiothreitol, pH 7.8) was added to cells, which were then vortexed and sonicated for 

complete lysis. Homogenates were centrifuged and the infranatant containing GyK was 

collected. Samples of the extract containing 10ug of total protein were added to 75\iL 

assay buffer containing 5uCi/mL of U-[14C]glycerol (~30^iM), for 3h at 37°C. The 
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reaction was terminated by the addition of 150|xL of 97% ethanol, 3% methanol (253). 

Seventy-five microlitres of the alcohol-treated reaction mixture were spotted onto DE-81 

Whatman filters and allowed to air dry before being washed with distilled water 

overnight. Filters were dried again, and counted for radioactivity (253). 

Measurement of glycerol, glucose, and pyruvate incorporation into lipids - For glycerol, 

glucose, and pyruvate incorporation into lipids, adipocytes (-2 x 105) were pre-incubated 

with AICAR for 15h and subsequently exposed for lh to either [U-14C]glycerol 

(0.5uCi/ml; ~30uM), D-[U-14C]glucose (0.5uCi/mL, with 5.5mM unlabeled D-glucose), 

or [l-14C]pyruvic acid (O.luCi/mL, with lOuM unlabeled pyruvate) to allow 

incorporation of these substrates into total lipids (191,254). Subsequently, lipids were 

extracted using Doles method (278), and assessed for radioactivity (191,254). 

Incorporation of [l-14C]palmitic acid into TAGs - After the 15h incubation in the 

absence or presence of AICAR, adipocytes (-2 x 105) were incubated in the presence of 

0.2mM palmitic acid and 0.2uCi/mL of labeled [l-14C]palmitic acid for lh to allow 

incorporation of palmitate into lipids (221). Subsequently, lipids were extracted by the 

method of Bligh and Dyer (279) with a few modifications. Briefly, cells were lysed in 

0.5mL of methanol with vigorous vortexing, and lipids were extracted by adding 1.5mL 

of a chloroform:methanol solution (1:2, v/v) and incubated on ice for lh. Subsequently, 

0.5mL of each chloroform and 0.2M NaCl were added to the tubes, and phases were 

separated by centrifugation. The bottom phase was removed and washed with 0.5mL 

each of methanol and NaCl. The lower phase was extracted and evaporated under a 
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constant stream of N2. Lipids were then re-suspended in 40j.iL of a chloroform:methanol 

solution (2:1) and 5JAL was spotted onto a silica-coated glass thin layer chromotography 

(TLC) plate with triacylglycerol standards (tripalmitin and triolein). Lipids were 

separated with n-hexane/ethyl ether/acetic acid (70:30:1) as solvent and visualized using 

iodine vapor. The spots corresponding to the triacylglycerol (TAG) standards were 

scraped off and counted for radioactivity. 

Palmitate Uptake - Palmitate uptake was assayed as described previously (191) with a 

few modifications. Briefly, fat cells (2 x 105) were re-suspended to a lipocrit of 30% and 

incubated either in the absence or presence of AICAR for 15h. Subsequently, palmitic 

acid uptake was assayed in KRB containing [l-14C]palmitic acid (0.2uCi/mL) and non-

labeled palmitate (30uM) conjugated with FA-free albumin in a molar ratio of 1 (-0.7% 

albumin). After cells had been exposed to the assay buffer for 3min, an aliquot (240uL) 

of the cell suspension was transferred to microtubes containing IOOJAL of cold di-

'isononyl' phthalate and quickly centrifuged (13,000 rpm for 30s) to separate the cells 

from the radiolabeled incubation medium and to terminate the reaction. Microtubes were 

cut through the oil phase and cells transferred to scintillation vials to be counted for 

radioactivity. Non-specific transport was determined in the same conditions, except that 

ice-cold assay buffer was added to the cells and immediately centrifuged (time zero). 

Non-specific values were subtracted from all conditions. 
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Determination of lipolysis and the production of C02from exogenous and endogenous 

[l-14CJpalmitic acid - Lipolysis was determined after AICAR-treated adipocytes (-2 x 

105) had been incubated for 75min in the absence or presence of epinephrine (lOOnM 

final concentration) or vehicle (0.5M HC1). An aliquot of the media (400(iL) was 

collected and analyzed for glycerol and non-esterified FA (NEFA) release using 

commercially available kits from Sigma Aldrich and Wako Chemicals, respectively. The 

oxidation of exogenous palmitate by isolated adipocytes pre-incubated with AICAR for 

15h was measured in Krebs Ringer buffer (KRB) containing 4% FA-free albumin in the 

presence of 0.2mM palmitic acid and 0.2uCi/mL of labeled [l-14C]palmitic acid for lh 

(191). For endogenous palmitate oxidation, cells were incubated in the absence or 

presence of AICAR for 15h. Subsequently, cells were pre-labeled with luCi/mL of [1-

14C]palmitic acid (18,221) for 30min, and then washed to eliminate any [l-14C]palmitic 

acid that had not been incorporated into adipocytes. Cells were then incubated in KRB 

containing 4% FA-free albumin, and 14C02 was collected as previously described for 

measurement of oxidation (191). 

Citrate synthase activity - Citrate synthase activity was assayed with adaptations to the 

method described by Alp et al (280). Adipocytes (6 x 106) were lysed in buffer (25mM 

Tris-HCl, lmM EDTA, pH 7.4), centrifuged, and the infranatant was collected. An 

aliquot containing ~20ug of protein was added to the assay buffer (50mM Tris-HCl, pH 

8.1, 0.2mM DTNB, O.lmM Acetyl-CoA, 0.5mM oxaloacetate) and absorbance was 
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measured over lOmin in a spectrophotometer at 412nm. The assay control contained all 

components except the sample, and its value was subtracted from all conditions. 

Quantification of diacylglycerol (DAG) content - DAG levels were quantified by a 

modified enzymatic method described by Preiss et al (281), which is based on the 

principle of DAG phosphorylation and conversion into phosphatidic acid. Briefly, control 

and AICAR-treated adipocytes (1 x 105) were lysed and lipids were extracted as 

described above. Lipids were dried under N2 gas, and solubilized in 80uL of a 7.5% 

octyl-P-D-glucoside, 5mM cardiolipin in ImM DETAPAC solution using brief 

sonication. Subsequently, 60JIL of reaction buffer (100 mM imidazole HC1, pH 6.6, 100 

mM NaCl, 25 mM MgCl2, and 2 mM EGTA), \0\iL of 20mM DTT in ImM DETAPAC, 

and lOuL of DAG kinase solution (~4jAg per reaction) was added to IO^IL of solubilized 

lipids. Reactions were initiated with the addition of lOuL of ATP solution (final 

concentrations ImM ATP and 2uCi of [y-32P]ATP per reaction) and allowed to proceed 

at 25°C for 30min. The reaction was terminated with the addition of 2mL of cold 

chloroform:methanol (1:2) solution, followed by ImL of 0.2M NaCl and 2mL of 

chloroform. Tubes were vortexed, and after separation of phases, the lower phase was 

carefully extracted and placed into fresh test tubes. Lipids were dried under N2 gas and 

solubilized in 50uL of 5% methanol in chloroform. Five microliters of the lipid was 

spotted onto a silica-coated glass plate, and separated using a solvent composed of 

chloroform, acetone, methanol, acetic acid, and distilled water (50:20:10:10:5, v/v/v/v/v). 

As a standard, cold phosphatidic acid (25u.g) was spotted onto the plate. Lipids were 
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visualized using iodine vapour, and corresponding spots were scraped off and 

radioactivity was counted. For absolute quantification of DAG, a standard curve with 

known amounts of sH-l,2-dioleoylglycerol was assayed concurrently with samples for 

each experiment. Non-specifics were treated the same as standards and samples, except 

that no lipid was present. Non-specific values were subtracted from all values. 

Western blot analysis - AICAR-treated and control adipocytes (1 x 107) were stimulated 

with epinephrine (lOOnM) for the final 30min of the 15h incubation-period. For time-

course analyses, cells were exposed to AICAR for 0, 1,2, 4, 8, and 15h. Cells were then 

immediately snap-frozen in liquid nitrogen and lysed in buffer composed of 25mM Tris-

HCl and 25mM NaCl, (pH 7.4), ImM MgCl2, 2.7mM KC1, 1% NP-40, and protease and 

phosphatase inhibitors (0.5mMNa3V04, ImMNaF, 1 uM leupeptin, 1 \iMpepstatin, luM 

okadaic acid, and 20mM PMSF) (191,282). Cell lysates were centrifuged, the infranatant 

was collected, and an aliquot was used to determine protein concentration using the 

Bradford method. Sample preparation and SDS-PAGE conditions were performed as 

previously described (191). All primary antibodies were used in a dilution of 1:1000 with 

the exception of AMPK (1:500), PGC-la (1:200), and GAPDH (1:5000). 

Quantitative PCR (q-PCR) analysis - Total RNA was isolated from adipocytes using the 

RNeasy kit, followed by DNase treatment in order to remove gDNA carry-over. Primers 

were designed using the software PrimerQuest (IDT, USA) based on probe sequences 

available at the Affymetrix database (NetAffx™ Analysis Center, http:// 

www.affymetrix.com/analysis) for each given gene. Real-time PCR reactions were 
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carried out at amplification conditions as follows: 95°C (3 min); 40 cycles of 95°C (10 s), 

65°C (15 s), 72°C (20 s); 95°C (15 s), 60°C (15 s), 95°C (15 s). qPCR was performed 

using the ABI Prism® 7900HT Sequence Detection System (Applied Biosystems, Perkin 

Elmer, USA). All genes were normalized to the control gene GAPDH and P-actin, and 

values are expressed as fold increases relative to control. Primers sequences are shown in 

Table 4-2. 

In vivo treatment - Rats were given a single i.p. injection of either saline or AICAR 

(0.7g/kg b.w.). The dosage was chosen based on previous in vivo rat studies that used 

between 0.5 - 1.0 g/kg b.w. for chronic AICAR injections (283-285). Fifteen hours later, 

epididymal fat pads from each group were extracted, and adipocytes were isolated for 

analysis of palmitate oxidation (191) or protein expression by Western blotting. For in 

vivo glucose and NEFA determination, animals were injected with either saline or 

AICAR and blood samples from the saphenous vein were collected at various time 

points. An 8h time-course was chosen for in vivo studies to avoid the effects of circadian 

rhythm on lipolytic rate (286). Glucose concentration was determined by the glucose 

oxidase method using a commercially available kit from Sigma. 

HSL and TAG lipase activity - Activity of HSL was measured as established by 

Fredrikson et al (287). Briefly, after treatment with AICAR for 15h, cells were stimulated 

with epinephrine (lOOnM) for 75min. Subsequently, cells were lysed in 2 volumes of 

homogenization buffer (287) and centrifuged for 45min (4°C, ll,000g). An aliquot 

(~100}xg of protein) of the infranatant was incubated with assay buffer containing a final 
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concentration of 7.5mM unlabeled diolein (DO) and 0.5uCi/mL of labeled [1- C]diolein 

at 37°C for lOmin. This substrate is a commercially available diacylglycerol that liberates 

a labeled [l-14C]oleic acid in the presence of HSL activity (287). The reaction was 

terminated with the addition of 3.25mL of extraction buffer and 1.05mL of a 0.1M 

K2CO3, 0.1M boric acid solution (287). Tubes were centrifuged (800g) and ImL from the 

upper phase, which contains the liberated [l-14C]oleic acid, was extracted and counted for 

radioactivity. Determination of TAG lipase activity was identical to measurement of HSL 

activity, except the assay buffer contained 5mM unlabeled triolein and 0.5uCi/mL of 

labeled [9,10-3H]triolein as a substrate. 

Statistical Analysis - Statistical analyses were performed by unpaired t-tests or using 

either one- or two-way analysis of variance with Tukey-Kramer multiple comparison 

post-hoc tests. The level of significance was set to P<0.05. 

RESULTS 

AMPK and ACC phosphorylation and content, PGC-la content, cytotoxicity, palmitate 

uptake, palmitate oxidation, and citrate synthase activity. Adipocytes treated with 

AICAR elicited an increase in both phosphorylation and content of AMPK (Figure 4-

1A). AICAR increased ACC phosphorylation while total ACC levels decreased relative 

to control values (Figure 4-1 A). PGC-la content clearly increased after 15h of AICAR 

treatment (Figure 4-IB). Measurement of cytoxicity revealed no difference between 

control and adipocytes exposed to AICAR for 15h (Figure 4-1C). Palmitate uptake 
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Figure 4-1. Effects of AICAR on content and phosphorylation of AMPK and ACC (A), 
PGC-la content (B), cytotoxicity (C), palmitate uptake (D), and 14C02 production from 
[l-14C]palmitic acid via endogenous (E) and exogenous (F) sources. Blots are 
representative of 3 independent experiments. Data for cytotoxicity, uptake, and oxidation 
are compiled from 4-5 independent experiments. Unpaired t-tests were performed for 
statistical analyses. *P<0.05 versus control (Con) conditions. 
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significantly decreased (-87%) in AICAR treated cells (Figure 4-ID), while oxidation of 

both endogenous and exogenous palmitate was elevated by -6.6- and -3-fold, 

respectively (Figure 4-1E-F). We have also tested whether or not the addition of L-

carnitine to the incubation medium would modify the ability of fat cells to oxidize long-

chain FAs. We exposed isolated adipocytes to AICAR for 15h in the absence or presence 

of carnitine (500uM). The addition of L-carnitine increased palmitate oxidation from 

0.021 ± 0.004 to 0.058 ± 0.004 and from 0.052 ± 0.007 to 0.150 ± 0.004 nmols/h in 

control and AICAR-treated cells, respectively. These data indicate that, although the 

addition of L-carnitine to the incubation medium increased the absolute values of 

palmitate oxidation, it did not alter the AICAR-induced -3.0-fold increase in the ability 

of adipocytes to oxidize palmitate. Compatible with the elevation in oxidation, AICAR 

treated cells also elicited an increase in citrate synthase activity by -1.9-fold relative to 

control cells (Table 4-1). 

Quantitative PCR analyses. Quantitative PCR analysis revealed that the mRNA levels of 

the a l isoform of AMPK was not altered by AICAR treatment, while the expression of 

the a2 isoform increased by ~4.8-fold (Table 4-2). Additionally, mRNA levels of PGC-

la , PEPCK-1, PPARa, PPAR5, and PPARy were increased by -3.0-, -7.0, -3.7-, -2.5, 

and -2.8-fold, respectively, after AICAR treatment (Table 4-2). Enzymes involved in P-

oxidation, such as carnitine palmitoyltransferase-lb (CPT-lb) and acetyl-CoA oxidase, 

were up-regulated by -3.9- and 2.3-fold respectively. Expression of PEPCK-2, UCP-1, 

and UCP-2 remained unaltered with AICAR treatment (Table 4-2). 
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Condition 
Citrate synthase activity 

(nmols/min/u.g of protein) 

Control 2.42 ± 0.53 

AICAR 4.68 ± 0.36* 

Table 4-1. Citrate synthase activity. Cells were incubated in the absence or presence of 
AICAR (0.5mM) for 15h, and protein was extracted for determination of citrate synthase 
activity. Values were corrected for \xg of protein per sample. N=8 per group, with 
samples run in duplicate. Unpaired t-test was performed for statistical analysis. *P<0.05 
versus Control. 
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Gene Primer sequences (5' -» 3') 
(F - Forward, R - Reverse) 

Relative to control 
(Mean ± SE) 

AMPKal 

AMPKa2 

PGC-la 

PEPCK-1 

PEPCK-2 

UCP-1 

UCP-2 

PPARa 

PPARS 

PPARy 

COX-8 

COX-6 

CPT-1 a 

CPT-lb 

Acetyl-CoA 
oxidase 

GAPDH 

F - ACCATTCTTGGTTGCCGAAACACC 
R- CCAAATGCCACTTTGCCTTCCGTA 

F - CAGCCCTTGGGCATCTTTGCTAAT 
R - AAAGACCCTATGGCCAAAGCAAGG 

F - ACCGTAAATCTGCGGGATGATGGA 
R - CATTCTCAAGAGCAGCGAAAGCGT 

F-TCCGAAGTTGGCATCTGACACTGA 
R-CTCACACACACATGCTCACACACA 

F - AGGCTGGAAAGTGGAGTGTG 
R - GTGGAAGAGGCTGGTCAATG 

F - TCAACACTGTGGAAAGGGACGACT 
R-TCTGCCAGTATGTGGTGGTTCACA 

F - AGCACATCTCACTATGCCTCCTCA 
R- ACATTGGAGCTTGCTTTATGGGCG 

F - TGCAGGTCATCAAGAAGACCGAGT 
R - TGTGCAAATCCCTGCTCTCCTGTA 

F - AGACCTCAGGCAGATTGTCACAGA 
R- ACACTTTGTCAGCGACTGGGACTT 

F - ACACTTTGTCAGCGACTGGGACTT 
R- AGACCTCAGGCAGATTGTCACAGA 

F - ATGGTTCCAGCAGGATGGGTCTTA 
R - AGCGTTTAATTGGCCTCTCAGGGA 

F-TTGCTGCTGCCTATAAGTTTGGCG 
R - AGTTCAGGAACACAGGTCAGCAGT 

F - ACGGACCCTCGTGATACAAACCAA 
R - AGCCAAGGCATCTCTGGATGTAGT 

F - AGCCCTTAGGTGCCTATGTTTGGT 
R - ACAGCACTCTCGAAGTCCGCATTA 

F - AGATTAGCCAGGAAAGCCGACCAT 
R - TCCTTCGTGGATGAAGTCCTGCAA 

F - TGACTCTACCCACGGCAAGTTCAA 
R - ACGACATACTCAGCACCAGCATCA 

1.03 ±0.08 

4.79 ±0.31* 

3.04 ±0.18* 

7.02 ±0.61* 

0.71 ±0.06 

1.29 ±0.26 

0.73 ±0.10 

3.70 ±0.56* 

2.50 ±0.33* 

2.97 ± 0.37* 

2.18 ±0.19* 

1.68 ±0.13* 

0.81 ±0.18 

3.94 ±0.56* 

2.27 ±0.15* 

N/A 

Table 4-2. Quantatative PCR analyses. Total RNA was extracted from adipocytes after 
15h of AICAR treatment and subsequently used for quantitative PCR analysis. GAPDH 
was used as the control gene. N=4-5 for each group. Samples were run in triplicates on 
the plate. *P<0.05 versus control. 
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Figure 4-2. Time-dependent effects of AICAR on content and phosphorylation of AMPK 
and ACC from 0 to 15h (A). Time-dependent effects of AICAR and epinephrine (Epi) on 
non-esterified FAs (NEFAs) (B) and glycerol release (C) in vitro. Blots are representative 
of 3 independent experiments. Data for NEFA and glycerol determination were compiled 
from 3 independent experiments. Two-way ANOVAs were performed for statistical 
analyses. * and #P<0.05 versus all other conditions; SP<0.05 versus 0, 4, 8, and 15h; 
&P<0.05 versus Basal 0, 1, 2, 4, 15h and Epi 8 and 15h; §P<0.05 versus all other 
conditions; ¥P<0.05 versus 0 and 15h. 
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In vitro lipolysis. NEFAs in the medium decreased after lh and 2h of AICAR treatment 

under both basal (-95 and -35%, respectively) and epinephrine stimulated (-55 and 

-40%), respectively) conditions (Figure 4-2B). After 4, 8, and 15h of AICAR treatment, 

basal NEFA levels increased by ~3.2-, -5.8-, and -10-fold while under epinephrine-

stimulated conditions this variable increased by -1 .1- , -2- , and -1.8-fold, respectively 

(Figure 4-2B). Glycerol release was suppressed at all time points remaining at -50% and 

20% of control values for basal and epinephrine conditions, respectively (Figure 4-2C). 

PEPCK-1 content, GyK activity, and incorporation of palmitate, glucose, glycerol, and 

pyruvate into lipids. PEPCK-1 content was increased in a time-dependent manner with 

AICAR treatment (Figure 4-3A). Rosiglitazone was used as a positive control (253), and 

as expected, it significantly increased GyK activity by -60% (Figure 4-3B). AICAR 

treatment did not change the activity of this enzyme (Figure 4-3B). AICAR treatment 

inhibited incorporation of palmitate, glucose, and glycerol into lipids by -70, -90 and 

-35%, respectively (Figure 4-3C-E), while the incorporation of pyruvate into lipids 

remained unaffected (Figure 4-3F). 

HSL content, phosphorylation, and activity, ATGL content, and TAG lipase activity. As 

expected, phosphorylation of HSL563 and HSL660 increased with epinephrine stimulation 

(Figure 4-4A). AICAR treatment inhibited phosphorylation of HSL563 and HSL660 under 

basal and epinephrine stimulated conditions (Figure 4-4A), while it increased 

phosphorylation of the HSL565 residue (Figure 4-4A). In cells exposed to AICAR, basal 

HSL activity significantly decreased by -40 while the epinephrine-stimulated effect was 
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Figure 4-3. Measurement of PEPCK content by western blotting (A), glycerol kinase 
(GyK) activity (B), and the incorporation of palmitate (C), glucose (D), glycerol (E), and 
pyruvate (F) into lipids. Rosiglitazone (Rosi; luM) was used as a positive control. 
PEPCK blot is representative of 2 independent experiments. All other data were compiled 
from 3-4 independent experiments. Unpaired t-tests and one-way ANOVAs were 
performed for statistical analyses. *P<0.05 versus Con. 
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Figure 4-4. Effects of AICAR, epinephrine (Epi), and AICAR plus epinephrine (A+Epi) 
on content and phosphorylation of HSL at serine residues 563, 565, and 660 (A). 
Measurement of HSL activity (B), ATGL content (C) and (D), and TAG lipase activity 
(E). Blots are representative of 3-4 independent experiments. Data for HSL activity were 
compiled from 3 independent experiments. One-way ANOVAs were performed for 
statistical analyses. *P<0.05 versus all other conditions; #P<0.05 versus Con and Epi. 
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suppressed by -60% (Figure 4-4B), despite the fact that total HSL content increased by 

-2-fold (Figure 4-4A). Furthermore, ATGL, which is a triacylglycerol 

(TAG)-specific lipase, showed a time-dependent increase in its content (Figure 4-4D), 

reaching -4-fold greater than control values in AICAR treated cells (Figure 4-4C). TAG 

lipase activity was increased from 9.1 ± 0.8 to 12.8 ± 0.3 pmols/min in control versus 

AICAR treated cells, respectively (Figure 4-4E). 

Time course of plasma glucose and NEFAs, measurement of AMPKJACC 

phosphorylation, and determination of palmitate oxidation in WAT after AICAR-

injection. Basal plasma NEFA concentrations decreased by -55% 30min after AICAR 

injection (Figure 4-5A). However, NEFA release increased in a time dependent manner 

reaching values -2.4- and -2.1-fold higher than control at 4h and 8h, respectively (Figure 

4-5A). Plasma glucose was significantly reduced from 6.6 to 4.2, 4.2, 4.2, 4.3, and 

4.4mM after 30min, lh, 2h, 4h, and 8h AICAR injection, respectively (Figure 4-5B). No 

alteration in plasma glucose was observed in saline-injected animals throughout the same 

time period (Figure 4-5B). AMPK phosphorylation increased by -14-fold in epididymal 

fat tissue of AICAR injected animals, while total content of this protein was unchanged 

(Figure 4-5C). Palmitate oxidation was increased by ~2.2-fold in adipocytes isolated 

from epididymal fat pads of AICAR-treated rats (Figure 4-5D). 

Measurement of cellular DAG levels. Quantification of DAG content showed similar 

levels in control versus AICAR-treated adipocytes (Figure 4-6). 

91 



15min 

8 
"5)2 

f£ 
«j 
0. 

8 

7-] 

6 

5 

4 I 
3 

2 

1 -I 

30min 1h 2h 
Time post AICAR injection 

Basal 15min 30min 1h 2h 
Time post-AICAR injection 

- § 

- • - Saline 
-o-AICAR 

4h 8h 

Con AICAR 

Figure 4-5. Time-course of NEFAs (A) and plasma glucose levels (B) after AICAR-
injection. (C) Phosphorylation of AMPK and ACC, and (C) 14C02 production from [1-
14C]palmitic acid from epididymal fat pads of AICAR-injected rats (0.7g/kg bw). Blots 
are representative of 3 independent experiments. All other data were compiled from 3-4 
independent experiments, n=12-15 for each condition. Unpaired t-tests and one-way 
ANOVAs were performed for statistical analyses. *P<0.05 versus Con and Basal values. 
#P<0.05 versus 0, 15, and 30min. ¥P<0.05 versus Con. §P<0.05 versus 0, 15min, 30min, 
lh, and 2h. *P<0.05 versus relative saline control. 
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Figure 4-6. Quantification of cellular DAG levels (A) and representative TLC plate 
visualized by autoradiography (B). C1-C3 and A1-A3 refer to control and AICAR 
samples, respectively. Data for DAG quantification is representative of 3 independent 
experiments, with n=9 for each condition. Unpaired t-test was used for statistical 
analysis. 
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DISCUSSION 

Here, we demonstrate the novel findings that chronic AMPK activation remodels 

adipocyte metabolism by preventing TAG storage and by activating pathways that 

promote energy dissipation within the adipocyte. This is supported by a powerful 

suppression (-87%) in FA uptake and by an -3.5- and 6-fold increase in exogenous and 

endogenous FA oxidation induced by AICAR, respectively. The expressions of 

AMPKa2, PGC-la, PPARa, and PPAR5, which are directly implicated in the expression 

of enzymes of FA oxidation and mitochondrial biogenesis (119,211,276), were up-

regulated after 15h of AICAR treatment. Additionally, mRNA of cytochrome C oxidases 

(COX6/8), CPT-lb, and acetyl-CoA oxidase, were up-regulated with AICAR treatment. 

Compatible with these findings is an elevation (-1.9-fold) in citrate synthase activity 

after 15h of AICAR treatment, indicating that metabolism is being diverted towards |3-

oxidation of FAs. Furthermore, the content of the lipogenic enzyme ACC was 

significantly reduced, while its phosphorylation state was increased. This is compatible 

with an increase in FA oxidation from in vitro and in vivo AICAR-treated adipocytes. We 

found that chronic AICAR-induced AMPK activation increased (~4.8-fold) the 

expression of the AMPKa2 subunit without affecting mRNA levels of the a l isoform. 

This was also accompanied by a significant time-dependent increase in AMPK and PGC-

l a contents, which is in line with the increase in FA oxidation observed in this study. 

The mRNA content of the lipogenic transcription factor PPARy was significantly 

increased by AICAR treatment. However, our functional data clearly indicates that lipid 
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synthesis and storage is strongly inhibited in adipocytes exposed to AICAR. This may be 

explained by the fact that induction of PGC-la by AMPK activation combined with an 

increase in PPARa and PPAR6 expression is over-riding the potential lipogenic effects 

of PPARy in AICAR treated white adipocytes. 

A surprising finding of our study was that acute and chronic AICAR-induced AMPK 

activation suppressed glycerol release under basal and epinephrine-stimulated conditions. 

However, when we assessed lipolysis by measuring NEFAs in the medium, we found that 

it was initially reduced after AICAR treatment but progressively increased in a time-

dependent manner, reaching values -10- and -1.8-fold higher than controls at 15h under 

basal and epinephrine-stimulated conditions, respectively. These findings were also 

reproduced in vivo when we determined the time-course of NEFAs in the plasma of 

AICAR-injected rats over an 8h time period. The reduction in glycerol release by 

adipocytes could have been because re-esterification of FAs was upregulated in cells 

chronically exposed to AICAR. In order to test this hypothesis, glycerol kinase (GyK) 

activity, PEPCK-1 expression, and the incorporation of palmitate, glucose, pyruvate, and 

glycerol into lipids were determined. We found that the activity of GyK was not affected 

in isolated adipocytes treated with AICAR, while the incorporation of glycerol into lipids 

was reduced by -35%. Also, in line with these findings were the observations that 

glucose incorporation into lipids was powerfully suppressed with AICAR treatment, 

indicating a decrease in lipogenesis. Alternatively, re-esterification of FAs could also be 

occurring through glyceroneogenesis, leading to FA recycling in adipocytes (193). We 

found that the cytosolic form of PEPCK (PEPCK-1) mRNA levels were increased by 7-
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fold, and protein levels were clearly enhanced with chronic AICAR treatment, suggesting 

up-regulation of glyceroneogenesis. However, the incorporation of palmitate into lipids 

indicated that even though the glyceroneogenic pathway could be up-regulated, re-

esterification of FA was decreased by -70% with AICAR treatment. This correlates with 

in vivo studies from our lab (unpublished data) and others (285) demonstrating that 

chronic AICAR injections in rats causes a decrease in fat mass (subcutaneous, 

epididymal, and retroperitoneal depots), further supporting a decrease in TG storage. 

Furthermore, our in vitro and in vivo measurements of NEFAs were still substantially 

increased after 15h of AICAR treatment, indicating a lack of FAs recycling back into 

TAG in the adipose tissue. Therefore, FA re-esterification could not account for the lower 

glycerol release observed after AICAR treatment. In this scenario, incomplete lipolysis 

could be occurring, which could justify the increase in NEFAs without a concomitant 

increase in glycerol release. To test this, we examined phosphorylation and activity of 

HSL. We found that chronic treatment of white adipocytes with AICAR significantly 

increased HSL phosphorylation at Ser565, while phosphorylation of the PKA-dependent 

Ser563 and Ser660 were powerfully suppressed, despite the fact that total HSL content 

was increased. Furthermore, this was accompanied by a significant reduction of -40% in 

basal HSL activity and -60% inhibition of epinephrine-induced HSL activation. Even 

though HSL plays an important role in lipolysis, another TAG-specific lipase called 

adipose triglyceride lipase (ATGL) has recently been identified. Ablation of ATGL 

significantly decreased the release of glycerol and FAs from fat cells (288,289); 

therefore, it has been proposed that complete hydrolysis of TAG in adipocytes requires 
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the expression and activation of both acyl hydrolases (290). Here, we provide evidence 

that AICAR-induced AMPK activation suppressed the activity of HSL, but promoted an 

-4-fold increase in ATGL content in adipocytes. Although we were unable to obtain a 

direct measurement of ATGL activity, the increase in total TAG lipase activity (-40%) 

indicate that the increase in ATGL content must have facilitated the initiation of TAG 

hydrolysis but the inhibition of HSL activation may have restricted further breakdown of 

DAG. This is in line with the time-dependent elevation of FA release without a 

concomitant increase in glycerol levels observed in the present study. Measurement of 

DAG levels in the cell showed no differences between control and AICAR-treated cells. 

It could be that the accumulation of DAG in AICAR-treated cells is not sufficient to 

detect a difference after only 15h of treatment. In fact, studies using HSL knock-out mice 

indicate that only after 16 weeks DAG accumulation is detected in WAT of these mice 

(44). It is also possible that any excess DAG being produced may be diverted towards 

pathways where DAG molecules can be quickly converted into ceramides or various 

phospholipid molecules (291). Importantly, the assay used by us to quantify cellular 

DAG content is also suitable for measuring ceramide production, and we were not able to 

detect a significant amount of it in either control or AICAR treated cells. Therefore, the 

ultimate fate of DAG, if it is indeed accumulating and/or being shunted towards an 

alternative pathway, requires further investigation. 

It is important to highlight that the effect of AICAR on FA release was time-

dependent. Shortly after initiation of AICAR treatment, lipolysis was decreased as shown 

by NEFA release both in vitro and in vivo, which can be attributed to the rapid inhibition 
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by AMPK of HSL phosphorylation/activity. However, since changes in gene expression 

and protein content take longer to occur, the effects of increased ATGL content on 

lipolysis were evident only 4-6h after AICAR treatment. Previous studies have assessed 

the effect of AMPK activation on lipolysis in adipocytes in vitro (181,290,292,293) by 

measuring glycerol release and have reported conflicting results regarding whether 

AMPK is pro- or anti-lipolytic. Our data provide a novel mechanism by which AMPK 

exerts time-dependent effects on lipolysis, which could only be detected by measuring 

the release of both glycerol and NEFAs. Therefore, future studies investigating the role of 

prolonged AMPK activation in lipolysis should not rely on glycerol release as the sole 

indicator of TAG breakdown. 

The elevated levels of NEFAs in AICAR-injected animals raise the possibility that 

chronic pharmacological activation of AMPK in WAT may lead to lipotoxicity and 

contribute to the development of insulin resistance. However, our data indicate that 

plasma glucose levels in fed animals significantly decreased (-35%) after AICAR 

injection, suggesting that glucose uptake in peripheral tissues was increased. 

Furthermore, the effect of AICAR on plasma glucose clearance was so potent that fasted 

animals had to be euthanized lh after injection of this AMPK agonist due to severe 

hypoglycemia (data not shown). Also in line with these findings, several long-term in 

vivo studies using lean and diabetic rodent models have shown that AICAR-induced 

AMPK activation significantly reduces plasma glucose levels (185,284,294), indicating 

that despite elevated NEFA levels, glucose homeostasis is improved with treatment with 

this AMPK agonist. Additionally, activation of AMPK increases FA oxidation in 
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peripheral tissues such as liver and skeletal muscle (274), thereby exerting an anti-

lipotoxic effect by preventing the accumulation of lipids in non-adipose tissues. 

Even though lipolysis may be seen as a pathway that provides substrate for tissues to 

produce ATP and maintain cellular energy homeostasis, activation of AMPK has been 

proposed to limit lipolysis in WAT and actually spare energy (275). The rationale for this 

is based on the fact that if FAs released by lipolysis are not oxidized either within the 

adipocyte or in other tissues, they are recycled into TAGs in the fat cells creating a "futile 

cycle" (253). Therefore, AMPK activation as a consequence of lipolysis has been 

proposed to operate as a mechanism to restrain energy depletion in WAT (183). Based on 

our data, we propose that chronic AMPK activation remodels adipocyte metabolism, 

which may restrict energy depletion and increase ATP production. When acutely 

activated in the adipocyte, AMPK quickly inhibits HSL activity and also suppresses 

glucose and FA uptake (191). These rapid effects may be important to limit the excessive 

release of FAs and the potential energy cost of re-esterifying FAs that are not disposed of 

internally or peripherally (Figure 4-7). If chronically activated, AMPK also promotes 

alterations in gene expression that increase the ability of the cell to dispose of FAs 

internally through oxidation, facilitating ATP production and maintenance of intracellular 

energy homeostasis (Figure 4-7). In our experiments these chronic adaptations led to a 

net time-dependent increase in vitro and in vivo of FA release, indicating that the WAT 

can cope with internal energy challenges without compromising the provision of 

substrate for energy production in peripheral tissues. In summary, novel evidence is 

provided that through chronic pharmacological activation of AMPK, WAT metabolism 
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may be remodeled towards energy dissipation rather than storage. AMPK exerts these 

effects through distinct time-dependent regulation of HSL, ATGL, and by altering the 

expression of genes that promote lipid utilization versus storage in adipocytes. These 

mechanisms may be of great relevance for the treatment of obesity and Type 2 Diabetes. 
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Figure 4-7. The role of AMPK activation in lipid metabolism in white adipocytes. Acute activation of AMPK inhibits HSL 
activity (1), which prevents hydrolysis of DAG (2) and subsequent liberation of glycerol and FAs (3). Acute and chronic 
pharmacological AMPK activation powerfully suppresses FA uptake (4), conferring an anti-lipogenic role for AMPK in 
WAT. Furthermore, chronic AMPK activation up-regulates the expression of genes (PGC-la, PPARa, PPAR5, CPT-lb) 
(5) that increase the ability of the cell to dispose of FAs intracellularly through f3-oxidation (6). ATGL content is also 
increased with AMPK activation (7) and catalyzes the hydrolysis of one FA from TAG. © and -» denote stimulation; 

I denotes inhibition. LKB1, AMPK kinase. 
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ABSTRACT 

This study investigated the molecular mechanisms by which high-fat diet (HFD) 

dysregulates lipolysis and lipid metabolism in mouse epididymal (visceral, VC) and 

inguinal (subcutaneous, SC) adipocytes. Eight-weeks of HFD feeding increased adipose 

triglyceride lipase (ATGL) content and comparative gene identification-58 (CGI-58) 

expression, whereas hormone-sensitive lipase (HSL) phosphorylation and perilipin 

content were severely reduced. Adipocytes from HFD mice elicited increased basal but 

blunted epinephrine-stimulated lipolysis, and increased diacylglycerol content in both fat 

depots. Consistent with impaired adrenergic receptor signaling, HFD also increased 

adipose-specific phospholipase A2 expression in both fat depots. However, inhibition of 

E-prostanoid 3 receptor increased basal lipolysis in control adipocytes, but failed to 

acutely alter the effects of HFD on lipolysis in both fat depots. In HFD visceral 

adipocytes, activation of adenylyl cyclases by forskolin increased HSL phosphorylation 

and surpassed the lipolytic response of control cells. However, in HFD subcutaneous 

adipocytes, forskolin induced lipolysis without detectable HSL phosphorylation, 

suggesting activation of an alternative lipase in response to HFD-induced suppression of 

HSL in VC and SC adipocytes. HFD also powerfully inhibited basal, epinephrine-, and 

forskolin-induced AMP-kinase (AMPK) activation as well peroxisome proliferator-

activated receptor gamma co-activator-la expression, citrate synthase activity, and 

palmitate oxidation in both fat depots. In summary, novel evidence is provided that 

defective adrenergic receptor signaling combined with up-regulation of ATGL and 

suppression of HSL and AMPK signaling mediate HFD-induced alterations in lipolysis 
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and lipid utilization in VC and SC adipocytes, which may play an important role in 

defective lipid mobilization and metabolism seen in diet-induced obesity. 

INTRODUCTION 

White adipose tissue (WAT) plays an important role in regulating whole-body energy 

homeostasis. One of its major roles is to release fatty acids (FAs) under conditions of 

negative energy balance or prolonged exercise to provide energy for peripheral tissues. 

The molecular machinery involved in triacylglycerol (TAG) breakdown and FA release 

works in an orderly and regulated fashion, conferring to WAT the capacity to respond to 

various feeding conditions and to the energy demands of the body. Importantly, 

conditions that lead to overeating and obesity disrupt normal regulation of WAT 

lipolysis. In fact, basal lipolysis has repeatedly been reported as elevated, while 

catecholamine-induced lipolysis is suppressed in obese humans and rodents (142). The 

classical mechanism to explain this condition is centered on the fact that the largely 

expanded WAT of obese subjects becomes resistant to insulin, impairing the major 

lipogenic and anti-lipolytic effects of this hormone (127,162,295). Obesity develops 

under conditions of chronic energy surplus, indicating that visceral (VC) and 

subcutaneous (SC) adipocytes must be able to deal with large amounts of lipids being 

delivered to the WAT. In this scenario, the ability of adipocytes to handle excess lipids 

via alterations in FA metabolism may play an important role in the adaptive responses of 

the WAT to obesity. Importantly, obesity is invariably accompanied by increased 

circulating levels of non-esterified fatty acids (NEFAs) (12,162,295,296), indicating that 
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the regulation of energy storage and mobilization of FAs from VC and SC adipocytes is 

defective. Although literature exists describing the differences between VC and SC fat 

depots with regards to eliciting distinct lipolytic rates (154,157,297), the cellular and 

molecular mechanisms responsible for these depot-specific characteristics still remain to 

be elucidated. This is particularly important since it is the excessive accumulation of VC 

adipose tissue (visceral obesity) that has been strongly correlated with the development of 

insulin resistance and type 2 diabetes (150,295). In this scenario, unraveling the 

molecular mechanisms involved in dysregulation of lipolysis and lipid metabolism in VC 

and SC WAT in obesity may be of great therapeutic relevance. 

Lipolysis in the WAT of humans and rodents is regulated in a step-wise fashion by 

adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL), and 

monoacylglycerol lipase (MAGL) (295,298,299). The current model is that ATGL 

initiates lipolysis by cleaving the first FA from TAG and then HSL and MAGL act on 

diacyglycerol (DAG) and monoacylglycerol, respectively, releasing two additional FAs 

and one glycerol molecule (299). Therefore, the orchestrated activation of ATGL, HSL, 

and MAGL seems to be required for complete lipolysis to occur in adipocytes. Binding of 

agonists to the /^-adrenergic receptors, coupled to adenylate cyclase via the stimulatory G 

protein, leads to an increase in cAMP and activation of protein kinase A (PKA) (31,295). 

In rat HSL, PKA phosphorylates serine residues 563, 659, and 660 (295,300,301), 

leading to translocation of HSL to the lipid droplet and to great enhancement of lipolysis. 

Phosphorylation of perilipin A, a protein associated with the lipid droplet, by PKA has 

also been demonstrated to be necessary for activation of HSL and for catecholamine-
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induced lipolysis to occur. Conversely, the cellular energy sensor AMP-activated protein 

kinase (AMPK) has been demonstrated to phosphorylate serine 565 of HSL, which 

prevents PKA-mediated phosphorylation of this enzyme and impairs catecholamine-

stimulated lipolysis (302). In this context, AMPK has been proposed to lower the release 

of FAs into the circulation, which could help preventing lipotoxicity in peripheral tissues 

as well as reduce the costly process of re-esterifying FAs in the WAT (179,183,303). 

ATGL activity is also stimulated by catecholamines, but the molecular mechanism(s) 

underlying this effect is unknown. Although ATGL can be phosphorylated on serine 

residues 404 and 428 by a yet unidentified kinase, this does not seem to affect the activity 

of this lipase. There is compelling evidence that the protein comparative gene 

identification-58 (CGI-58) drastically enhances ATGL-mediated TAG hydrolysis without 

affecting HSL activity (304). Under basal conditions, CGI-58 is also localized to the lipid 

droplet in association with perilipin A (288,304,305). Upon hormonal stimulation, PKA 

phosphorylates perilipin A at serine residues 492 and 517, resulting in CGI-58 

dissociation (37). Once dissociated, CGI-58 interacts with ATGL and potently activates 

this TAG lipase (288,304,305). In fact, addition of CGI-58 to ATGL containing extracts 

enhances TAG hydrolase activity by -20-fold (304). The current literature suggests that 

in lean rodents ATGL and HSL are the major lipases for TAG and DAG, respectively, 

and account for -95% of lipase activity in murine WAT (288). Therefore, these 

molecular steps that regulate lipolysis can be potentially affected by obesity and also be 

distinctly regulated in VC versus SC WAT. However, very little is known about how 

diet-induced obesity affects HSL and ATGL content/activity as well as basal and 
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catecholamine-induced lipolysis in VC and SC WAT. Furthermore, although AMPK has 

been implicated in playing a role in regulating HSL and ATGL activity (179,183,303), its 

action on these major lipases has not been addressed in WAT under diet-induced obesity. 

Therefore, the present study was designed to address the effects of HFD-induced obesity 

on lipid metabolism within the adipocyte, specifically the roles of AMPK, HSL and 

ATGL in subcutaneous and visceral fat depots. Evidence is provided that dysregulation 

of lipolysis and lipid metabolism in VC and SC adipocytes of high-fat diet mice is 

mediated by defective adrenergic receptor signaling combined with up-regulation of 

ATGL and suppression of HSL and AMPK signaling. These findings give new insight 

into the importance of depot-specific regulation of lipolysis and also address the 

molecular mechanisms underlying dysfunctional adaptations that occur within the 

adipocyte with respect to lipid metabolism under conditions of diet-induced obesity and 

insulin resistance. 

MATERIALS AND METHODS 

Reagents - Epinephrine, FA-free bovine serum albumin (BSA), free glycerol 

determination kit, glucose oxidase kit, palmitic acid, and phenylethylamine were obtained 

from Sigma. [l-14C]palmitic acid was from GE Healthcare Radiochemicals (Quebec City, 

Quebec, Canada). [y-32P]ATP and [9,10-3H]triolein was from American Radiolabeled 

Chemicals (St. Louis, MO). RNeasy Lipid Extraction Kit was from Qiagen. Superscript II 

and Taq polymerase was from Bio-Rad Canada. DNase kit was from Ambion. Standard 

and high fat chow was obtained from LabDiets Inc. (Richmond, IN). All antibodies were 
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from Cell Signaling Technology Inc. (Beverly, MA) unless otherwise noted. Specific 

antibodies against phospho-ACC was from Upstate (Charlottesville, VA). Perilipin was 

from American Research Products (Belmont, MA). All other chemicals were of the 

highest grade available. 

Animals and isolation of primary adipocytes - Eight-week old C57BL/6J male mice were 

maintained on a 12/12-h light/dark cycle at 22°C and fed ad libitum a standard laboratory 

chow for a 1 week acclimation period. Subsequently, the animals were randomly 

assigned to two groups: control and high-fat diet (HFD). Control animals received a 

standard chow diet containing 25% of kcal from fat (TestDiet; LabDiet Inc. Cat #5015), 

while the HFD group was fed a diet containing 60% of kcal from fat (TestDiet; LabDiet 

Inc. Cat #58Y1) for 8 weeks. A standard chow diet was used for the purpose of 

comparing the effects of a HFD to those mice fed a diet that supports normal growth and 

development. The inguinal and epididymal fat pads were used as representative of 

subcutaneous (SC) and visceral (VC) WAT, respectively. After the 8-week study period, 

SC and VC fat pads were carefully removed and used for adipocyte isolation as 

previously described (Chapter 4, page 74) with minor modifications (191). Briefly, VC 

and SC fat pads from control and HFD animals were extracted, weighed, then finely and 

carefully minced using microscissors. The minced tissue was transferred to plastic vials 

containing Krebs Ringer Buffer (KRB) supplemented with 30mM HEPES and 

collagenase (0.5mg/mL). After digestion and filtration, cells were re-suspended in 

KRBH-3.5% BSA, and allowed to equilibrate for 30min prior to use in experiments. The 
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procedures described herein have been adopted in order to prevent adipocyte lysis and to 

obtain fat cells that are viable and responsive to stimulation. This is confirmed by -30- to 

40-fold increases in control cells exposed to epinephrine. In order to distribute equal 

number of adipocytes in all treatment conditions, cell diameters and numbers were 

measured by the method of DiGirolamo and Fine (14). 

Plasma measurements - Glucose and NEFA levels were measured as describe previously 

(Chapter 4, page 81). Plasma insulin was measured using an ELISA kit from Millipore. 

Determination of lipolysis, and palmitate oxidation, uptake, and incorporation into 

triacylglycerols - Lipolysis was determined after adipocytes (1 x 105 cells) had been 

incubated with constant agitation (80 orbital strokes/min) for 75min in the absence or 

presence of epinephrine (lOOnM) or forskolin (lOuM) (179) by measuring glycerol 

release (Chapter 4, page 78). For experiments using the EP3 receptor antagonist 

L826266, cells were pre-incubated with lOuM of the inhibitor for 2h prior to stimulation 

with epinephrine. Palmitate uptake, oxidation, and incorporation into TAGs was 

determined using standard protocols established in the laboratory (Chapter 4, pages 77-

78). 

Citrate synthase activity - Citrate synthase activity was assayed with adaptations to the 

method as described in Chapter 4, page 78. 

Quantitative PCR (q-PCR) analysis - Real time PCR reactions were carried out 

according to the procedure noted in Chapter 4, page 80. Primers sequences are shown in 
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Table 5-3. 

Western blot analysis - For whole-tissue samples, fat depots were extracted and 

immediately snap frozen in liquid nitrogen. Tissue (~100mg) was subsequently processed 

for western blot analyses (Chapter 4, page 80). For isolated adipocytes, cells were 

stimulated with forskolin (lOuM) or epinephrine (lOOnM) for 30min prior to lysis with 

buffer as described above. To ensure sufficient solubilization of lipid droplet-associated 

proteins under basal and stimulated conditions, we validated our protein extraction 

protocol using an alternative buffer (1% SDS, ImM EDTA, ImM benzamidine, 20mM 

NaF, and protease and phosphatase inhibitors) for adipocyte protein extraction and 

achieved similar results under adrenergic stimulation. All primary antibodies were used 

in a dilution of 1:1000 with the exception of phospho-AMPK (1:500) and perilipin 

(1:2000). 

Diacylglycerol (DAG) content and TAG Lipase activity - DAG levels were quantified by 

a modified enzymatic method (detailed in Chapter 4, page 79). TAG lipase activity was 

measured as established by Fredrikson et al and previously performed in our laboratory 

(Chapter 4, page 81). 

Statistical analysis - Data are expressed as mean ± SEM. Statistical significance was set 

to P<0.05, and was calculated by using either t-test or analysis of variance (ANOVA) 

with Tukey-Kramer post-hoc comparisons. The statistical analyses performed for each 

data set is noted in the figure legends. 
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RESULTS 

Body mass, fat mass, adipocyte diameter, and plasma measurements - Mice in the HFD 

group had an average of 36% greater body mass than control animals, which was 

accompanied by an increase of 3.0- and 2.8-fold in epididymal and inguinal fat pad mass, 

respectively (Table 5-1). This was compatible with a 1.67- and 1.59-fold increase in 

adipocyte diameters from the epididymal and inguinal fat pads from the HFD group, 

respectively (Table 5-1). Compared to control mice, the HFD group had significantly 

higher plasma levels of NEFAs, glucose and insulin (1.36-, 1.13-, and 2.26-fold, 

respectively), indicating that these animals were an appropriate model for diet-induced 

obesity and insulin resistance (Table 5-2). 

Effects of HFD on HSL, AMPK and ACC phosphorylation and protein content of AMPK, 

ACC, HSL, ATGL, and perilipin in WAT - In order to assess the effects of HFD on major 

molecular mechanisms that regulate lipolysis in WAT, we examined phosphorylation of 

HSL on key serine residues as well as the protein content of ATGL and perilipin. Since 

AMPK has also been implicated in the regulation of HSL activity, the phosphorylation 

and content of this kinase and of its direct substrate, ACC, were determined. 

Phosphorylation of HSL at serine 563, 565, and 660 revealed that these variables were 

potently suppressed in the VC and SC adipose tissue of HFD mice, despite no change in 

total HSL protein content (Figure 5-1). Perilipin was decreased in both fat depots of HFD 

mice, although this effect was more pronounced in VC compared to SC adipose tissue. 

Conversely, the content of ATGL was markedly increased in both fat depots (Figure 5-1). 
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Body weight (g) Fat pad mass (g) Adipocyte diameter (|xm) 
Diet Baseline 8 weeks Epididymal Inguinal Epididymal Inguinal 

Con 
22.7 
±0.7 

23.1 
±0.6 

26.1 
±0.7 

35.4 
±1.2* 

0.84 
±0.10 

2.55 
±0.10* 

0.25 
±0.03 

0.70 
±0.08* 

79.4 
±2.8 

133.0 
±6.3* 

75.5 
±4.4 

119.9 
± 8.3* HF 

Table 5-1: Body weight, fat mass, and adipocyte diameter. Epididymal and inguinal 
fat pads were extracted and used as representative tissues for visceral and subcutaneous 
fat depots. Body weight and fat pad mass was calculated from n=40-45 mice per group. 
Adipocyte diameter was calculated from n=10-14. Unpaired t-tests were used for 
statistical analyses. *P<0.05 indicates significance between Control vs. HF for that 
variable. 

Control HF 

NEFAs (mM) 0.39 ± 0.02 0.53 ± 0.04* 

Glucose (mM) 14.35 ± 0.25 16.23 ± 0.73* 

Insulin (ng/mL) 2.55 ±0.18 5.76 ± 0.97* 

Table 5-2: Plasma levels of NEFAs, glucose, and insulin from mice in a fed state. 
Data for NEFAs, glucose, and insulin were compiled from 36-40 mice per condition. 
Unpaired t-tests were used for statistical analyses. *P<0.05 indicates significance 
between Control vs. High Fat (HF) for that variable. 
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Visceral 
Con HF 

Subcutaneous 
Con HF 

Figure 5-1. Phosphorylation of AMPK, ACC, and HSL, and protein content of AMPK, 
ACC, HSL, perilipin, and ATGL in white adipose tissue. After 8 weeks on either control 
(Con) or high-fat (HF) diet, VC and SC fat depots were extracted and processed for 
western blotting, p-actin was used as a loading control. Blots are representative of n = 4-6 
for each condition. 
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Phosphorylation and content of AMPK and ACC was reduced in the VC and SC adipose 

tissue of HFD mice relative to control animals (Figure 5-1). 

DAG content and TAG lipase activity in VC and SC fat depots - Since HSL 

phosphorylation was suppressed in VC and SC adipose tissue, we looked at DAG content 

and TAG lipase activity in these fat depots from control and HFD mice. DAG content 

increased by 2.5-fold in VC (Figure 5-2A) and by 2.9-fold in SC (Figure 5-2B) fat pads 

from HFD mice. TAG lipase activity increased by 1.4- and 2-fold in visceral and 

subcutaneous WAT from HF-diet mice, respectively (Figure 5-2C). 

Lipolysis and phosphorylation of AMPK, ACC and HSL in VC and SC adipocytes 

exposed to forskolin and epinephrine - As expected, adipocytes from control mice 

exposed to epinephrine increased glycerol release from 0.52 ± 0.04 to 14.16 ± 0.44 

nmols/75min/105 cells, and from 0.26 ± 0.03 to 10.49 ± 1.12 nmols/75min/105 cells in 

VC and SC adipocytes, respectively (Figure 5-3C-D). When treated with forskolin, 

glycerol release from VC and SC adipocytes of control mice reached 12.82 ± 0.48 and 

15.61 ± 1.02 nmols/75min/105 cells, respectively (Figure 5-3C-D). HFD mice had 

increased basal lipolysis in VC and SC adipocytes by 2.3- and 2.9-fold, respectively, 

while epinephrine-stimulated lipolysis was blunted in both fat depots of HFD animals 

(Figure 5-3C-D). Treatment of HFD visceral adipocytes with forskolin increased lipolysis 

to levels above those of control visceral adipocytes (Figure 5-3C); however, only 83% of 

the lipolytic response was recovered in HFD subcutaneous cells by this agent (Figure 5-

3D). In order to assess the potential mechanisms by which HFD induced these alterations 
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Figure 5-2. Diacylglycerol (DAG) content in VC (A) and SC (B) adipose tissues from 
control (Con) and high-fat (HF) diet mice for 8 weeks. TAG lipase activity in adipose 
tissue from Con and HF diet mice (C). Data compiled from 4-6 mice from each 
condition. Unpaired t-test or two-way ANOVA with Tukey-Kramer post-hoc test was 
used for statistical analyses. Different symbols denote statistical differences between all 
other conditions, where P<0.05. 
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Visceral Subcutaneous 

Figure 5-3. Determination of AMPK, ACC, and HSLser563/660 phosphorylation under 
basal (B; vehicle), forskolin (F; lOuM), and epinephrine (E; lOOnM) conditions in VC 
(A) and SC (B) adipocytes from control (Con) and high-fat (HF) diet mice. Blots are 
representative of 3 independent experiments. Glycerol release was measured under basal, 
forskolin (Forsk), and epinephrine (Epi)-stimulated conditions in VC (C) and SC (D) 
adipocytes from Con and HF mice. Data compiled from 3 independent experiments with 
quadruplicates for each condition. Two-way ANOVAs were used for statistical analyses. 
Different symbols denote statistical differences between all other conditions, where 
P<0.05. 
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in lipolysis, we looked at key proteins involved in the regulation of this pathway. As 

expected, phosphorylation of AMPK, ACC, and HSL serine 563 and 660 in VC and SC 

adipocytes from control mice was increased in response to forskolin and epinephrine 

(Figure 5-3A). In HFD VC adipocytes, forskolin- and epinephrine-induced 

phosphorylation of AMPK and ACC was blunted. Although forskolin was able to 

increase HSLser563/66o phosphorylation back to control levels, the epinephrine effect on 

this variable remained suppressed in HFD VC adipocytes (Figure 5-3A). In HFD SC fat 

cells, phosphorylation of AMPK and ACC in response to forskolin and epinephrine was 

also impaired. Furthermore, contrary to observations in visceral adipocytes, 

phosphorylation of HSL in subcutaneous fat cells of the HFD mice was so low that it 

could not be detected by western blot under basal, forskolin-, or epinephrine-stimulated 

conditions (Figure 5-3B), despite the fact that total HSL content was unaltered (Figure 5-

1) and these cells elicited a significant lipolytic response when exposed to these agents 

(Figure 5-3D). 

The effects of the specific EPS receptor inhibitor, L826266, on VC and SC adipocyte 

lipolysis - In an attempt to unravel the mechanisms by which HSL was inhibited under 

basal and epinephrine-stimulated conditions, we blocked the E-prostanoid 3 (EP3) 

receptor with the drug L826266 in both VC and SC adipocytes from control and HFD 

mice. The EP3 receptor inhibitor increased basal lipolysis from 0.52 ± 0.04 to 0.97 ±0.10 

nmols/75min/105 cells and from 0.26 ± 0.03 to 1.60 ± 0.27 nmols/75min/105 cells in VC 

and SC adipocytes from control animals, respectively. However, it did not affect basal 
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lipolysis in VC (1.18 ± 0.07 to 1.48 ± 0.14 nmols/75min/105 cells) and SC (0.76 ± 0.11 to 

0.72 ± 0.09 nmols/75min/105 cells) adipocytes from HFD animals. Similarly, L826266 

did not have any effect on the epinephrine response from VC and SC adipocytes from 

either control or HFD mice. 

Effect of HFD on palmitate uptake, incorporation into triacylglycerols, oxidation, and 

citrate synthase activity - Since TAG breakdown was defective with HFD and was 

differentially regulated in VC versus SC adipocytes, we also assessed whether parameters 

involved in lipid metabolism were altered in both fat depots. As expected, insulin elicited 

a 1.2-fold increase in palmitate uptake by VC adipocytes from control mice (Figure 5-

4A). However, palmitate uptake by VC adipocytes from HFD mice decreased by 26% 

and 37% under basal and insulin-stimulated conditions relative to control VC adipocytes, 

respectively (Figure 5-4A). In SC adipocytes from HFD mice, suppression in both basal 

and insulin-stimulated palmitate uptake (17% and 28%, respectively) was also observed 

when compared to control SC fat cells (Figure 5-4B). Despite a reduction in palmitate 

uptake, palmitate incorporation into triacylglycerols increased above controls by 1.7-fold 

in VC (Figure 5-4C) and by 1.5-fold in SC (Figure 5-4D) adipocytes from HFD mice. 

Palmitate oxidation was decreased in both VC and SC adipocytes from HFD mice by 

-64% and 75%, respectively (Figure 5-5A-B). In line with these changes, citrate synthase 

activity was also reduced by 46% in VC and by 63% in SC adipocytes from HFD mice 

(Figure 5-5C). 

Analysis of gene expression in VC and SCfat depots by Quantitative PCR - We utilized 

118 



A B 

1 Basal 
I Insulin 

Visceral Subcutaneous 

• 

• 

• 

T 

* 
T 

Con HF 

12 

1- 10 
Q 
-ETJ 

8.1 
it 
m u. 
'E 
o. 

8 

T 

* 

T 

Con HF 
Visceral Subcutaneous 

Figure 5-4. Palmitate uptake in VC (A) and SC (B) adipocytes isolated from control 
(Con) and mice on a high-fat (HF) diet for 8 weeks under basal and insulin-stimulated 
conditions and palmitate incorporation into lipids in VC (C) and SC (D) fat cells. Data 
were compiled from 2-3 independent experiments, with triplicates for each condition. 
Two way ANOVAs or unpaired t-tests were used for statistical analyses. Different 
symbols denote statistical differences between all other conditions, where P<0.05. 
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Figure 5-5. Palmitate oxidation in VC (A) and SC (B) adipocytes isolated from Con and 
HFD mice and citrate synthase activity (C). Data are representative of 3 independent 
experiments, with a minimum of triplicates for each condition. Two-way ANOVA or 
unpaired t-tests were used for statistical analyses. *P<0.05 versus Con; #P<0.05 versus all 
other conditions. 
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quantitative PCR to determine whether the expression of genes involved in the regulation 

of lipolysis and lipid metabolism were altered in VC and SC adipose tissue from HFD 

mice. The mRNA levels of the a l isoform of AMPK were decreased in VC and SC 

adipose tissue from HFD compared to control animals, whereas the expression of the a2 

isoform remained unchanged (Table 5-3). Additionally, mRNA levels of other proteins 

involved in oxidative metabolism such as ACCct, cytochrome C oxidase subunit VIII 

(Cox8), PPARa, and PGC-la were decreased in both VC (-57, 67, 72, and 57%, 

respectively) and SC (-43,73, 52, and 54%, respectively) adipose tissues from HFD mice 

(Table 5-3). Expression of CGI-58 was significantly up-regulated in both fat depots 

reaching 1.7-fold in VC and 1.8-fold in SC adipose tissues of HFD mice. The expression 

of adipose phospholipase A2 (AdPLAa) in VC and SC adipose tissues was significantly 

increased with HFD by 1.9- and 2.3-fold compared to control mice, respectively. 

DISCUSSION 

Here, we provide novel evidence that the increased basal but blunted epinephrine-

stimulated lipolysis with HFD-induced obesity is mediated by impaired adrenergic 

receptor signaling, suppression of HSL phosphorylation, and up-regulation of ATGL 

content and CGI-58 expression. Phosphorylation of HSL at serine residues 563 and 660, 

which is required for PKA-mediated lipolysis (300), was potently suppressed by HFD in 

both visceral and subcutaneous fat tissues. Since ATGL functions essentially as a TAG 

lipase (42,288), up-regulation of ATGL content in combination with increased expression 

of its co-activator CGI-58 must have promoted TAG breakdown and formation of DAG. 
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Gene Primer sequences (5' -> 3') 
Fold change relative to control 

diet 
VC SC 

AMPKa 1 F-TGACCGGACATAAAGTGGCTGTGA 
R-TGATGATGTGAGGGTGCCTGAACA 

AMPKa2 F-TGGATCGCCAAATTATGCAGCACC 
R-AAGGGCATACAGGATGACACCACA 

ACC-a F-ACCTTACTGCCATCCCATGTGCTA 
R-GTGCCTGATGATCGCACGAACAAA 

COX 8 F-TCTCAGCCATAGTCGTTGGCTTCA 
R-CAACTTCATGCTGCGGAGCTCTTT 

P G C - l a F-ACCGTAAATCTGCGGGATGATGGA 
R-AGTCAGTTTCGTTCGACCTGCGTA 

PPARa F-ATGAAGAGGGCTGAGCGTAGGTAA 
R-TGCCGTTGTCTGTCACTGTCTGAA 

CGI-58 F-TGTGCAGGACTCTTACTTGGCAGT 
R-GTTTCTTTGGGCAGACCGGTTTCT 

AdPLA2 F-ATAACAGTCTTTCCTGGCTGGCCT 
R-TCCATTTCTGTGTACCCAGGCTGT 

0.45 + 0.01* 0.87 ±0 .03* 

0.70 ± 0.25 1.01 ±0.23 

0.43 ± 0.07* 0.57 ± 0.05* 

0.33 ±0 .01* 0.27 ±0 .01* 

0.43 ± 0.07* 0.46 ± 0.09* 

0.28 ± 0.06* 0.48 ± 0.02* 

1.70 ±0.15* 1.98 ±0.30* 

1.94 ±0 .24* 2.28 ±0 .15* 

Table 5-3: Quantitative PCR analysis of mRNA expression. F, forward; R, reverse. 
Fold changes in visceral (VC) and subcutaneous (SC) adipose tissues from high fat diet 
mice relative to control diet. Samples were run in duplicate on the plate, and data were 
compiled from 3-4 separate plates, with n=6-8 for each condition. GAPDH and P-actin 
were used as control genes. Unpaired t-tests were used for statistical analyses. *P<0.05 
versus control diet. 
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This is supported by our data indicating that TAG lipase activity is increased in WAT 

from HFD mice. Conversely, HFD-induced suppression of HSL phosphorylation/activity 

impaired breakdown of DAG, thereby facilitating its accumulation in the WAT. This is 

evidenced by our findings that DAG content was significantly increased by 2.5- and 2.9-

fold in visceral and subcutaneous WAT, respectively. This is also in line with previous 

studies in HSL knockout mice showing that in the absence of this lipase accumulation of 

DAG in WAT occurs (44). 

Bypassing the adrenergic-receptor-mediated activation of adenylyl cyclases with 

forskolin fully rescued HFD-induced suppression of HSL phosphorylation at Ser 563 and 

660 residues in visceral adipocytes. Interestingly, in HFD subcutaneous adipocytes, 

lipolysis was partially rescued by forskolin and this occurred in the absence of any 

detectable induction of HSL phosphorylation. Studies in HSL-null mice show residual 

lipolysis, indicating that this process is impaired by the lack HSL activity, although not 

entirely dependent on this lipase. Studies from other labs support these findings, where 

silencing HSL using siRNA diminished forskolin-stimulated lipolysis by 53%, while 

knocking down of ATGL resulted in -90% reduction in glycerol release in differentiated 

human adipocytes (306). In line with these observations, we found that the ATGL content 

and the expression of its co-activator CGI-58 were both increased by HFD, which is 

compatible with increased lipolysis in HFD visceral and subcutaneous adipocytes 

exposed to forskolin. It is important to note that even though forskolin substantially 

increased lipolysis in HFD subcutaneous adipocytes, it was still limited to -83% of the 

values obtained with control cells exposed to this agent. This indicates that although a 
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potent forskolin-induced lipolytic response could be obtained through up-regulation of 

ATGL and CGI-58, the lack of HSL phosphorylation/activation limited the ability of 

HFD subcutaneous adipocytes to fully respond to this agent. This is further supported by 

our findings that HSLser563/66o was equally phosphorylated in HFD and control visceral 

adipocytes exposed to forskolin. Noteworthy, the lipolytic response of HFD adipocytes 

surpassed (1.67-fold) that of control VC cells treated with forskolin, even though no 

additional phosphorylation of HSL was observed. 

The exposure of visceral and subcutaneous adipocytes from control and HFD 

mice to forskolin also demonstrated that signaling steps mediated by adrenergic receptors 

play an important role in determining the well-characterized differences in lipolytic rates 

between visceral and subcutaneous fat depots (295). This is evidenced by the fact that 

absolute values for lipolysis under basal and epinephrine-stimulation in control and HFD 

visceral fat cells were consistently higher than the values obtained with subcutaneous 

adipocytes. However, upon stimulation with forskolin, control subcutaneous lipolysis was 

1.22-fold higher than in visceral control adipocytes. These findings demonstrate that 

subcutaneous adipocytes have the potential to elicit lipolytic responses that are similar or 

even higher than those of visceral adipocytes, but early signaling steps mediated by 

activation of adrenergic receptors appear to maintain a lower lipolytic rate in 

subcutaneous adipocytes from lean mice. 

Besides HSL phosphorylation, the content of perilipin was also reduced in both 

fat depots with HFD. In HFD visceral WAT perilipin levels were hardly detectable, while 

in subcutaneous WAT the content of this protein was less than control, although still 
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abundantly present. Reduced perilipin content has been demonstrated to alter the normal 

break down of neutral lipids in fat cells. In fact, it has previously been reported that basal 

lipolysis is elevated, while isoproterenol-stimulated lipolysis is severely blunted in 

perilipin null mice (36). Based on these observations, it was proposed that perilipin exerts 

an important role in preventing lipases from accessing neutral lipid stores under basal 

conditions, while its presence is required for PKA-mediated lipolysis (36,307). In the 

absence of adrenergic stimulation, HSL is mainly located in the cytoplasm whereas 

perilipin is on the surface of the lipid droplet (308). Upon (3-adrenergic stimulation, 

activated PKA phosphorylates HSL as well as perilipin ( 46,309). HSL then translocates 

to the lipid droplet and colocalizes with perilipin leading to enhancement in hydrolysis of 

neutral lipids (46,47,308), indicating that the interaction of perilipin and HSL is essential 

for the PKA-mediated effects on lipolysis (307,310). Our data are consistent with these 

observations, since the HFD-induced reduction in perilipin content coincided with 3.8-

and 3.0-fold increases in basal lipolysis in visceral and subcutaneous fat cells, 

respectively, while epinephrine-stimulated lipolysis was equally and potently blunted in 

HFD adipocytes from both fat depots. 

Another pathway that plays an important role in the regulation of lipolysis 

involves prostaglandins, particularly prostaglandin E2 (PGE2). PGE2 levels are reported to 

be up-regulated in adipose tissue from obese humans, and acts on the EP3 receptor which 

signals through Grcoupled protein receptors to reduce intracellular cAMP levels and 

potently inhibits lipolysis (311). In adipose tissue, PGE2 is synthesized by adipose 

phospholipase A2 (AdPLA2), and is secreted by adipocytes (76). It was recently 
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demonstrated that ablation of AdPLA2 in mice generates a phenotype that prevents 

obesity induced by HFD and elevates lipolysis, primarily through a decrease in PGE2 

production and content in WAT (49). In the HFD mice, we found a significant increase in 

AdPLA2 expression in visceral and subcutaneous WAT, which is compatible with 

increased PGE2 levels seen in obese individuals (76). Therefore, we hypothesized that 

over-activation of the EP3 receptor due to elevated prostaglandin secretion by HFD 

adipocytes could be responsible for the impairment in adrenergic receptor signaling and 

blunted catecholamine-induced lipolysis in visceral and subcutaneous adipocytes of HFD 

mice. Pre-incubation with the EP3 receptor antagonist L826266 increased basal lipolysis 

in control visceral and subcutaneous adipocytes. However, it did not alter the potent 

inhibitory effect of HFD on epinephrine-induced lipolysis. The reasons underlying this 

are unclear though it could be that after 8 weeks of HFD, the EP3 receptor was 

hyperactivated and acute incubation with L826266 was unable to overcome the powerful 

suppressive effect of the prolonged HFD on this pathway. 

Although AMPK activation has been shown to exert an anti-lipolytic effect in 

WAT, its effect on metabolic processes under conditions of HFD have not yet been 

assessed. Here, we provide novel evidence that both phosphorylation and content of 

AMPK and its substrate ACC were strongly reduced in both visceral and subcutaneous 

fat tissue from HFD mice. Although this seems consistent with the fact that basal 

lipolysis is elevated, HFD completely abolished HSL phosphorylation on PKA targets 

Ser 563 and 660 with a concomitant reduction in AMPK activity. Therefore, the 

inhibition of catecholamine-induced lipolysis cannot be attributed to exacerbated 
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activation of this kinase by HFD. In fact, lower phosphorylation of ACC and HSLSer565, 

downstream targets of AMPK (179,302), is in line with the reduced activation of this 

kinase in visceral and subcutaneous fat depots of HFD mice. Furthermore, we have 

previously demonstrated that short- and long-term AICAR-induced AMPK activation 

reduces FA esterification (191,303). In the present study, we show that a reduction in 

AMPK signaling with HFD elicits the opposite effect, since FA incorporation into lipids 

was increased, while citrate synthase activity and palmitate oxidation were reduced, 

which is also compatible with facilitation of lipid storage in a condition of chronic energy 

surplus. Furthermore, it is fitting that under conditions of HFD the production of citrate is 

reduced, since the cells are exposed to an abundance of FAs and there is no need for the 

de novo lipid synthesis pathway to be activated. HFD not only reduced AMPK 

phosphorylation but also promoted insulin resistance in both fat depots. This was clearly 

demonstrated by the fact that insulin-stimulated palmitate uptake was inhibited by HFD 

in visceral and subcutaneous adipocytes. In this scenario, impairment of AMPK signaling 

must have facilitated the release of FAs by the WAT, since the anti-lipolytic effect of this 

kinase was attenuated. 

To date, no studies have demonstrated whether the FA oxidative pathway in 

adipocytes is altered under conditions of diet-induced obesity. Here, we provide evidence 

that the oxidative capacity of both visceral and subcutaneous adipocytes was markedly 

decreased in fat cells from HFD mice. Although this maybe partly attributed to reduced 

palmitate uptake in adipocytes of HFD mice, changes in the expression of genes involved 

in oxidative metabolism were also altered. Gene expression of PGC-la and PPARa, 
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which are critical regulators of mitochondrial biogenesis and energy expenditure (104), 

were significantly reduced in both visceral and subcutaneous WAT. Importantly, it has 

been recently shown that AMPK and another energy sensor, the NAD+-dependent type 

III deactylase SIRTl, are necessary for PGC-la activation (209). Therefore, chronic 

suppression of AMPK as seen in the WAT of HFD mice is consistent with a reduced 

ability of this tissue to up-regulate oxidative metabolism. Furthermore, recent studies 

from our lab indicated that AICAR-induced activation of AMPK for 15 hours increased 

gene expression of PGC-la and PPARa, which drove lipid metabolism towards energy 

dissipation instead of storage (303). Although the WAT does not have high oxidative 

capacity, these differences in metabolism of FAs could have a major impact on whole 

body lipid metabolism, since fat tissue makes up a large proportion of body mass (15-

20% and 20-30% in healthy men and women, respectively), particularly in obese 

individuals (more than 40%) (196). Although there is no evidence that FA oxidation in 

adipocytes increases as a means to cope with excess lipid load in obesity, our data 

suggest that the impairment of FA oxidation in WAT may further contribute to the 

accumulation of fat mass in both visceral and subcutaneous fat depots under conditions of 

HFD. 

In summary, our results indicate that HFD-induced obesity disrupts signaling 

through major components of the lipolytic cascade in WAT (Figure 5-6). Specifically, 

HSL and perilipin are down-regulated, while ATGL and CGI-58 are up-regulated. This 

culminates in increased basal but severely blunted catecholamine-induced lipolysis and 

accumulation of DAG in visceral and subcutaneous fat depots. Additionally, impairment 
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of AMPK activity and down-regulation of PGC-la and PPARa resulted in elevated 

esterification and reduced ability to oxidize FA in visceral and subcutaneous adipocytes 

(Figure 5-6). Altogether, these alterations in molecular regulation of lipolysis and FA 

metabolism give insight into the dysfunctional metabolic adaptations that occur with 

HFD in the WAT, and may help further our understanding of defective mechanisms that 

contribute to obesity and its related metabolic disorders. 
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Figure 5-6. Summary of the effects of HFD on adipocyte lipolysis and metabolism. 
Arrows represent up- or down-regulation of activity, protein content, and/or expression. 
Lines without arrow heads denote inhibition. Under HFD, the effect of catecholamines on 
the P-adrenergic (P-AR) signaling cascade are blunted through reduced activation of the 
Gs-protein coupled receptor. This reduces PKA activation and inhibits phosphorylation 
of HSL. HFD also upregulates expression of AdPLA2, which has been demonstrated to 
increased PGE2 production, the primary ligand for the EP3 receptor. Since EP3 is 
coupled to an inhibitory G-protein (Gi), activation of this receptor further inhibits PKA 
under HFD conditions. Increase in ATGL content and CGI-58 expression also occurs 
with HFD to facilitate TAG breakdown, although subsequent decreased HSL 
phosphorylation/activity results in the accumulation of DAG. HFD-induced decreases in 
perilipin (Peri) content also seems to contribute to dysfunctional lipolysis in these cells. 
Reduction of AMPK content and phosphorylation by HFD is in line with reduced ACC 
and suppressed oxidation. The oxidative capacity of adipocytes is decreased with HFD, 
which is compatible with suppression of regulators of mitochondrial biogenesis such as 
PGC-la and PPARa expression. AC, adenylyl cyclase; AA, arachidonic acid; PC, 
phosphatidylcholine; PM, plasma membrane; FA, fatty acid; MAG; monoacylglycerol; 
MAGL, MAG lipase; Mito, mitochondria. 
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ABSTRACT 

The aim of this study was to investigate the molecular mechanisms by which 

AMP-kinase (AMPK) activation inhibits basal and insulin-stimulated glucose uptake in 

primary adipocytes. Rat epididymal adipocytes were exposed to 5-aminoimidazole-4-

carboxamide-1-P-D-ribofuranoside (AICAR) for lh. Subsequently, basal and insulin-

stimulated glucose uptake and the phosphorylation of AMPK, ACC, Akt, and the Akt 

substrate of 160kDa (AS160/TBC1D4) were determined. In order to investigate whether 

these effects of AICAR were mediated by AMPK activation, these parameters were also 

assessed in adipocytes either expressing LacZ (control) or a kinase dead AMPKal 

mutant (KD-AMPKal). AICAR increased AMPK activation without affecting basal and 

insulin-stimulated Aktl/2 phosphorylation on Thr308 and Ser473 residues. However, 

AMPK activation suppressed the phosphorylation of AS160/TBC1D4 and its interaction 

with the 14-3-3 signal transduction regulatory protein, which was accompanied by 

significant reductions in plasma membrane GLUT4 content and glucose uptake under 

basal and insulin-stimulated conditions. Phosphorylation of Akt substrates GSK3a and p 

were unaltered by AICAR, indicating that the AMPK regulatory effects were specific to 

the AS160/TBC1D4 signaling pathway. Expression of the KD-AMPKal mutant fully 

prevented the suppression of AS160/TBC1D4 phosphorylation, plasma membrane 

GLUT4 content, and the inhibitory effect of AICAR-induced AMPK activation on basal 

and insulin-stimulated glucose uptake. This study is the first to provide evidence that 

disruption of AMPKal signaling prevents the suppressive effects of AMPK activation on 
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AS160/TBC1D4 phosphorylation and glucose uptake, indicating that insulin-signaling 

steps that are common to white adipose tissue and skeletal muscle regulation of glucose 

uptake are distinctly affected by AMPK activation. 

INTRODUCTION 

It has been demonstrated in skeletal muscle that AMPK activation leads to an 

increase in glucose uptake independently of insulin, suggesting an anti-diabetic effect of 

this enzyme (274,282,312). However, contrary to skeletal muscle, work from our lab 

(191) and others (190) has provided evidence that AICAR-induced AMPK activation 

causes a reduction in basal and insulin-stimulated glucose uptake and metabolism in 

adipocytes. These findings provide evidence that AMPK elicits tissue-specific effects and 

opposes the effects of insulin in white adipose tissue (WAT). However the molecular 

mechanisms underlying these effects have yet to be elucidated. It has been reported that 

in 3T3-L1 adipocytes neither tyrosine phosphorylation of insulin receptor substrates 

(IRS1/IRS2) nor phosphatidylinositol 3-kinase (PI-3kinase) recruitment were affected by 

AICAR (190), suggesting that a downstream target is responsible for inhibition of 

glucose uptake. In this context, a group of proteins containing a TBC domain (Tre-

2/Bub2/Cdcl6) present in most Rab GTPase-activating proteins (Rab-GAPs) emerged as 

potential targets for the regulation of glucose uptake by AMPK. Two particular members 

of this family, TBC1D1 and Akt substrate of 160kDa (AS 160; also named TBC1D4), 

have been demonstrated to associate with GLUT4-containing membranes and are thought 

to be the point of convergence of the insulin and AMPK signaling pathways (313). When 
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phosphorylated, these Rab-GAP proteins release the inhibition on GLUT4 vesicles and 

allow translocation to the plasma membrane to facilitate glucose uptake (313). In WAT 

from mice TBC1D1 is undetectable, and its low expression in fully differentiated 3T3-L1 

adipocytes suggests that the endogenous protein is unlikely to participate significantly in 

insulin-stimulated GLUT4 translocation and glucose uptake (314). However, AS 160 is 

highly expressed in WAT, suggesting that this Rab-GAP plays a major role in glucose 

uptake in this tissue (22),(315). Based on the importance of AS160 in glucose transport in 

adipocytes and on our findings that AICAR causes an inhibition of glucose uptake in 

these cells (191), we hypothesized that AMPK impairs phosphorylation of AS 160. To test 

this hypothesis, we used primary rat adipocytes either expressing LacZ (control) or a 

kinase dead mutant of the predominant a l subunit of AMPK (KD-AMPKal). We then 

assessed plasma membrane GLUT4 content, glucose uptake and the phosphorylation of 

AMPK, ACC, Akt, and AS160 in adipocytes acutely exposed (lh) to AICAR under basal 

and insulin-stimulated condition. The findings of this study advance our understanding of 

the molecular mechanisms underlying the inhibitory effect of AMPK activation on 

glucose uptake in fat cells with important implications for the regulation of white adipose 

tissue metabolism. 

MATERIALS AND METHODS 

Reagents - AICAR was purchased from Toronto Research Chemicals, Inc. (Toronto, 

Canada); cytochalasin B, di-"isononyl' phthalate, DMEM, and fatty acid free albumin, 

and MTT kit were obtained from Sigma-Aldrich (Oakville, Canada); 2-deoxy-D-glucose 
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was from Bioshop Canada; 2-[l,2-3H]deoxy-D-glucose was purchased from GE 

Healthcare (Quebec City, Canada), and human insulin (Humulin® R) was from Eli Lily. 

The AdEasy XL Adenoviral Vector System Kit was purchased from Stratagene (La Jolla, 

USA). All other chemicals were of the highest grade available. Antibodies against P-ACC 

and P-AS160 were from Upstate (Charlottesville, USA). GLUT4 antibody was from 

Santa Cruz Biotechnology, Inc. (Santa Cruz, USA). Anti-HA monoclonal antibody 

supernatant was produced in the laboratory using the 12CA5 hybridoma cell line. All 

other antibodies were obtained from Cell Signaling Technology (Boston, USA). 

Cloning of rat AMPKal and adenoviral production - AMPKal was cloned by RT-PCR 

(reverse transcription-polymerase chain reaction) using RNA extracted from male Wistar 

rat tissues and adenoviral production was prepared using the AdEasy XL Adenoviral 

Vector System. Mutagenesis of aspartic acid 157 to alanine (D157A) was done by 

overlapping PCR, rendering AMPKal kinase dead (KD-AMPKal) (316). DNA 

fragments representing the amino-terminal (NT) and carboxyl-terminal (CT) halves were 

amplified using the following primer sets (NT: Forward 5' CCG GAA TTC CCA ATG 

GCC GAG AAG CAG AAG CAC GAC -3 ' and Reverse 5 ' - CCG CTC GAG TCA GTT 

GTA CAG GCA GCT GAG GAC CTC -3 ' ; CT: Forward 5'- CCG GAA TTC CCA 

ATG CTG TAC AAC AGA AAC CAC CAG GAC C -3 ' and Reverse 5'- CCG CTC 

GAG TTA CTG TGC AAG AAT TTT AAT TAG ATT TGC -3'), cloned into the 

pcDNA3 plasmid backbone (Invitrogen) as EcoRI-XhoI fragments and sequenced at the 

York University Core Facility. Sequences matching Genbank Accession number 
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NM019142 were used for subsequent cloning reactions. Full-length versions containing 

a single amino-terminal hemagglutinin-tag (HA-tag) were generated by three-way 

ligations into the pCAN-HAl plasmid backbone as EcoRI/BsrGI (NT) and BsrGI/XhoI 

(CT) fragments and sequenced to confirm correct framing of the HA-tag with AMPKal. 

Mutagenesis of aspartic acid 157 to alanine (D157A) was done by overlapping PCR 

mutagenesis using the forward and reverse NT primers detailed above paired with 

internal primers containing a GAC (Asp) to GCC (Ala) mutation (Forward: 5'-GAA TGC 

AAA GAT AGC CGCCTT CGG TCT TTC AAA CAT G-3' and Reverse: 5'-CAT GTT 

TGA AAG ACC GAA GGC GGC TAT CTT TGC ATT C-3'. Mutation is underlined). 

Positive clones were sequenced to confirm the presence of the mutation. Adenoviruses 

expressing HA-AMPKal D157A and LacZ were generated using the AdEasy XL 

Adenoviral System (Stratagene). Briefly, an Asp718/XhoI fragment representing the full-

length HA-tagged AMPKal D157A was subcloned into the pShuttleCMV plasmid 

backbone. Plasmid DNA isolated from positive colonies was linearized with Pmel and 

electroporated into BJ5183-AD-1 bacterial stocks for recombination into the pADEasy 

plasmid backbone. Positive recombinants of both HA-AMPKal D157A and the control 

LacZ (provided with the kit) were used for large-scale DNA preparation. For primary 

virus production, linearized plasmid (Pad digested) was transiently transfected into AD-

293 cells using the calcium phosphate method. Primary viral stocks were used for further 

viral amplification. Adenovirus-producing AD293 cells were harvested, lysed by 4 

rounds of freeze/thaw lysis and viral supernatants were cleared by centrifugation and 0.45 

uM filtering. Viral titers were determined using the immunocytochemically-based 
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AdEasy Viral Titer Kit (Stratagene) according to the provided instructions. Confirmation 

of viral efficacy was done by X-gal staining of LacZ infected cells or, detection of HA-

tagged AMPKal D157A by immunoblotting with anti-HA monoclonal antibody on 

protein lysates from cells infected with HA-AMPK D157A expressing adenovirus. 

Experimental animals and isolation/infection of primary adipocytes -Male albino rats 

(Wistar strain) weighing 175-200g were maintained on a 12/12-h light/dark cycle at 22°C 

and fed {ad libitum) standard laboratory chow. The protocol was approved by the York 

University Animal Care Ethics Committee. Fat cells were isolated (191,303) and 

subjected to adenoviral-mediated gene transfer (MOI of 250 pfu/cell) in 2mL of DMEM 

for 4h at 37°C with occasional agitation. Culture medium was adjusted to 6mL with 

DMEM supplemented with 1% serum and adipocytes were incubated for an additional 

24h prior to use in experiments. Importantly, maintenance of adipocytes in culture for 

24h was the minimum time required to obtain a significant and reproducible inhibition of 

AMPK activity using the adenovirus mediated over-expression of the KD-AMPKal 

mutant. Typical infection rates ranged from -70-80% between independent experiments 

as determined by counting YFP-positive adipocytes using fluorescence microscopy. For 

adipocytes that were not infected, cells were isolated and left at 37°C for 24h prior to 

acute AICAR and insulin treatment in order to compare results with infected cells that are 

subjected to prolonged in vitro culture conditions. 

Assessment of cytotoxicity and glucose uptake - Under all experimental conditions, 

adipocytes were exposed for lh to AICAR (2mM) and subsequently assayed for 
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cytotoxicity using the MTT (3[-4,5-dimethylthiazol-2-yl]2,5idiphenyl tetrazolium 

bromide) assay kit (303). For glucose uptake, cells were treated as described above 

except cells were stimulated with insulin (lOOnM) in the final 20min of the incubation 

period. Glucose uptake was then assayed using 2-[l,2-3H]deoxy-D-glucose (191). 

Immunoprecipitations and immunoblotting - Adipocytes (-1 x 107 cells) were incubated 

for lh in the absence or presence of AICAR (2mM), and stimulated with insulin (lOOnM) 

in the final 20min of incubation. Cells were immediately lysed and used for either SDS-

PAGE analysis (191,303)Chapter 4, page 80) or immunoprecipitations (IPs). For IPs, 

400u,g of protein lysate was incubated with antibodies (1:100 dilution) and protein G 

sepharose beads on a rotator overnight at 4°C. Subsequently, IPs were gently centrifuged 

(4000rpm for 3min) and the supranatant was aspirated. Beads were washed with 150mM 

NaCl, ImM EDTA pH 8.0, 50mM Tris-HCl pH 8.0, 0.1% NP-40 3 times, with a 

centrifugation step between each wash. Beads were then re-suspended in 30uL of 

Laemmli lysis buffer, boiled for 5min, and centrifuged at 13,000rpm for 3min. 

Supranatant was then subjected to SDS-PAGE analysis as described previously 

(191,303). All antibodies were diluted to 1:1000 with the exception of P-AMPK (1:500) 

and GLUT4 (1:500). Equal loading was confirmed with GAPDH (1:5000) and by 

Coomassie blue staining of gels. 

Subcellular fractionation for the measurement of GLUT4 translocation - Translocation 

of GLUT4 to the plasma membrane was measured after subcellular fractionation of 

adipocytes as described previously (317). Briefly, after treatment of adipocytes, cells 
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were washed twice and re-suspended in TES buffer (20mM Tris-HCl, ImM EDTA, and 

8.7% sucrose, pH 7.4). Cells were lysed in a pre-cooled Potter-Elvehjem tissue 

homogenizer and then transferred to microtubes. Homogenate was centrifuged at 

12,000rpm at room temperature for lmin, then at 0°C for 15min. Subsequently, the 

solidified fat cake and supranatant was removed and the resulting pellet was 

homogenized in 2mL of TES buffer, loaded onto a sucrose cushion (20mM Tris-HCl, 

ImM EDTA, 38.5% sucrose), and centrifuged at 4°C for 60min at 100,000g in swinging 

bucket rotor (Sorvall S52-ST). The concentrated plasma membranes were collected from 

the top of the sucrose cushion, re-suspended in TES buffer and centrifuged at 31,000g for 

60min at 4°C in a fixed angle rotor (Sorvall S55-A). The resulting pellet was re-

suspended in lysis buffer and quantified for protein using the Bradford assay. Lysate was 

diluted 1:1 with Laemmli sample buffer and 10-20ug was used for western blotting 

analysis for GLUT4 content. 

RESULTS 

Cytotoxicity - Using the MTT assay we found that exposure of primary rat adipocytes to 

vehicle (PBS) or infection with adenovirus coding for LacZ or KD-AMPKal did not 

cause cell toxicity (Figure 6-1). 

Effects of AICAR treatment on the phosphorylation and content of AMPK, ACC, and Akt 

- Exposure of adipocytes to insulin reduced AMPK and ACC phosphorylation. However, 

AICAR treatment for lh equally increased AMPK and ACC phosphorylation under basal 
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Figure 6-1. Effects of adenoviral infection and acute AICAR (2mM) incubation on 
adipocyte cytotoxicity. Cells were treated with either PBS (white bars), LacZ control 
virus (black bars), or virus encoding KD-AMPKal (hatched bars). Subsequently, 
adipocytes were exposed to AICAR for lh prior to assessing for cytotoxicity using the 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide) assay kit 
according to manufacturer's instructions. 
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and insulin-stimulated conditions (Figure 6-2A). No alterations were observed in the 

total content of AMPK and ACC under all treatment conditions (Figure 6-2A). As 

expected, insulin increased in Aktrhrios and Aktser473 phosphorylation, respectively 

(Figure 6-2B). Treatment of adipocytes with AICAR did not affect either basal or insulin-

stimulated phosphorylation of Aktihr308 and Aktser473 (Figure 6-2B). We then tested the 

relative contributions of Aktl and Akt2 in mediating signal transduction under basal and 

insulin-stimulated conditions in primary rat adipocytes. Western blot analysis revealed 

that Aktl and Akt2 were both present in isolated primary adipocytes, and no alteration in 

the content of these proteins was observed in adipocytes under all treatment conditions 

(Figure 6-2C). However, it is important to notice that an upward shift in the Akt2 bands 

was observed in adipocytes exposed to insulin, although Aktl did not elicit the same 

band-shift pattern in adipocytes stimulated with insulin (Figure 6-2C). This upward band 

shift of Akt2 coincided with increased phosphorylation of this protein on Thr308 and 

Ser473 residues (Figure 6-2D). Interestingly, while insulin-stimulated Ser473 

phosphorylation was present in immunoprecipitations with both Aktl and Akt2, we only 

detected Thr308 phosphorylation in Akt2 of insulin-stimulated adipocytes (Figure 6-2D). 

AICAR treatment under either basal or insulin-stimulated conditions did not affect band 

shift (Figure 6-2C) or the phosphorylation states of Aktl and Akt2 (Figure 6-2D). See 

Figure 6-3 for quantification of blots in Figure 6-2. 
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IP: Aktl IP: Akt2 

Figure 6-2. Representative blots showing the effects of AICAR (A; 2mM), insulin (Ins; 
lOOnM), and AICAR plus insulin (A + I) on phosphorylation and content of AMPK, 
ACC, and Akt (Panel A and B). Total Aktl and Akt2 content (C). Phosphorylation of 
Aktl and Akt2 at Thr308 and Ser473 (D). Blots are representative of 2-3 independent 
experiments. Immunoprecipitations were performed in duplicate in 2 independent 
experiments. IP, immunoprecipitation; IB, immunoblot. 
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Figure 6-3. Quantification of western blots from Figure 6-2. Data were first normalized 
to LacZ control, and compiled from 2-3 independent experiments. One- and two-way 
ANOVA was used for statistical analyses with Tukey-Kramer and Bonferonni 
comparison post-hoc tests. *and #P<0.05 versus all other conditions. 
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Effects of AICAR on Akt targets (AS 160 and GSK3a/f}) and plasma membrane GLUT4 

content - Since Akt phosphorylation was unaltered with AICAR treatment, we 

investigated downstream targets that could potentially be responsible for the inhibitory 

effect of AMPK activation on glucose uptake. As expected, AS 160 phosphorylation was 

increased in the presence of insulin, while AICAR markedly suppressed this variable 

under insulin-stimulated conditions (Figure 6-4A). Immunoprecipitation of P-AS160 

revealed that the insulin-induced association with the 14-3-3 family of regulatory proteins 

involved in signal transduction was also reduced by AICAR treatment (Figure 6-4B). 

Compatible with the role of AS 160 in the trafficking of GLUT4-containing vesicles, 

measurement of GLUT4 content in the plasma membrane fraction of adipocytes was 

reduced with AICAR treatment under basal and insulin-stimulated conditions (Figure 6-

4C). Importantly, phosphorylation and content of the Akt targets GSK3a and p isoforms 

were not suppressed by AICAR treatment (Figure 6-4D), demonstrating that AICAR-

induced AMPK activation specifically affected the AS 160 signaling pathway. See Figure 

6-5 for quantification of blots in Figure 6-4. 

Phosphorylation of AMPK, ACC and AS 160, and glucose uptake in adipocytes 

expressing the KD-AMPKal - Since AS 160 was altered with AICAR treatment, we 

infected adipocytes with an HA-tagged kinase dead (KD) version of AMPKal (316) in 

order to determine if these effects were indeed AMPK mediated. The HA-tag was only 

detected in KD-AMPKal-expressing cells (Figure 6-6A), confirming expression of the 

mutant isoform. Furthermore, AICAR increased AMPK and ACC phosphorylation under 
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Figure 6-4. Effects of AICAR (A; 2mM) and insulin (Ins; lOOnM) on phosphorylation of 
Akt substrates. AS 160 phosphorylation and content (A) and co-immunoprecipitation of 
14-3-3 (B). GLUT4 content in the plasma membrane fraction of adipocytes (C). 
Phosphorylation and content of GSK-3a and p (D). Blots are representative of 2-3 
independent experiments. Con, control. 

145 



~10 
3 S 

j § a 
8 s 

1 1 ° 

n 

S i 08 

AICAR A*hs 

i t 

S3 
9~ <o 

JL 

* I I 
(3 aj 0 6 ' 

S|3 

82 

1 

J 

h 

3 

L. 

JL 
04 

05 

f | 0 8 
£.06 

04 
0.2 

"• JL 
' | 0 4 

JL 
JL 

AICAR A**» 

Figure 6-5. Quantification of western blots from Figure 6-4 in the manuscript. Data were 
first normalized to LacZ control, and compiled from 2-3 independent experiments. One­
way ANOVA was used for statistical analyses with Tukey-Kramer multiple comparison 
post-hoc tests. *,#, and$P<0.05 versus all other conditions; &P<0.05 versus Con. 
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Figure 6-6. (A) Representative blots for content and phosphorylation of HA-tag, AMPK, 
ACC, AS 160, and GLUT4 (plasma membrane fraction; PM) in cells expressing either 
LacZ control virus or the KD-AMPKal mutant in the presence of insulin (Ins, lOOnM), 
AICAR (A, 2mM) and AICAR plus insulin (A+I). (B) Glucose uptake in under basal and 
insulin-stimulated conditions in cells infected with LacZ control virus or KD-AMPKal 
in the absence or presence of AICAR (2mM). Data were analyzed using two-way 
ANOVA with Tukey-Kramer post-hoc tests. * and #P<0.05 versus all other conditions; 
$P<0.05 versus LacZ cells exposed to Ins and AICAR, and versus KD-AMPKal in Ins 
and A+I conditions. Blots are representative of three to four independent experiments. 
The glucose uptake data were compiled from three independent experiments with 
triplicates in each assay. 
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Figure 6-7. Quantification of western blots from Figure 6-7 in the manuscript. Data were 
first normalized to LacZ control, and compiled from 2-3 independent experiments. LacZ, 
white bars; KD-AMPKal, black bars. Two-way ANOVA was used for statistical 
analyses with Bonferonni comparison post-hoc tests. P<0.05 versus all other conditions; 
#P<0.05 versus all other conditions; $P<0.05 versus all other conditions; ¥P<0.05 versus 
all LacZ conditions, and KD-AMPKal Ins, A+Ins conditions; tpO.OS versus Ins, and 
LacZ A, A+Ins conditions; &P<0.05 versus all other conditions; *P=0.06 versus LacZ 
AICAR. 
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basal and insulin-stimulated conditions in cells expressing LacZ (Figure 6-6A). As 

expected, phosphorylation of AMPK was increased in cells expressing the KD-

AMPKal, but the effect of this kinase on ACC phosphorylation was suppressed (Figure 

6-6A). KD-AMPKal over-expression increased total AMPK, without altering ACC 

protein content (Figure 6-6A). AICAR inhibited basal and insulin-stimulated 

phosphorylation of AS 160 in cells expressing LacZ. However, the expression of the KD-

AMPKal mutant prevented AICAR-induced inhibition of AS 160 phosphorylation 

(Figure 6-6A) and brought basal and insulin-stimulated glucose uptake back to control 

values (Figure 6-6B). In line with these findings, measurement of GLUT4 content in the 

plasma membrane fraction was reduced with AICAR treatment in LacZ-expressing 

adipocytes, and this effect was restored in cells with impaired AMPKal signaling 

(Figure 6A; see Figure 6-7 for quantification of blots in Figure 6-6A). It is important to 

note that prolonged maintenance of primary adipocytes in culture cause a reduction in the 

insulin-stimulated fold increase in glucose transport when compared to freshly isolated 

adipocytes. However, despite this limitation, we observed that AICAR-induced AMPK 

activation robustly and equally affected insulin-signaling steps and suppressed glucose 

uptake in adipocytes either freshly isolated (191); unpublished data) or maintained in 

culture for 24h. 

DISCUSSION 

We have previously demonstrated that acute AICAR-induced AMPK activation 

caused a marked reduction in basal and insulin-stimulated glucose uptake and 
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metabolism in primary rat adipocytes (191). However, the molecular mechanisms 

underlying these effects remained elusive. Since early steps of the insulin signaling 

pathway (IRS1/IRS2 tyrosine phosphorylation and PI-3kinase recruitment) were 

unaffected by AICAR in 3T3-L1 adipocytes (190), a downstream signaling target was 

expected to be regulated by AMPK. In this context, we hypothesized that the Rab-GAP 

AS 160, which is a common target for Akt and AMPK (313), could play a major role in 

the inhibitory effect of AICAR on glucose uptake in adipocytes. In fact, AS 160 has been 

demonstrated to play a pivotal role in insulin-mediated GLUT4 trafficking and regulating 

glucose uptake in adipocytes (22). Studies applying mutational analysis reveal that 

phosphorylation of the Ser588 and Thr642 residues of AS 160 are critical for these effects 

(22). Although it has been shown that AS 160 is important for insulin-stimulated glucose 

uptake in white adipocytes, no evidence has been provided that this protein is a direct 

substrate of AMPK in this tissue. Here, we provide novel evidence that AICAR-induced 

AMPK activation consistently and significantly reduced basal and insulin-stimulated 

AS160xhr642 phosphorylation in primary rat adipocytes. This effect was independent of 

Akt, since the phosphorylation of Akt at the Thr308 and Ser473 residues were unaffected. 

In fact, by immunoprecipitating Aktl and Akt2, we found that AICAR-induced AMPK 

activation did not have any effect on basal or insulin-stimulated phosphorylation of any 

of these Akt isoforms. 

In order to better understand how AMPK activation leads to decreased AS 160 

phosphorylation, we assessed whether the effect of AICAR was specific to AS 160 or also 

involved other Akt substrates. To address this, we determined the phosphorylation of 
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GSK-3, which is a direct target of Akt that is also phosphorylated under insulin-

stimulated conditions. Our results revealed that AICAR treatment did not decrease 

GSK3a/p phosphorylation, providing evidence that the suppressive effect triggered by 

AMPK activation was specific to AS 160 and its downstream signaling pathway. This is 

further supported by our findings that the interaction between AS160 with the 14-3-3 

family of signal transduction regulatory proteins was impaired by AICAR treatment. 

Current evidence indicates that the binding of 14-3-3 to phosphorylated AS 160 

suppresses its Rab GAP activity and thereby facilitates the translocation of GLUT4 

storage vesicles to the plasma membrane (318,319). We demonstrate here that direct 

measurement of GLUT4 content in the plasma membrane fraction of adipocytes treated 

with AICAR confirms that reduced interaction between AS160 and 14-3-3 prevents 

translocation of glucose transporters to the cell surface. Therefore, the binding of 14-3-3 

to phosphorylated AS 160 is an important step to promote influx of glucose into the cell. 

In this context, our findings of impaired AS 160 phosphorylation and binding to 14-3-3 

proteins are compatible with reduced basal and insulin-stimulated GLUT4 translocation 

to the plasma membrane and glucose uptake in AICAR-treated adipocytes. It is not clear 

how AMPK induces this specific inhibitory effect on AS 160 phosphorylation. However, 

it could be due to AMPK-induced phosphorylation of an interacting factor that leads to 

decreased phosphorylation of AS 160, or by directly affecting AS 160 making it a less 

suitable substrate for Akt. 

In order to demonstrate that the effects of AICAR were indeed caused by AMPK 

activation, we disrupted AMPK signaling with the mutated KD-version of the a l subunit 
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of this kinase. This was confirmed by detection of the HA-tag and by the inhibition of 

AMPK-induced ACC phosphorylation. Overexpression of KD-AMPKal fully prevented 

the AICAR-induced suppression of insulin-stimulated AS160xhr642 phosphorylation and 

glucose uptake. Our data is in agreement with previous observations that AS 160 is the 

primary Rab-GAP involved in the regulation of GLUT4 translocation in 3T3-L1 

adipocytes (314). In our system the expression of KD-AMPKal fully prevented the 

AICAR-induced inhibition of basal glucose uptake by isolated adipocytes, although we 

did not detect a concomitant increase in AS160ihr642 phosphorylation in these cells. 

Interestingly, measurement of GLUT4 content in the plasma membrane fraction of 

adipocytes expressing KD-AMPKal indicated a restoration of these glucose transporters 

at the cell surface under basal and insulin-stimulated conditions when treated with 

AICAR. This suggests that AMPK could target alternative Rab-GAPs that were not 

detected by the polyclonal phospho-antibody against AS 160 used in our experiments. 

Previous studies have demonstrated that in skeletal muscle at least two Rab-GAPs 

(AS 160 and TBCIDI) participate in the regulation of GLUT4 trafficking and glucose 

uptake in response to AMPK activation and insulin stimulation (314). In skeletal muscle, 

it has been proposed that GLUT4 translocation stimulated by insulin is mainly regulated 

by AS 160, while under AICAR treatment or contraction TBCIDI is the major regulator 

of this process (314). This provides support to the concept that distinct AMPK-mediated 

mechanisms may govern glucose uptake under basal and insulin-stimulated conditions in 

adipocytes. However, because TBCIDI expression has been reported to be very low in 

fully differentiated 3T3-L1 adipocytes and also undetected in mice WAT (314), it is 
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unlikely that this Rab-GAP is the alternative target of AMPK in our system. Therefore, 

future investigations are warranted to identify potential novel molecular targets by which 

basal and insulin-stimulated glucose uptake is regulated by AMPK in adipocytes. 

It is important to note that differences clearly exist between primary and cultured 

3T3-L1 adipocytes with respect to the role of AMPK in the regulation of glucose uptake. 

In fact, studies in 3T3-L1 adipocytes (190) demonstrate that AICAR causes an increase in 

basal glucose uptake but powerfully suppresses the insulin-stimulated effect on this 

variable, and we have confirmed these findings in our lab (data not shown). However, we 

have repeatedly demonstrated here and in previous studies (191) that in primary rat 

adipocytes, AICAR-induced AMPK activation inhibits both basal and insulin-stimulated 

glucose uptake. Therefore, it is important that future studies take into consideration that 

3T3-L1 adipocytes respond differently from primary adipocytes when assessing the role 

of AMPK in the regulation of glucose uptake. 

Our findings from the present study are in line with previous observations that 

AMPK activation has tissue-specific effects in skeletal muscle versus adipose tissue 

(Figure 6-8). Work from our lab (191) and others (293) have shown that activation of 

AMPK with AICAR elicits concomitant decreases in fatty acid synthesis and glucose 

incorporation into lipids, which is compatible with a reduction in glucose uptake seen in 

this study. The question that arises is how does AMPK differentially modulate glucose 

metabolism in skeletal muscle versus adipose tissue? It may be that AMPK targets a 

currently unidentified Akt-interacting factor present only in adipose tissue, which impairs 

the ability of Akt to recognize AS 160 as a substrate. Our data indicate that this protein 
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specifically affects the ability of Akt to phosphorylate AS 160, since other Akt targets 

such as GSK-3a/p were unaffected by AICAR treatment. However, we cannot rule out 

the possibility that AMPK could be regulating AS 160 phosphorylation directly or via 

activation of phosphatases targeted towards Rab-GAPs. This prevents AS 160 from being 

phosphorylated in the presence of AICAR under basal and insulin-stimulated conditions, 

leading to decreased glucose entry into the adipocyte. Conversely, disruption of 

AMPKal signaling allowed phosphorylation of AS 160 to occur and fully prevented 

suppression of glucose uptake. In this context, identifying novel molecular targets that 

mediate the tissue-specific effects of AMPK activation on AS 160 phosphorylation may 

be of great importance for the regulation of whole-body glucose disposal and energy 

homeostasis. 

From a physiological perspective, the activation of AMPK in WAT occurs under 

conditions of cellular stress. This leads to activation of energy sparing mechanisms in 

order to increase intracellular ATP content. In line with this concept, the inhibition of 

glucose and fatty acid uptake induced by AMPK activation in adipocytes (191,303) may 

play an important role in reducing FA activation and esterification, which may serve to 

restrain intracellular ATP consumption. This study is the first to provide evidence that 

activation of AMPK with AICAR in primary rat adipocytes suppresses AS 160 

phosphorylation leading to inhibition of basal and insulin-stimulated GLUT4 

translocation to the plasma membrane and subsequently glucose uptake. Disruption of 

AMPKal signaling fully prevented these effects, indicating that insulin-signaling steps 
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that are common to WAT and skeletal muscle regulation of glucose uptake are distinctly 

affected by AMPK activation in these tissues. 
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Insulin Glucose 

Figure 6-8. AMPK regulates glucose uptake in primary adipocytes. Under basal conditions, AS 160 promotes intracellular 
retention of GLUT4-containing vesicles. When adipocytes are stimulated with insulin, this hormone binds to its receptor and 
elicits a cascade of events leading to phosphorylation/activation of Akt. This promotes phosphorylation of AS160, which 
interacts with 14-3-3 and releases the inhibitory effect on GLUT4 vesicles. GLUT4 is then translocated to the plasma 
membrane and facilitates glucose uptake into the cell. When AMPK is activated in adipocytes with AICAR, it prevents 
phosphorylation of AS 160 and inhibits glucose uptake. Disruption of AMPKal signaling reverses the effects on AS 160 
phosphorylation and glucose uptake, indicating that AMPKal plays an important role in regulating glucose uptake in 
adipocytes. 
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ABSTRACT 

This study investigated the effect of chronic AMP-kinase (AMPK) activation with 5-

aminoimidazole-4-carboxamide-l-P-D-ribofuranoside (AICAR) on white adipose tissue 

(WAT) metabolism and the implications for visceral (VC) and subcutaneous (SC) 

adiposity, whole body-energy homeostasis, and hypothalamic leptin sensitivity. Male 

Wistar rats received daily single intraperitoneal injections of either saline or AICAR 

(0.7g/kg B.W.) for 4 and 8 weeks and pair-fed throughout the study. AICAR-treated rats 

had reduced adiposity with increased mitochondrial density in VC and SC fat pads, which 

was accompanied by reduced circulating leptin and time-dependent and depot-specific 

regulation of AMPK phosphorylation and fatty acid oxidation. Interestingly, the anorectic 

effect to exogenous leptin was more pronounced in AICAR-treated animals than controls. 

This corresponded to reductions in hypothalamic AMPK phosphorylation and suppressor 

of cytokine signaling 3 (SOCS3) content, while signal transducer and activator of 

transcription 3 (STAT3) phosphorylation was either unchanged or increased at 4 and 8 

weeks in AICAR-treated rats. Ambulatory activity and whole-body energy expenditure 

(EE) were also increased with AICAR treatment. Altogether, chronic AICAR-induced 

AMPK activation increased WAT oxidative machinery, whole-body EE, and 

hypothalamic leptin sensitivity. This led to significant reductions in VC and SC adiposity 

without fully inducing energy-sparing mechanisms that oppose long-term fat loss. 
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INTRODUCTION 

Successful treatment of obesity requires a continuous reduction in adiposity and 

maintenance of a healthy body weight. The conventional approaches used to achieve 

weight loss involve exercise and diet. However, as body fat is reduced through these 

approaches, energy-sparing mechanisms are activated and impose a major obstacle to 

long-term weight loss (4). Therefore, identifying strategies to overcome these energy-

sparing mechanisms is crucial to improve the outcome of weight loss programs. One 

potential approach would be to remodel white adipose tissue (WAT) metabolism towards 

a highly metabolic brown adipose tissue (BAT) phenotype that shifts metabolism towards 

fat oxidation instead of storage, independently of altering whole-body energy expenditure 

(EE) through physical activity (320). 

The acquisition of a "brown-like" phenotype by white adipocytes requires a 

substantial increase in mitochondrial content and up-regulation of the oxidative 

machinery in these cells. These functional changes could ultimately reduce fat storage 

and adipose tissue mass. In this context, one enzyme that is central to sense the energy 

state of the cell and regulate ATP production through fatty acid (FA) oxidation is AMP-

kinase (AMPK). In its activated state, AMPK shuts down anabolic pathways and 

promotes catabolism by regulating the activity of key enzymes of intermediary 

metabolism (163). AMPK has also been shown to block adipocyte differentiation in the 

early stages by inhibiting clonal expansion, which is a critical step for adipogenesis to 

occur (229,230). Additionally, treatment of preadipocytes with pharmacological agents to 

activate AMPK prevents the expression of late adipogenic markers, fatty acid synthase, 
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acetyl-CoA carboxylase (ACC), and transcription factors PPARy 1/2 and C/EBPa which 

are required for the synthesis and storage of lipids in mature adipocytes (229,230). 

AMPK also phosphorylates and activates peroxisome proliferator-activated receptor 

(PPAR)-y co-activator-la (PGC-la) and promotes mitochondrial biogenesis in skeletal 

muscle (209). 

We have recently demonstrated that prolonged (15h) AICAR-induced AMPK 

activation increased mRNA expression of PPAR-y and of its co-activator PGC-la in 

isolated rat epididymal adipocytes (303). These cells also had -4-fold higher than control 

expression of carnitine palmitoyl transferase-lb, which was accompanied by a 2-fold 

increase in palmitate oxidation and by a marked reduction in lipogenesis (303). Based on 

these observations, we hypothesized that chronic activation of AMPK in vivo could lead 

to a shift in WAT metabolism towards oxidation and lead to reduced adiposity. 

Additionally, the effects of chronic AMPK activation on remodeling WAT metabolism 

could potentially overcome the opposition to fat reduction triggered by the centrally-

mediated activation of energy-sparing mechanisms as adiposity is reduced (321). Even 

though alterations in fat mass with chronic in vivo AICAR treatment in rodents have been 

previously reported (285,322,323), it is unknown whether these effects arise from direct 

structural and functional alterations in WAT or indirectly through alterations in whole-

body energy homeostasis. Therefore, this study was designed to investigate the time-

course effects of chronic in vivo AICAR-induced AMPK activation on VC and SC WAT 

metabolism, as well as on whole-body energy balance. Previous studies have 

demonstrated that major depot-specific differences exist with respect to metabolic 
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properties and plasticity under specific conditions (324). Thus, a goal of this study was 

also to determine whether VC and SC fat depots would elicit distinct responses to chronic 

AICAR-induced AMPK activation with regards to oxidative capacity. Furthermore, since 

alterations in fat mass also determine leptin expression and release by the WAT and this 

hormone exerts a major role in the regulation of whole-body EE (325), we assessed the 

time-course plasma profile of leptin. Phosphorylation and/or content of STAT3, AMPK, 

and SOCS3 were measured in the hypothalamus to assess leptin signaling in this tissue, 

as well as the anorectic response of AICAR-treated animals to exogenous leptin 

adminstration. This is the first study to provide evidence that chronic systemic 

pharmacological AMPK activation in rats remodels WAT metabolism by inducing 

mitochondrial biogenesis and promoting fat loss without inducing energy-sparing 

mechanisms. Importantly, this effect appears to be at least partially mediated by increased 

hypothalamic leptin sensitivity. 

MATERIALS AND METHODS 

Reagents - FA-free bovine serum albumin (BSA), free glycerol determination kit, 

glucose oxidase kit, isoproterenol, and palmitic acid were obtained from Sigma. [1-

14C]palmitic acid was from GE Healthcare Radiochemicals (Quebec City, Quebec). 

Leptin was measured using an ELISA from Millipore (Billerica, MA). AICAR was 

purchased from Toronto Research Chemicals (Toronto, Ontario). Recombinant rat leptin 

was obtained from Dr. A.F. Parlow at the National Hormone & Peptide Program 

(Torrance, CA). All antibodies were from Cell Signaling Technology Inc. (Beverly, MA) 
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unless noted otherwise. Phospho-acetyl-CoA carboxylase (P-ACC) was obtained from 

Upstate (Charlottesville, VA), and uncoupling protein 1 (UCP-1) was from Abeam 

(Cambridge, MA). All other chemicals were of the highest grade available. 

In vivo AICAR treatment and plasma analyses - Male albino rats (Wistar strain) 

weighing 150-200 g, were maintained on a 12/12 h light/dark cycle at 22°C and fed 

standard laboratory chow ad libitum. Rats were given a single daily intraperitoneal 

injection of either saline or AICAR (0.7g/kg body weight) for 4 and 8 weeks. The dosage 

was chosen based on previous in vivo rat studies that used between 0.5 and l.Og/kg body 

weight for chronic AICAR injections (285,303,323). Saline-injected rats were pair-fed to 

the AICAR-treated group to control for effects of altered food intake induced by the 

treatment. Control animals were pair-fed according to the average amount of chow 

consumed by the AICAR-treated animals the previous day. Pair-fed animals received one 

third of the total food in the morning (09:00) and the remaining two thirds immediately 

prior to lights off at 19:00 to avoid prolonged periods of fasting. Weekly blood samples 

were collected prior to daily injections from the saphenous vein and the plasma was 

frozen for later analyses of leptin. 

Determination of in vivo metabolic parameters - The Comprehensive Laboratory Animal 

Monitoring System (CLAMS; Columbus Instruments, Inc. Ohio, USA) was used to 

perform all automated in vivo determinations as previously described (326). Briefly, the 

CLAMS measures oxygen consumption (VO2), carbon dioxide production (VCO2), and 

respiratory exchange ratio (RER). Each cage is also equipped with a system of infrared 
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beams that detects animal movement in the X and Z axes. Energy expenditure (EE) was 

calculated by multiplying the calorific value (CV= 3.815 + 1.232 x RER) by V02 . 

Measurements using the CLAMS were performed on a weekly basis throughout the 8-

week period. Animals were placed in the CLAMS at 10:00 immediately following the 

daily saline or AICAR injections. The first hour of data collected in the CLAMS was 

discarded, since it is the time required for the rats to fully acclimatize to the cage 

environment (326). The rats were monitored for a 24h-period encompassing the light 

(10:00-19:00 and 07:00-10:00) and dark (19:00-07:00) cycles. 

Assessment of the anorectic response to leptin - Rats received daily injections of either 

saline or AICAR (0.7mg/kg b.w.) for 2 weeks. During this treatment period, control 

animals were pair-fed as described above. On the day of the test, food was removed from 

the cages at 07:00 and the animals were injected at 09:00 with either saline (control) or 

AICAR. Rats were fasted until the onset of the dark cycle (19:00; 12h fast). At this point, 

the animals were subdivided into 4 groups: control, leptin, AICAR, and AICAR plus 

leptin and then injected i.p. with either saline (control conditions) or recombinant rat 

leptin (5mg/kg b.w.). We used this dosage of leptin because it has been previously 

demonstrated to induce a significant reduction in food intake 4h post-injection in rats 

(327). In order to measure food intake, animals were placed in the CLAMS 15min post-

leptin injection for 24h with ad libitum access to food. 

Extraction of tissues and calculation of lean body mass (LBM) — Fat depots from 

subcutaneous-inguinal (ING), epididymal (EPI), and retroperitoneal (RP) regions were 
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quickly removed and weighed prior to being processed for various metabolic assays. 

Weights of all tissues were normalized per lOOg of body weight. LBM was calculated as 

carcass weight with all skin, viscera and fat depots removed (326). 

Isolation of adipocytes, and measurement of palmitate oxidation - After the 4 and 8-week 

treatment periods, fat depots from ING, EPI, and RP regions were quickly removed and 

adipocytes were isolated from each tissue as previously described (303,328). For 

palmitate oxidation, cells (5 x 105) were incubated in KRBH-3.5% containing 0.2uCi/mL 

of [l-14C]palmitic acid, 200uM non-labeled palmitate, and 500uM of L-carnitine. 

Oxidation of palmitate was determined by collection of 14C02 (303,328). 

Morphometric and ultrastructural analyses - Rats were anesthetized and transcardially 

perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4. 

Subsequently, WAT depots were carefully dissected and postfixed by overnight 

immersion in the same fixative at 4°C. For light microscopy, tissues were washed in PB 

and dehydrated using an ethanol gradient, cleared in a solution of xylene, and embedded 

into paraffin blocks (329). Once embedded, 3 urn thick sections were mounted onto glass 

slides, deparaffinized/rehydrated, and stained with hemotoxylin and eosin to assess 

morphological changes. Adipocyte size was calculated as the mean adipocyte area of 200 

random adipocytes (100 per section) from each animal using the Nikon LUCIA Image 

program (version 4.61; Laboratory Imaging, Prague, Czech Republic). Tissue sections 

were observed with a Nikon Eclipse E800 light microscope using a 20X objective lens. 

Digital images were captured with a Nikon DXM 1200 camera. For electron microscopy, 
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small fragments of tissue were excised from perfused animals and placed into a solution 

consisting of 2% PFA + 2% glutaraldehyde in 0.1M PB, pH 7.4, overnight at 4°C. After 

primary fixation, tissues were placed in a solution of 1% osmium tetraoxide and 1% 

potassium ferrocyanide for lh. Samples were then dehydrated using an acetone gradient 

and embedded in an Epon-Araldite mixture (329). Subsequently, ultrathin sections (50-

65nm) were obtained with an MT-X ultratome (RMC; Tucson, AZ), stained with lead 

citrate, and examined with a CM10 transmission electron microscope (Philips; 

Eindhoven, The Netherlands). Mitochondrial and cytoplasmic areas were quantified 

using the LUCIA program from 30-40 images per tissue captured at 12,500X 

magnification. Mitochondrial density was determined as area of mitochondria occupying 

the area of cytoplasm. 

Determination of content and phosphorylation of proteins by western blot - Fat depots 

were extracted and immediately snap frozen in liquid nitrogen. Immediately after 

decapitation, the hypothalamus was dissected using the optic tracts, the thalamus, and the 

mammillary body as landmarks, and then quickly frozen in liquid nitrogen and stored at -

80°C. The tissues were homogenized in a buffer containing 25mM Tris-HCl and 25mM 

NaCl (pH 7.4), ImM MgCl2, 2.7mM KC1, 1% Triton-X, and protease and phosphatase 

inhibitors (0.5mM Na3V04, ImM NaF, luM leupeptin, luM pepstatin, and 20mM 

PMSF). Homogenates were centrifuged, the infranatant collected, and an aliquot was 

used to measure protein by the Bradford method. Samples were diluted 1:1 (vol/vol) with 

2x Laemmli sample buffer, heated to 95°C for 5min, and subjected to SDS-PAGE. All 
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primary antibodies were used in a dilution of 1:1,000 except for P-AMPK (1:500). Equal 

loading was confirmed by both P-actin detection and Coomasie blue staining of gels. 

RESULTS 

Food intake, body weight, fat mass, and adipocyte morphology - A reduction in food 

intake with AICAR injections has been observed in previous studies in rodents (215), 

therefore food intake was measured on a daily basis in order to pair-feed control rats. 

Compared to ad libitum-fed rats, food intake was reduced by 10% and 3% after 4 and 8 

weeks, respectively, in AICAR-treated rats. No differences in body weight or LBM were 

detected between control and AICAR-treated animals at any time point (data not shown). 

Analyses of WAT mass indicated that ING, RP, and EPI fat depots were reduced in 

AICAR-treated animals by 39%, 56%, and 43% after 4 weeks and by 22%, 47%, and 

34% after 8 weeks, respectively (Figure 7-1). In ING and RP fat depots, adipocyte area 

was reduced by 33% and 37% at week 4 and by 37% and 42% at week 8, respectively 

(Figure 7-2A-C). Adipocyte area was unchanged in EPI fat pads after 4 weeks of AICAR 

treatment, but was 33% lower than controls after 8 weeks (Figure 7-2B). Western blot 

analyses of UCP-1 protein content (Figure 7-2D) and immunohistochemistry in WAT 

depots (Figure 7-3) indicated that AICAR treatment did not increase the prevalence of 

brown adipocytes within the WAT depots. 

Mitochondrial density and morphology - For assessment of mitochondrial density and 

ultrastructural changes, we analyzed ING and RP fat pads as representative depots for SC 

and VC WAT, respectively. After 4 and 8 weeks of AICAR treatment, mitochondrial 
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Figure 7-1. Fat pad mass of inguinal, retroperitoneal, and epididymal depots after 4 and 8 
weeks of AICAR treatment (panels A-C and D-F, respectively). Fat pad mass was 
normalized to lOOg of total body weight of the animal at the time of tissue harvest. N = 3-
4 per group. *P<0.05 vs. control (Con). 
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Figure 7-2. Measurement of adipocyte area in 4 and 8 week animals in inguinal (A), 
retroperitoneal (B), and epididymal (C) fat depots. All images were taken at 20X 
magnification and represent the same field of view for comparative purposes. The scale 
bar represents lOOum and applies to all panels. N=3 per group. Analysis of UCP-1 
protein content in inguinal (ING), retroperitoneal (RP), epididymal (EPI), and brown 
adipose tissue (BAT) depots at 4 and 8 weeks (D). Samples from control and AICAR-
treated animals are denoted as ' C and 'A', respectively. P<0.05 vs. respective control 
(Con) for 4 or 8 weeks. 
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Figure 7-3. Immunohistochemistry on inguinal (ING), retroperitoneal (RP) and 
epididymal (EPI) fat depots for UCP-1 content. Brown adipose tissue (BAT) was used as 
a positive control for the primary antibody. Images are from animals treated for 8 weeks 
and show no change in UCP-1 staining in AICAR treated animals. Rats treated for 4 
weeks also showed similar results. Scale bar represents lOOum. 
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density in both ING and RP WAT was increased by 1.78-fold and 2.45-fold and by 2.28-

fold and 1.83-fold, respectively (Figure 7-4A-D). Additionally, electron microscopy 

analysis revealed that adipocytes from rats treated with AICAR for 4 or 8 weeks had 

mitochondria with more defined cristae when compared to adipocytes from control 

animals (Figure 7-4A-D, insets). 

Effects of AICAR on AMPK and ACC phosphorylation and palmitate oxidation — As 

expected, AMPK phosphorylation (Thrl72) increased in ING, RP, and EPI fat depots 

after 4 and 8 weeks of AICAR treatment. The most pronounced increase in AMPK 

phosphorylation was in the ING fat pads (Figure 7-5A). AMPK content in all fat depots 

was reduced in the AICAR group at week 4, an effect no longer present at week 8. ACC 

phosphorylation and protein content were markedly reduced at week 4 in ING, RP, and 

EPI fat pads; however the suppressive effect of AICAR on this variable was reversed at 

the 8-week time point with increased ACC content (Figure 7-5A). Palmitate oxidation 

increased in ING and RP adipocytes by ~1.46- and 1.84-fold, respectively, after 4 weeks 

of AICAR treatment, with no change observed in EPI cells (Figure 7-5B-D). Conversely, 

after 8 weeks of AICAR treatment intra-adipocyte palmitate oxidation reduced by 40%, 

53%, and 48% in ING, RP, and EPI adipocytes, respectively (Figure 7-5E-G). 

Whole-body EE, spontaneous ambulatory activity, and respiratory exchange ratio (RER) 

- Baseline values were collected prior to commencing the study and no differences 

existed between the two groups with respect to EE and ambulatory activity (data not 

shown). Time-course analysis revealed that EE increased by 8% at week 4 and then by 
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Figure 7-4. Mitochondrial density and morphology in inguinal (A and C) and 
retroperitoneal (B and D) fat depots at 4 and 8 weeks. Lipid droplet (LD). Arrows point 
to cristae within mitochondria (inset). All images were taken at 12,500X magnification, 
and insets are magnified. Scale bar represents 2um and applies to all panels. N=3 per 
group. Unpaired t-tests. *P<0.05 vs. control (Con). 
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Figure 7-5. Phosphorylation and content of AMPK and ACC in inguinal (ING), 
retroperitoneal (RP), and epididymal (EPI) fat pads at 4 and 8 weeks (A). Samples from 
control and AICAR-treated animals are denoted as ' C and 'A', respectively. Blots are 
representative from N=3-4 per group. Palmitate oxidation in isolated adipocytes from 
ING (B and E), RP (C and F), and EPI (D and G) fat depots. Data are compiled from 4 
independent experiments with N=4 per group, with triplicates in each assay performed. 
Unpaired t-tests. P<0.05 vs. control (Con). 
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16% at week 8 during the dark cycle in AICAR-treated rats (Figure 7-6A and B). This 

was also accompanied by 29 and 33% increases in dark cycle ambulatory activity as 

compared to controls in weeks 4 and 8, respectively (Figure 7-6C-D). RER was lower 

during the first light cycle (11:00 to 19:00) in AICAR-treated versus control rats (0.928 ± 

0.007 vs 0.902 ± 0.011 and 0.925 ± 0.005 vs. 0.0.894 ± 0.015) ~8h subsequent to AICAR 

injection after 4 (Figure 7-7A-B) and 8 weeks (Figure 7-7C-D) respectively, indicating a 

shift towards fat oxidation in AICAR-treated animals. No differences in RER were 

detected between control and AICAR-treated rats during the dark cycle. However, during 

the second light cycle that preceded the daily AICAR injection (07:00 to 10:00), RER 

was lower in control than AICAR-treated animals (0.937 ± 0.005 vs 0.997 ± 0.002 and 

0.949 ± 0.002 vs. 0.979 ± 0.003) after 4 and 8 weeks, respectively (Figure 7-7). This 

resulted from the pair-feeding procedure in which the control animals consumed their 

allotment of food before the end of the dark cycle leading to a reduction in RER. 

Effects of AICAR on plasma measurements and hypothalamic leptin signaling - At weeks 

4 and 8 of treatment, plasma leptin in AICAR-injected animals was lower than controls 

by 42% and 48%, respectively (Figure 7-8A). In the hypothalamus, STAT3 

phosphorylation at tyrosine 705 was either unchanged or increased and AMPK 

phosphorylation was consistently reduced after 4 and 8 weeks of AICAR treatment, 

although the content of these proteins remained unchanged (Figure 7-8B). Hypothalamic 

SOCS3 content was also markedly reduced in the AICAR group at 4 and 8 weeks. 
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Figure 7-6. In vivo measurements of energy expenditure (A-B), and ambulatory activity 
(C-D). Rats were placed into the CLAMS for 24h after 4 and 8 weeks of treatment. 
Values from all animals were pooled an average for an N=4 per group. Data were 
analyzed based on light and dark cycles. The first light cycle occurred from 10am-7pm, 
where the animals were placed into the CLAMS immediately after their daily saline or 
AICAR injections. The dark cycle occurred from 7pm-7am, and the second light cycle is 
from 7am-10am in order to complete a full 24h cycle in the metabolic cages. Two-way 
ANOVA with Bonferroni post-hoc tests. *P<0.05 vs. control (Con) for each particular 
light/dark cycle. 
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Figure 7-7. Respiratory exchange ratio (RER) after 4 (A-B) and 8 weeks (C-D) of 
AICAR treatment. Rats were placed into the CLAMS for 24h after 4 and 8 weeks of 
treatment. Panels B and D represent the average values for RER during the light and dark 
cycles and were analyzed using two-way ANOVA with Bonferroni post-hoc tests. 
*P<0.05 vs. control (Con) for each particular light/dark cycle. 
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Figure 7-8. Levels of circulating leptin at weeks 0, 4, and 8 in control (Con) and AICAR 
treated animals (A). Assessment of phosphorylation and content of AMPK and SOCS3 in 
the hypothalami of rats at 4 and 8 weeks (B). N=4-8 for leptin concentrations. N=4 for 
western blot data. Control and AICAR-treated animals are denoted as ' C and 'A', 
respectively. Two-way ANOVA with Bonferroni post-hoc tests. * and #P<0.05 vs. all 
other conditions. 
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Effects of AICAR on the anorexic response to leptin - We found that in the absence of 

leptin administration (saline injected in lieu of leptin), AICAR animals showed a 30% 

reduction in food intake after 4 hours compared to control rats (Table 7-1). This 

confirmed our previous observations that this drug caused an anorexic effect in these 

animals. When injected with leptin, control rats ate 35% less after 4h compared to saline-

injected controls, indicating a robust response to leptin administration. Interestingly, 

when injected with both AICAR and leptin, animals exhibited a further significant 

reduction in food intake of 23% compared to animals treated with AICAR alone. This 

equated to a profound -46% reduction in food intake when compared to control animals 

injected with saline. No differences in food intake were detected between all groups over 

a 24h period (Table 7-1). 

DISCUSSION 

Here, we report novel findings that chronic AICAR-induced AMPK activation 

promotes alterations in adipose tissue metabolism that leads to reduced VC and SC 

adiposity in rats. These effects were characterized by increased mitochondrial density and 

by the presence of mitochondria with more defined cristae in WAT of AICAR-treated 

animals. This was also accompanied by time-dependent up-regulation of FA oxidation in 

inguinal and retroperitoneal but not in epididymal adipocytes, indicating that not all VC 

fat depots change their metabolic profile in response to chronic AMPK activation. Our 

observations are in line with previous reports that epididymal fat is more "resistant" to 

morphological and metabolic changes compared to inguinal and retroperitoneal fat 
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Control 

AICAR 

Food intake 
(g/4h) 

Saline 

12.50 ± 1.54 

8.74 ± 0.20* 

Leptin 

8.19+1.28* 

6.76 ± 0.34# 

Food intake 
(g/24h) 

Saline 

29.40 ± 0.90 

26.86 ± 2.00 

Leptin 

27.92 ± 0.87 

28.80 + 0.65 

Table 7-1. Food intake in control and AICAR-treated rats injected without or with leptin. 
Animals were injected on a daily basis with either saline (vehicle) or AICAR (0.7mg/kg 
b.w.) for 2 weeks. Subsequently, rats were fasted for 12h prior to injection with either 
saline or leptin and re-fed ad libitum. Food intake was monitored 4 and 24h post-leptin 
injection as a measure of sensitivity to the anorexic effects of leptin. N=4 for each 
condition. *P<0.05 compared to Control-Saline; #P<0.05 compared to Control-Saline and 
AICAR-Saline conditions. 
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depots, which have greater plasticity and ability to change metabolic function upon 

stimulation (324). Interestingly, although AICAR treatment reduced food intake and 

increased energy expenditure, these animals still gained fat mass between the 4 and 8-

week period similar to control animals. From an energy balance perspective, this could be 

due to the attenuated anorexic effect of AICAR at the 8 week time point (-3% reduction 

in food intake) compared to 4 weeks (-10% reduction in food intake). Additionally, the 

suppression of intra-adipocyte oxidation observed at 8 weeks would also prevent 

depletion of lipid content from the WAT. Therefore, the increase in energy expenditure 

must have been counteracted by the above factors and could help explain why AICAR-

treated animals still gained fat mass between the 4 and 8 week time period. 

A surprising finding of this study was that the ability of adipocytes to oxidize FAs was 

increased and reduced after 4 and 8 weeks of AICAR treatment, respectively. This 

occurred despite the fact that mitochondrial density was augmented at both time points, 

indicating that the activity of the oxidative machinery was regulated differently during 

the course of treatment. The precise mechanisms underlying these differences are not 

clear. It may be at least partially explained by the fact that the initial adaptive responses 

to AMPK activation in WAT were driven to shift towards oxidation of FAs. This is 

supported by our previous observations that oxidation of endogenous and exogenous FAs 

was increased, while the costly processes of FA esterification and lipogenesis were 

potently suppressed in isolated adipocytes under prolonged AICAR exposure (303). 

Increased AMPK phosphorylation combined with undetectable levels of ACC protein is 

compatible with up-regulation of FA oxidation seen after 4 weeks of AICAR treatment. 
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However, FA oxidation was reduced at week 8, despite increased mitochondrial content 

in VC and SC adipocytes from AICAR-treated rats. The large reduction in intraadipocyte 

FA oxidation could represent an adaptive response to accommodate the increased 

demand for the supply of FA to peripheral tissues, particularly skeletal muscles. In fact, 

skeletal muscles have been previously demonstrated to significantly increase their ability 

to oxidize fat upon chronic AICAR-induced AMPK activation (330,331). Therefore, the 

reduction in intra-adipocyte FA oxidation seems compatible with the increased systemic 

demand for FA in AICAR-treated rats. 

As expected with AICAR treatment, P-AMPK was increased in all fat depots at both 4 

and 8 weeks, regardless of alterations in protein content. Surprisingly, AICAR treatment 

did not induce phosphorylation of ACC as expected, as this enzyme is a well-known 

downstream target of AMPK. However, the profound decrease in total ACC content at 4 

weeks in AICAR treated animals would serve as a limiting factor for phosphorylation of 

this protein. In fact, it has been demonstrated in 3T3-L1 adipocytes that the content 

and/or activity of ACC are decreased in cells treated with various AMPK agonists, along 

with other adipogenic markers required for differentiation of preadipocytes into mature 

fat cells (229,230). In our study, animals begin AICAR treatment at -6-7 weeks in age, 

which may have affected adipogenesis in preadipocytes present in the WAT. 

Interestingly, at 8 weeks there was a rebound in ACC protein content with AICAR 

treatment, although phosphorylation of this enzyme still remained suppressed in all fat 

depots. It is possible that the reemergence of ACC after 8 weeks of treatment was part of 

the adaptive metabolic response involved in the time-dependent down-regulation of FA 
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oxidation under conditions of reduced adiposity. Importantly, we also observed that ACC 

phosphorylation was not induced despite marked increases in AMPK phosphorylation at 

week 8 of AICAR treatment. This suggests that AMPK-independent mechanisms 

regulated ACC activity as adipocyte lipid content reduced with AICAR treatment. Work 

in our laboratory with adipocytes has demonstrated that certain metabolic effects of 

AICAR in WAT such as FA oxidation and glucose uptake are indeed mediated by AMPK 

(191,332). However, since our treatment is in vivo and delivered systemically, we must 

acknowledge that AMPK-independent effects may be taking place resulting in changes to 

parameters affecting whole-body metabolism. 

Our immunohistochemistry and western blot analyses for the presence of UCP-1 in 

VC and SC fat depots demonstrated that brown adipogenesis by either 

transdifferentiation of white into brown adipocytes or recruitment of brown adipocyte 

precursors present within WAT was not induced with chronic AICAR-induced AMPK 

activation. Moreover, histological analysis excluded the development of UCP-1 negative 

multilocular adipocytes. Considering that AMPK is activated under conditions of ATP 

depletion and it acts to restore intracellular energy levels (163), it is compatible that 

UCP-1 content and activity was not up-regulated. This would allow substrate oxidation to 

be diverted towards ATP synthesis instead of non-shivering thermogenesis, ultimately 

serving to restore cellular energy levels. Therefore, our data provide evidence that the 

increased oxidative machinery of adipocytes exposed to chronic AICAR-induced AMPK 

activation did not result from white adipocytes converting to brown adipocytes. The 

absence of AMPK-induced BAT within WAT depots in our study is at odds with recent 
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studies that have demonstrated this effect in mice exposed to chronic AICAR treatment 

(215). Species differences (mice versus rats), duration of AICAR treatment (2 weeks 

versus 4 and 8 weeks), dosage (0.5mg/g b.w. versus 0.7mg/g b.w.) and frequency of 

injections (3 versus 7 days a week) could explain the different responses to chronic 

AICAR treatment between these studies. 

The observed elevation in whole-body energy expenditure after 4 (8%) and 8 weeks 

(16%) of AICAR treatment seems to be mainly driven by increased dark cycle locomotor 

activity. In fact, this variable was significantly increased by 29% and 33% after 4 and 8 

weeks of AICAR treatment, respectively, which is in line with studies where AICAR-

injected mice elicited enhanced exercise capacity (323). Increased substrate oxidation by 

itself in skeletal muscle and liver did not seem to have contributed to increase energy 

expenditure in AICAR-treated rats. This is based on the fact that energy expenditure was 

only increased in AICAR-treated rats during the dark cycle when RER data indicated that 

there was no difference in substrate oxidation between the pair-fed controls and AICAR-

treated rats. Importantly, others have also shown that the increases in mitochondrial FA 

oxidation do not necessarily lead to elevated whole-body energy expenditure (320). 

It has repeatedly been demonstrated in rodents and humans that a reduction in fat 

mass is almost invariably followed by activation of energy-sparing mechanisms, which 

causes resistance to continuous long-term reduction in adiposity (68,325,333). At the 

whole-body level, these energy-sparing mechanisms could counteract and offset potential 

fat-reducing effects induced by remodeling white adipocyte metabolism towards a more 

oxidative phenotype. The activation of energy-sparing mechanisms under conditions of 
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reduced adiposity has been attributed to a drop in circulating leptin, since exogenous 

replacement of this hormone to pre-weight loss values reverses this adaptive response 

(68). In order to exert its effects on energy balance (334), leptin must bind to its receptor 

(LepR), permitting STAT3 to dock onto the LepR. STAT3 is then phosphorylated, 

homodimerizes, and enters the nucleus to promote the expression of genes that inhibit 

food intake and increase energy expenditure. It also promotes the expression of SOCS3, 

which serves as a negative feedback regulator of leptin signaling. Therefore, while 

activation of AMPK in the hypothalamus induces food intake and favors weight gain, 

inhibition of this kinase by leptin blocks these centrally-mediated effects on energy 

balance (231,238). Based on these observations, we hypothesized that energy-sparing 

mechanisms would be activated in AICAR-treated rats. This could occur by AICAR 

directly increasing hypothalamic AMPK activity, since previous studies have 

demonstrated that this drug can cross the blood brain barrier with limited permeability 

(335). Alternatively, AICAR could indirectly lead to activation of energy-sparing 

mechanisms by reducing circulating leptin as a consequence of fat loss induced by 

prolonged AMPK activation in SC and VC fat depots. Time-course analyses revealed that 

circulating leptin indeed dropped -40% in AICAR-treated rats when compared to pair-

fed controls, which was compatible with the differences in adiposity between the groups. 

However, phosphorylation of hypothalamic AMPK was reduced, while STAT3 

phosphorylation was either the same or increased in AICAR-injected animals when 

compared to controls after 4 and 8 weeks. Furthermore, these effects were accompanied 

by marked reductions in the content of SOCS3 in the hypothalamus. These findings 
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indicated that leptin sensitivity in this tissue was actually increased with systemic 

AICAR-induced AMPK activation. In line with this hypothesis, our data suggest that 

with respect to the anorexic effects of leptin, AICAR-treated animals showed a greater 

sensitivity to this hormone compared to their control counterparts. This is corroborated 

with our hypothalamic signaling data indicating that P-AMPK was reduced in AICAR-

treated rats. Interestingly, leptin has been demonstrated to play a major role in relaying to 

the hypothalamus information regarding the amount of energy stored in the organism, 

allowing the central nervous system (CNS) to regulate non-exercise activity 

thermogenesis accordingly (333,336,337). Therefore, the increases in ambulatory activity 

and EE observed in this study could also be attributed to enhanced CNS leptin sensitivity. 

Further studies are required to investigate possible direct actions of AICAR on specific 

hypothalamic sites involved in the control of food intake and energy homeostasis. 

Altogether, our novel findings provide evidence that significant reductions in adiposity 

may be achieved through systemic pharmacological AMPK activation. Based on our 

data, this approach causes neither WAT to BAT transdifferentiation nor recruitment of 

brown adipocyte precursors within WAT. Rather, it increases the oxidative machinery in 

white adipocytes and induces remodeling of WAT metabolism toward a catabolic state. 

Importantly, the adipose-reducing effects of chronic AICAR-induced AMPK activation 

increased hypothalamic leptin sensitivity, and thus did not trigger the typical centrally-

mediated adaptive responses that oppose long-term weight loss. 

184 



ACKNOWLEDGEMENTS 

The authors state no conflict or duality of interest in regards to this work. This research 

was funded by an operating grant from the Canadian Institute of Health Research (CIHR 

MOP - 86538) and by infrastructure grants from the Canada Foundation for Innovation 

(CFI) and the Ontario Research Fund (ORF) awarded to RBC. RBC is also a recipient of 

the CIHR New Investigator Award and the Early Research Award from the Ontario 

Ministry of Research and Innovation. The morphometry and imaging portions of the 

study were funded by a Scientific Research Grant (RSA) of Universita Politecnica delle 

Marche to SC. MPG was supported in part by the CIHR Michael Smith Foreign Study 

Supplement, and is currently supported by the Canadian Diabetes Association (CDA) 

Doctoral Student Research Award. AF is supported by an Italian foundation for Research 

and Development (Fondazione Cariverona). The authors would like to thank Cristina 

Maria Zingaretti from the University of Ancona, for her technical expertise in acquiring 

transmission electron microscope images. 

185 



CHAPTER 8: STUDY LIMITATIONS 

Although all experiments were designed to control as many variables as possible, we 

must acknowledge that limitations exist in every study executed. 

In this dissertation (chapters 4, 6, and 7), we must take into account the possibility that 

AICAR, like other pharmacological agents, exerts effects independent of AMPK 

activation. For example, in skeletal muscle of AMPK02' mice, the effect of AICAR on 

glucose uptake was blunted, while no change in FA oxidation occurred, indicating that 

AICAR increased the latter independently of AMPKP2 (338). Work from our laboratory 

also suggests that not all metabolic parameters that are altered with AICAR treatment are 

mediated by AMPK, such as glucose oxidation. Furthermore, although it has been 

demonstrated that short term treatment with AICAR does not alter the AMPATP in the 

cell, longer exposure of hepatocytes have been shown to inhibit mitochondrial complex 1 

thereby activating AMPK indirectly . Importantly, our in vitro work has indicated that the 

effects of AICAR on FA oxidation and glucose uptake in adipocytes are indeed mediated 

by AMPK (191,332). However, in our in vivo studies, we must acknowledge that since 

the treatment is being delivered systemically, AMPK-independent effects may be taking 

place in other tissues, resulting in changes to parameters that affect whole-body 

metabolism. New small molecule agonists such as A-769662, which are not adenosine 

analogs, have been designed in an attempt to increase specificity with regards to 

activation of AMPK (266). Also, tissue-specific and conditional transgenic and knockout 

mice models have also been developed as tools that can give insight into the specificity of 

various AMPK activators. 
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In chapter 7, it must be considered that with a small sample size (N=3-4) the 

variability between animals, particularly in regards to the in vivo data, limits our ability to 

draw more definitive conclusions with respect to whole-body energy homeostasis. 

However, it is important to point out that two independent experiments were carried out 

with 4 AICAR-treated and 4 pair-fed animals per group (total of 8 animals per condition) 

and alterations in food intake and fat mass were consistently reproduced. Unfortunately, 

the in vivo metabolic analysis using the CLAMS could not be performed in all 8 animals. 

This occurred because one of the experiments was carried out in Italy for morphologic 

analysis of tissues and the CLAMS was not available at the time for in vivo 

measurements. Despite these limitations, all treated animals demonstrated the phenotype 

as expected based on published literature and previous work carried out in our laboratory. 

Therefore, a small sample size may in fact be underestimating the effects of chronic 

AICAR-induced AMPK activation in these animals. In order to increase the statistical 

power in this particular study, another group of animals will be required. 

Our rationale for using rats was based on the fact that these animals more closely 

resemble humans with regards to in vivo metabolic parameters when compared to mice. 

Mice have a much higher metabolic rate than rats and humans, which makes it more 

difficult to obtain stable and reliable in vivo data using indirect calorimetry. However, the 

lack of available genetically modified rats imposes a limitation on investigating certain 

mechanistic aspects of AICAR treatment. The use of mice such as the ob/ob and db/db 

models commercially available may allow us to investigate whether the effects of long-

term AICAR treatment are mediated by increased leptin sensitivity. Furthermore, the use 
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of mice will give access to different transgenic and knockout models of various AMPK 

subunits that can directly address questions regarding molecular mechanisms of action 

that lead to certain metabolic alterations. 
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CHAPTER 9: SUMMARY AND CONCLUSIONS 

The studies presented here were designed to investigate the role of AMPK in 

adipocyte metabolism and whether activation of this enzyme could promote energy 

dissipation versus lipid storage in fat cells. Since excessive WAT deposits are 

characteristic of obesity, the evidence obtained from our work could help identify 

whether AMPK or other pathways affected by this enzyme could be potential targets for 

the development of drugs to treat obesity. 

We first utilized an in vitro approach in order to address the role of AMPK in lipid 

partitioning, and the molecular mechanisms that were governing these processes 

(Objective #1) (303). We determined that in WAT, chronic pharmacological activation of 

AMPK exerted distinct time-dependent regulation of HSL and ATGL in order to regulate 

lipolysis. Since the primary function of WAT is to store energy when in excess and 

provision substrate under conditions of higher energy demand, understanding the role of 

AMPK in lipolysis is important in identifying mechanisms that could be malfunctioning 

in conditions such as obesity. Furthermore, we determined that expression of genes (i.e. 

PGC-la, PPARa, PPARS, CPT-1) that promote lipid utilization were up-regulated in 

adipocytes exposed to AICAR for 15h, and this was accompanied by increased intra-

adipocyte FA oxidation. Interestingly, when we examined these parameters in a diet-

induced obesity model (Objective #2) (328), impairment of AMPK activity and down-

regulation of PGC-la and PPARa resulted in elevated esterification and reduced ability 

to oxidize FA in VC and SC adipocytes. Additionally, the regulation of lipolysis by 

AMPK through HSL and ATGL gives insight into the magnitude by which AMPK can 
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control and prevent excessive release of FAs into the circulation. This is of particular 

importance under obese conditions, where FA release is excessive and results in insulin-

resistance and subsequently type 2 diabetes. 

The role of AMPK is also important when considering glucose metabolism since 

glucose is necessary for the costly process of FA re-esterification. Therefore, it is 

compatible that our lab (191,303) and others (190) have shown that AMPK activation 

suppresses glucose uptake in adipocytes. We were interested in the molecular 

mechanisms by which AMPK inhibits glucose uptake in WAT, and whether this enzyme 

was absolutely required for the regulation of this process. We provide the first evidence 

demonstrating that AICAR-induced AMPK activation suppresses glucose uptake by 

impairing phosphorylation of AS 160 and preventing GLUT4 translocation to the plasma 

membrane (Objective #3) (332). Disruption of AMPKal signaling reversed these effects, 

indicating that AMPKal plays an important role in regulating glucose levels in the WAT 

in order to suppress lipid storage. 

Our final objective (Objective #4) was an in vivo study that integrated the effects of 

systemic AMPK activation on whole-body metabolism as well as tissue-specific analyses 

on WAT function and structure. Data collected using metabolic cages indicate that 

energy expenditure and ambulatory activity are increased in rats treated with AICAR 

despite profound reductions in adiposity, suggesting that the compensatory mechanisms 

commonly seen with weight loss are not activated in these animals. This may be partially 

mediated by increased hypothalamic leptin sensitivity, since AICAR treated animals had 

less circulating leptin yet P-STAT3 levels that were similar or higher than controls. We 
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also show novel evidence that AICAR treatment induces a higher mitochondrial density 

in visceral and subcutaneous fat depots through direct quantification of mitochondria, 

which supports our previous study showing increased expression of markers involved in 

mitochondrial biogenesis (303). 

Considering all of our studies assessing the role of AMPK using in vitro and in vivo 

approaches in WAT, our data clearly indicate that chronic activation of AMPK promotes 

energy dissipation and suppresses fat storage. Importantly, the absence of AMPK activity 

under diet-induced obesity conditions suggests that impaired activity of this enzyme is 

involved in dysfunctional lipid handling seen in obesity. Altogether, our findings support 

the hypothesis that AMPK could be a molecular target for developing novel and effective 

strategies to treat obesity and its related metabolic disorders. 
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CHAPTER 10; FUTURE DIRECTIONS 

Does activation of AMPK using nutritional supplements elicit the same metabolic 

changes seen with the use of AICAR? 

Our data clearly indicate the beneficial effects of chronic AICAR treatment on 

reducing adiposity without inducing the energy-sparing mechanisms commonly 

associated with weight loss. However, bioavailability of AICAR is low when 

administered orally, and requires intravenous delivery in order to enter the circulation at 

effective doses. Thus, identification of compounds that stimulate AMPK activity through 

nutrition have become of great therapeutic interest. In this context, resveratrol is a natural 

polyphenol compound present in grapes and red wine. Studies have shown that 

resveratrol activates AMPK indirectly by inhibiting ATP synthase and by reducing 

cellular ATP levels (339). Recent in vivo studies have demonstrated that the negative 

effects of HF diet on health can be alleviated by supplementing the diet of mice with 

resveratrol, while this effect was absent in AMPKal-deficient mice (340). Therefore, we 

are interested in testing whether nutritional delivery of resveratrol can elicit the same 

metabolic effects and structural changes within the WAT as seen with chronic AICAR 

treatment. Resveratrol will be administered to male Wistar rats (~200g starting weight) 

through a specially formulated diet containing 0.04% resveratrol in standard chow from 

Dyets Inc. (Bethlehem, PA) (272,340). Diet will be administered for 4 and 8 weeks with 

control animals fed standard chow. Prior to the end of treatment, animals will be placed 

in metabolic cages to assess in vivo metabolic parameters (RER, VO2, VCO2, energy 

expenditure, ambulatory activity). After treatment, rats will be sacrificed, the adipose 
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tissue weighed and extracted to assess the following parameters: 1) palmitate oxidation; 

2) mitochondrial content; 3) expression of genes involved in oxidative metabolism; 4) 

basal and catecholamine-stimulated lipolysis; 5) analyses of proteins involved in the 

lipolytic pathway; 6) plasma measurements of FAs, leptin, and glucose. This work will 

provide insight into whether activation of AMPK using a nutritional aid is sufficient to 

reduce adiposity and promote energy dissipation versus storage in the WAT. 

Additionally, in vivo metabolic data will allow us to determine whether energy-sparing 

mechanisms are activated with resveratrol-induced AMPK activation. 

What regions of the hypothalamus are activated in response to chronic AICAR 

treatment? 

Treatment with AICAR for 4 and 8 weeks in rats elicited a reduction in food intake, 

and increase in energy expenditure despite reductions in adiposity. Analyses of leptin 

signaling in the hypothalamus indicated that phosphorylation of STAT3 was unchanged 

or increased in AICAR treated animals, despite lower levels of circulating leptin. 

Additionally, phosphorylation of AMPK was reduced, which is compatible with a 

reduction in food intake. However, it is unclear what specific regions/circuits of the 

hypothalamus were altered in response to AICAR treatment. This is important, since the 

ventromedial/dorsomedial/paraventricular hypothalamus, and arcuate nucleus have 

increased AMPK activity in response to fasting or via pharmacological action, with other 

areas of the hypothalamus being unaffected (231,238,241,341). To address this question, 

male Wistar rats (~200g starting weight) treated with either saline or AICAR (0.7mg/kg 

b.w.) for 4 and 8 weeks will be sacrificed and the entire brain carefully excised. The brain 
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is then fixed in 4% paraformaldehyde for 24h, and transferred to a 30% sucrose solution 

for cryoprotection for 48h. Using a cryostat, 8^m sections of the brain will be taken, 

using an atlas for reference to determine location of hypothalamic nuclei. The most 

suitable sections for IHC analyses will be confirmed using Nissl staining on serial 

sections. IHC procedures are described elsewhere on floating sections (342), and we will 

use this procedure to analyze the following proteins using commercially available 

antibodies: 1) A-fosB, which is present after chronic activation of neuronal circuits; 2) 

phosphorylation and content of AMPK and ACC; 3) B-endorphin and melanocyte-

stimulating hormone as products of POMC; 4) prepro-NPY and NPY. Analyses of these 

neuropeptides and their abundance/phosphorylation in various regions in the 

hypothalamus will give insight into the potential mechanisms by which AICAR treatment 

reduces food intake and increases energy expenditure. 
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APPENDIX B: ADDITIONAL DATA 

Glucose 
(mM) 

NEFAs 
(mM) 

Con 

AICAR 

Con 

AICAR 

WkO 

7.88 + 0.14 

7.82 + 0.24 

0.53 + 0.05 

0.46 + 0.05 

Wk4 

7.68 + 0.40 

6.14 + 0.16* 

0.28 + 0.02 

0.16 + 0.02* 

Wk8 

6.28 + 0.29 

4.95 ± 0.48* 

0.15 ±0.02 

0.50 ± 0.08* 

Table B-l. Time-course effects of AICAR-induced AMPK activation on plasma glucose 
and NEFAs in animals chronically treated with AICAR. Non-esterified fatty acids 
(NEFAs). Week 0 (Wk 0), week 1 (Wk 1), week 4 (Wk 4), and week 8 (Wk 8). Data 
expressed as Mean ± SEM. N = 4-8 per group. Unpaired t-tests. *P<0.05 vs. control 
(Con). 
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Figure B-l. /« vivo measurements of respiratory exchange ratio (RER) (A-B), oxygen 
consumption (VO2) (C-D) and carbon dioxide production (VCO2) (E-F). Rats were 
placed into the CLAMS for 24h after 4 and 8 weeks of treatment. Values from all animals 
were pooled an average for an N=4 per group. 
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Figure B-2. Phosphorylation and content of HSL, ATGL, CGI-58, and perilipin in 
inguinal (ING), retroperitoneal (RP), and epididymal (EPI) fat pads at 4 and 8 weeks (A). 
Samples from control and AICAR-treated animals are denoted as ' C and 'A', 
respectively. Measurement of glycerol release to assess lipolysis under basal, 
epinephrine-(EPN), and isoproterenol (ISO)-stimulated conditions in isolated adipocytes 
from ING (B and E), RP (C and F), and EPI (D and G) fat depots. Data are compiled 
from 4 independent experiments with N=4 per group with triplicates in each assay 
performed. Two-way ANOVA with Bonferroni post-hoc tests. Symbols denote statistical 
significance (P<0.05) versus all other conditions. 
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Figure B-3. Histology of liver (A), soleus (B), and extensor digitorum longus (EDL) (C) 
muscles. Sections (3u.m) were deparaffinized and stained with hemotoxylin/eosin. 
Muscle samples are all cross-sectional. 
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