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Matthew 7:7 “Ask, and it will be given to you; seek, and you will find; knock, and
it will be opened to you.”






ABSTRACT

Obesity is a major health concern across the globe and is often associated with insulin
resistance and type 2 diabetes. The coupling of energy intake and expenditure is tightly
regulated by central and peripheral mechanisms and is dysregulated in obesity. This
thesis focuses on the role of central and peripheral mechanisms regulated by signaling
via the leptin receptor and AMP-activated protein kinase (AMPK) in regulating energy
and glucose homeostasis.

Leptin signaling through the long form of the leptin receptor (LepRb) plays a role
in the regulation of glucose and energy homeostasis. Leptin action is mediated by
phosphorylation of several tyrosine residues on LepRb, of which Tyr985 plays a major
role. The aim of Study I was to elucidate the role of LepRb-Tyr985 in glucose
metabolism. LepRb-Tyr985 mutant mice (// mice) that lack feedback inhibition of
LepRb signaling had improved glucose tolerance and insulin sensitivity. Euglycemic-
hyperinsulinemic clamp studies performed in /// mice revealed enhanced hepatic and
peripheral insulin sensitivity. Thus, LepRb-Tyr985-mediated signals regulate whole-
body glucose metabolism and insulin sensitivity.

Tissue-specific alterations in mitochondrial respiration have been implicated in
obesity and type 2 diabetes. The aim of Study II was to determine the role of leptin in
regulating tissue-specific mitochondrial respiration in obese leptin-deficient ob/ob
mice. Hepatic mitochondrial respiration was reduced in ob/ob mice and unaltered by
short-term leptin treatment. Mitochondrial electron transport capacity was enhanced in
glycolytic extensor digitorum longus (EDL) muscle, whereas mitochondrial function in
oxidative soleus muscle was unaltered by obesity or leptin treatment in ob/ob mice. The
present study highlights the tissue-specific mitochondrial adaptations imposed by
obesity and its modulation by short-term leptin treatment.

AMPK is activated in response to cellular energy demand and turns on cellular
processes that restore energy balance. Skeletal muscle overexpression of an activating
form of AMPK (AMPKY3"**?) provides protection from high-fat diet induced insulin
resistance. Study III was designed to test the hypothesis that skeletal muscle-specific
expression of the AMPKy3"**? isoform rescues the metabolic abnormalities associated
with leptin deficiency in ob/ob mice (0b/ob-y3%**?). The AMPKy3****? mutation
confers favorable metabolic adaptations including increased skeletal muscle glycogen
content and decreased intramuscular triglyceride content, but glucose tolerance and
skeletal muscle insulin-stimulated glucose uptake was unaltered. This implies that
central defects arising from leptin deficiency overrides many of the positive benefits
brought about by peripheral AMPK signaling.

Collectively, the results presented in this thesis highlight the role of leptin
receptor and AMPK signaling in the regulation of glucose and lipid metabolism from a
whole-body perspective. Strategies targeted at improving leptin sensitivity and skeletal
muscle-specific AMPK activation open up new venues for the treatment of metabolic
complications associated with diabetes and obesity.
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1 INTRODUCTION

Obesity is derived from the Latin word “Obesus” meaning fat. There is a rapid increase
of obesity worldwide. The World Health Organization defines overweight and obesity
as a condition in which abnormal or excessive fat accumulation poses a health risk
(WHO-report 2000; Ofei 2005). Body mass index (BMI) which is the ratio of body
weight in kilograms to the height in meter square defines the border that determines
whether a person is underweight (BMI <18.5 kg/mz), normal (BMI 18.5-24.9 kg/mz),
overweight (BMI 25-29.9 kg/m?) or obese (BMI >30 kg/m*> (WHO-report 2000). The
caveat with BMI is that it neither takes into consideration whether the weight is
predominantly attributed to fat or lean mass nor the distribution of the fat mass.
Another more reliable and accurate way to measure adiposity is by calculating the waist
to hip ratio (Kissebah et al. 1994). As the prevalence of obesity is increasing
dramatically, efficient treatment strategies for the prevention and treatment need to be
developed.

Obesity is often associated with metabolic abnormalities. The excess accrual of visceral
fat acts as an endocrine tissue, secreting a variety of hormones and cytokines that can
trigger metabolic abnormalities across various organ systems, which conglomerate and
bring about the metabolic syndrome. The metabolic syndrome is a cluster of metabolic
complications (dyslipidemia, hypertension, dysregulated glucose homeostasis, visceral
adiposity and insulin resistance) that increases the risk of coronary heart disease and
type 2 diabetes (Alberti et al. 1998; Zhu et al. 2002; Kassi et al. 2011). Obesity also
predisposes a person to develop stroke, osteoarthritis and certain types of carcinomas
(uterus, ovaries, breast, colon, rectum and prostate) (Aleksandrova et al. 2013; Esposito
et al. 2013; Olsen et al. 2013; Rundle et al. 2013). Understanding the etiology and
development of obesity can shed light into the development of effective strategies that
can bring down the rate and rise of obesity and its associated comorbidities.

Obesity mainly results from an imbalance of energy intake and expenditure. Excess
energy that is not immediately required is stored in the form of glycogen and
triglyceride for later use (Owen et al. 1979). The coupling of energy expenditure and
energy intake is a tightly regulated process that is brought about by interaction between
different organ and hormonal systems. The central nervous system (CNS) plays a
crucial role by acting as a master regulator, integrating signals from the periphery and
regulating metabolic processes to ensure optimum energy balance of the organism.
When there is a persistent mismatch between energy intake and energy expenditure,
there will be weight gain in the form of fat accumulation if the organism is in positive
energy balance and weight loss if there is a negative energy balance. Persistent positive
energy balance leads to obesity (Stanhope et al. 2008; Kelly et al. 2009).

1.1 OBESITY AND INSULIN RESISTANCE

Obesity and insulin resistance are closely connected and the constellation predisposes
for type 2 diabetes and associated metabolic complications. Obesity is often associated
with a dysregulation of endocrine, neural and inflammatory pathways that contribute to
the development of insulin resistance. Insulin resistance is defined as a condition in
which normal insulin levels elicit a subnormal biological response in insulin-sensitive
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tissues such as skeletal muscle, adipose tissue and liver (Lima et al. 2002). In insulin
resistant conditions, insulin-stimulated glucose uptake is compromised in skeletal
muscle and adipose tissue with concomitant defects in the suppression of hepatic
glucose production. Understanding the molecular pathways of insulin signaling is
important to bring about appropriate therapeutic interventions to treat metabolic
disease.

Metabolic perturbations associated with obesity affect the insulin signaling cascade in
insulin-sensitive tissues. Binding of insulin to the insulin receptor (IR) leads to auto-
phosphorylation of the tyrosine residues and a conformational change of the receptor
(White et al. 1994). This allows the insulin receptor substrate (IRS) proteins to interact
and associate with the IR, and in turn undergo phosphorylation (Sun et al. 1991).
Phosphorylated IRS allows Src-homology-2 domain (SH2 domain) containing
molecules to bind to phosphorylated tyrosine residues on IRS (White 1998; Virkamaki
et al. 1999). The SH2 domain containing enzyme phosphoinositide (PI) 3-kinase
interacts with phosphorylated IRS and in turn activates Akt/PKB (protein kinase B),
which is a key molecule regulating insulin-mediated metabolic actions (Cross et al.
1995; Kohn et al. 1996; Harris et al. 2003). Insulin-stimulated glucose uptake in
skeletal muscle accounts for 75% of glucose metabolism in the postprandial state
(DeFronzo 1988; Zierath et al. 1998; DeFronzo et al. 2009). Under insulin-stimulated
conditions, Akt is phosphorylated in skeletal muscle. Akt phosphorylates and
inactivates the Akt substrate of 160 kDa (AS160), which in turn leads to translocation
of glucose transporter (GLUT) 4 to the plasma membrane, and facilitates glucose entry
to the cell (Karlsson et al. 2005; Larance et al. 2005; Miinea et al. 2005) (Fig 1). In
parallel, Akt also stimulates glycogen synthesis in skeletal muscle. The ability of
skeletal muscle to take up glucose in response to insulin is critical for the maintenance
of glucose homeostasis and is blunted in conditions of insulin resistance (DeFronzo et
al. 1982; DeFronzo et al. 1985; Zierath et al. 1998).

In liver, insulin signaling has a crucial role in the regulation of hepatic glucose
production and lipogenesis. In response to insulin stimulation, phosphorylated Akt
inactivates forkhead transcription factor 3, which results in decreased expression and
activity of gluconeogenic genes phosphoenolpyruvate carboxykinase (PEPCK) and
glucose-6-phosphatase (G6Pc), which suppress hepatic glucose production (Matsuura
et al. 1975; Haeusler et al. 2010; Zhang et al. 2012). At the same time, hepatic insulin
signaling stimulates lipogenesis via Akt, and regulates the expression of a key lipogenic
gene namely sterol regulatory element-binding protein-1C (Foretz et al. 1999;
Fleischmann et al. 2000; Ono et al. 2003; Leavens et al. 2009). In insulin resistant
states, the ability of insulin to suppress hepatic glucose production is blunted
(DeFronzo et al. 1982).

In adipocytes insulin stimulates glucose uptake via GLUT4 and favors lipogenesis with
concomitant suppression of lipolysis. Insulin suppresses the activity of the rate limiting
lipolytic enzyme, hormone sensitive lipase, thereby inhibiting lipolysis (Anthonsen et
al. 1998; Kitamura et al. 1999). Insulin resistance in adipose tissue is accompanied by
defective suppression of lipolysis resulting in increased circulating free fatty acid levels
further leading to insulin resistance in other tissues (Landin et al. 1990; Magkos et al.



2012). Defects in the insulin signaling cascade affect multiple tissues and contribute to
the metabolic derangements associated with obesity.

In obesity, visceral adipose tissue hypersecretes proinflammatory adipokines and free
fatty acids, which affect hepatic and peripheral insulin sensitivity and ultimately lead to
hyperglycemia. Increased levels of circulating fatty acids can compete with glucose for
oxidation and consequently reduce insulin-stimulated glucose uptake in the peripheral
tissues (Randle et al. 1963; Shulman 2000; Hue et al. 2009). Fatty acid metabolites
such as diacylglycerol (DAG), ceramides and acyl-CoAs induce insulin resistance by
activating protein kinases such as protein kinase C (PKC), c-Jun N-terminal kinase
(JNK) and IKKB (inhibitor of nuclear factor-kappa B kinase-B) (Griffin et al. 1999;
Samuel et al. 2004). These kinases increase serine phosphorylation of IRS and
consequently reduce insulin signal transduction (Li et al. 2004). In addition to fatty
acids, several lines of evidences suggests that elevated levels of adipokines including
resistin, plasminogen-activator inhibitor-1 (PAI-1), interleukin (IL)-6, tumor necrosis
factor (TNF)-a and retinol-binding protein (RBP) -4 can induce insulin resistance
(Hotamisligil et al. 1993; Hotamisligil et al. 1996; Mitrou et al. 2011). Furthermore,
adiponectin, which confers insulin sensitivity, is decreased in obese conditions (Stefan
et al. 2002). These changes affect the ability of insulin to inhibit hepatic glucose
production and stimulate peripheral glucose uptake in skeletal muscle and adipose
tissue. Pancreatic B-cells hypersecrete insulin to compensate for the insulin resistance
(Clark et al. 2001). When the B-cells of the pancreas fail to secrete enough insulin to
overcome the insulin resistance, clinical manifestation of diabetes in the form of
hyperglycemia ensues (Guillausseau et al. 2008).
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Figure 1: Glucose uptake in insulin-sensitive peripheral tissues. In insulin-resistant
conditions, increased levels of FFA and intracellular lipid metabolites, along with
proinflammatory cytokines, negatively affect the insulin signaling cascade.



1.2 ROLE OF THE HYPOTHALAMUS IN ENERGY METABOLISM

Early studies of hypothalamic lesions in rats stress the role of the hypothalamus in
regulating adipose tissue mass (Hetherington 1940). Bilateral symmetrical lesions in
the ventromedial hypothalamic nuclei (VMH) resulted in substantial hyperphagia and
consequently adiposity. The same lesions in the lateral hypothalamic area (LHA) led to
complete absence of spontaneous eating (Anand et al. 1951). These hypothalamic
lesions led to the conclusion that the LHA is a feeding center and the medial
hypothalamic region, a satiety center (Anand et al. 1955).

1.2.1 Hypothalamus and feedback control system

Hypothalamic lesion studies in parabiotic rats suggested that body weight changes are
sensed by the hypothalamus (Hervey 1959). Parabiosis is the surgical technique of
anastomosing blood vessels of two animals of the same genetic background in such a
way that exchange of blood occurs between the animals through the peritoneal
capillaries. Hypothalamic lesions in one of the parabiotic pair led to hyperphagia and
subsequent weight gain due to increased adiposity. This in-turn led to aphagia in the
other animal in the pair and was thought to be mediated by changes in the levels of
blood metabolites from the lesioned rat (Kennedy 1953). Parabiotic experiments carried
out on genetically diabetic and obese db/db mice with normal mice recapitulated the
results from parabiotic studies of rats with hypothalamic lesions. Parabiosis between
db/db mice and lean mice resulted in decreased food intake in the lean mice (Coleman
et al. 1969). These results underscore the concept of a circulating factor released in
db/db mice that in turn signals the satiety center to regulate food intake in normal mice.
Parabiotic studies on another genetically obese and diabetic mouse model (0b/0b mice)
with lean mice did not affect food intake in both parabionts. In addition, when ob/ob
mice were parabiosed with db/db mice, the ob/ob mice had reduced food intake. These
experiments led to the conclusion that ob/0b mice have normal hypothalamic satiety
centers that are responsive to a circulating factor secreted by the db/db mice (Coleman
1973). These hypothalamic lesion studies in rats and parabiotic experiments in mice
established the concept of a feedback system regulating food intake at the level of the
hypothalamus (Fig 2).

1.2.2 Lipostat theory and afferent signals to the hypothalamus

The lipostat theory proposes that the CNS regulates body fat mass, and that the
metabolized fat products circulating in plasma affect energy balance through
hypothalamic interactions (Kennedy 1953). Later, a positional cloning approach was
used to identify the product of the obese (0b) gene secreted from the adipose tissue. The
ob gene encodes an adipose tissue messenger RNA of 4.5 kb with 84% amino acid
sequence similarity between human and mouse and has the characteristics of a secreted
protein. The ob/ob mouse strain has a nonsense mutation in codon 105 resulting in the
expression of twenty-fold higher ob RNA levels which was associated with a non-
functional gene product resulting in increased mRNA levels as part of a possible
feedback loop (Zhang et al. 1994). This data provides evidence to suggest that the
adipose tissue mediated ob gene product is a signal to regulate the size of the body fat
depot (Zhang et al. 1994). The ob gene product of 16 kDa was cloned, and protein was
produced and administered to lean wild-type, 0b/ob and db/db mice. Administration of



the isolated protein resulted in a reduction of both food intake and body weight in wild-
type and ob/ob mice, whereas db/db mice did not respond. This not only proved the
endocrine hypothesis of the ob gene product, but was the first evidence for the
biological action of the adipocyte-secreted hormone “Leptin”, rooted from the Greek
word “Leptds” meaning thin (Halaas et al. 1995). Several other candidate molecules
were discovered and proposed to act as afferent signals to hypothalamus and mediate
food intake and body weight. Among them glucose, free fatty acids and peptides like
cholecystokinin, neuropeptide Y (NPY), corticotropin releasing factor (CRF) were
evaluated, but none were not found to be involved in the long-term regulation of food
intake and body weight (Arase et al. 1988; Kulkosky et al. 1988; Peikin 1989). Thus,
adipocyte-derived leptin signals to the hypothalamus to regulate food intake.

A HYPOTHALAMIC LESION STUDIES IN RATS
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Figure 2: A: Hypothalamic lesion studies in rats highlight the importance of the hypothalamus
in the regulation of food intake. B: Parabiotic experiments in mice underscoring the concept of
integration of peripheral signals in the hypothalamus, thereby regulating food intake and energy
expenditure. C: Integrated view of the regulation of energy homeostasis.



1.2.3 Neuropeptides and hypothalamic nuclei in energy balance

Various neuropeptides in the hypothalamic circuitry are involved in the regulation of
energy homeostasis. The reduction in body weight and food intake in response to
intracerebroventricular (ICV) injection of leptin into the third ventricle of wild-type and
ob/ob mice implies that one or more hypothalamic nuclei are target sites for leptin
action (Campfield et al. 1995). Leptin acts in various hypothalamic nuclei (arcuate
nucleus, paraventricular nucleus (PVN), VMH and LHA) to modulate the levels of
neuropeptides in the hypothalamus to regulate energy homeostasis.

1.2.3.1 Arcuate nucleus

The arcuate nucleus contains both orexigenic (appetite-stimulating) and anorexigenic
(appetite-suppressing) neurons that are responsive to leptin. Orexigenic neurons include
the agouti related peptide (AgRP) and NPY expressing neurons. The most abundant
and potent orexigenic neuropeptide NPY (Adrian et al. 1983) is co-expressed with the
leptin receptor in the arcuate neuronal population, which suggests a role for leptin in the
regulation of NPY (Hakansson et al. 1996; Mercer et al. 1996). NPY mediates
orexigenic actions by signaling via G-protein coupled receptors (Y1 to Y5). The
regulation of NPY expression by leptin was underscored through studies of 0b/ob mice,
where hormone supplementation reduced high expression levels of NPY, independent
of changes in body weight (Wilding et al. 1993; Schwartz et al. 1996). High levels of
AgRP mRNA in the arcuate nucleus of ob/ob and db/db mice suggest a possible role
for leptin in its regulation (Shutter et al. 1997). Immunohistochemistry studies on
mediobasal arcuate nucleus identified co-localization of AgRP and the leptin receptor
neurons. Leptin treatment of 0b/ob mice resulted in a substantial reduction of AgRP
mRNA levels (Wilson et al. 1999). Furthermore, leptin blunted the fasting induced up-
regulation of AgRP in arcuate nucleus. This suggests that part of the anorexigenic
response to leptin is mediated by reducing the orexigenic neuropeptides in the
hypothalamus.

Anorexigenic neurons in the arcuate nucleus constitute proopiomelanocortin (POMC)
and cocaine and amphetamine related transcript (CART) expressing neurons. The
hypothalamic POMC system is important for the regulation of body weight and energy
homeostasis and mutations in the POMC gene lead to obesity (Comuzzie et al. 1997).
Proopiomelanocortin neurons express POMC, which is proteolytically cleaved into a-
melanocyte-stimulating hormone (a-MSH) and binds to melanocortin receptors
(MC3/MC4) and mediates anorexigenic responses (Mountjoy et al. 1994; Harrold et al.
1999). POMC gene expression is reduced with short-term food restriction and is
restored by leptin treatment (Cheung et al. 1997; Cowley et al. 2001). Another
anorexigenic neuropeptide that regulates feeding behavior is CART. CART is
predominantly found in the dorsomedial part of the arcuate nucleus and is responsive to
leptin. Food deprivation reduced CART mRNA levels in the arcuate nucleus and leptin
treatment of ob/ob mice, which lacks CART expression, restored CART mRNA levels
(Kristensen et al. 1998). These experiments in the hypothalamic arcuate nucleus
suggest a role of leptin in the regulation of food intake by modulating anorexigenic
neuropeptides.



1.2.3.2 VMH, LHA and PVN

Leptin responsive neurons implicated in energy homeostasis are also present in the
VMH, LHA and PVN. Conditional knock-out of leptin receptors in VMH neurons
leads to the development of obesity (Bingham et al. 2008). Leptin action in LHA
modulates the incentive to feed and decreases food intake and body weight (Leinninger
et al. 2009). PVN has dense fenestration of NPY/AgRP neurons along with POMC
expressing neurons. In response to leptin, a-MSH binds to MC-3/MC-4 receptors and
antagonizes the action of NPY on food intake (Cowley et al. 1999). Thus, the action of
leptin in VMH, LHA and PVN, along with the neurons in the arcuate nucleus plays a
prominent role in the regulation of energy homeostasis and food intake.

1.2.4 Leptin receptor signaling
1.2.4.1 Leptin receptor

The leptin receptor (LepR) belongs to class I cytokine family and is encoded by the db
locus. Several splice forms of the receptor (LepRa, b, ¢, d and e) exists. LepRb is the
long form of the receptor, which has a functional cytoplasmic domain (Tartaglia et al.
1995; Chen et al. 1996; Lee et al. 1996). Among the different spliced forms, LepRe
does not have cytoplasmic domain and forms a soluble receptor that has been
implicated as a transport protein (Lee et al. 1996). The long LepRb form has conserved
intracellular domains with sequence motifs important for binding of Janus kinase (Jak)
and signal transducer and activator of transcription (STAT) that are involved in
mediating intracellular signal transduction (Chen et al. 1996).

1.2.4.2 Signaling through the long form of the leptin receptor

Leptin receptor signaling is primarily mediated through LepRb. LepRb exists as a
homodimer in the inactive state and has constitutively associated Jak2 and Src family
kinases (SFKs). Binding of leptin to the LepRb induces a conformational change of the
receptor that leads to transphosphorylation and transactivation of the Jak2 and SFKs
(Ghilardi et al. 1997). Phosphorylated Jak2 and SFKs in turn phosphorylate critical
tyrosine residues of LepRb namely Tyr985, Tyrl077 and Tyr1138 that mediates
downstream signaling events. Phosphorylated Tyr1138 acts as a docking site for
STAT3, which is phosphorylated by Jak2 (Baumann et al. 1996; Banks et al. 2000).
This allows STAT3 to dimerize and translocate to the nucleus where it is involved in
the transcription of a variety of genes, including suppressor of cytokine signaling
(SOCS) 3. Leptin-mediated signaling through Tyr1077 is implicated in downstream
signals originating from STATS (Gong et al. 2007). Tyr985 undergoes phosphorylation
by Jak2, which allows for binding and activation of the tyrosine phosphatase SHP2.
Phosphorylated Tyr985 does not only mediate SHP2/Grb2/ERK signaling, but also
facilitates SOCS3-mediated feedback inhibition of LepRb signaling (Bjorbaek et al.
2000) These signaling pathways emerging from LepRb regulate multiple physiological
functions that are important for energy homeostasis (Fig 3).

1.2.4.3 Physiological functions mediated by leptin receptor signaling

Besides long-term energy storage and regulation of food intake, leptin receptor
signaling is involved in many physiological functions. Lack of functional leptin action
in ob/ob mice results in sterility, whereas repeated leptin administration rescues
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reproductive function (Chehab et al. 1996). Leptin signaling through melanocortin
receptors regulate thyroid hormonal levels, which plays a role in setting the basal
metabolic rate (Kim et al. 2000). In addition, the pleiotropic actions of leptin are also
involved in the regulation of growth, bone remodeling, thermogenesis and immunity
(Lord et al. 1998; Elefteriou et al. 2005; Rahmouni et al. 2009). Furthermore, the
hormone plays an important role in the regulation of energy metabolism by mediating
glucose and lipid metabolism. Thus multiple physiological functions are regulated by
leptin receptor signaling.

1.2.5 Regulation of glucose homeostasis by leptin

The physiological role of functional leptin action in the regulation of glucose
metabolism is highlighted from studies on 0b/0b and db/db mice. The hormone exerts
multiple effects on glucose homeostasis. The CNS is the main target for leptin action.
Intracerebroventricular leptin infusion suppresses hepatic glucose production and
stimulates peripheral glucose uptake (Kamohara et al. 1997; Liu et al. 1998). In
addition to central action of leptin on glucose metabolism, in vitro studies provide
evidence for a direct effect of leptin on glucose metabolism in isolated skeletal muscle
and hepatocyte (Harris 1998; Aiston et al. 1999). Furthermore, leptin acutely inhibits
insulin secretion from the B-cells (Khan et al. 2001). In contrast, chronic leptin
treatment enhances glucose-induced insulin secretion (Khan et al. 2001). These studies
point to the importance of leptin signaling in the regulation of glucose homeostasis, but
the critical nodes on the leptin receptor mediating these actions are poorly understood.
Evidence from studies of mice with disrupted LepRb-STAT3 signaling suggests that
LepRb-STAT3 independent signals regulate glucose homeostasis (Bates et al. 2005).
Leptin induces phosphorylation on LepRb at several tyrosine residues and among them
Tyr985 has been implicated in leptin resistance and attenuation of LepRb signaling
(Bjorbaek et al. 2000). Fed and fasted leptin and insulin levels are reduced in mice
expressing a mutant form of LepRb-Tyr985 (Bjornholm et al. 2007), which indicates
that Tyr985 might play a role in the regulation of whole-body glucose metabolism.
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Figure 3: Leptin receptor signaling. Leptin binding to LepRb initiates a signaling cascade
that leads to various leptin-mediated physiological functions. The central action of leptin is
involved in long-term regulation of food intake and energy expenditure. Leptin also suppresses
hepatic glucose production, stimulates peripheral glucose uptake and lipid oxidation by direct
and indirect mechanisms. Leptin regulates adiposity by increasing lipolysis and lipid oxidation
which are mediated by central and peripheral mechanisms.



1.3 MITOCHONDRIA AND METABOLIC DISORDERS
1.3.1 Mitochondrial structure

Mitochondria are DNA containing organelles that serve as the power house of the cell.
Mitochondria generate ATP from different sources (glucose, fatty acids and amino
acids), which fuel the citric acid cycle. The shape, size and number of mitochondria
within a cell vary and are influenced by the type of tissue (Fernandez-Vizarra et al.
2011). Oxidative tissues like soleus muscle have more mitochondria compared to
glycolytic muscle like extensor digitorum longus (EDL). Cardiac myocytes contain
mitochondria that are larger in size and fewer in number compared to other tissues
(Veltri et al. 1990). These mitochondrial adaptations are compatible with the different
metabolic demands imposed on the tissue. Besides ATP and substrate production via
the citric acid cycle, mitochondria have other functions including regulation of
apoptosis, Ca®" signaling and reactive oxygen species generation. These organelles are
capable of morphological changes and redistribute within the cell upon demand by a
process of fission and fusion, resulting in a dynamic network instead of an isolated
mitochondrion. These functions of the mitochondria, along with the ATP generating
capacity, emphasize its role in the regulation of energy homeostasis.

1.3.2 Mitochondrial DNA transcription

The mitochondrial genome (mtDNA) encodes approximately 3% of mitochondrial
proteins and the remaining is transcriptionally regulated by nuclear DNA. Out of the 90
proteins of the respiratory chain complexes, 13 are encoded by mitochondrial DNA,
which implies that the remaining proteins of the complexes are regulated by nuclear
DNA (Peralta et al. 2012). Nuclear encoded regulatory proteins and transcription
factors regulate mtDNA transcription and are targeted to the mitochondria by special
transport proteins for assembly. Among the various transcription factors, mitochondrial
transcription factor A (Tfam), the first described mitochondrial transcription factor,
regulates mtDNA by binding and changing the structure of mtDNA by unwinding the
promoter region (Fisher et al. 1988; Fisher et al. 1992). In response to cellular energy
demand, peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-
la) or PGC-1p are activated and contribute to a coordinated expression of specific
genes that regulate mitochondrial biogenesis (Bergeron et al. 2001; Amat et al. 2009).
Lipid oxidation and membrane uncoupling are regulated at the gene level by the
peroxisome proliferator-activated receptor (PPAR) family of transcription factors. The
mitochondrial transcription termination factor 3 (MTERF3) is a negative regulator of
mitochondrial transcription that interacts with the promoter region and suppresses
transcription initiation (Linder et al. 2005; Park et al. 2007). Silent mating type
information regulation 2 homolog 1 (SIRT1) has been implicated in the direct
regulation of mitochondrial biogenesis (Aquilano et al. 2010). Thus, mitochondrial
biogenesis and activity are integrated to meet cellular energy demands and are
transcriptionally regulated by nuclear and mitochondrial encoded genome products.

1.3.3 Mitochondrial respiration

Energy production within the mitochondria is driven through the electron transport
chain and is coupled to oxidative phosphorylation (OXPHOS). Complex I to complex
V comprises the oxidative phosphorylation system and is located inside the inner
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mitochondrial membrane. Among these complexes, complex II is exclusively encoded
by mtDNA whereas the remaining complexes are derived from proteins encoded by
both nuclear DNA and mtDNA (Falkenberg et al. 2007). Ultimate breakdown of
carbohydrates and fatty acids generate reducing equivalents (NADH and FADH?2)
which will be oxidized in OXPHOS to NAD" and FAD. The oxidation generates
electrons that are transferred to complex I and complex II and move along to complex
IV and finally to molecular oxygen yielding water. The electrons flowing through the
complexes drive proton translocation through the inner mitochondrial membrane,
thereby generating a proton gradient across the inner mitochondrial membrane (Saraste
1999). This proton movement is mediated through complex L, III and IV (Saraste 1999)
whereas complex II only serve as an entry point for electrons (Hagerhall 1997). The
proton motive force that builds up finally drives the ATP synthase leading to the
formation of ATP from ADP and inorganic phosphate (Boyer 1997). The synthesis of
ATP is coupled to the energy requirement and, depending on cellular energy demand,
oxidative phosphorylation and energy production are tightly regulated.

1.3.4 Mitochondria and metabolic disorders
1.3.4.1 Mitochondrial regulation of lipid metabolism

The regulation of lipid metabolism is a complex process in which mitochondria play a
prominent role. Mitochondrial carnitine palmitoyl transferase (CPT)-1 residing on the
outer mitochondrial membrane converts the intracellular fatty acyl-CoAs into fatty acyl
carnitine that is translocated into the inner mitochondrial membrane by carnitine acyl
carnitine translocase (Cohen et al. 1998). The inner mitochondrial membrane harbors
CPT2, which converts fatty acyl carnitine back to fatty acyl-CoA and undergoes [-
oxidation generating acetyl-CoA moieties that fuels the citric acid cycle. Mitochondrial
CPT1 and acetyl-CoA carboxylase (ACC) play a role in the regulation of mitochondrial
lipid oxidation. ACC regulates malonyl-CoA levels (Wakil et al. 1983). An increase in
malonyl-CoA leads to inhibition of CPT1 thereby reducing mitochondrial entry of long
chain fatty acyl-CoA, which in turn leads to fatty acid synthesis and triglyceride
formation (McGarry et al. 1983; Rasmussen et al. 2002). Given the fact that ectopic
lipid accumulation has detrimental effects on insulin sensitivity (Morino et al. 2006),
understanding the defects in f-oxidation might be helpful in correcting this metabolic
abnormality.

1.3.4.2 Mitochondria and type 2 diabetes

The primary role of mitochondria in the pathogenesis of insulin resistance and type 2
diabetes is controversial. Mitochondrial protein abundance and mitochondrial
respiratory capacity is decreased in skeletal muscle biopsies obtained from type 2
diabetic patients and obese individuals (Kelley et al. 2002; Patti et al. 2003; Ritov et al.
2010). Mitochondrial ATP production has also been reported to be reduced in oxidative
skeletal muscle from insulin resistant subjects. Studies performed using diabetic animal
models provide evidence for defects in mitochondrial bioenergetics (Rogers et al.
1986). Other studies in skeletal muscle from type 2 diabetic patients provide evidence
that mitochondrial performance is unaltered or even improved (De Feyter et al. 2008;
Nair et al. 2008). Diabetic Goto-Kakizaki rats display enhanced hepatic mitochondrial
bioenergetics (Ferreira et al. 1999). Glucose homeostasis and insulin sensitivity in
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skeletal muscle are unaltered in a mouse model of respiratory chain dysfunction
(Wredenberg et al. 2006). Animal models with impairments in mitochondrial oxidative
phosphorylation displayed enhanced glucose tolerance and insulin sensitivity
(Pospisilik et al. 2007). Furthermore, mitochondrial capacity in skeletal muscle is
enhanced in animal models of obesity induced by high fat diet (Stephenson et al. 2012).
Studies in db/db mice addressing the perturbations of mitochondrial function in
different tissues points to tissue-specific adaptability of mitochondria in the facet of
whole-body metabolic derangements (Holmstrom et al. 2012). These studies in obese
db/db and high fat fed mice indicate leptin plays a role in mediating tissue-specific
adaptation and/or alterations in mitochondrial function. Even though, a wealth of
information regarding mitochondrial function and metabolic dysregulation exists, the
exact role of leptin in mediating these effects is incompletely resolved.

1.4 AMP-ACTIVATED PROTEIN KINASE (AMPK)

The evolutionary conserved serine threonine kinase, initially identified as a 3-hydroxy-
3-methylglutaryl-coenzyme A (HMG)-CoA reductase kinase regulating cholesterol
metabolism, was later identified as a master regulator of cellular energy metabolism
(Ingebritsen et al. 1978; Clarke et al. 1990). AMPK, is a heterotrimeric complex
comprised of an anchoring catalytic a-subunit coded by two different genes (a1 and
a2), a regulatory B-subunit, encoded by B1 and B2, and a regulatory y-subunit encoded
by three different genes (y1, y2 and y3), is highly responsive to stress signals that affect
cellular energy status, thereby acting as a cellular fuel gauge. The catalytic activity of
the a-subunit requires both the B- and y-subunits and the triad can exist in 12 tissue-
specific heterotrimeric combinations (Chen et al. 1999; Mahlapuu et al. 2004). Being
highly sensitive to intracellular changes in AMP to ATP and ADP to ATP ratio
(Oakhill et al. 2011), AMPK regulates a plethora of metabolic reactions with the final
outcome of restoring the energy status of the cell. Stress signals like exercise, hypoxia,
glucose deprivation and osmotic changes activate AMPK, which in turn shuts down
energy demanding anabolic processes and simultaneously activates catabolic processes
that yield energy, thereby restoring the intracellular energy balance (Fig 4). Therefore,
AMPK regulates cellular energy homeostasis by monitoring and integrating the
nutritional status of a cell.

1.4.1 Regulation of AMPK and upstream kinases

AMP activates AMPK by allosteric modulation and inhibits dephosphorylation of
AMPK by protein phosphatase. This regulation requires an intact cystathione-f3-
synthase (CBS) domain in the y-subunit (Davies et al. 1995; Sanders et al. 2007). In
addition to AMP, ADP activates AMPK by binding to the y-subunit (Oakhill et al.
2011). Activation of AMPK by AMP requires phosphorylation of the a-subunit on
Thr172 on the activation loop by upstream kinase LKB1 (liver kinase B) and the extent
of Thr172 phosphorylation is regulated by AMP levels (Hong et al. 2003; Woods et al.
2003; Sanders et al. 2007). The Ca**/calmodulin-dependent protein kinase kinase-p
(CAMKKS) is another upstream kinase that activates AMPK in response to a rise in
Ca®" concentration, independent of AMP levels (Hawley et al. 1995; Hawley et al.
2005; Gormand et al. 2011). AMPK regulates energy homeostasis and the activation
and inhibition of the enzyme are tightly regulated by AMP/ADP and upstream kinases.
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1.4.2 AMPK and metabolism

AMPK has a potential role in regulating multiple metabolic pathways in relation to
energy homeostasis. AMPK activation in the hypothalamus increases food intake
(Minokoshi et al. 2004), while peripheral activation increases glucose and lipid
metabolism (Merrill et al. 1997; Carling 2005). At the same time, activation of AMPK
in response to cellular energy demand turns off energy consuming anabolic processes
(Li et al. 2003; Chan et al. 2004). The final outcome of AMPK activation is the
restoration of the energy balance of the organism.

1.4.2.1 AMPK and glucose metabolism

Activation of AMPK by exercise, muscle contraction, hypoxia or AMPK activators like
5-aminoimadazole-4-carboximide-1-B-4-ribofuranoside (AICAR) increases skeletal
muscle glucose uptake (Mu et al. 2001; Jessen et al. 2003; Yu et al. 2003) via
translocation of GLUT4 to plasma membrane (Kurth-Kraczek et al. 1999). The major
fate of glucose entering the cell is either oxidation to meet immediate energy demands
or storage in the form of glycogen. AMPK regulates the fate of glucose in both
directions. In vitro studies have provided evidence that AMPK phosphorylates critical
serine residues on glycogen synthase, which consequently inhibits glycogen synthesis
and enhances glucose oxidation (Miyamoto et al. 2007). Conversely, chronic AMPK
activation favors glycogen synthesis (Hunter et al. 2011; Vitzel et al. 2013). Increased
glucose transport associated with AMPK activation results in glucose-6-phosphate
accumulation that allosterically activates the glycogen synthase (GS) and overrides the
inhibition imposed by AMPK (Hunter et al. 2011). These pathways can be potentially
targeted to increase glucose transport and glycogen synthesis in the context of insulin
resistance to provide a metabolic benefit for people with type 2 diabetes and obesity.

1.4.2.2 AMPK and lipid metabolism

Skeletal muscle relies on fatty acids as the major fuel source at rest and during
sustained exercise. This process is regulated at the level of AMPK. AMPK activation
inactivates ACC by phosphorylating critical serine residues on both ACCa and ACCP
(Kudo et al. 1996; Hutber et al. 1997). This in turn decreases malonyl-CoA levels that
negatively regulates CPT1, allowing transport of long chain fatty acids into the
mitochondria for B-oxidation. In addition to exercise, AICAR, leptin and adiponectin
also activate AMPK and increase lipid oxidation (Hutber et al. 1997; Kaushik et al.
2001; Minokoshi et al. 2002; Yamauchi et al. 2002). AMPK-induced lipid oxidation
can decrease the elevated intramuscular triglyceride levels associated with insulin
resistance and obesity and this may confer an insulin sensitizing action on glucose
metabolism.

1.4.3 Drugs and mutations that modulates AMPK activity

Anti-diabetic drugs such as metformin and rosiglitazone and hormones such as leptin
and adiponectin activate AMPK by distinct mechanisms and have therapeutic benefits
to ameliorate insulin resistance (Fryer et al. 2002; Minokoshi et al. 2002; Yamauchi et
al. 2002). In addition, a single naturally occurring point mutation on AMPK (3R
plays a positive role in glucose and lipid metabolism. The mutation initially identified
in RN" Hampshire pigs was associated with increased glycogen content in skeletal
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muscle and increased citrate synthase activity, indicative of an increased oxidative
capacity (Milan et al. 2000). Overexpression of this gain-of-function mutation in
glycolytic skeletal muscle of mice fed a high-fat diet improves insulin sensitivity,
increases lipid oxidation and reduces intramuscular triglycerides. In vitro experiments
in COS7 cells show this mutation increases basal AMPK activity independent of
changes in the AMP:ATP ratio (Barnes et al. 2004). Furthermore, transgenic mice
bearing the AMPKy3"***? mutation in skeletal muscle have increased mitochondrial
biogenesis (Garcia-Roves et al. 2008). A similar mutation in the AMPK y3-subunit
(R200W) in skeletal muscle of humans showed increased glycogen content and
reduced intramuscular triglyceride content. Although these studies have highlighted the
importance of AMPK activation in improving insulin sensitivity, whether expression of
the activating AMPKy3"**? mutation in glycolytic skeletal muscle can ameliorate the
metabolic disturbances observed in the leptin-deficient 0b/ob mice is unknown.

Exercise Leptin Metformin

Hypoxia Adiponectin AICAR

Osmotic stress Rosiglitazone
CAMKK LKB1

- k Thr172§) ()

AMP:ATP
ADP:ATP

Peripheral effects of AMPK activation
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Figure 4: AMPK signaling. Various physiological stimuli, hormones and drugs activate
AMPK. AMPK regulates cellular energy homeostasis by activating pathways that yield energy
(catabolism) and turning off energy demanding processes (anabolism).
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2 AIMS

Leptin and AMPK play prominent roles in the regulation of energy homeostasis. Leptin
signaling through the long form of the leptin receptor regulates whole-body energy
metabolism. Leptin action in the brain regulates energy intake and expenditure.
Furthermore, leptin suppresses hepatic glucose production and stimulates peripheral
glucose uptake and fatty acid oxidation and may play a role in mitochondrial function.
AMPK regulates cellular energy homeostasis and its activation leads to increase in
glucose uptake and lipid oxidation, which further improves metabolic abnormalities
associated with obesity and insulin resistance. Therefore, the overall aim of this thesis
was to study the role of leptin and AMPK in the regulation of whole-body glucose and
energy homeostasis.

The specific sub-aims of this thesis are to elucidate the role of:
¢ the leptin receptor Tyr985 in mediating glucose metabolism

+¢ leptin in the regulation of tissue-specific mitochondrial function in a mouse
model of leptin deficiency

% the AMPKy3 isoform in ameliorating metabolic disturbances arising from
deficiencies in leptin signaling
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3 EXPERIMENTAL SECTION
3.1 ANIMALS

All the animals used in Study I, Study II and Study III were on a C57B1/6J background,
had free access to food and water and were kept in a temperature controlled
environment with 12 hour dark and light cycle. For Study I, male and female mice in
the age range of three to four months were used. Wild type (+/+) and Lepy™*"&m/m2Memi
(I/1) mice were generated as previously described (Bjornholm et al. 2007). The exon at
18b of leptin receptor gene was homologously replaced in such a way that Tyr985 of
LepR was replaced to Leu985, thereby encoding LepRb™"*. Heterozygous
Lepr*®®/+ (I/+) animals were intercrossed to generate +/+, //+ and homozygous //
littermates. In Study II, 0b/0ob mice and lean littermates were studied at 14-20 weeks of
age. In Study III, four genotypes namely WT, AMPKy3®%Q (y38%%°9) ob/ob-WT
(ob/ob) and ob/ob-y3¥**°? mice were studied. The generation of y3"***? has been
described (Barnes et al. 2004). Heterozygous ob/+-y3%°*°? mice were generated by
intercrossing ob/+ mice with y3%***? mice. These mice were further intercrossed again
with ob/+ mice to generate WT, y3¥*%°%, ob/ob and ob/ob-y3****? mice.

Study Animal model Pathway studied

LepRb-Tyr985 regulates the SHP2/ERK
. . pathway and SOCS3-mediated feedback
Study I | Lepy™Memm2Memi /1) | inhibition. Role of  LepRb-Tyr985-
mediated signals for whole-body glucose

homeostasis.

Leptin receptor signaling in the context of

Study II ob/ob tissue-specific regulation of mitochondrial
metabolism.

3R225Q AMPKYy3-mediated signaling pathways in

Study III the regulation of glucose homeostasis in

. AR225Q
ob/ob-y3 the absence of a functional leptin action.

All animal experiments were approved by the Regional Animal Ethical Committee,
Stockholm North, and the mice were treated in accordance with the regulation for
protection of laboratory animals.

3.2 EXPERIMENTAL TECHNIQUES TO MEASURE GLUCOSE AND
INSULIN SENSITIVITY

3.2.1 In vivo measurements

3.2.1.1 Intraperitoneal glucose tolerance test (IPGTT)

In Study I, four hour fasted +/+ and /// mice were used and they were individually
housed at the time of experiment. An intraperitoneal glucose load of 2 g/kg was given
after measuring basal glucose values (0 min) and subsequently glucose values were
measured at 15, 30, 60 and 120 minutes using a glucose meter (One Touch Ultra
Lifescan, Milpitas, CA, USA). Blood samples were collected from the tail at 0 and 15
minutes for the determination of insulin levels using an ultrasensitive insulin ELISA kit
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(Crystal Chem Inc, Downers Grove, IL). In Study III, all the study procedures were
similar except that the intraperitoneal glucose load was 1 g/kg in order to prevent the
overshoot in glucose values in 0b/ob and 0b/ob-y3%***? mice.

3.2.1.2 Whole-body glucose turnover rate

Euglycemic-hyperinsulinemic clamps were performed in four hour fasted conscious
mice for determining whole-body insulin sensitivity. Five days prior to the experiment,
mice underwent jugular vein cannulation under isoflurane anesthesia and the catheter
was exteriorized and placed under the skin on the back of the mouse and secured with
suture. Caprofen (5 mg/kg) was given as an analgesic on the day of surgery and one
day after the surgery. Body weight and overall health of the mice were monitored daily.
Any animal that lost body weight more than 10% of their pre-surgery weight was not
included in the study. Glucose turnover rate and hepatic glucose production were
determined as described previously (Chibalin et al. 2008). A constant infusion of [3-’H]
glucose (2.5 pCi bolus and infusion flow rate of 0.09 pCi/min) was used to measure
glucose turnover rate in the basal state and during euglycemic-hyperinsulinemic
condition. Basal glucose turnover rate was measured after 60 to 70 minutes of constant
tracer infusion, which was followed by a bolus of insulin (12.5 mU/kg for female mice
and 25 mU/kg for male mice). Thereafter, a continuous insulin infusion (1.25
mU/kg/min for female mice and 2.5 mU/kg/min for male mice) was maintained.
During the insulin clamp, a variable infusion of glucose (30%) was maintained to
ensure euglycemia. A steady state clamped condition was achieved by 60 to 70 minutes
after the start of insulin infusion and glucose turnover rate at the clamped condition was
measured similar to that of basal condition in deproteinated blood. Hepatic glucose
production was estimated by subtracting the average glucose infusion rate during the
clamped condition from that of glucose utilization during the clamp. Blood samples
were collected at basal and clamped condition to measure insulin levels using an
ultrasensitive insulin ELISA kit (Crystal Chem Inc, Downers Grove, IL, USA). At the
end of the experiment, animals were euthanized by an overdose of sodium
pentobarbital and liver and skeletal muscles were rapidly dissected, frozen in liquid
nitrogen, and stored at -80°C for subsequent signaling experiments.

3.2.1.3 Tissue-specific glucose uptake

Animals underwent surgery and recovery as described for the whole-body glucose
turnover rate clamp studies. Tissue specific glucose uptake clamp was performed as
described (Chibalin et al. 2008). On the day of experiment, after a four hour fast,
baseline glucose measurements were obtained. A bolus dose of insulin was given
through the exteriorized jugular vein catheter followed by a continuous constant rate
insulin infusion. During this period, a variable rate of glucose (30%) was infused to
ensure euglycemia and a steady state glucose levels (clamped at the basal level) was
achieved ~60 to 70 minutes from the start of insulin infusion. A bolus of 2-deoxy-D-[1-
'*C] glucose (3 pCi) was injected and blood glucose was subsequently measured at 3,
6, 10, 15, 20, 30, 40 and 60 minutes. Blood samples (20 pl) were deproteinized to
measure glucose specific activity. Mice were euthanized by overdose of sodium
pentobarbital and tissues (detailed in Study III) were quickly dissected and digested in 1
N NaOH. An aliquot of each sample was processed in per-chloric acid and ZnSOy-
Ba(OH), mixture to measure tissue specific glucose uptake. In Study III, insulin
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infusion rates were 10 mU/kg/min for lean mice (WT and y3****?) and 75 mU/kg/min
in obese mice (ob/ob and ob/ob y3%***?). Obese mice were clamped at higher insulin
levels due to severe insulin resistance associated with this model.

3.2.2 In vitro measurement of insulin sensitivity
3.2.2.1 Insulin-stimulated glucose transport

Insulin-stimulated glucose transport was estimated in isolated skeletal muscle from
male and female +/+ and /// mice. Mice were fasted for four hours and under avertin
anesthesia (2,2,2-tribromoethanol 99% and tertiary amyl alcohol (1:1 w/v), 500 mg/kg),
EDL and soleus muscles were isolated with intact tendons and allowed to recover in a
Krebs-Henseleit buffer (KHB) supplemented with 0.1% radioimmunoassay grade
bovine serum albumin (BSA) and 5 mM HEPES. Muscles were then incubated in
absence (basal) or presence of insulin (0.36 or 60 nM corresponding to a submaximal
or maximal dose, respectively) in a shaking waterbath at 30°C under a constant gas
phase of 95% O, and 5% CO,. Muscles were subjected to the following experimental
protocol.

Experimental protocol

Condition Constituents Stimulus
. 5 mM glucose N
Recovery — 30 min 15 mM mannitol no insulin
Preincubation — 30 min 5mM glucqse basal/ §ubmax/max
15 mM mannitol insulin
Rinse — 10 min 20 mM mannitol basal/subn”{ax/max
insulin
19 mM mannitol
1 mM 2-deoxyglucose
3
Hot incubation — 20 min (CH) 2-deoxygluc0se basal/ §ubmax/max
(2.5 mCi/ml) insulin
("*C)-mannitol
(0.7 mCi/ml)

At the end of the experiment, muscles were blotted on a pre-wet filter paper, trimmed
of tendons, and freeze clamped with tongs pre-cooled to liquid nitrogen temperature.
Muscles were stored in -80°C until further analysis. Glucose transport was estimated by
measuring the accumulation of intracellular 2-°H deoxyglucose-6 phosphate (Hansen et
al. 1994).
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3.3 IN VITRO MEASUREMENT OF LIPID OXIDATION

Isolated EDL muscle was used to measure palmitate oxidation as described previously
(Chadt et al. 2008). EDL muscles were carefully isolated from anesthetized mice. After
a 30 minute recovery in KHB buffer containing 0.1% BSA and 5 mM HEPES, muscles
were transferred to a vial containing KHB buffer with trittum labeled palmitate
(Palmitic Acid, [9,10-’H(N)]) and incubated for 120 minutes. Palmitate oxidation was
measured by determining the amount of tritium labeled water in the incubation
medium, which was the byproduct of palmitate oxidation. To separate the non-
metabolized palmitate from the tritium labeled water, 200 ul of the incubation medium
was mixed with 800 pl of activated charcoal slurry (0.1 g activated charcoal powder in
Iml 0.02 M Tris-HCI buffer, pH 7.5), shaken for 30 minutes to facilitate adsorption of
non-metabolized palmitate to charcoal. Samples were subjected to centrifugation at
12000 g for 15 minutes. An aliquot of the supernatant was used to measure tritium
labeled water using a liquid scintillation beta counter.

3.4 ANALYTICAL METHODS
3.4.1 Immunoblot analysis

Homogenates were prepared by placing ~10 to 15 mg of tissue in Eppendorf Safe Lock
Tubes™ containing ice cold homogenization buffer (300 to 500 pul per tube). A steel
bead was added to each tube and samples were loaded onto a tissue lyzer (Qiagen
TissueLyser II) set at 20 Hz (two times for 60 seconds with a 15 second gap). The tubes
were subjected to end over end rotation at 4°C for 60 minutes. Samples were subjected
to centrifugation at 10000 g for 15 minutes, and the supernatant was collected for
protein measurements using a Pierce BCA protein assay kit (Nordic Biolabs, Téby,
Sweden). The homogenization buffer contained the following constituents: NaCl 137
mM, KCI 2.7 mM, MgCl, 1 mM, NasP,O7; 5 mM, NaF 10 mM, Triton X-100 1%,
Glycerol 10%, Tris pH 7.8 20 mM, EDTA 1 mM, PMSF 0.2 mM, Na;VO,4 0.5 mM,
Protease inhibitory cocktail 1X (Merck Millipore, Nottingham, UK). Homogenates
were normalized to an equal protein concentration using Laemmli buffer and
homogenization buffer and heated at 55°C for 20 minutes. For Study III, tissue
homogenates were subjected to three freeze/thaw cycles to disrupt mitochondria
(freezing at -80°C overnight, defrost for 1-2 hours at 4°C, vortex followed by -80°C for
30 min, defrost and vortex). In Study I and III, proteins were separated by SDS-PAGE,
and transferred to polyvinylidene difluoride membrane (PVDF; Millipore, Billerica,
MA, USA) that were pre-activated in methanol and blocked in 7.5% (w/v) nonfat dry
milk. For Study II, proteins were transferred onto nitrocellulose membranes.
Membranes were incubated with following primary antibodies overnight at 4°C for the
determination of phosphorylation and expression of various proteins: phospho-Akt-
Ser473, phospho-glycogen synthase kinase (GSK)-3-a/B-Ser21/Ser9, Akt, GSK-3-a/p,
IRS-1, ACC, ACCa**"”, phospho-AMPKa™7? and AMPKa were from Cell Signaling
Technology, Danvers, MA, USA. Dynamin like 120 kDa protein (OPA1) and TFAM
were from Abnova, Taipei, Taiwan. NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 9 (NDUFA9), complex I; Succinate dehydrogenase complex,
subunit A (SDHA), complex II; ubiquinol-cytochrome c reductase core protein I
(UQCRCI), complex III; Mitochondrial encoded cytochrome c oxidase I (MTCO1),
complex IV and ATP5B, ATP synthase were from Invitrogen, Carlsbad, CA, USA.
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Phospho-ACCB-Ser219/221; MFN2, GAPDH, DNMI1L, PPARa and PEPCK were
from Santa Cruz Biotechnology, CA, USA. Tubulin and IRS-2 was from Millipore,
Billerica, MA, USA.

The AMPKy3 antibody was a kind gift from Prof. Grahame Hardie, University of
Dundee, Dundee, UK and the GLUT4 antibody was a kind gift from Dr Geoffrey
Holman, University of Bath, Bath, UK. Membranes were incubated overnight in
primary antibodies, washed in Tris-buffered saline containing 0.02% Tween 20
(TBST), further incubated with appropriate secondary antibodies for one hour, and
finally washed again in TBST. Immunoreactive proteins were visualized by enhanced
chemiluminescence (GE Healthcare, Little Chalfront, UK) and quantified by GS-800
calibrated densitometer using Quantity One analytical software.

3.4.2 Determination of triglyceride content

A frozen piece of tissue (~10 to 15 mg) was cut under liquid nitrogen and placed in
Eppendorf Safe Lock Tubes™. A steel bead and triglyceride extraction buffer (3:2
heptane-isopropanol solution containing 1% v/v Tween-20) was added to each tube.
Homogenization of the tissues in the extraction buffer was achieved as described
above. The tubes were subjected to centrifugation at 1500 g for 15 minutes at 4°C for
phase separation. The upper phase was collected and an aliquot was dried in a glass
tube under vacuum centrifugation. Samples were then used for the determination of
triglyceride content using a standard enzymatic colorimetric method that estimates the
glycerol liberated by the hydrolysis of triglyceride present in the sample. A
triglycerides/glycerol blanked kit was used along with Precinorm L standard (Roche
Diagnostics Scandinavia, Sweden).

3.4.3 Determination of glycogen content

A portion of frozen tissue was cut under liquid nitrogen and placed in tight seal micro
tubes. To each tube, 500 pl of 1N HCl was added and subjected to heating at 100°C on
a heated shaking block for 2 hours. The tubes were subjected to centrifugation at 2000
g for 10 minutes at 4°C and an aliquot of the supernatant was used for the determination
of glycogen content (Passonneau et al. 1967). Briefly, 10 pl of the extract was mixed
with 2 ml of assay buffer (50 mM Tris buffer (pH 8.1), 300 umol/l ATP, 2 mM MgCl,,
0.02% BSA, 40 umol/l NADP, 1 pg/ml glucose-6-phosphate dehydrogensase and 2 ul
Hexokinase (HK). HK (50-100 pl) was subjected to centrifugation at 4000 g for 5 min
and the pellet was resuspended in an equal volume of enzyme diluting buffer (20 mM
imidazole-HCI, pH 7.1; 0.02% BSA). The above reaction mix was thoroughly mixed
with a vortex and incubated at room temperature for 30 minutes. Glycogen content was
estimated using fluorometry (TD-700, Tuner Design, Sunnyvale, CA, USA). When
liver samples were used, a 1:4 dilution with 1 N HCI was required for the detection in
the normal standard curve range.

3.5 RNA PURIFICATION AND QUANTITATIVE REAL TIME RT-PCR

Real time polymerase chain reaction using TagMan technique was used for the
determination of mRNA expression in tissue samples. Total RNA was isolated from
tissues using Trizol reagent (Invitrogen) according to manufactures protocol. Isolated
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RNA was further treated with deoxyribonuclease using a DNA-free kit (Ambion,
Huntington, UK). The mRNA concentration and purity was measured
spectrophotometrically using a Nanodrop 1000 (Thermo Scientific, Wilmington, MA,
USA). Samples were diluted to equal concentrations with sterile and RNase-free water
and cDNA was synthesized using a Super-Script First-Strand Synthesis system
(Invitrogen) for Study I and Super-Script III First-Strand Synthesis (Invitrogen) for
Study II. The mRNA expression of Pck-I (Mm00440636 ml), G6pc
(Mm00839363 ml), Scd-1(MmO00772290 m1) [TagMan gene assay from Applied
Biosystems] were calculated using ACt method and glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) (Study 1) and B-actin (Study II) were used as reference gene.

3.6 MITOCHONDRIAL RESPIROMETRY
3.6.1 General methodology

A high resolution closed two chamber mitochondrial respirometer was used to measure
mitochondrial function (Oroboros Oxygraph-2k; Oroboros Instruments, Innsbruck,
Austria). Several tissues were isolated and used for the estimation of mitochondrial
function in this thesis. In Study I, the right liver lobe was dissected and analyzed. In
Study II, the EDL muscle, soleus muscle and right liver lobe were dissected and
analyzed. In Study III, the EDL muscle was dissected and analyzed.

Skeletal muscle samples used in Study II and III were placed in ice cold BIOPS
relaxing solution (2.8 mM Ca,K,EGTA, 7.2 mM K,EGTA, 5.8 mM ATP, 6.6 mM
MgCl,, 20 mM taurine, 15 mM sodium phosphocreatine, 20 mM imidazole, 0.5 mM
dithiothreitol and 50 mM MES, pH 7.1). Muscle samples were freed of fat and tendon
using a fine forceps under a dissection microscope. Fibers were individually combed to
maximize surface area. Sarcolemmal permeabilization of muscle membrane was
achieved by transferring finely combed muscle samples into ice-cold BIOPS,
supplemented with 0.005% (w/v) saponin. Samples were subjected to gentle shaking on
ice for 10 minutes. Tissue samples were equilibrated in ice cold MiR0O5 (0.5 mM
EGTA, 3 mM MgCl,, 60 mM potassium lactobionate, 20 mM taurine, 10 mM KH,PO,,
20 mM HEPES, 110 mM sucrose and 0.1% [w/v] bovine serum albumin, pH 7.1) for
30 minutes before transferring them into mitochondrial respirometry chamber. Muscle
was blotted on a filter paper for 30 seconds and samples weighing 1 to 2 mg were
transferred into the chamber and mitochondrial respirometry was determined. Mild
mechanical permeabilization in amino acid-depleted MiR05 was used for liver samples
and for mitochondrial respirometry, an equivalent of 1 mg of tissue per chamber was
used along with MiR05 as respirometry medium.

3.6.2 Respirometry measurements

The “LEAK” respiration, owing to endogenous uncoupling, was measured in the
absence of ADP by adding malate (final concentration 2 mM) and pyruvate (10 mM).
Addition of ADP (5 mM) allowed the quantification of oxidative phosphorylation
capacity or OXPHOS. Complex I mediated oxidation (C /) was evaluated by addition
of 20 mM glutamate, followed by 10 mM succinate for the convergent electron flow
through both complex I and II (C /+1I). An exogenous protonophore carbonylcyanide-
4-(trifluoromethoxy)-phenyl-hydrazone (FCCP) (titrated to a final concentration of 0.7
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uM for liver and 0.3 uM for skeletal muscle) was added to measure maximum flux
through the electron transfer system (E7S I +II). Rotenone (0.1 pM) and antimycin A
(2.4 uM) were added in subsequent steps to inhibit electron transport through complex
I (ETS II) and complex III inhibition (Zero respiration) respectively. Zero oxygen flux,
which is not directly related to electron transfer system, was deducted from the values
of each previous steps. Absolute oxygen flux (Jo2, [pmol O,/mg/s]) was expressed
relative to tissue wet weight per second. The relative contribution of each respiratory
state to maximum oxygen flux described as flux control ratio (FCR) was expressed as
ratio over ETS I+I1.

3.7 IN VIVO LEPTIN TREATMENT

In Study II and 111, a five day leptin treatment protocol was used to assess the effect of
the hormone on various parameters. Mice (14 to 20 weeks old) were studied. Mice
were weight-matched within genotypes and between saline or leptin treatment groups.
Animals were individually housed and acclimatized for a period of 2 to 3 days, during
which all the experimental animals were handled and injected with saline prior to the
start of saline/leptin treatment. Recombinant leptin (Peprotech, Rocky Hill, NJ, USA)
was reconstituted in sterile saline and administered intraperitoneally (1 mg/kg) once
daily between 15:00 and 16:00 hrs for a period of five days, during which body weight
and food intake were recorded. Body composition analysis (fat mass and lean mass)
was performed using MRI scans (Echo MRI, Houston, TX, USA) before and after
saline/leptin treatment. On the sixth day morning, mice were anesthetized with avertin
(2,2,2-tribromoethanol 99% and tertiary amyl alcohol (1:1 w/v), 500 mg/kg) and tissues
were collected for various experimental protocols. In Study III, mice were fasted for
four hours prior to tissue collection.

3.8 STATISTICAL ANALYSES

Data are presented as mean + SEM. Unpaired student’s z-test, one-way ANOVA or
two-way ANOVA was used to identify significance between the different groups as
further detailed in each study. Results that were identified as statistically significant
using a one-way ANOVA or two-way ANOVA were further evaluated by an
appropriate post hoc analysis as further detailed in each study. p<0.05 was considered
to be statistically significant.
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4 RESULTS AND DISCUSSION

4.1 LEPTIN SIGNALING AND GLUCOSE HOMEOSTASIS
4.1.1 LepRb-Tyr985 regulates whole-body glucose homeostasis

Signaling through the long form of the leptin receptor activates the Jak2-mediated
phosphorylation of Tyr985, Tyr1077 and Tyr1138 of the leptin receptor. Among these
residues, phosphorylated Tyr985 mediates the SHP2-Grb2-ERK signaling pathway and
also acts as a docking site for SOCS3 (Banks et al. 2000). Attenuation of leptin
signaling by ligand activation, as well as mediation of leptin resistance, is facilitated by
SOCS3 binding to Tyr985 (Bjorbaek et al. 2000), which indicates that this pathway
mediates leptin sensitivity. The role of LepRb-Tyr985 in mediating glucose
homeostasis is poorly understood. Study I focuses on the role of LepRb-Tyr985 in
regulating whole-body glucose homeostasis.

4.1.1.1 Glucose tolerance is improved in LepRb-Tyr985 mutant (I/l) mice

Initial characterization of /// mice showed that glucose levels in the fed state were
normal in male and female mice with reduced insulin levels in female mice (Bjérnholm
et al. 2007). Intraperitoneal glucose tolerance revealed improved insulin sensitivity and
glucose tolerance. Female /// mice had lower insulin levels under basal conditions and
in response to a glucose challenge, along with normal glucose tolerance. In contrast,
male mice showed improved glucose tolerance with normal insulin levels compared to
that of +/+ mice (Fig 5)
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Figure 5: LepRb-Tyr985 mutation confers improved glucose homeostasis. Intraperitoneal
glucose tolerance tests were performed in 4 hour fasted +/+ (white bars) and // (black bars)
mice. Plasma glucose (mM) and insulin (pM) values during the glucose tolerance test in female
(F; A and B) and male (M; C and D) +/+ and /// mice. Results are mean + SEM. *, p<0.05 vs.
+/+; T, p<0.01 vs. +/+ mice (n =9-12). (Tom et al. 2011).
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Previous studies provide evidence that /// mice have slightly lower body weight,
reduced adipose tissue mass, and enhanced leptin sensitivity (Bjornholm et al. 2007).
These moderate alterations in the body composition, combined with increased leptin
sensitivity, can confer improvements in glucose homeostasis. Experimental approaches
leading to reduction in adipose tissue mass improve glucose tolerance (Wetter et al.
1999; Ntambi et al. 2002; Yan et al. 2013). Leptin signaling influences insulin
sensitivity (Carvalheira et al. 2005). The improved glucose tolerance and insulin
sensitivity in /// mice could stem from enhanced hepatic insulin sensitivity and/or an
enhanced peripheral glucose disposal. To differentiate hepatic versus peripheral insulin
sensitivity, a euglycemic-hyperinsulinemic clamp in conscious mice was performed.

4.1.1.2 LepRb-Tyr985-mediated signals are important for hepatic and peripheral
insulin sensitivity

The euglycemic-hyperinsulinemic clamp is considered as a golden standard to asses
insulin sensitivity (DeFronzo et al. 1979). This method, when combined with a radio
isotope technique, allows for the determination of hepatic vs. peripheral glucose fluxes
during the clamp (DeFronzo et al. 1979). Female mice were clamped at an insulin
infusion rate of 1.25 mU/kg/min, whereas male mice were clamped at 2.5 mU/kg/min
insulin. The glucose turnover rate in the basal state, which is indicative of endogenous
glucose production, was similar between female and male +/+ and /// mice (Fig 6 A and
C). The above results are in agreement with the glucose tolerance results, which show
basal glucose values were similar between +/+ and /// mice. In female mice, insulin-
stimulated peripheral glucose utilization was similar between +/+ and /// mice and
increased ~1.8 fold over basal values (Fig 6 A and C). During the clamped condition,
hepatic glucose production was completely suppressed in female /// mice (p<0.001 vs.
+/+) in response to insulin, whereas this suppression was only 46% in the +/+ mice.
This indicates that LepRb-Tyr985 influences hepatic insulin sensitivity (Fig 5 B). The
LepRb-Tyr985 mutation in the male mice not only improved suppression of hepatic
glucose production (p<0.05 vs. +/+), but it also enhanced peripheral glucose utilization
during the clamp (p<0.01 vs. +/+) (Fig 6 C and D).

Female /// mice displayed enhanced hepatic insulin sensitivity, whereas the male ///
displayed both hepatic and peripheral insulin sensitivity. This difference in insulin
sensitivity between males and females could be partly attributed to the influence of
testosterone levels (Sato et al. 2008). Castration of male /// mice significantly reduces
fat pad mass, whereas testosterone treatment restored fat mass to levels in wild-type
mice (Johnson et al. 2012).Experiments evaluating glucose tolerance in castrated ///
mice may be performed in the future to directly address the influence of the sex on
peripheral insulin sensitivity.

Body weight is one factor that can influence insulin sensitivity. Body weight of female
and male /// mice was significantly lower than the corresponding +/+ mice (Study I,
Table 1). Clamp data was analyzed in a subset of body weight-matched +/+ and /// mice
to exclude the possibility that enhanced insulin sensitivity in /// mice is due to reduced
body weight or adiposity. Hepatic insulin sensitivity was increased in body weight-
matched female /// mice as evidenced by an enhancement in the suppressive effect of
insulin on of hepatic glucose production (p<0.05 vs. +/+). Glucose utilization during

24



the basal, as well as insulin-stimulated conditions was similar in +/+ and /// mice (body
weight: +/+, 19.7 £ 0.8 g vs. I/l, 19.3 + 0.5 g). Male +/+ and /// mice matched body
weight (body weight: +/+, 28.0 = 0.2 g vs. I/], 27.3 £ 0.3 g) had similar rates of basal
glucose utilization. Insulin-stimulated glucose utilization and suppression of hepatic
glucose production tended to be enhanced in male /// mice, but this difference was not
statistically significant compared to +/+ mice. These results highlight a primary role for
LepRb-Tyr985 in mediating insulin sensitivity. Moreover, they point to only a
secondary role for reduced body weight.
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Figure 6: LepRb-Tyr985 mutation enhances whole-body insulin sensitivity. Basal and
insulin-stimulated peripheral glucose utilization (Rd) and hepatic glucose production (Ra)
during a euglycemic-hyperinsulinemic clamp in 4-hour fasted +/+ (white bars) and /// (black
bars) mice. Glucose utilization and insulin-mediated suppression of hepatic glucose production
are presented for female (A and B) and male (C and D) +/+ and I/l mice. n=7-9. Results are
mean+SEM, *p<0.05, 1p<0.01 and #p<0.001 versus +/+ mice. (Tom et al. 2011).

4.1.2 LepRb-Tyr985 mediates hepatic insulin sensitivity

Leptin signaling interacts with canonical insulin signaling cascades by central and
peripheral mechanisms (Liu et al. 1998; Carvalheira et al. 2003). In the present study,
canonical insulin signaling pathways involved in the regulation of hepatic insulin
sensitivity were assessed. Liver was frozen at the end of a 75 minute insulin infusion
and phosphorylation and abundance of insulin signaling proteins (tyrosine
phosphorylation of the insulin receptor, IRS-1 and IRS-2 and phosphorylation of Akt-
Serd73) was evaluated by Western blot. Interestingly, insulin signaling was similar
between +/+ and /// mice. During the clamp experiment, /// mice responded to the
insulin infusion very rapidly and blood glucose dropped faster compared to the +/+
mice. This prompted an evaluation of hepatic insulin signaling cascades after a 10
minute insulin infusion. Tyrosine phosphorylation of the insulin receptor, IRS-1 and
IRS-2 and phosphorylation of Akt-Ser473 was similar between +/+ and /// mice. We
also determined whether alterations in gluconeogenic genes could account for the
enhanced hepatic insulin sensitivity in /// mice. Hepatic gene expression of PEPCK and
G6Pc were unaltered between +/+ and I/l mice. These results provide evidence to
suggest that increased hepatic insulin sensitivity conferred by LepRb-Tyr985 may not
be a direct consequence of enhanced LepRb signaling in the liver.

The role of hypothalamus in the regulation of hepatic glucose production is well
established (Obici et al. 2002; Pocai et al. 2005). Acute intracerebroventricular
administration of leptin or insulin regulates hepatic glucose production (Liu et al. 1998;
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Obici et al. 2002). The precise mechanism by which the LepRb-Tyr985 mutation
influences hepatic insulin sensitivity is unclear. An enhanced hypothalamic leptin
signaling may possibly play a role in mediating hepatic insulin sensitivity in /// mice.
pSTAT3 is enhanced in hypothalamic arcuate nucleus of /// mice in the presence of low
leptin levels as compared to +/+ mice, indicative of enhanced leptin signaling in the
hypothalamus (Bjoérnholm et al. 2007). Given that leptin signaling influences insulin
sensitivity (German et al. 2009) and central insulin signaling regulates hepatic glucose
production (Liu et al. 1998), any enhancement in leptin signaling in the hypothalamus
might amplify the central insulin mediated inhibition of hepatic glucose production.
SOCS3 is another molecule that is connected to leptin sensitivity. SOCS3 is a negative
regulator of leptin signaling and is implicated in leptin resistance (Bjorbaek et al. 2000).
SOCS3 haploinsufficient mice showed enhanced leptin sensitivity and improved
glucose homeostasis (Howard et al. 2004; Kievit et al. 2006). Moreover,
overexpression of SOCS3 in hypothalamus leads to leptin resistance, obesity and
disturbances in glucose homeostasis (Reed et al. 2010). SOCS3 has also been
implicated in mediating insulin resistance (Rui et al. 2002). In I/ mice, SOCS3-
mediated feedback inhibition of leptin signaling was blunted since phosphorylated Tyr-
985 of the leptin receptor is needed for this feedback loop to function (Bjorbaek et al.
2000). This suggests that a lack of SOCS3 signaling in /// mice could enhance hepatic
insulin sensitivity by central mechanisms. Furthermore, AgRP levels in the
hypothalamus are reduced in // mice (Bjornholm et al. 2007). Given that insulin-
mediated suppression of AgRP levels in the AgRP neurons plays a role in the
regulation of suppression of hepatic glucose production (Konner et al. 2007; Lin et al.
2010), reduced AgRP levels in the /// mice might potentiate insulin ability to suppress
hepatic glucose production. These results suggest that enhanced central leptin signaling
might enhance hepatic insulin sensitivity in /// mice.

4.1.3 Limitations of Study |

We have not been able to differentiate as to whether the LepRb-Tyr985-mediated
changes in glucose metabolism are due to primary effects brought about by central
regulation or secondary effects via adaptive responses in peripheral tissues. Another
limitation is that the present study cannot determine whether the enhanced suppression
of hepatic glucose production is due to decreased glycogenolysis and/or decreased
gluconeogenesis during the euglycemic-hyperinsulinemic clamp. Thus further studies
are required to identify the molecular signaling mechanisms connecting the
enhancement in hepatic insulin sensitivity with the insulin signaling cascade.

4.2 MITOCHONDRIAL FUNCTION IN OB/OB MICE: ROLE OF LEPTIN

The ob/ob mice are hyperphagic, hyperglycemic, obese and exhibit perturbations in
whole-body energy metabolism owing to the lack of the hormone leptin. Leptin
supplementation to ob/ob mice improves insulin sensitivity and other complications
associated with obesity (Halaas et al. 1995). Mitochondrial function has a major role in
regulating whole-body metabolism. The role of mitochondrial dysfunction in the
development of insulin resistance and type 2 diabetes is well documented (Patti et al.
2003; Petersen et al. 2004; Lowell et al. 2005), but nevertheless some controversy
exists. Tissue-specific differences in mitochondrial properties such as mitochondrial
mass, cytochrome ¢ oxidase activity, mitochondrial DNA copy number are adapted to
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integrate varying metabolic demands unique to each specific tissue (Weibel et al. 1969;
Eisenberg et al. 1975; Eisenberg et al. 1976; Gagnon et al. 1991; Wiesner et al. 1992).
Tissue-specific differences in mitochondrial function might be altered in the context of
obesity and type 2 diabetes (Brady et al. 1985; Ferreira et al. 2003; Hancock et al. 2008;
Raffaella et al. 2008; Holmstrom et al. 2012). Study II was designed to address the role
of leptin in modulating tissue-specific mitochondrial function in the setting of obesity
and associated insulin resistance.

4.2.1 Mitochondrial respiration in glycolytic skeletal muscle

Glycolytic skeletal muscle adapts to obesity in ob/ob mice through increases in
mitochondrial respiration. Maximum electron transfer capacity measured at ETS 7 +/1
was increased in EDL muscle (p<0.05) compared to lean littermates, along with a trend
for enhanced electron transport capacity at ETS Il (p=0.069) (Fig 7 A). These
mitochondrial adaptations in glycolytic skeletal muscle were also observed in obese
diabetic db/db mouse (Holmstrom et al. 2012). Consistent with the functional data,
protein abundance of the SDHA subunit of complex II (p<0.01), MTCOI1 subunit of
complex IV (p<0.05) and ATP5B subunit of complex V (p<0.05) are increased (Fig 7
C-E). The reason for these adaptations can be multifactorial. EDL muscle from ob/ob
mice has fiber type differences, with increased type II A fibers having larger surface
area and proportionately lower type II B fibers (Warmington et al. 2000). The fiber type
alteration, coupled with increased lipid availability and elevated circulating free fatty
acids, increases mitochondrial biogenesis in glycolytic skeletal muscle (Garcia-Roves
et al. 2007). This metabolic milieu might lead to an increase in mitochondrial
respiration in EDL muscle from ob/0ob mice. We also confirmed our findings in Study
III, where an increase in mitochondrial respiration was seen in glycolytic EDL muscle
from ob/ob mice. Collectively, these studies provide evidence that glycolytic skeletal
muscle can adapt to increase mitochondrial respiration in the context of obesity.

With an increase in mitochondrial respiration in EDL muscle from ob/ob mice, an
increase in markers of mitochondrial biogenesis and stability was expected. However,
TFAM protein abundance was significantly lower in 0b/ob mice, the OPA1 ratio of the
short to long form was increased along with increased DNMI1L protein level. These
points suggest that mitochondria are undergoing fission or fragmentation, since MFN2,
which is responsible for fusion, is unaltered. The results of the present study are
compatible with the previous finding of increased mitochondrial fission or
fragmentation in EDL muscle from db/db mice. The long-term or age-dependent
consequences of this ‘“obesity-associated” mitochondrial profile might decrease
mitochondrial respiration over time.

Analysis of flux control ratio in EDL muscle provided evidence for reduced C I and C/
+ II contribution in ob/ob mice compared to lean mice. Since the protein constituents
that comprise the complexes of the respiratory chain were unaltered (C II, C [V and C V'
were increased), the decrease in FCR could indicate mitochondrial inefficiency. This
might have arisen from the relatively increased E7S [ + II value that is used for
normalizing oxygen flux.

27



)

Jop (pmol Oz2img - s

0
+? ob +7? ob +? ob +7? ob +? ob +#7? ob +7 ob +? ob +? ob +? ob +7? ob
Leak OXPHOS cr C I+l ETS i+l ETSH Leak OXPHOS cr C ETSH
C SDHA D MTCO1 E ATPSB . TEAM G OPA ratio H DML
| L —— | = | m—— S,
20 T 20 9 20 s 15 15 i . 18 .
- - . S - = §
H £ g £
- £ 15 15 g 2 £
215 : s Z 10 5 10 a 10
H H H
o 10 g 10 z 10 ~ W H 3
¥ E @ ¥ 15 2 o5 g 05
T 05 = 05 %05 z U H 3
£ 00 0o E 0.0 £ i 0.0 R e
7 oblob +7 ob/ob +? objob +? oblob +? obiob 7 ob/ol

Figure 7: Mitochondrial respiration in EDL muscle from ob/ob mice. (A) Oxidative
phosphorylation and electron transport system, n=4-9. (B) Flux control ratio highlighting the
relative contribution of each given respiratory state to ETS I +1I, n=4-9. (C-E) Protein markers
of ETS complexes II, IV and V; (F-H) protein markers of mitochondrial biogenesis and
dynamics, n=6-8. Results are mean = SEM. Open bar - saline-treated; closed bar - leptin-
treated. *p<0.05, tp<0.01, {p<0.001 vs. lean (+/?) saline-treated mice. §p<0.05 vs. ob/ob
saline-treated mice.

Mitochondrial respiration in glycolytic EDL muscle was unaltered after five days of
leptin treatment. Leptin stimulates lipid oxidation in under in vivo and in vitro
conditions through activation of AMPK (Muoio et al. 1997; Minokoshi et al. 2002).
Activation of AMPK is associated to mitochondrial biogenesis (Garcia-Roves et al.
2008). In the present study, leptin action through AMPK was expected to increase
mitochondrial biogenesis and mitochondrial respiration. Initial studies addressing the
effect of leptin on lipid oxidation indicate that the EDL muscle is unresponsive to leptin
(Minokoshi et al. 2002). The effect of leptin on mitochondrial biogenesis is mediated
by multiple mechanisms. Leptin treatment increases PGC-1a expression and induces
endothelial nitric oxide synthase, highlighting a role in mitochondrial biogenesis.
Concomitantly, proinflammatory cytokines like TNF-a negatively regulate
mitochondrial biogenesis. Indeed, TNF-a levels are markedly higher in ob/ob mice.
Future studies testing higher doses of leptin or more frequent administration may
enhance mitochondrial biogenesis.
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4.2.2 Mitochondrial respiration in soleus muscle from ob/ob mice is
unaltered

Mitochondrial respiration in soleus muscle was similar between lean and ob/ob mice.
Moreover, leptin treatment did not alter the respiratory state or the flux control ratios
(Fig 8 A). Protein abundance of several markers of the respiratory chain complex was
unaltered between saline- and leptin-treated lean and ob/ob mice. Saline-treated lean
mice had higher TFAM protein abundance compared with saline- and leptin-treated
ob/ob mice (p<0.001), whereas leptin treatment reduced TFAM levels in lean mice
(p<0.01) (Fig 8 B). The mitochondrial fusion-mediating protein MFN2 tended to
increase with leptin treatment (Fig 8 C). Oxidative tissues, such as the soleus muscle,
display defective glucose and abnormal lipid metabolism in the context of obesity and
type 2 diabetes (Cuendet et al. 1976). Obesity arising from a high fat diet increases
mitochondrial mass and hence respiratory capacity in rat soleus muscle (Stephenson et
al. 2012). Thus, mitochondrial adaptations might be occurring as a consequence of
metabolic perturbations associated with obesity and type 2 diabetes. However, these
adaptations are insufficient to correct the metabolic defects in glucose and lipid
metabolism in oxidative tissues in the obese mice. Conversely, mitochondrial
respiration is decreased in soleus muscle from diabetic and obese db/db mice
(Holmstrom et al. 2012). The difference in mitochondrial respiration in soleus muscle
from db/db and ob/ob mice may be attributed to strain differences. The data reported
from soleus muscle in ob/ob mice indicates that metabolic disturbances in glucose and
lipid metabolism in oxidative skeletal muscle are dissociated from mitochondrial
function. Furthermore, short-term leptin treatment does not alter the mitochondrial
respiratory capacity.
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Figure 8: Mitochondrial respiration and protein markers of mitochondrial biogenesis and
dynamics in soleus skeletal muscle from o0b/0b mice. (A) Oxidative phosphorylation and
electron transport system (ETS), (B, C) TFAM and MFN2 protein levels. Open bar - saline-
treated; closed bar - leptin-treated. Results are mean + SEM. (n=6-8). 1p<0.01, £p<0.001 vs.
lean (+/?) saline-treated mice.

Previous studies in ob/ob mice provide evidence to suggest that leptin treatment alters

fiber type composition in oxidative muscle, with a net increase in type II B fibers and a
concomitant decrease in type II A fibers (Warmington et al. 2000). This shift to a
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greater proportion of fast twitch glycolytic fibers may mitigate any effect of slight
increase in mitochondrial biogenesis markers after leptin treatment. The similarities in
mitochondrial respiration between lean +/? and ob/ob saline-treated mice suggest that
obesity, due to a lack of functional leptin action, does not affect mitochondrial
respiration in oxidative skeletal muscle. The effect of leptin on lipid oxidation is
biphasic involving a direct activation of AMPK by shifting ADP to ATP ratio and
indirect activation via the sympathetic nervous system. Experimentally, these effects of
leptin on lipid oxidation are diminished after six hours (Minokoshi et al. 2002). Thus,
the peak effect of leptin on mitochondrial respiration may have been missed, since
tissues were isolated 16 hours after the last leptin injection.

4.2.3 Hepatic mitochondrial respiration is impaired in ob/ob mice

The liver influences energy metabolism by regulating glucose fluxes under fed and
fasting conditions. In addition, the liver also plays an integral role in lipid metabolism.
Ectopic lipid accumulation in hepatic tissues leads to insulin resistance. Moreover, an
increase in hepatic glucose production is a characteristic feature of obese insulin
resistant or type 2 diabetic patients, animal models of obesity and diabetes. The role of
mitochondria in regulating hepatic energy metabolism is incompletely resolved. Leptin
receptor deficient db/db mice are hyperglycemic, exhibit hepatic triglyceride
accumulation and have decreased hepatic mitochondrial respiration (Holmstrom et al.
2012). Treating ob/ob mice with leptin and studying hepatic mitochondrial respiration
will highlight the role of leptin in regulating hepatic oxidative capacity.

Mitochondrial respiratory capacity at ETS I + Il and ETS II were reduced in saline-
treated ob/ob mice compared to saline-treated lean (+/?) mice (p<0.01 and p<0.001
respectively). A similar trend in C /+I] was also observed in saline-treated ob/ob mice
(p=0.062). In the present study, leptin treatment did not alter mitochondrial respiration
in liver (Fig 9 A). Flux control ratio for OXPHOS and C [+II was increased in saline-
treated ob/ob mice (p<0.001; p<0.05 vs. saline-treated lean (+/?) mice respectively (Fig
9 B). Leptin treatment increased Leak and OXPHOS respiration in lean mice (p<0.05
vs. saline-treated lean mice). Protein levels of SDHA, which is the catalytic subunit of
C 11, was decreased in ob/ob mice and was unaltered by leptin treatment (p<0.05 vs.
saline-treated lean (+/?) mice (Fig 9 D). Abundance of the C [ subunit protein,
NDUFADJY, tend to be increased in saline treated ob/ob mice (p=0.058) (Fig 9 C). TFAM
levels were decreased in saline-treated 0ob/ob mice (p<0.05 vs. saline-treated lean mice)
and increased by leptin treatment (p<0.05 vs. 0b/ob saline-treated mice), (Fig 9 E). The
increased OPAL ratio (short to long isoform) in saline-treated ob/ob mice was reduced
by leptin treatment (p<<0.05 vs. saline-treated ob/ob mice) (Fig 9 F). PPARa levels were
lower in ob/ob mice (p<0.001 vs. saline-treated lean mice) (Fig 9 G). With respect to
the hepatic mitochondrial respiratory capacity, the results from the present study are
compatible with previous results (Garcia-Ruiz et al. 2007; Perfield et al. 2013). Thus,
the reduction in hepatic mitochondrial oxidative capacity in ob/ob mice could be due to
multiple defects in respiration. Furthermore, short-term leptin treatment failed to fully
restore hepatic mitochondrial oxidative capacity.
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Figure 9: Hepatic mitochondrial respiration is reduced in ob/ob mice. (A) Oxidative
phosphorylation and electron transport system (n=5-9). (B) Flux control ratios (n=4-9). (C-D)
Protein markers of complex I and II. (E) TFAM protein levels, (F) OPA1 ratio. (G) PPARa
protein abundance, (n=6-8, for immunoblot analysis). Results are mean + SEM. *p<0.05,
Tp<0.01, £p<0.001 vs. lean (+/?), saline-treated mice. §p<0.05 vs. 0b/ob saline-treated mice.

Results from mitochondrial respiration in 0ob/ob mice suggest that the primary defect in
the electron transport capacity lies at the level of C /1. The reduction in electron transfer
at the level of C II could be attributed to the relatively low abundance of the catalytic
subunit of C /I, SDHA. Succinate dehydrogenase connects the citric acid cycle to the
electron transport chain and catalyzes the oxidation of succinate to fumarate. The C I
activity is decreased in patients with non-alcoholic hepatic steatosis (Perez-Carreras et
al. 2003). The present data in ob/ob mice is compatible with previous results (Perez-
Carreras et al. 2003) showing a massive accumulation of intrahepatic triglyceride
content (Study II, Fig 1E) in obesity. In the present study, leptin treatment decreased
liver weight and intrahepatic triglyceride content, but mitochondrial respiration was
unaffected. Leptin-mediated depletion of hepatic triglyceride content is independent of
mitochondrial respiration (B-oxidation) and is mediated by increased hepatic lipid
export (Singh et al. 2009). Conversely, leptin treatment represses the elevated stearoyl-
CoA desaturase-1 (SCD1) activity in the liver from ob/ob mice and is thought to
enhance B-oxidation with concomitant triglyceride depletion (Cohen et al. 2002). Other
studies have provided evidence that hepatic mitochondrial respiration is enhanced in
ob/ob mice (Brady et al. 1985; Singh et al. 2009). The discrepancy between previous
studies and the present results could stem from different reasons. One major difference
is the experimental methodology used between studies. Previous studies were
performed in isolated mitochondrial fractions, whereas the present results were
obtained using mechanically permeabilized liver tissues. Isolation techniques might
unknowingly lead to a bias in mitochondrial selection. Mitochondria in most
pathological states have altered volume and density. Differential centrifugation, which
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is essential for mitochondrial isolation procedures, may lead to a selection of a specific
pool of mitochondria that might yield very different results. Mitochondria usually exist
as a network of structures and isolation procedures disrupts this network, which might
influence the final experimental readout (Kuznetsov et al. 2008). Decreased TFAM
protein abundance along with increased OPAT1 (short to long form) protein abundance
in the saline-treated ob/ob mice indicates increased mitochondrial stress. Even though,
leptin treatment did not increase mitochondrial respiration, improved mtDNA stability
and decreased mitochondrial stress, as evidenced by increased levels of TFAM and
reduced OPAL levels, was observed.

4.2.4 Effect of leptin treatment on whole-body energy metabolism

Leptin treatment decreased food intake and concomitantly reduced body weight in both
ob/ob mice and lean mice. Moreover, the amplitude of these effects was more
pronounced in obese mice. In Study II, lean and fat mass were decreased by leptin
treatment, whereas in Study III, the effect of leptin treatment was more pronounced on
fat mass. The effect of leptin on food intake is well-established and is under central
control (Zhang et al. 1994; Halaas et al. 1995; Pelleymounter et al. 1995). Leptin
reduces fat mass by direct and indirect mechanisms, even at doses that do not reduce
food intake (Levin et al. 1996). These effects of leptin on food intake and body
composition are consistent with the physiological role of leptin in energy homeostasis.

Leptin treatment partially corrected the hepatic steatosis in 0b/ob mice (Study II). Liver
weight was higher in saline-treated 0ob/0b mice (p<0.001 vs. lean, saline-treated mice).
Leptin treatment for five days reduced liver weight in 0ob/ob mice (p<0.001 vs. ob/ob,
saline treated mice) and lowered the hepatic triglyceride level (p<0.01 vs. 0b/ob saline-
treated mice). These effects of leptin in the absence of any increase in mitochondrial
respiration suggest that the reduction in hepatic triglyceride content might have resulted
from an increase in hepatic lipid export (Singh et al. 2009) or a decrease in triglyceride
synthesis. Acute infusion studies have provided evidence that leptin-mediated hepatic
triglyceride depletion is a result of increased hepatic B-oxidation, with no change in
lipid export. This increase in P-oxidation was associated with increased ACC
phosphorylation (Huang et al. 2006). In the present study, both lipid export and
increased B-oxidation might have occurred. We cannot exclude the possibility that an
increase in P-oxidation may have occurred, since the mitochondrial respiration in
isolated liver was performed approximately 16 hours after the last leptin injection.
Leptin also has direct inhibitory effect on insulin secretion, which might indirectly
decrease triglyceride synthesis (Milstein et al. 1956; Emilsson et al. 1997; Kieffer et al.
1997).

The intramuscular triglyceride content was reduced in leptin-treated ob/ob mice (Study
II, Fig 1 E and Study III, Fig 6 B). Leptin treatment also depletes intramuscular
triglyceride content (Shimabukuro et al. 1997) by stimulating lipid oxidation by central
and peripheral mechanisms (Minokoshi et al. 2002). Leptin also opposes the lipogenic
effect of insulin on lipid partitioning and favors lipid oxidation (Muoio et al. 1999) and
is regulated by AMPK-mediated inhibition of ACC activity (Minokoshi et al. 2002).
The inhibitory effect of leptin on insulin secretion and gene expression also normalizes
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insulin levels in ob/ob mice (Seufert et al. 1999), which when combined with an
inhibition on ACC activity, leads to triglyceride depletion in skeletal muscle.

Skeletal muscle glycogen content in ob/ob mice was reduced by leptin treatment (Study
II, Fig 1F and Study III, Fig 6 A). Leptin also inhibits glycogen synthesis under basal,
as well as insulin-stimulated condition in skeletal muscle (Liu et al. 1997). This effect
of leptin on glycogen synthesis could partly be mediated by AMPK-induced inhibition
of GS (Bultot et al. 2012). Even though our results are consistent with this finding,
others have reported that leptin increases basal and insulin-stimulated glycogen
synthesis (Harris 1998). Indeed, leptin may regulate skeletal muscle glycogen content
at multiple levels. For instance, leptin may inhibit insulin secretion and insulin-
mediated gene expression (Seufert et al. 1999). Alternatively, leptin may activate
AMPK and inhibit GS (Bultot et al. 2012). In addition, the reduction in food intake may
favor glycogenolysis. Indeed, all of these possibilities may account for the reduced
glycogen content after leptin treatment.

4.2.5 Limitations of Study Il

Leptin has a potent effect on food intake. Therefore, to exclude the possibility that
leptin-mediated reduction in food intake may influence the results, a group of pair fed
animals could have been included. However, one strength of the work was the inclusion
of lean wild-type (leptin-positive) mice treated with saline or leptin. The use of the
present mitochondrial respiration protocol (glutamate and succinate) to assess
respiration may not completely reflect B-oxidation. Therefore a modified protocol using
palmitoyl-carnitine might give a more precise tool to assess leptin-mediated responses
on mitochondrial respiration (B-oxidation). The acute effect leptin on B-oxidation was
not assessed in the present study and therefore future studies to study mitochondrial
respiration over a time course (i.e. 15 minutes to 6 hours) may address this issue.

4.3 AMPK ACTIVATION IN THE CONTEXT OF INSULIN RESISTANCE
ASSOCIATED WITH LEPTIN DEFICIENCY

4.3.1 AMPK activation and insulin sensitivity

AMPK is comprised of a heterotrimeric complex with a, B and y subunits that act
collectively as a metabolic sensor to regulate energy metabolism (Davies et al. 1994;
Hardie et al. 1997). AMPK is highly sensitive to changes in intracellular AMP/ATP
and ADP/ATP ratio in response to cellular stress (Corton et al. 1994; Oakhill et al.
2011), AMPK activation restores cellular energy status by stimulating glucose uptake
and lipid oxidation (Merrill et al. 1997; Bergeron et al. 1999; Hayashi et al. 2000;
Kaushik et al. 2001). This effect of AMPK on glucose uptake is insulin-independent
(Hayashi et al. 2000). Physiological or experimental approaches that activate AMPK
have been shown to ameliorate insulin resistance and improve energy metabolism in
type 2 diabetes and obesity (Musi et al. 2001; Halseth et al. 2002; Song et al. 2002). A
point mutation (R225Q) on the AMPK<Y3 subunit has been shown to activate the kinase
and confers metabolic improvements in a high-fat diet model of insulin resistance
(Barnes et al. 2004). Study III addressed whether skeletal muscle expression of
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AMPKY3%%Q can confer metabolic improvements in a leptin deficient 0b/ob mouse
model of insulin resistance.

4.3.2 AMPK y3R?*Qincreases skeletal muscle glycogen content

Skeletal muscle glycogen content in gastrocnemius was increased in lean transgenic
v3%2Q mice (p<0.05 vs. WT mice). This result is consistent with reported effects of
this (R225Q) and similar mutation (RN pig, R200Q), (humans, R225W) on skeletal
muscle glycogen content (Milan et al. 2000; Barnes et al. 2004; Costford et al. 2007).
Several mechanisms can be attributed to the increased glycogen content associated with
AMPK activation. Acute activation of AMPK phosphorylates and thereby inhibits GS
activity (Miyamoto et al. 2007) and this could lead to reduced glycogen content.
AMPK activation also increases glucose uptake (Krook et al. 2004), with a concomitant
increase in glucose-6-phosphate level, which allosterically overrides the inhibition
imposed by AMPK on GS (Luptak et al. 2007; Hunter et al. 2011) thereby increasing
glycogen synthesis (Study III, Fig 1). Defects in skeletal muscle glucose uptake and
glycogen synthesis contribute to impairments in whole-body glucose metabolism in
type 2 diabetic patients (Shulman et al. 1990; Zierath et al. 1998). Therefore, targeting
skeletal muscle specific activation of the AMPKy3 subunit can potentially improve
glucose metabolism in metabolically dysregulated condition as in diabetes and obesity.

4.3.3 Effect of AMPKy3"??°2 mutation on lipid oxidation and

mitochondrial respiration

Palmitate oxidation in EDL muscle from y3%**°? mice tended to be increased (p=0.06

vs. WT). Previously, oleate oxidation was shown to be increased in EDL muscle from
y3"*%°Q mice fed high fat diet and unaltered in muscle from mice fed a normal chow
diet (Barnes et al. 2004). Activation of AMPK is associated with increase in lipid
oxidation. This is a net result of ACC phosphorylation and inhibition by AMPK,
leading to decreased malonyl-CoA levels, that negatively regulates CPT1 activity.
Therefore, by decreasing malonyl-CoA levels, AMPK increases mitochondrial (-
oxidation (Winder et al. 1997). Glycogen content negatively regulates AMPK activity
and hence lipid oxidation in skeletal muscle (Wojtaszewski et al. 2003; Steinberg et al.
2006). Therefore, the y3***? mutation conferring increased glycogen content might
prevent an increase in basal lipid oxidation during the palmitate oxidation experiments.
The increased lipid oxidation in EDL muscle from y3%**°? mice fed a high fat diet
(Barnes et al. 2004) could imply that hyperleptinemia associated with high fat feeding
(Ahren et al. 1997) augments the effect of the y3%***? mutation on lipid oxidation.

Mitochondrial respiration was analyzed in permeabilized EDL muscles. Consistent
with palmitate oxidation, mitochondrial respiration in EDL muscle fibers was similar
between WT and y3%**°? mice (Study III, Fig 4). The AMPKy3***? mutation was
reported to increase mitochondrial biogenesis, but not mitochondrial respiration
(Garcia-Roves et al. 2008). Increased mitochondrial biogenesis is expected to increase
mitochondrial respiration. The discordance between mitochondrial biogenesis and
mitochondrial respiration could be due to the normalization method used in the
respiration experiment. As mentioned earlier, glycogen content was higher in EDL
muscle from y3%*2°? mice and therefore water content of the skeletal muscle was likely
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to be increased (MacKay et al. 1932). Consequently, when normalizing respiration data
with respect to muscle weight, the y3%***? mutant EDL muscle might have effectively
less proteins and mitochondrial complexes. This could influence the final readout of the
mitochondrial respiration data.

4.3.4 AMPK activation and obesity

Obesity and type 2 diabetes affect energy metabolism in insulin-sensitive tissues (liver,
adipose tissue and skeletal muscle). Changes in energy metabolism may subsequently
lead to defects in glucose and lipid metabolism. In the liver, metabolic dysregulation
increases triglyceride content and glucose production (Murthy et al. 1979; DeFronzo et
al. 1982; DeFronzo et al. 1985). The ability of insulin to suppress lipolysis from
adipocytes is diminished in obesity (Hickner et al. 1999). Defective glucose uptake and
glycogen synthesis in skeletal muscle is a hallmark of type 2 diabetes (Shulman et al.
1990; Zierath et al. 1998). AMPK activation can overcome several of the metabolic
disturbances in insulin sensitive tissues. AMPK activation in hepatic tissues improved
lipid and glucose metabolism (Brusq et al. 2006; Cool et al. 2006) where as in
adipocytes, lipolysis is reduced and lipogenesis is inhibited (Sullivan et al. 1994).
AMPK activation in skeletal muscle increases glucose uptake and glycogen synthesis,
with a concomitant increase in fatty acid oxidation (Merrill et al. 1997; Hunter et al.
2011). Thus, targeting AMPK sensitive pathways may offer a potential therapeutic
strategy to ameliorate metabolic abnormalities associated with type 2 diabetes and
obesity.

Skeletal muscle accounts for the majority of insulin-stimulated glucose uptake under
fed conditions (DeFronzo et al. 1982; DeFronzo et al. 1985). Whole body insulin-
mediated glucose uptake is decreased in insulin resistant and type 2 diabetic patients.
Defective insulin-stimulated GLUT4 translocation can account for reduced glucose
uptake in type 2 diabetes (Kahn et al. 1991; Kahn et al. 1992). Signaling defects at
multiple levels in the insulin signaling cascade have been implicated in defective
GLUT4 translocation to cell surface (Bjornholm et al. 1997; Vind et al. 2011).
Pharmacological and physiological approaches that activate AMPK improve glucose
uptake through increased GLUT4 levels and increased insulin-stimulated glucose
uptake (Kurth-Kraczek et al. 1999; Musi et al. 2001; Koistinen et al. 2003; O'Gorman
et al. 2006; Vind et al. 2011). Besides the above mentioned approaches, certain
mutations associated with AMPKy3 subunit results in increased glucose uptake and
skeletal muscle glycogen content (Milan et al. 2000; Barnes et al. 2004; Costford et al.
2007). Furthermore, humans bearing the AMPKy3***WY mutation in skeletal muscle
had higher mitochondrial content, oxidative capacity, glucose uptake, and glycogen
synthesis rates and reduced intramuscular triglyceride levels (Costford et al. 2007;
Crawford et al. 2010). These studies highlight the important role of AMPK in
regulating glucose homeostasis even in situations of metabolic perturbations as in type
2 diabetes and obesity.

Increased intramuscular triglyceride content is negatively correlated with skeletal
muscle insulin sensitivity in sedentary and obese individuals (Sinha et al. 2002).
AMPK activation enhances lipid metabolism in skeletal muscle (Merrill et al. 1997).
From a molecular view point, AMPK activation leads to the phosphorylation and
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subsequent inactivation of ACC (Kudo et al. 1996; Hutber et al. 1997), which leads to a
decrease in malonyl-CoA synthesis. Malonyl-CoA, by negatively regulating
mitochondrial CPT1 activity, results in reduced B-oxidation (McGarry et al. 1983;
Rasmussen et al. 2002), with a subsequent increase in long chain acyl-CoA and
triglyceride synthesis. Thus by inhibiting ACC, AMPK activation increases [-
oxidation. AMPK activation also increases mitochondrial biogenesis (Garcia-Roves et
al. 2008; Crawford et al. 2010; Koltai et al. 2012; Price et al. 2012) which, when
combined with increased P-oxidation augments the depletion of intramuscular
triglyceride stores. Thus activation of AMPK by various means offers a metabolically
favorable effect on glucose and lipid metabolism. Pathways mediated by AMPK can be
targeted to improve insulin sensitivity in metabolically dysregulated conditions as in
obesity and type 2 diabetes.

Leptin activates AMPK in skeletal muscle by direct and indirect mechanisms
(Minokoshi et al. 2002). AMPK activation by leptin subsequently leads to increase in
lipid oxidation. Leptin also has a peripheral effect to increase skeletal muscle glucose
uptake (Kamohara et al. 1997). This has potential therapeutic implications for common
forms of obesity, which is associated with leptin resistance rather than leptin deficiency
(Frederich et al. 1995). Leptin resistance is associated with lower basal metabolic rate
and reduced glucose oxidation (Niskanen et al. 1997), which in turn leads to further
weight gain. Further studies are required to address whether AMPK signaling is
affected by leptin resistance. Whether activating AMPK in the presence of leptin
resistance can confer leptin sensitivity and thereby improving insulin sensitivity also
remains to be elucidated. Studies using a combination of peripheral leptin sensitizers
and peripheral AMPK activators might open up new therapeutic strategies in the
context of obesity and leptin resistance.
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Figure 10: Regulation of whole-body energy metabolism by LepRb and AMPK signaling.
Mutation of LepRb-Tyr985 enhances whole-body insulin sensitivity. The AMPKy3"**?
mutation increases skeletal muscle glycogen content and decreases triglyceride content. Short-
term leptin treatment reduced hepatic and skeletal muscle triglyceride content in leptin deficient
mice.
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4.4 SUMMARY
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The leptin receptor plays a prominent role in the regulation of hepatic and
peripheral glucose metabolism. Attenuation of SOCS3-mediated feedback on
LepRb-Tyr985 improves insulin-mediated suppression of hepatic glucose
production. Enhanced leptin sensitivity conferred by this mechanism also improves
whole body insulin sensitivity. Strategies that can reduce SOCS3 binding at LepRb-
Tyr985 may offer a potential approach to improve leptin resistance and thereby
enhance hepatic and peripheral insulin sensitivity in the context of obesity and
insulin resistance.

Metabolic perturbations as in the leptin-deficient obese condition bring about
tissue-specific programming of mitochondrial function and dynamics. Hepatic
mitochondrial function is impaired in the absence of functional leptin action and is
not improved by short-term leptin treatment. Obesity-associated changes in
glycolytic skeletal muscle increase mitochondrial electron transport capacity.
Oxidative soleus muscle exhibits robust mitochondrial respiration, which is
unaltered by either obesity or short-term leptin treatment. Understanding the
molecular mechanisms behind these tissue-specific mitochondrial adaptations may
bridge the gap between mitochondrial function and insulin resistance, and may pave
the way for new treatments to improve insulin sensitivity.

AMPK activation by the y3"***? mutation increases skeletal muscle glycogen
content and increases skeletal muscle glucose uptake in lean insulin-sensitive mice.
The same AMPK mutation imposes a metabolically favorable milieu (increased
skeletal muscle glycogen content and reduced intramuscular triglyceride) in insulin
resistant and obese 0b/ob mice. Nevertheless, these metabolic adaptations were
insufficient to ameliorate the whole-body metabolic disturbances arising from the
life-long leptin-deficiency.
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5 CONCLUSIONS AND FUTURE PERSPECTIVES

The overall aim of this thesis was to investigate the role of central and peripheral
mechanisms regulating energy and glucose homeostasis. To address this issue, two
pathways were studied: 1) leptin receptor-mediated signaling, 2) AMPK-mediated
signaling. These signaling pathways were put in the context of insulin sensitivity and
energy homeostasis.

Studies in this thesis highlight the role of leptin receptor and AMPK signaling in the
regulation of whole-body insulin sensitivity. Furthermore, the effect of leptin treatment
on tissue-specific mitochondrial function is evaluated in the context of metabolic
disturbances associated with obesity. Results from Study I provide evidence for a role
of LepRb-Tyr985 in the regulation of hepatic glucose production and peripheral insulin
sensitivity. Binding of the negative regulator, SOCS3 to the LepRb is blocked when
Tyr985 on LepRb is mutated to Leu985 (Bjorbaek et al. 2000). Reduced binding of
SOCS3 on LepRb increases leptin sensitivity (Bjornholm et al. 2007) and thereby
enhances hepatic and peripheral insulin sensitivity, implying strategies to improve
leptin sensitivity may also increase whole-body insulin sensitivity. This has therapeutic
potential that can be utilized to address the leptin resistance observed in the common
forms of obesity. Study I, while highlighting an important role for LepRb-Tyr985 in
mediating whole-body insulin sensitivity, has not identified the insulin-sensitive tissues
responsible for mediating these actions. Future research should therefore be aimed at
identifying the tissue-specific effects of LepRb-Tyr985 mutation in mediating whole-
body insulin sensitivity. Furthermore, additional studies to explore the beneficial effects
of the LepRb-Tyr985 mutation in preventing leptin resistance and improving whole-
body insulin sensitivity in a mouse model of leptin resistance and insulin resistance
(high fat diet studies) should be performed.

Mitochondrial respiration studies of isolated tissues from ob/ob mice indicate that
tissue-specific alterations in mitochondrial function occur in the context of obesity. In
glycolytic skeletal muscle mitochondrial respiration is increased in obesity, whereas in
oxidative soleus muscle mitochondrial respiratory capacity is unaltered and
unresponsive to leptin treatment. Hepatic mitochondrial capacity is negatively affected
by obesity, whereas short-term leptin treatment partially improves hepatic steatosis in
the absence of further improvements in mitochondrial capacity. The present work
evaluating tissue-specific mitochondrial respiration in ob/ob mice highlights a neutral
role for short-term leptin treatment in correcting altered mitochondrial function in
obesity. These results indicate that the improvement in whole body insulin sensitivity
after short-term leptin treatment (Yaspelkis et al. 2001; Nagao et al. 2008; Denroche et
al. 2011) is dissociated from changes in mitochondrial respiratory capacity. Diabetes
and obesity are chronic metabolic disorders that require long-term treatment
interventions. Therefore, further studies are warranted to address whether long-term
leptin treatment affects tissue-specific mitochondrial function and whether leptin has an
effect on mitochondrial function in leptin-sensitive tissues like adipocyte or brain.

The effect of chronic AMPK activation (AMPKy3%**°?) to improve whole-body insulin
sensitivity in leptin-deficiency remains incompletely resolved. Study III provides
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evidence to suggest that skeletal muscle-specific AMPK activation improves insulin
sensitivity in a tissue-specific manner and functional leptin action is required for this
effect. The increased glycogen content in the gastrocnemius muscle from the leptin-
deficient 0b/ob-y3%***? mice indicates that leptin is not required for AMPK-mediated
glycogen synthesis. Moreover, the effect of the AMPKy3"***? mutation on glycogen
content is independent of adiposity. Intramuscular triglyceride content is also reduced
in 0b/ob-y3%***? transgenic mice, presumably due to decreased triglyceride synthesis,
since basal lipid oxidation was unaltered. However, the improvements in muscle
biochemistry arising from the AMPKy3"***? mutation are insufficient to ameliorate
whole-body insulin resistance in the leptin-deficient mice. Consequently, a
permissive amount of leptin may be required to fully confer the AMPKy3R**%
dependent improvements in skeletal muscle insulin-sensitivity. Thus, lack of central
leptin signaling in ob/ob mice may override the favorable metabolic milieu conferred
by peripheral expression of the AMPKy3%*%*? mutation to improve glucose and energy
homeostasis. The present study underscores the role of leptin in mediating whole-body
insulin sensitivity in a metabolically challenged situation as in ob/ob mice.

Collectively, the studies presented in this thesis highlight the role of two important
signaling pathways in the regulation of various aspects of glucose and lipid metabolism
from a whole body perspective. The leptin and AMPK signaling pathways were
explored to determine their beneficial effects in the context of insulin resistance.
Treatment strategies targeted at improving leptin sensitivity and skeletal muscle insulin
sensitivity via AMPK signaling may provide new opportunities for the treatment of
metabolic complications associated with diabetes and obesity.

40



6 ACKNOWLEDGEMENTS

The life as a PhD student has been a fascinating experience and it is a moment of great
pleasure for me to express my hearty gratitude to those who have helped me in the
successful completion of my PhD work.

I would like to take this opportunity to thank my primary supervisor Dr. Marie
Bjornholm for giving me guidance throughout the entire stretch of my PhD work. You
were always there to help me, especially when I ran into troubles. Thank you very
much for all your help and support.

I wish to express my deepest gratitude to Prof. Juleen Zierath my co-supervisor,
for giving me an opportunity to work in this excellent and stimulating research
environment. | learned from you that, it is not only important to do good science, but
also to communicate it effectively. Your management skills and leadership qualities
besides scientific expertise always fascinated me.

I would also like to thank my mentor, Prof. John Wahren who always found time
to listen to me and offer valuable suggestions within and beyond science. I really
appreciate your advice on the importance of balancing work and family. Meetings with
you has really helped me to overcome hurdles and motivated me to move along with
science. Thank you John, you have been a wonderful mentor.

My heartfelt thanks to Prof. Marc Gilbert for teaching me the techniques and
essence of microsurgery. I learned from you the importance of being organized and
efficient on the surgical table. I would also like to acknowledge Prof. Anna Krook for
all your positive energy and always being approachable and Docent Alexander Chibalin
for your valuable discussions in science and beyond. Special thanks to Docent Dana
Galuska for all the help with ethical applications, Arja Kants our administrator, for all
your help.

I thank Docent Lubna Al-Khalili for being such a great person, always pleasant
and giving positive energy, Dr. Stefan Nobel for being a wonderful person and also for
organizing SRP-Diabetes meetings which were always a great source of knowledge for
me. My deepest gratitude to my office mates, Dr. Boubacar Benziane for your great
friendship, help with apartment moving and for the tips and tricks in Western blot
analysis, Dr. Thais De Castro Barbosa for being a great friend, Rasmus Sjogren for
being a nice chap and always being helpful with our collaborative projects and
Leonidas Lundell for your scientific jokes and discussions, you guys make our room a
pleasant place to work.

Special thanks to Dr. Qunfeng Jiang (Lake) for being a very good friend, always
cool and helpful, Dr. Julie Massart for your friendship and all your support, Dr.
Henriette Kirchner for being a great friend and for extending your help that goes
beyond science, Isabelle Riedl for being a very sincere friend and for your guidance in
running, Dr Hakan Karlsson for being such a nice guy, for your great friendship and
interesting discussions in science. I would also like to thank Dr. Megan Osler for all the
good times and social parties, Torbjorn Morein for our wonderful time during oxygraph
experiments and also for all your help, Ann-Marie Pettersson for a great and relaxing
time with all our animal experiments, Katrin Bergdahl and Eva Palmer for all your
help.

My special thanks to present colleagues in lab, Dr. Mutsumi Katayama, Dr.
Jonathan Mudry, Dr. Lauréne Vetterli, Dr. Carolina Nylén, David Gray Lassiter, Keith

41



Daniell, Milena Schonke, Petter Alm, Dr. Melissa Borg, Dr. Max Ruby and Dr. Ulrika
Widegren for your kind support and help. This acknowledgement section will be
incomplete if I miss Mrs. Margareta Svedlund. You are such a wonderful, loving and
caring person. My initial days in Stockholm could have been very difficult without your
generous help.

My sincere gratitude to all my former colleagues and friends, Dr. Pablo Garcia-
Roves for a wonderful friendship and being a great person to work with, special thanks
for teaching me the fundamentals of CLAMS and also for helping me with fine tuning
of my muscle dissection skills, Dr. Atul Deshmukh for being a great friend, for all our
collaborative works and teaching me the management of glucose transport experiments,
Dr. Sameer Kulkarni for your sincere friendship, for all the good times that we spend
together and for all your support and help, Dr. Ferenc Szekeres for your great help with
many things, for being a good friend and for the great times during our clamp
experiments, Dr. Fredirick Mashili for a wonderful friendship and valuable discussions
that we shared in science and Photoshop, Dr. Maria Holmstrom for being a great
colleague and for teaching me oxygraph technique, Dr. Louise Manneras Holm for a
great friendship, collaborative work, always helping nature and for the good times
during our clamp experiments, Dr. Emmani Nascimento for always being helpful and
your positive and cheerful attitude, Dr. Hanneke Boon, Dr. Jie Yan, Dr. Firoozeh
Salehzadeh, Dr. Elaine Vieira, Dr. Peter Sogard, Dr. Anna Rune, Dr. Brendan Egan,
Dr. Daniella Guimaraes, Dr. Dorit Schleinitz, Docent Inger Kuhn, Dr. Naoki Miyoshi,
Dr. Niclas Franck, Dr. Reginald Austin, Dr Romain Barrés, Dr Sergej Pirkmajer, Dr
Stephan Glund for your great help and support.

My sincere thanks to all the personnel at the animal department, especially to
Melinda Verriere and Susanne Johansson, and also to the administrative staff at the
Dept. of Molecular Medicine and Surgery.

I would also like to take this opportunity to thank my teachers who helped me to
love science and my Professors during my B.Pharm and M.Pharm. Special thanks to
my supervisors Prof. N Gopalan Kutty and Prof. C Mallikarjuna Rao who were always
there throughout my professional career. My growth so far could not have been
possible without your blessings. Special thanks to all my wonderful friends inside and
outside Karolinska Institutet, Dr. Jorge Ruas, Dr. Gustavo Nader, Dr. Ferdinand
Walden, Chang Liu, Jorge Correia, Dr. Vicente Martinez, Leandro Agudelo, Dr.
Amanda T Pettersson, Manizheh Izadi, Mei Li, Dr Katharina Jenniches, Devesh, Dr.
Senthil, Dr. Vivek, Sonal, Nilesh, Dr. Vijay, Dr. Jai, Rathan and Sherin.

Finally I would like to thank my family, my Pappa and Amma for being there
with me in all walks of my life. Your prayers and blessings were always a great
strength for me. I owe you for what I am today. To Josh my brother and Anju, thank
you very much for all the love, prayers and support throughout my life. I am grateful to
Daddy, Mummy, Sony, Jisha and Abel for all your prayers and encouragement. My
wife Sini, you are indeed a great person whom I admire for being able to manage
family and work. You always made sure that my work is going smoothly and took care
of Julia, our little one. I thank you for all your love and support. Julia my little one,
your smile was an inspiration for me and you always understood and act according to
the situations. Thank you for being a great and wonderful daughter.

42



7 REFERENCES

Adrian, T. E., J. M. Allen, S. R. Bloom, M. A. Ghatei, M. N. Rossor, G. W. Roberts, T.
J. Crow, K. Tatemoto and J. M. Polak (1983). "Neuropeptide Y distribution in human
brain." Nature 306(5943): 584-586.

Ahren, B., S. Mansson, R. L. Gingerich and P. J. Havel (1997). "Regulation of plasma
leptin in mice: influence of age, high-fat diet, and fasting." Am J Physiol 273(1 Pt 2):
R113-120.

Aiston, S. and L. Agius (1999). "Leptin enhances glycogen storage in hepatocytes by
inhibition of phosphorylase and exerts an additive effect with insulin." Diabetes 48(1):
15-20.

Alberti, K. G. and P. Z. Zimmet (1998). "Definition, diagnosis and classification of
diabetes mellitus and its complications. Part 1: diagnosis and classification of diabetes
mellitus provisional report of a WHO consultation." Diabet Med 15(7): 539-553.

Aleksandrova, K., K. Nimptsch and T. Pischon (2013). "Influence of Obesity and
Related Metabolic Alterations on Colorectal Cancer Risk." Curr Nutr Rep 2(1): 1-9.

Amat, R., A. Planavila, S. L. Chen, R. Iglesias, M. Giralt and F. Villarroya (2009).
"SIRT1 controls the transcription of the peroxisome proliferator-activated receptor-
gamma Co-activator-1lalpha (PGC-1lalpha) gene in skeletal muscle through the PGC-
lalpha autoregulatory loop and interaction with MyoD." J Biol Chem 284(33): 21872-
21880.

Anand, B. K. and J. R. Brobeck (1951). "Hypothalamic control of food intake in rats
and cats." Yale J Biol Med 24(2): 123-140.

Anand, B. K., S. Dua and K. Shoenberg (1955). "Hypothalamic control of food intake
in cats and monkeys." J Physiol 127(1): 143-152.

Anthonsen, M. W., L. Ronnstrand, C. Wernstedt, E. Degerman and C. Holm (1998).
"Identification of novel phosphorylation sites in hormone-sensitive lipase that are

phosphorylated in response to isoproterenol and govern activation properties in vitro." J
Biol Chem 273(1): 215-221.

Aquilano, K., P. Vigilanza, S. Baldelli, B. Pagliei, G. Rotilio and M. R. Ciriolo (2010).
"Peroxisome proliferator-activated receptor gamma co-activator lalpha (PGC-lalpha)
and sirtuin 1 (SIRT1) reside in mitochondria: possible direct function in mitochondrial
biogenesis." J Biol Chem 285(28): 21590-21599.

Arase, K., D. A. York, H. Shimizu, N. Shargill and G. A. Bray (1988). "Effects of
corticotropin-releasing factor on food intake and brown adipose tissue thermogenesis in
rats." Am J Physiol Endocrinol Metab 255(3): E255-E259.

Banks, A. S., S. M. Davis, S. H. Bates and M. G. Myers, Jr. (2000). "Activation of
downstream signals by the long form of the leptin receptor." J Biol Chem 275(19):
14563-14572.

Barnes, B. R., S. Marklund, T. L. Steiler, M. Walter, G. Hjalm, V. Amarger, M.
Mahlapuu, Y. Leng, C. Johansson, D. Galuska, K. Lindgren, M. Abrink, D. Stapleton,
J. R. Zierath and L. Andersson (2004). "The 5'-AMP-activated protein kinase gamma3
isoform has a key role in carbohydrate and lipid metabolism in glycolytic skeletal
muscle." J Biol Chem 279(37): 38441-38447.

Bates, S. H., R. N. Kulkarni, M. Seifert and M. G. Myers, Jr. (2005). "Roles for leptin
receptor/STAT3-dependent and -independent signals in the regulation of glucose
homeostasis." Cell Metab 1(3): 169-178.

Baumann, H., K. K. Morella, D. W. White, M. Dembski, P. S. Bailon, H. Kim, C. F.
Lai and L. A. Tartaglia (1996). "The full-length leptin receptor has signaling
capabilities of interleukin 6-type cytokine receptors." Proc Natl Acad Sci U S A 93(16):
8374-8378.

43



Bergeron, R., J. M. Ren, K. S. Cadman, I. K. Moore, P. Perret, M. Pypaert, L. H.
Young, C. F. Semenkovich and G. I. Shulman (2001). "Chronic activation of AMP
kinase results in NRF-1 activation and mitochondrial biogenesis." Am J Physiol
Endocrinol Metab 281(6): E1340-1346.

Bergeron, R., R. R. Russell, 3rd, L. H. Young, J. M. Ren, M. Marcucci, A. Lee and G.
I. Shulman (1999). "Effect of AMPK activation on muscle glucose metabolism in
conscious rats." Am J Physiol 276(5 Pt 1): E938-944.

Bingham, N. C., K. K. Anderson, A. L. Reuter, N. R. Stallings and K. L. Parker (2008).
"Selective loss of leptin receptors in the ventromedial hypothalamic nucleus results in
increased adiposity and a metabolic syndrome." Endocrinology 149(5): 2138-2148.

Bjorbaek, C., H. J. Lavery, S. H. Bates, R. K. Olson, S. M. Davis, J. S. Flier and M. G.
Myers, Jr. (2000). "SOCS3 mediates feedback inhibition of the leptin receptor via
Tyr985." ] Biol Chem 275(51): 40649-40657.

Bjorbaek, C., H. J. Lavery, S. H. Bates, R. K. Olson, S. M. Davis, J. S. Flier and M. G.
Myers, Jr. (2000). "SOCS3 mediates feedback inhibition of the leptin receptor via
Tyr985." ] Biol Chem 275(51): 40649-40657.

Bjornholm, M., Y. Kawano, M. Lehtihet and J. R. Zierath (1997). "Insulin receptor
substrate-1 phosphorylation and phosphatidylinositol 3-kinase activity in skeletal
muscle from NIDDM subjects after in vivo insulin stimulation." Diabetes 46(3): 524-
527.

Bjornholm, M., H. Munzberg, R. L. Leshan, E. C. Villanueva, S. H. Bates, G. W.
Louis, J. C. Jones, R. Ishida-Takahashi, C. Bjorback and M. G. Myers, Jr. (2007).
"Mice lacking inhibitory leptin receptor signals are lean with normal endocrine
function." J Clin Invest 117(5): 1354-1360.

Boyer, P. D. (1997). "The ATP synthase--a splendid molecular machine." Annu Rev
Biochem 66: 717-749.

Brady, L. J., P. S. Brady, D. R. Romsos and C. L. Hoppel (1985). "Elevated hepatic
mitochondrial and peroxisomal oxidative capacities in fed and starved adult obese
(ob/ob) mice." Biochem J 231(2): 439-444.

Brusq, J. M., N. Ancellin, P. Grondin, R. Guillard, S. Martin, Y. Saintillan and M.
Issandou (2006). "Inhibition of lipid synthesis through activation of AMP kinase: an
additional mechanism for the hypolipidemic effects of berberine." J Lipid Res 47(6):
1281-1288.

Bultot, L., B. Guigas, A. Von Wilamowitz-Moellendorff, L. Maisin, D. Vertommen, N.
Hussain, M. Beullens, J. J. Guinovart, M. Foretz, B. Viollet, K. Sakamoto, L. Hue and
M. H. Rider (2012). "AMP-activated protein kinase phosphorylates and inactivates
liver glycogen synthase." Biochem J 443(1): 193-203.

Campfield, L. A., F. J. Smith, Y. Guisez, R. Devos and P. Burn (1995). "Recombinant
mouse OB protein: evidence for a peripheral signal linking adiposity and central neural
networks." Science 269(5223): 546-549.

Carling, D. (2005). "AMP-activated protein kinase: balancing the scales." Biochimie
87(1): 87-91.
Carvalheira, J. B., E. B. Ribeiro, F. Folli, L. A. Velloso and M. J. Saad (2003).

"Interaction between leptin and insulin signaling pathways differentially affects JAK-
STAT and PI 3-kinase-mediated signaling in rat liver." Biol Chem 384(1): 151-159.

Carvalheira, J. B., M. A. Torsoni, M. Ueno, M. E. Amaral, E. P. Araujo, L. A. Velloso,
J. A. Gontijo and M. J. Saad (2005). "Cross-talk between the insulin and leptin
signaling systems in rat hypothalamus." Obes Res 13(1): 48-57.

Chadt, A., K. Leicht, A. Deshmukh, L. Q. Jiang, S. Scherneck, U. Bernhardt, T. Dreja,
H. Vogel, K. Schmolz, R. Kluge, J. R. Zierath, C. Hultschig, R. C. Hoeben, A.
Schurmann, H. G. Joost and H. Al-Hasani (2008). "Tbcldl mutation in lean mouse

44



strain confers leanness and protects from diet-induced obesity." Nat Genet 40(11):
1354-1359.

Chan, A. Y., C. L. Soltys, M. E. Young, C. G. Proud and J. R. Dyck (2004).
"Activation of AMP-activated protein kinase inhibits protein synthesis associated with
hypertrophy in the cardiac myocyte." J Biol Chem 279(31): 32771-32779.

Chehab, F. F., M. E. Lim and R. Lu (1996). "Correction of the sterility defect in
homozygous obese female mice by treatment with the human recombinant leptin." Nat
Genet 12(3): 318-320.

Chen, H., O. Charlat, L. A. Tartaglia, E. A. Woolf, X. Weng, S. J. Ellis, N. D. Lakey, J.
Culpepper, K. J. Moore, R. E. Breitbart, G. M. Duyk, R. I. Tepper and J. P.
Morgenstern (1996). "Evidence that the diabetes gene encodes the leptin receptor:
identification of a mutation in the leptin receptor gene in db/db mice." Cell 84(3): 491-
495.

Chen, Z., J. Heierhorst, R. J. Mann, K. 1. Mitchelhill, B. J. Michell, L. A. Witters, G. S.
Lynch, B. E. Kemp and D. Stapleton (1999). "Expression of the AMP-activated protein
kinase betal and beta2 subunits in skeletal muscle." FEBS Lett 460(2): 343-348.

Cheung, C. C., D. K. Clifton and R. A. Steiner (1997). "Proopiomelanocortin neurons
are direct targets for leptin in the hypothalamus." Endocrinology 138(10): 4489-4492.

Chibalin, A. V., Y. Leng, E. Vieira, A. Krook, M. Bjornholm, Y. C. Long, O. Kotova,
Z. Zhong, F. Sakane, T. Steiler, C. Nylen, J. Wang, M. Laakso, M. K. Topham, M.
Gilbert, H. Wallberg-Henriksson and J. R. Zierath (2008). "Downregulation of
diacylglycerol kinase delta contributes to hyperglycemia-induced insulin resistance."
Cell 132(3): 375-386.

Clark, A., L. C. Jones, E. de Koning, B. C. Hansen and D. R. Matthews (2001).
"Decreased insulin secretion in type 2 diabetes: a problem of cellular mass or
function?" Diabetes 50 Suppl 1: S169-171.

Clarke, P. R. and D. G. Hardie (1990). "Regulation of HMG-CoA reductase:
identification of the site phosphorylated by the AMP-activated protein kinase in vitro
and in intact rat liver." EMBO J 9(8): 2439-2446.

Cohen, 1., C. Kohl, J. D. McGarry, J. Girard and C. Prip-Buus (1998). "The N-terminal
Domain of Rat Liver Carnitine Palmitoyltransferase 1 Mediates Import into the Outer
Mitochondrial Membrane and Is Essential for Activity and Malonyl-CoA Sensitivity." J
Biol Chem 273(45): 29896-29904.

Cohen, P., M. Miyazaki, N. D. Socci, A. Hagge-Greenberg, W. Liedtke, A. A. Soukas,
R. Sharma, L. C. Hudgins, J. M. Ntambi and J. M. Friedman (2002). "Role for stearoyl-
CoA desaturase-1 in leptin-mediated weight loss." Science 297(5579): 240-243.

Coleman, D. L. (1973). "Effects of parabiosis of obese with diabetes and normal mice."
Diabetologia 9(4): 294-298.

Coleman, D. L. and K. P. Hummel (1969). "Effects of parabiosis of normal with
genetically diabetic mice." Am J Physiol 217(5): 1298-1304.

Comuzzie, A. G., J. E. Hixson, L. Almasy, B. D. Mitchell, M. C. Mahaney, T. D. Dyer,
M. P. Stern, J. W. MacCluer and J. Blangero (1997). "A major quantitative trait locus
determining serum leptin levels and fat mass is located on human chromosome 2." Nat
Genet 15(3): 273-276.

Cool, B., B. Zinker, W. Chiou, L. Kifle, N. Cao, M. Perham, R. Dickinson, A. Adler,
G. Gagne, R. Iyengar, G. Zhao, K. Marsh, P. Kym, P. Jung, H. S. Camp and E. Frevert
(2006). "Identification and characterization of a small molecule AMPK activator that
treats key components of type 2 diabetes and the metabolic syndrome." Cell Metab
3(6): 403-416.

Corton, J. M., J. G. Gillespie and D. G. Hardie (1994). "Role of the AMP-activated
protein kinase in the cellular stress response." Curr Biol 4(4): 315-324.

45



Costford, S. R., N. Kavaslar, N. Ahituv, S. N. Chaudhry, W. S. Schackwitz, R. Dent, L.
A. Pennacchio, R. McPherson and M. E. Harper (2007). "Gain-of-function R225W
mutation in human AMPKgamma(3) causing increased glycogen and decreased
triglyceride in skeletal muscle." PLoS One 2(9): €903.

Cowley, M. A., N. Pronchuk, W. Fan, D. M. Dinulescu, W. F. Colmers and R. D. Cone
(1999). "Integration of NPY, AGRP, and melanocortin signals in the hypothalamic
paraventricular nucleus: evidence of a cellular basis for the adipostat." Neuron 24(1):
155-163.

Cowley, M. A., J. L. Smart, M. Rubinstein, M. G. Cerdan, S. Diano, T. L. Horvath, R.
D. Cone and M. J. Low (2001). "Leptin activates anorexigenic POMC neurons through
a neural network in the arcuate nucleus." Nature 411(6836): 480-484.

Crawford, S. A., S. R. Costford, C. Aguer, S. C. Thomas, R. A. deKemp, J. N. DaSilva,
D. Lafontaine, M. Kendall, R. Dent, R. S. Beanlands, R. McPherson and M. E. Harper
(2010). "Naturally occurring R225W mutation of the gene encoding AMP-activated
protein kinase (AMPK)gamma(3) results in increased oxidative capacity and glucose
uptake in human primary myotubes." Diabetologia 53(9): 1986-1997.

Cross, D. A., D. R. Alessi, P. Cohen, M. Andjelkovich and B. A. Hemmings (1995).
"Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B."
Nature 378(6559): 785-7809.

Cuendet, G. S., E. G. Loten, B. Jeanrenaud and A. E. Renold (1976). "Decreased basal,
noninsulin-stimulated glucose uptake and metabolism by skeletal soleus muscle
isolated from obese-hyperglycemic (ob/ob) mice." J Clin Invest 58(5): 1078-1088.

Davies, S. P., S. A. Hawley, A. Woods, D. Carling, T. A. Haystead and D. G. Hardie
(1994). "Purification of the AMP-activated protein kinase on ATP-gamma-sepharose
and analysis of its subunit structure." Eur J Biochem 223(2): 351-357.

Davies, S. P., N. R. Helps, P. T. Cohen and D. G. Hardie (1995). "5-AMP inhibits
dephosphorylatlon as well as promoting phosphorylation, of the AMP-activated
protein kinase. Studies using bacterially expressed human protein phosphatase-2C
alpha and native bovine protein phosphatase-2AC." FEBS Lett 377(3): 421-425.

De Feyter, H. M., N. M. van den Broek, S. F. Praet, K. Nicolay, L. J. van Loon and J. J.
Prompers (2008). "Early or advanced stage type 2 diabetes is not accompanied by in
vivo skeletal muscle mitochondrial dysfunction." Eur J Endocrinol 158(5): 643-653.

DeFronzo, R. A. (1988). "Lilly lecture 1987. The triumvirate: beta-cell, muscle, liver. A
collusion responsible for NIDDM." Diabetes 37(6): 667-687.

DeFronzo, R. A., R. Gunnarsson, O. Bjorkman, M. Olsson and J. Wahren (1985).
"Effects of insulin on peripheral and splanchnic glucose metabolism in noninsulin-
dependent (type II) diabetes mellitus." J Clin Invest 76(1): 149-155.

DeFronzo, R. A., D. Simonson and E. Ferrannini (1982). "Hepatic and peripheral
insulin resistance: a common feature of type 2 (non-insulin-dependent) and type 1
(insulin-dependent) diabetes mellitus." Diabetologia 23(4): 313-319.

DeFronzo, R. A., J. D. Tobin and R. Andres (1979). "Glucose clamp technique: a
method for quantifying insulin secretion and resistance." Am J Physiol 237(3): E214-
223.

DeFronzo, R. A. and D. Tripathy (2009). "Skeletal muscle insulin resistance is the
primary defect in type 2 diabetes." Diabetes Care 32 Suppl 2: S157-163.

Denroche, H. C., J. Levi, R. D. Wideman, R. M. Sequeira, F. K. Huynh, S. D. Covey
and T. J. Kieffer (2011). "Leptin therapy reverses hyperglycemia in mice with
streptozotocin-induced diabetes, independent of hepatic leptin signaling." Diabetes
60(5): 1414-1423.

Eisenberg, B. R. and A. M. Kuda (1975). "Stereological analysis of mammalian
skeletal muscle. II. White vastus muscle of the adult guinea pig." J Ultrastruct Res
51(2): 176-187.

46



Eisenberg, B. R. and A. M. Kuda (1976). "Discrimination between fiber populations in
mammalian skeletal muscle by using ultrastructural parameters." J Ultrastruct Res
54(1): 76-88.

Elefteriou, F., J. D. Ahn, S. Takeda, M. Starbuck, X. Yang, X. Liu, H. Kondo, W. G.
Richards, T. W. Bannon, M. Noda, K. Clement, C. Vaisse and G. Karsenty (2005).
"Leptin regulation of bone resorption by the sympathetic nervous system and CART."
Nature 434(7032): 514-520.

Emilsson, V., Y. L. Liu, M. A. Cawthorne, N. M. Morton and M. Davenport (1997).
"Expression of the functional leptin receptor mRNA in pancreatic islets and direct
inhibitory action of leptin on insulin secretion." Diabetes 46(2): 313-316.

Esposito, K., P. Chiodini, A. Capuano, G. Bellastella, M. 1. Maiorino and D. Giugliano
(2013). "Metabolic syndrome and endometrial cancer: a meta-analysis." Endocrine.

Falkenberg, M., N. G. Larsson and C. M. Gustafsson (2007). "DNA replication and
transcription in mammalian mitochondria." Annu Rev Biochem 76: 679-699.

Fernandez-Vizarra, E., J. A. Enriquez, A. Perez-Martos, J. Montoya and P. Fernandez-
Silva (2011). "Tissue-specific differences in mitochondrial activity and biogenesis."
Mitochondrion 11(1): 207-213.

Ferreira, F. M., C. M. Palmeira, R. Seica, A. J. Moreno and M. S. Santos (2003).
"Diabetes and mitochondrial bioenergetics: alterations with age." J Biochem Mol
Toxicol 17(4): 214-222.

Ferreira, F. M., C. M. Palmeira, R. Seica and M. S. Santos (1999). "Alterations of liver
mitochondrial bioenergetics in diabetic Goto-Kakizaki rats." Metabolism 48(9): 1115-
1119.

Fisher, R. P. and D. A. Clayton (1988). "Purification and characterization of human
mitochondrial transcription factor 1." Mol Cell Biol 8(8): 3496-3509.

Fisher, R. P., T. Lisowsky, M. A. Parisi and D. A. Clayton (1992). "DNA wrapping and
bending by a mitochondrial high mobility group-like transcriptional activator protein."
J Biol Chem 267(5): 3358-3367.

Fleischmann, M. and P. B. Iynedjian (2000). "Regulation of sterol regulatory-element
binding protein 1 gene expression in liver: role of insulin and protein kinase B/cAkt."
Biochem J 349(Pt 1): 13-17.

Foretz, M., C. Pacot, . Dugail, P. Lemarchand, C. Guichard, X. Le Liepvre, C.
Berthelier-Lubrano, B. Spiegelman, J. B. Kim, P. Ferre and F. Foufelle (1999).
"ADD1/SREBP-I1c is required in the activation of hepatic lipogenic gene expression by
glucose." Mol Cell Biol 19(5): 3760-3768.

Frederich, R. C., A. Hamann, S. Anderson, B. Lollmann, B. B. Lowell and J. S. Flier
(1995). "Leptin levels reflect body lipid content in mice: evidence for diet-induced
resistance to leptin action." Nat Med 1(12): 1311-1314.

Fryer, L. G., A. Parbu-Patel and D. Carling (2002). "The Anti-diabetic drugs
rosiglitazone and metformin stimulate AMP-activated protein kinase through distinct
signaling pathways." J Biol Chem 277(28): 25226-25232.

Gagnon, J., T. T. Kurowski, R. J. Wiesner and R. Zak (1991). "Correlations between a
nuclear and a mitochondrial mRNA of cytochrome ¢ oxidase subunits, enzymatic
activity and total mRNA content, in rat tissues." Mol Cell Biochem 107(1): 21-29.

Garcia-Roves, P., J. M. Huss, D. H. Han, C. R. Hancock, E. Iglesias-Gutierrez, M.
Chen and J. O. Holloszy (2007). "Raising plasma fatty acid concentration induces
increased biogenesis of mitochondria in skeletal muscle." Proc Natl Acad Sci U S A
104(25): 10709-10713.

Garcia-Roves, P. M., M. E. Osler, M. H. Holmstrom and J. R. Zierath (2008). "Gain-of-
function R225Q mutation in AMP-activated protein kinase gamma3 subunit increases
mitochondrial biogenesis in glycolytic skeletal muscle." J Biol Chem 283(51): 35724-
35734.

47



Garcia-Ruiz, 1., C. Rodriguez-Juan, T. Diaz-Sanjuan, M. A. Martinez, T. Munoz-Yague
and J. A. Solis-Herruzo (2007). "Effects of rosiglitazone on the liver histology and
mitochondrial function in ob/ob mice." Hepatology 46(2): 414-423.

German, J., F. Kim, G. J. Schwartz, P. J. Havel, C. J. Rhodes, M. W. Schwartz and G.
J. Morton (2009). "Hypothalamic leptin signaling regulates hepatic insulin sensitivity
via a neurocircuit involving the vagus nerve." Endocrinology 150(10): 4502-4511.

Ghilardi, N. and R. C. Skoda (1997). "The leptin receptor activates janus kinase 2 and
signals for proliferation in a factor-dependent cell line." Mol Endocrinol 11(4): 393-
399.

Gong, Y., R. Ishida-Takahashi, E. C. Villanueva, D. C. Fingar, H. Munzberg and M. G.
Myers, Jr. (2007). "The long form of the leptin receptor regulates STATS and
ribosomal protein S6 via alternate mechanisms." J Biol Chem 282(42): 31019-31027.

Gormand, A., E. Henriksson, K. Strom, T. E. Jensen, K. Sakamoto and O. Goransson
(2011). "Regulation of AMP-activated protein kinase by LKBI1 and CaMKK in
adipocytes." J Cell Biochem 112(5): 1364-1375.

Griffin, M. E., M. J. Marcucci, G. W. Cline, K. Bell, N. Barucci, D. Lee, L. J.
Goodyear, E. W. Kraegen, M. F. White and G. I. Shulman (1999). "Free fatty acid-
induced insulin resistance is associated with activation of protein kinase C theta and
alterations in the insulin signaling cascade." Diabetes 48(6): 1270-1274.

Guillausseau, P. J., T. Meas, M. Virally, M. Laloi-Michelin, V. Medeau and J. P.
Kevorkian (2008). "Abnormalities in insulin secretion in type 2 diabetes mellitus."
Diabetes Metab 34 Suppl 2: S43-48.

Haeusler, R. A., K. H. Kaestner and D. Accili (2010). "FoxOs function synergistically
to promote glucose production." J Biol Chem 285(46): 35245-35248.

Hagerhall, C. (1997). "Succinate: quinone oxidoreductases. Variations on a conserved
theme." Biochim Biophys Acta 1320(2): 107-141.

Hakansson, M. L., A. L. Hulting and B. Meister (1996). "Expression of leptin receptor
mRNA in the hypothalamic arcuate nucleus--relationship with NPY neurones."
Neuroreport 7(18): 3087-3092.

Halaas, J. L., K. S. Gajiwala, M. Maffei, S. L. Cohen, B. T. Chait, D. Rabinowitz, R. L.
Lallone, S. K. Burley and J. M. Friedman (1995). "Weight-reducing effects of the
plasma protein encoded by the obese gene." Science 269(5223): 543-546.

Halseth, A. E., N. J. Ensor, T. A. White, S. A. Ross and E. A. Gulve (2002). "Acute and
chronic treatment of ob/ob and db/db mice with AICAR decreases blood glucose
concentrations." Biochem Biophys Res Commun 294(4): 798-805.

Hancock, C. R., D. H. Han, M. Chen, S. Terada, T. Yasuda, D. C. Wright and J. O.
Holloszy (2008). "High-fat diets cause insulin resistance despite an increase in muscle
mitochondria." Proc Natl Acad Sci U S A 105(22): 7815-7820.

Hansen, P. A., E. A. Gulve and J. O. Holloszy (1994). "Suitability of 2-deoxyglucose
for in vitro measurement of glucose transport activity in skeletal muscle." J Appl
Physiol 76(2): 979-985.

Hardie, D. G. and D. Carling (1997). "The AMP-activated protein kinase--fuel gauge of
the mammalian cell?" Eur J Biochem 246(2): 259-273.

Harris, R. B. (1998). "Acute and chronic effects of leptin on glucose utilization in lean
mice." Biochem Biophys Res Commun 245(2): 502-509.

Harris, T. E. and J. C. Lawrence, Jr. (2003). "TOR signaling." Sci STKE 2003(212):
rels5.

Harrold, J. A., P. S. Widdowson and G. Williams (1999). "Altered energy balance
causes selective changes in melanocortin-4(MC4-R), but not melanocortin-3 (MC3-R),
receptors in specific hypothalamic regions: further evidence that activation of MC4-R
is a physiological inhibitor of feeding." Diabetes 48(2): 267-271.

48



Hawley, S. A., D. A. Pan, K. J. Mustard, L. Ross, J. Bain, A. M. Edelman, B. G.
Frenguelli and D. G. Hardie (2005). "Calmodulin-dependent protein kinase kinase-beta
is an alternative upstream kinase for AMP-activated protein kinase." Cell Metab 2(1):
9-19.

Hawley, S. A., M. A. Selbert, E. G. Goldstein, A. M. Edelman, D. Carling and D. G.
Hardie (1995). "5'-AMP activates the AMP-activated protein kinase cascade, and
Ca2+/calmodulin activates the calmodulin-dependent protein kinase I cascade, via three
independent mechanisms." J Biol Chem 270(45): 27186-27191.

Hayashi, T., M. F. Hirshman, N. Fujii, S. A. Habinowski, L. A. Witters and L. J.
Goodyear (2000). "Metabolic stress and altered glucose transport: activation of AMP-
activated protein kinase as a unifying coupling mechanism." Diabetes 49(4): 527-531.

Hervey, G. R. (1959). "The effects of lesions in the hypothalamus in parabiotic rats." J
Physiol 145(2): 336-352.

Hetherington, A. W. a. R., S. W (1940). "Hypothalamic lesions and adiposity in the
rat." Anat. Rec 78: 149-172.

Hickner, R. C., S. B. Racette, E. F. Binder, J. S. Fisher and W. M. Kohrt (1999).
"Suppression of whole body and regional lipolysis by insulin: effects of obesity and
exercise." J Clin Endocrinol Metab 84(11): 3886-3895.

Holmstrom, M. H., E. Iglesias-Gutierrez, J. R. Zierath and P. M. Garcia-Roves (2012).
"Tissue-specific control of mitochondrial respiration in obesity-related insulin
resistance and diabetes." Am J Physiol Endocrinol Metab 302(6): E731-739.

Hong, S. P., F. C. Leiper, A. Woods, D. Carling and M. Carlson (2003). "Activation of
yeast Snfl and mammalian AMP-activated protein kinase by upstream kinases." Proc
Natl Acad Sci U S A 100(15): 8839-8843.

Hotamisligil, G., N. Shargill and B. Spiegelman (1993). "Adipose expression of tumor
necrosis factor-alpha: direct role in obesity-linked insulin resistance." Science
259(5091): 87-91.

Hotamisligil, G. S., P. Peraldi, A. Budavari, R. Ellis, M. F. White and B. M.
Spiegelman (1996). "IRS-1-Mediated Inhibition of Insulin Receptor Tyrosine Kinase
Activity in TNF-a- and Obesity-Induced Insulin Resistance." Science 271(5249): 665-
670.

Howard, J. K., B. J. Cave, L. J. Oksanen, I. Tzameli, C. Bjorbaek and J. S. Flier (2004).
"Enhanced leptin sensitivity and attenuation of diet-induced obesity in mice with
haploinsufficiency of Socs3." Nat Med 10(7): 734-738.

Huang, W., N. Dedousis, A. Bandi, G. D. Lopaschuk and R. M. O'Doherty (20006).
"Liver triglyceride secretion and lipid oxidative metabolism are rapidly altered by
leptin in vivo." Endocrinology 147(3): 1480-1487.

Hue, L. and H. Taegtmeyer (2009). "The Randle cycle revisited: a new head for an old
hat." Am J Physiol Endocrinol Metab 297(3): E578-591.

Hunter, R. W., J. T. Treebak, J. F. Wojtaszewski and K. Sakamoto (2011). "Molecular
mechanism by which AMP-activated protein kinase activation promotes glycogen
accumulation in muscle." Diabetes 60(3): 766-774.

Hutber, C. A., D. G. Hardie and W. W. Winder (1997). "Electrical stimulation
inactivates muscle acetyl-CoA carboxylase and increases AMP-activated protein
kinase." Am J Physiol 272(2 Pt 1): E262-266.

Ingebritsen, T. S., H. S. Lee, R. A. Parker and D. M. Gibson (1978). "Reversible
modulation of the activities of both liver microsomal hydroxymethylglutaryl coenzyme
A reductase and its inactivating enzyme. Evidence for regulation by phosphorylation-
dephosphorylation." Biochem Biophys Res Commun 81(4): 1268-1277.

Jessen, N., R. Pold, E. S. Buhl, L. S. Jensen, O. Schmitz and S. Lund (2003). "Effects
of AICAR and exercise on insulin-stimulated glucose uptake, signaling, and GLUT-4
content in rat muscles." J Appl Physiol 94(4): 1373-1379.

49




Johnson, J. A., S. Calo, L. Nair, H. B. IglayReger, M. Greenwald-Yarnell, J. Skorupski,
M. G. Myers, Jr. and P. F. Bodary (2012). "Testosterone interacts with the feedback
mechanisms engaged by Tyr985 of the leptin receptor and diet-induced obesity." J
Steroid Biochem Mol Biol 132(3-5): 212-219.

Kahn, B. B., A. S. Rosen, J. F. Bak, P. H. Andersen, P. Damsbo, S. Lund and O.
Pedersen (1992). "Expression of GLUT1 and GLUT4 glucose transporters in skeletal
muscle of humans with insulin-dependent diabetes mellitus: regulatory effects of
metabolic factors." J Clin Endocrinol Metab 74(5): 1101-1109.

Kahn, B. B., L. Rossetti, H. F. Lodish and M. J. Charron (1991). "Decreased in vivo
glucose uptake but normal expression of GLUT1 and GLUT4 in skeletal muscle of
diabetic rats." J Clin Invest 87(6): 2197-2206.

Kamohara, S., R. Burcelin, J. L. Halaas, J. M. Friedman and M. J. Charron (1997).
"Acute stimulation of glucose metabolism in mice by leptin treatment." Nature
389(6649): 374-377.

Karlsson, H. K., J. R. Zierath, S. Kane, A. Krook, G. E. Lienhard and H. Wallberg-
Henriksson (2005). "Insulin-stimulated phosphorylation of the Akt substrate AS160 is
impaired in skeletal muscle of type 2 diabetic subjects." Diabetes 54(6): 1692-1697.

Kassi, E., P. Pervanidou, G. Kaltsas and G. Chrousos (2011). "Metabolic syndrome:
definitions and controversies." BMC Med 9: 48.

Kaushik, V. K., M. E. Young, D. J. Dean, T. G. Kurowski, A. K. Saha and N. B.
Ruderman (2001). "Regulation of fatty acid oxidation and glucose metabolism in rat
soleus muscle: effects of AICAR." Am J Physiol Endocrinol Metab 281(2): E335-340.

Kelley, D. E., J. He, E. V. Menshikova and V. B. Ritov (2002). "Dysfunction of
mitochondria in human skeletal muscle in type 2 diabetes." Diabetes 51(10): 2944-
2950.

Kelly, M. T., J. M. Wallace, P. J. Robson, K. L. Rennie, R. W. Welch, M. P. Hannon-
Fletcher, S. Brennan, A. Fletcher and M. B. Livingstone (2009). "Increased portion size
leads to a sustained increase in energy intake over 4 d in normal-weight and overweight
men and women." Br J Nutr 102(3): 470-477.

Kennedy, G. C. (1953). "The role of depot fat in the hypothalamic control of food
intake in the rat." Proc R Soc Lond B Biol Sci 140(901): 578-596.

Khan, A., S. Narangoda, B. Ahren, C. Holm, F. Sundler and S. Efendic (2001). "Long-
term leptin treatment of ob/ob mice improves glucose-induced insulin secretion.”" Int J
Obes Relat Metab Disord 25(6): 816-821.

Kieffer, T. J., R. S. Heller, C. A. Leech, G. G. Holz and J. F. Habener (1997). "Leptin
suppression of insulin secretion by the activation of ATP-sensitive K+ channels in
pancreatic beta-cells." Diabetes 46(6): 1087-1093.

Kievit, P., J. K. Howard, M. K. Badman, N. Balthasar, R. Coppari, H. Mori, C. E. Lee,
J. K. Elmquist, A. Yoshimura and J. S. Flier (2006). "Enhanced leptin sensitivity and
improved glucose homeostasis in mice lacking suppressor of cytokine signaling-3 in
POMC-expressing cells." Cell Metab 4(2): 123-132.

Kim, M. S., C. J. Small, S. A. Stanley, D. G. Morgan, L. J. Seal, W. M. Kong, C. M.
Edwards, S. Abusnana, D. Sunter, M. A. Ghatei and S. R. Bloom (2000). "The central
melanocortin system affects the hypothalamo-pituitary thyroid axis and may mediate
the effect of leptin." J Clin Invest 105(7): 1005-1011.

Kissebah, A. H. and G. R. Krakower (1994). "Regional adiposity and morbidity."
Physiol Rev 74(4): 761-811.

Kitamura, T., Y. Kitamura, S. Kuroda, Y. Hino, M. Ando, K. Kotani, H. Konishi, H.
Matsuzaki, U. Kikkawa, W. Ogawa and M. Kasuga (1999). "Insulin-induced
phosphorylation and activation of cyclic nucleotide phosphodiesterase 3B by the serine-
threonine kinase Akt." Mol Cell Biol 19(9): 6286-6296.

50



Kohn, A. D., S. A. Summers, M. J. Birnbaum and R. A. Roth (1996). "Expression of a
constitutively active Akt Ser/Thr kinase in 3T3-L1 adipocytes stimulates glucose
uptake and glucose transporter 4 translocation." J Biol Chem 271(49): 31372-31378.

Koistinen, H. A., D. Galuska, A. V. Chibalin, J. Yang, J. R. Zierath, G. D. Holman and
H. Wallberg-Henriksson (2003). "5-amino-imidazole carboxamide riboside increases
glucose transport and cell-surface GLUT4 content in skeletal muscle from subjects with
type 2 diabetes." Diabetes 52(5): 1066-1072.

Koltai, E., N. Hart, A. W. Taylor, S. Goto, J. K. Ngo, K. J. Davies and Z. Radak
(2012). "Age-associated declines in mitochondrial biogenesis and protein quality
control factors are minimized by exercise training." Am J Physiol Regul Integr Comp
Physiol 303(2): R127-134.

Konner, A. C., R. Janoschek, L. Plum, S. D. Jordan, E. Rother, X. Ma, C. Xu, P.
Enriori, B. Hampel, G. S. Barsh, C. R. Kahn, M. A. Cowley, F. M. Ashcroft and J. C.
Bruning (2007). "Insulin action in AgRP-expressing neurons is required for suppression
of hepatic glucose production." Cell Metab 5(6): 438-449.

Kristensen, P., M. E. Judge, L. Thim, U. Ribel, K. N. Christjansen, B. S. Wulff, J. T.
Clausen, P. B. Jensen, O. D. Madsen, N. Vrang, P. J. Larsen and S. Hastrup (1998).
"Hypothalamic CART is a new anorectic peptide regulated by leptin." Nature
393(6680): 72-76.

Krook, A., H. Wallberg-Henriksson and J. R. Zierath (2004). "Sending the signal:
molecular mechanisms regulating glucose uptake." Med Sci Sports Exerc 36(7): 1212-
1217.

Kudo, N., J. G. Gillespie, L. Kung, L. A. Witters, R. Schulz, A. S. Clanachan and G. D.
Lopaschuk (1996). "Characterization of 5'AMP-activated protein kinase activity in the
heart and its role in inhibiting acetyl-CoA carboxylase during reperfusion following
ischemia." Biochim Biophys Acta 1301(1-2): 67-75.

Kulkosky, P. J., G. W. Glazner, H. D. Moore, C. A. Low and S. C. Woods (1988).
"Neuropeptide Y: behavioral effects in the golden hamster." Peptides 9(6): 1389-1393.

Kurth-Kraczek, E. J., M. F. Hirshman, L. J. Goodyear and W. W. Winder (1999). "5'
AMP-activated protein kinase activation causes GLUT4 translocation in skeletal
muscle." Diabetes 48(8): 1667-1671.

Kuznetsov, A. V., V. Veksler, F. N. Gellerich, V. Saks, R. Margreiter and W. S. Kunz
(2008). "Analysis of mitochondrial function in situ in permeabilized muscle fibers,
tissues and cells." Nat Protoc 3(6): 965-976.

Landin, K., P. Lonnroth, M. Krotkiewski, G. Holm and U. Smith (1990). "Increased
insulin resistance and fat cell lipolysis in obese but not lean women with a high
waist/hip ratio." Eur J Clin Invest 20(5): 530-535.

Larance, M., G. Ramm, J. Stockli, E. M. van Dam, S. Winata, V. Wasinger, F.
Simpson, M. Graham, J. R. Junutula, M. Guilhaus and D. E. James (2005).
"Characterization of the role of the Rab GTPase-activating protein AS160 in insulin-
regulated GLUT4 trafficking." J Biol Chem 280(45): 37803-37813.

Leavens, K. F., R. M. Easton, G. I. Shulman, S. F. Previs and M. J. Birnbaum (2009).
"Akt2 is required for hepatic lipid accumulation in models of insulin resistance." Cell
Metab 10(5): 405-418.

Lee, G. H., R. Proenca, J. M. Montez, K. M. Carroll, J. G. Darvishzadeh, J. I. Lee and
J. M. Friedman (1996). "Abnormal splicing of the leptin receptor in diabetic mice."
Nature 379(6566): 632-635.

Leinninger, G. M., Y. H. Jo, R. L. Leshan, G. W. Louis, H. Yang, J. G. Barrera, H.
Wilson, D. M. Opland, M. A. Faouzi, Y. Gong, J. C. Jones, C. J. Rhodes, S. Chua, Jr.,
S. Diano, T. L. Horvath, R. J. Seeley, J. B. Becker, H. Munzberg and M. G. Myers, Jr.
(2009). "Leptin acts via leptin receptor-expressing lateral hypothalamic neurons to
modulate the mesolimbic dopamine system and suppress feeding." Cell Metab 10(2):
89-98.

51



Levin, N., C. Nelson, A. Gurney, R. Vandlen and F. de Sauvage (1996). "Decreased
food intake does not completely account for adiposity reduction after ob protein
infusion." Proc Natl Acad Sci U S A 93(4): 1726-1730.

Li, J., P. Jiang, M. Robinson, T. S. Lawrence and Y. Sun (2003). "AMPK-betal subunit
is a p53-independent stress responsive protein that inhibits tumor cell growth upon
forced expression." Carcinogenesis 24(5): 827-834.

Li, Y., T.J. Soos, X. Li, J. Wu, M. DeGennaro, X. Sun, D. R. Littman, M. J. Birnbaum
and R. D. Polakiewicz (2004). "Protein Kinase C 0 Inhibits Insulin Signaling by
Phosphorylating IRS1 at Ser1101." J Biol Chem 279(44): 45304-45307.

Lima, M. H., M. Ueno, A. C. Thirone, E. M. Rocha, C. R. Carvalho and M. J. Saad
(2002). "Regulation of IRS-1/SHP2 interaction and AKT phosphorylation in animal
models of insulin resistance." Endocrine 18(1): 1-12.

Lin, H. V., L. Plum, H. Ono, R. Gutierrez-Juarez, M. Shanabrough, E. Borok, T. L.
Horvath, L. Rossetti and D. Accili (2010). "Divergent regulation of energy expenditure
and hepatic glucose production by insulin receptor in agouti-related protein and POMC
neurons." Diabetes 59(2): 337-346.

Linder, T., C. B. Park, J. Asin-Cayuela, M. Pellegrini, N. G. Larsson, M. Falkenberg, T
Samuelsson and C. M. Gustafsson (2005). "A family of putative transcription
termination factors shared amongst metazoans and plants." Curr Genet 48(4): 265-269.

Liu, L., G. B. Karkanias, J. C. Morales, M. Hawkins, N. Barzilai, J. Wang and L.
Rossetti (1998). "Intracerebroventricular leptin regulates hepatic but not peripheral
glucose fluxes." J Biol Chem 273(47): 31160-31167.

Liu, Y. L., V. Emilsson and M. A. Cawthorne (1997). "Leptin inhibits glycogen
synthesis in the isolated soleus muscle of obese (ob/ob) mice." FEBS Lett 411(2-3):
351-355.

Lord, G. M., G. Matarese, J. K. Howard, R. J. Baker, S. R. Bloom and R. I. Lechler
(1998). "Leptin modulates the T-cell immune response and reverses starvation-induced
immunosuppression." Nature 394(6696): 897-901.

Lowell, B. B. and G. 1. Shulman (2005). "Mitochondrial dysfunction and type 2
diabetes." Science 307(5708): 384-387.

Luptak, I., M. Shen, H. He, M. F. Hirshman, N. Musi, L. J. Goodyear, J. Yan, H.
Wakimoto, H. Morita, M. Arad, C. E. Seidman, J. G. Seidman, J. S. Ingwall, J. A.
Balschi and R. Tian (2007). "Aberrant activation of AMP-activated protein kinase

remodels metabolic network in favor of cardiac glycogen storage." J Clin Invest 117(5):
1432-1439.

MacKay, E. M. and H. C. Bergman (1932). "The relation between glycogen and water
storage in the liver." J Biol Chem 96(2): 373-380.

Magkos, F., E. Fabbrini, C. Conte, B. W. Patterson and S. Klein (2012). "Relationship
between adlpose tissue lipolytic activity and skeletal muscle insulin resistance in
nondiabetic women." J Clin Endocrinol Metab 97(7): E1219-1223.

Mahlapuu, M., C. Johansson, K. Lindgren, G. Hjalm, B. R. Barnes, A. Krook, J. R.
Zierath, L. Andersson and S. Marklund (2004). "Expression profiling of the gamma-
subunit isoforms of AMP-activated protein kinase suggests a major role for gamma3 in
white skeletal muscle." Am J Physiol Endocrinol Metab 286(2): E194-200.

Matsuura, N., J. S. Cheng and N. Kalant (1975). "Insulin control of hepatic glucose
production." Can J Biochem 53(1): 28-36.

McGarry, J. D., S. E. Mills, C. S. Long and D. W. Foster (1983). "Observations on the
affinity for carnitine, and malonyl-CoA sensitivity, of carnitine palmitoyltransferase I
in animal and human tissues. Demonstration of the presence of malonyl-CoA in non-
hepatic tissues of the rat." Biochem J 214(1): 21-28.

Mercer, J. G., N. Hoggard, L. M. Williams, C. B. Lawrence, L. T. Hannah, P. J.
Morgan and P. Trayhurn (1996). "Coexpression of leptin receptor and

52




preproneuropeptide Y mRNA in arcuate nucleus of mouse hypothalamus." J
Neuroendocrinol 8(10): 733-735.

Merrill, G. F., E. J. Kurth, D. G. Hardie and W. W. Winder (1997). "AICA riboside
increases AMP-activated protein kinase, fatty acid oxidation, and glucose uptake in rat
muscle." Am J Physiol 273(6 Pt 1): E1107-1112.

Miinea, C. P., H. Sano, S. Kane, E. Sano, M. Fukuda, J. Peranen, W. S. Lane and G. E.
Lienhard (2005). "AS160, the Akt substrate regulating GLUT4 translocation, has a
functional Rab GTPase-activating protein domain." Biochem J 391(Pt 1): 87-93.

Milan, D., J. T. Jeon, C. Looft, V. Amarger, A. Robic, M. Thelander, C. Rogel-
Gaillard, S. Paul, N. Iannuccelli, L. Rask, H. Ronne, K. Lundstrom, N. Reinsch, J.
Gellin, E. Kalm, P. L. Roy, P. Chardon and L. Andersson (2000). "A mutation in
PRKAG3 associated with excess glycogen content in pig skeletal muscle." Science
288(5469): 1248-1251.

Milstein, S. W. and F. X. Hausberger (1956). "Lipogenesis and carbohydrate
utilization; effects of glucose concentration and insulin in rat liver and adipose tissue."
Diabetes 5(2): 89-92.

Minokoshi, Y., T. Alquier, N. Furukawa, Y. B. Kim, A. Lee, B. Xue, J. Mu, F.
Foufelle, P. Ferre, M. J. Birnbaum, B. J. Stuck and B. B. Kahn (2004). "AMP-kinase
regulates food intake by responding to hormonal and nutrient signals in the
hypothalamus." Nature 428(6982): 569-574.

Minokoshi, Y., Y. B. Kim, O. D. Peroni, L. G. Fryer, C. Muller, D. Carling and B. B.
Kahn (2002). "Leptin stimulates fatty-acid oxidation by activating AMP-activated
protein kinase." Nature 415(6869): 339-343.

Mitrou, P., V. Lambadiari, E. Maratou, E. Boutati, V. Komesidou, A.
Papakonstantinou, S. A. Raptis and G. Dimitriadis (2011). "Skeletal muscle insulin
resistance in morbid obesity: the role of interleukin-6 and leptin." Exp Clin Endocrinol
Diabetes 119(8): 484-489.

Miyamoto, L., T. Toyoda, T. Hayashi, S. Yonemitsu, M. Nakano, S. Tanaka, K.
Ebihara, H. Masuzaki, K. Hosoda, Y. Ogawa, G. Inoue, T. Fushiki and K. Nakao
(2007). "Effect of acute activation of 5'-AMP-activated protein kinase on glycogen
regulation in isolated rat skeletal muscle." J Appl Physiol 102(3): 1007-1013.

Morino, K., K. F. Petersen and G. I. Shulman (2006). "Molecular mechanisms of
insulin resistance in humans and their potential links with mitochondrial dysfunction."
Diabetes 55 Suppl 2: S9-S15.

Mountjoy, K. G., M. T. Mortrud, M. J. Low, R. B. Simerly and R. D. Cone (1994).
"Localization of the melanocortin-4 receptor (MC4-R) in neuroendocrine and
autonomic control circuits in the brain." Mol Endocrinol 8(10): 1298-1308.

Mu, J., J. T. Brozinick, Jr., O. Valladares, M. Bucan and M. J. Birnbaum (2001). "A
role for AMP-activated protein kinase in contraction- and hypoxia-regulated glucose
transport in skeletal muscle." Mol Cell 7(5): 1085-1094.

Muoio, D. M., G. L. Dohm, F. T. Fiedorek, Jr., E. B. Tapscott and R. A. Coleman
(1997). "Leptin directly alters lipid partitioning in skeletal muscle." Diabetes 46(8):
1360-1363.

Muoio, D. M., G. L. Dohm, E. B. Tapscott and R. A. Coleman (1999). "Leptin opposes
insulin's effects on fatty acid partitioning in muscles isolated from obese ob/ob mice."
Am J Physiol 276(5 Pt 1): E913-921.

Murthy, V. K. and J. C. Shipp (1979). "Synthesis and accumulation of triglycerides in
liver of diabetic rats. Effects of insulin treatment." Diabetes 28(5): 472-478.

Musi, N., N. Fujii, M. F. Hirshman, 1. Ekberg, S. Froberg, O. Ljungqvist, A. Thorell
and L. J. Goodyear (2001). "AMP-activated protein kinase (AMPK) is activated in
muscle of subjects with type 2 diabetes during exercise." Diabetes 50(5): 921-927.

53



Musi, N., N. Fujii, M. F. Hirshman, 1. Ekberg, S. Froberg, O. Ljungqvist, A. Thorell
and L. J. Goodyear (2001). "AMP-Activated Protein Kinase (AMPK) Is Activated in
Muscle of Subjects With Type 2 Diabetes During Exercise." Diabetes 50(5): 921-927.

Nagao, K., N. Inoue, Y. Ujino, K. Higa, B. Shirouchi, Y. M. Wang and T. Yanagita
(2008). "Effect of leptin infusion on insulin sensitivity and lipid metabolism in diet-
induced lipodystrophy model mice." Lipids Health Dis 7: 8.

Nair, K. S., M. L. Bigelow, Y. W. Asmann, L. S. Chow, J. M. Coenen-Schimke, K. A.
Klaus, Z. K. Guo, R. Sreekumar and B. A. Irving (2008). "Asian Indians have enhanced
skeletal muscle mitochondrial capacity to produce ATP in association with severe
insulin resistance." Diabetes 57(5): 1166-1175.

Niskanen, L., S. Haffner, L. J. Karhunen, A. K. Turpeinen, H. Miettinen and M. L
Uusitupa (1997). "Serum leptin in relation to resting energy expenditure and fuel
metabolism in obese subjects." Int J Obes Relat Metab Disord 21(4): 309-313.

Ntambi, J. M., M. Miyazaki, J. P. Stoehr, H. Lan, C. M. Kendziorski, B. S. Yandell, Y.
Song, P. Cohen, J. M. Friedman and A. D. Attie (2002). "Loss of stearoyl-CoA
desaturase-1 function protects mice against adiposity." Proc Natl Acad Sci U S A
99(17): 11482-11486.

O'Gorman, D. J., H. K. Karlsson, S. McQuaid, O. Yousif, Y. Rahman, D. Gasparro, S.
Glund, A. V. Chibalin, J. R. Zierath and J. J. Nolan (2006). "Exercise training increases
insulin-stimulated glucose disposal and GLUT4 (SLC2A4) protein content in patients
with type 2 diabetes." Diabetologia 49(12): 2983-2992.

Oakhill, J. S., R. Steel, Z. P. Chen, J. W. Scott, N. Ling, S. Tam and B. E. Kemp
(2011). "AMPK is a direct adenylate charge-regulated protein kinase." Science
332(6036): 1433-1435.

Obici, S., B. B. Zhang, G. Karkanias and L. Rossetti (2002). "Hypothalamic insulin
signaling is required for inhibition of glucose production." Nat Med 8(12): 1376-1382.

Ofei, F. (2005). "Obesity - a preventable disease." Ghana Med J 39(3): 98-101.

Olsen, C. M., C. M. Nagle, D. C. Whiteman, R. Ness, C. L. Pearce, M. C. Pike, M. A.
Rossing, K. L. Terry, A. H. Wu, H. A. Risch, H. Yu, J. A. Doherty, J. Chang-Claude,
R. Hein, S. Nickels, S. Wang-Gohrke, M. T. Goodman, M. E. Carney, R. K. Matsuno,
G. Lurie, K. Moysich, S. K. Kjaer, A. Jensen, E. Hogdall, E. L. Goode, B. L. Fridley,
R. A. Vierkant, M. C. Larson, J. Schildkraut, C. Hoyo, P. Moorman, R. P. Weber, D.
W. Cramer, A. F. Vitonis, E. V. Bandera, S. H. Olson, L. Rodriguez-Rodriguez, M.
King, L. A. Brinton, H. Yang, M. Garcia-Closas, J. Lissowska, H. Anton-Culver, A.
Ziogas, S. A. Gayther, S. J. Ramus, U. Menon, A. Gentry-Maharaj and P. M. Webb
(2013). "Obesity and risk of ovarian cancer subtypes: evidence from the Ovarian
Cancer Association Consortium." Endocr Relat Cancer 20(2): 251-262.

Ono, H., H. Shimano, H. Katagiri, N. Yahagi, H. Sakoda, Y. Onishi, M. Anai, T.
Ogihara, M. Fujishiro, A. Y. Viana, Y. Fukushima, M. Abe, N. Shojima, M. Kikuchi,
N. Yamada, Y. Oka and T. Asano (2003). "Hepatic Akt activation induces marked
hypoglycemia, hepatomegaly, and hypertriglyceridemia with sterol regulatory element
binding protein involvement." Diabetes 52(12): 2905-2913.

Owen, O. E., G. A. Reichard, Jr., M. S. Patel and G. Boden (1979). "Energy
metabolism in feasting and fasting." Adv Exp Med Biol 111: 169-188.

Park, C. B, J. Asin-Cayuela, Y. Camara, Y. Shi, M. Pellegrini, M. Gaspari, R. Wibom,
K. Hultenby, H. Erdjument-Bromage, P. Tempst, M. Falkenberg, C. M. Gustafsson and
N. G. Larsson (2007). "MTERF3 is a negative regulator of mammalian mtDNA
transcription.” Cell 130(2): 273-285.

Passonneau, J. V., P. D. Gatfield, D. W. Schulz and O. H. Lowry (1967). "An enzymic
method for measurement of glycogen." Anal Biochem 19(2): 315-326.

Patti, M. E., A. J. Butte, S. Crunkhorn, K. Cusi, R. Berria, S. Kashyap, Y. Miyazaki, 1.
Kohane, M. Costello, R. Saccone, E. J. Landaker, A. B. Goldfine, E. Mun, R.
DeFronzo, J. Finlayson, C. R. Kahn and L. J. Mandarino (2003). "Coordinated

54




reduction of genes of oxidative metabolism in humans with insulin resistance and
diabetes: Potential role of PGC1 and NRF1." Proc Natl Acad Sci U S A 100(14): 8466-
8471.

Peikin, S. R. (1989). "Role of cholecystokinin in the control of food intake."
Gastroenterol Clin North Am 18(4): 757-775.

Pelleymounter, M. A., M. J. Cullen, M. B. Baker, R. Hecht, D. Winters, T. Boone and
F. Collins (1995). "Effects of the obese gene product on body weight regulation in
ob/ob mice." Science 269(5223): 540-543.

Peralta, S., X. Wang and C. T. Moraes (2012). "Mitochondrial transcription: lessons
from mouse models." Biochim Biophys Acta 1819(9-10): 961-969.

Perez-Carreras, M., P. Del Hoyo, M. A. Martin, J. C. Rubio, A. Martin, G. Castellano,
F. Colina, J. Arenas and J. A. Solis-Herruzo (2003). "Defective hepatic mitochondrial
respiratory chain in patients with nonalcoholic steatohepatitis." Hepatology 38(4): 999-
1007.

Perfield, J. W., 2nd, L. C. Ortinau, R. T. Pickering, M. L. Ruebel, G. M. Meers and R.
S. Rector (2013). "Altered hepatic lipid metabolism contributes to nonalcoholic fatty
liver disease in leptin-deficient Ob/Ob mice." J Obes 2013: 296537.

Petersen, K. F., S. Dufour, D. Befroy, R. Garcia and G. 1. Shulman (2004). "Impaired
mitochondrial activity in the insulin-resistant offspring of patients with type 2
diabetes." N Engl ] Med 350(7): 664-671.

Pocai, A., T. K. Lam, R. Gutierrez-Juarez, S. Obici, G. J. Schwartz, J. Bryan, L.
Aguilar-Bryan and L. Rossetti (2005). "Hypothalamic K(ATP) channels control hepatic
glucose production." Nature 434(7036): 1026-1031.

Pospisilik, J. A., C. Knauf, N. Joza, P. Benit, M. Orthofer, P. D. Cani, 1. Ebersberger, T.
Nakashima, R. Sarao, G. Neely, H. Esterbauer, A. Kozlov, C. R. Kahn, G. Kroemer, P.
Rustin, R. Burcelin and J. M. Penninger (2007). "Targeted deletion of AIF decreases
mitochondrial oxidative phosphorylation and protects from obesity and diabetes." Cell
131(3): 476-491.

Price, N. L., A. P. Gomes, A. J. Ling, F. V. Duarte, A. Martin-Montalvo, B. J. North, B.
Agarwal, L. Ye, G. Ramadori, J. S. Teodoro, B. P. Hubbard, A. T. Varela, J. G. Davis,
B. Varamini, A. Hafner, R. Moaddel, A. P. Rolo, R. Coppari, C. M. Palmeira, R. de
Cabo, J. A. Baur and D. A. Sinclair (2012). "SIRT1 is required for AMPK activation
and the beneficial effects of resveratrol on mitochondrial function." Cell Metab 15(5):
675-690.

Raffaella, C., B. Francesca, F. Italia, P. Marina, L. Giovanna and I. Susanna (2008).
"Alterations in hepatic mitochondrial compartment in a model of obesity and insulin
resistance." Obesity (Silver Spring) 16(5): 958-964.

Rahmouni, K., C. D. Sigmund, W. G. Haynes and A. L. Mark (2009). "Hypothalamic
ERK mediates the anorectic and thermogenic sympathetic effects of leptin." Diabetes
58(3): 536-542.

Randle, P. J., P. B. Garland, C. N. Hales and E. A. Newsholme (1963). "The glucose
fatty-acid cycle. Its role in insulin sensitivity and the metabolic disturbances of diabetes
mellitus." Lancet 1(7285): 785-789.

Rasmussen, B. B., U. C. Holmback, E. Volpi, B. Morio-Liondore, D. Paddon-Jones and
R. R. Wolfe (2002). "Malonyl coenzyme A and the regulation of functional carnitine
palmitoyltransferase-1 activity and fat oxidation in human skeletal muscle." J Clin
Invest 110(11): 1687-1693.

Reed, A. S., E. K. Unger, L. E. Olofsson, M. L. Piper, M. G. Myers, Jr. and A. W. Xu
(2010). "Functional role of suppressor of cytokine signaling 3 upregulation in
hypothalamic leptin resistance and long-term energy homeostasis." Diabetes 59(4):
894-906.

55



Ritov, V. B., E. V. Menshikova, K. Azuma, R. Wood, F. G. Toledo, B. H. Goodpaster,
N. B. Ruderman and D. E. Kelley (2010). "Deficiency of electron transport chain in
human skeletal muscle mitochondria in type 2 diabetes mellitus and obesity." Am J
Physiol Endocrinol Metab 298(1): E49-58.

Rogers, K. S., W. H. Friend and E. S. Higgins (1986). "Metabolic and mitochondrial
disturbances in streptozotocin-treated Sprague-Dawley and Sherman rats." Proc Soc
Exp Biol Med 182(2): 167-175.

Rui, L., M. Yuan, D. Frantz, S. Shoelson and M. F. White (2002). "SOCS-1 and SOCS-
3 block insulin signaling by ubiquitin-mediated degradation of IRS1 and IRS2." J Biol
Chem 277(44): 42394-42398.

Rundle, A., M. Jankowski, O. N. Kryvenko, D. Tang and B. A. Rybicki (2013).
"Obesity and Future Prostate Cancer Risk among Men after an Initial Benign Biopsy of
the Prostate." Cancer Epidemiol Biomarkers Prev.

Samuel, V. T., Z. X. Liu, X. Qu, B. D. Elder, S. Bilz, D. Befroy, A. J. Romanelli and G.
L. Shulman (2004). "Mechanism of hepatic insulin resistance in non-alcoholic fatty liver
disease." J Biol Chem 279(31): 32345-32353.

Sanders, M. J., P. O. Grondin, B. D. Hegarty, M. A. Snowden and D. Carling (2007).
"Investigating the mechanism for AMP activation of the AMP-activated protein kinase
cascade." Biochem J 403(1): 139-148.

Saraste, M. (1999). "Oxidative phosphorylation at the fin de siecle." Science
283(5407): 1488-1493.

Sato, K., M. Iemitsu, K. Aizawa and R. Ajisaka (2008). "Testosterone and DHEA
activate the glucose metabolism-related signaling pathway in skeletal muscle." Am J
Physiol Endocrinol Metab 294(5): E961-E968.

Schwartz, M. W., D. G. Baskin, T. R. Bukowski, J. L. Kuijper, D. Foster, G. Lasser, D.
E. Prunkard, D. Porte, Jr., S. C. Woods, R. J. Seeley and D. S. Weigle (1996).
"Specificity of leptin action on elevated blood glucose levels and hypothalamic
neuropeptide Y gene expression in ob/ob mice." Diabetes 45(4): 531-535.

Seufert, J., T. J. Kieffer and J. F. Habener (1999). "Leptin inhibits insulin gene
transcription and reverses hyperinsulinemia in leptin-deficient ob/ob mice." Proc Natl
Acad Sci U S A 96(2): 674-679.

Shimabukuro, M., K. Koyama, G. Chen, M. Y. Wang, F. Trieu, Y. Lee, C. B. Newgard
and R. H. Unger (1997). "Direct antidiabetic effect of leptin through triglyceride
depletion of tissues." Proc Natl Acad Sci U S A 94(9): 4637-4641.

Shulman, G. L. (2000). "Cellular mechanisms of insulin resistance." J Clin Invest
106(2): 171-176.

Shulman, G. 1., D. L. Rothman, T. Jue, P. Stein, R. A. DeFronzo and R. G. Shulman
(1990). "Quantitation of muscle glycogen synthesis in normal subjects and subjects
with non-insulin-dependent diabetes by 13C nuclear magnetic resonance
spectroscopy." N Engl ] Med 322(4): 223-228.

Shutter, J. R., M. Graham, A. C. Kinsey, S. Scully, R. Luthy and K. L. Stark (1997).
"Hypothalamic expression of ART, a novel gene related to agouti, is up-regulated in
obese and diabetic mutant mice." Genes Dev 11(5): 593-602.

Singh, A., M. Wirtz, N. Parker, M. Hogan, J. Strahler, G. Michailidis, S. Schmidt, A.
Vidal-Puig, S. Diano, P. Andrews, M. D. Brand and J. Friedman (2009). "Leptin-
mediated changes in hepatic mitochondrial metabolism, structure, and protein levels."
Proc Natl Acad Sci U S A 106(31): 13100-13105.

Sinha, R., S. Dufour, K. F. Petersen, V. LeBon, S. Enoksson, Y. Z. Ma, M. Savoye, D.
L. Rothman, G. I. Shulman and S. Caprio (2002). "Assessment of skeletal muscle
triglyceride content by (1)H nuclear magnetic resonance spectroscopy in lean and obese

adolescents: relationships to insulin sensitivity, total body fat, and central adiposity."
Diabetes 51(4): 1022-1027.

56



Song, X. M., M. Fiedler, D. Galuska, J. W. Ryder, M. Fernstrom, A. V. Chibalin, H.
Wallberg-Henriksson and J. R. Zierath (2002). "5-Aminoimidazole-4-carboxamide
ribonucleoside treatment improves glucose homeostasis in insulin-resistant diabetic
(ob/ob) mice." Diabetologia 45(1): 56-65.

Stanhope, K. L. and P. J. Havel (2008). "Endocrine and metabolic effects of consuming
beverages sweetened with fructose, glucose, sucrose, or high-fructose corn syrup." Am

J Clin Nutr 88(6): 1733S-17378S.

Stefan, N., B. Vozarova, T. Funahashi, Y. Matsuzawa, C. Weyer, R. S. Lindsay, J. F.
Youngren, P. J. Havel, R. E. Pratley, C. Bogardus and P. A. Tataranni (2002). "Plasma
adiponectin concentration is associated with skeletal muscle insulin receptor tyrosine
phosphorylation, and low plasma concentration precedes a decrease in whole-body
insulin sensitivity in humans." Diabetes 51(6): 1884-1888.

Steinberg, G. R., M. J. Watt, S. L. McGee, S. Chan, M. Hargreaves, M. A. Febbraio, D.
Stapleton and B. E. Kemp (2006). "Reduced glycogen availability is associated with
increased AMPKalpha?2 activity, nuclear AMPKalpha?2 protein abundance, and GLUT4
mRNA expression in contracting human skeletal muscle." Appl Physiol Nutr Metab
31(3): 302-312.

Stephenson, E. J., D. M. Camera, T. A. Jenkins, S. Kosari, J. S. Lee, J. A. Hawley and
N. K. Stepto (2012). "Skeletal muscle respiratory capacity is enhanced in rats
consuming an obesogenic Western diet." Am J Physiol Endocrinol Metab 302(12):
E1541-1549.

Sullivan, J. E., K. J. Brocklehurst, A. E. Marley, F. Carey, D. Carling and R. K. Beri
(1994). "Inhibition of lipolysis and lipogenesis in isolated rat adipocytes with AICAR,
a cell-permeable activator of AMP-activated protein kinase." FEBS Lett 353(1): 33-36.

Sun, X. J., P. Rothenberg, C. R. Kahn, J. M. Backer, E. Araki, P. A. Wilden, D. A.
Cahill, B. J. Goldstein and M. F. White (1991). "Structure of the insulin receptor
substrate IRS-1 defines a unique signal transduction protein." Nature 352(6330): 73-77.

Tartaglia, L. A., M. Dembski, X. Weng, N. Deng, J. Culpepper, R. Devos, G. J.
Richards, L. A. Campfield, F. T. Clark, J. Deeds, C. Muir, S. Sanker, A. Moriarty, K. J.
Moore, J. S. Smutko, G. G. Mays, E. A. Wool, C. A. Monroe and R. 1. Tepper (1995).
"Identification and expression cloning of a leptin receptor, OB-R." Cell 83(7): 1263-
1271.

Tom, R. Z., R. J. Sjogren, E. Vieira, S. Glund, E. Iglesias-Gutierrez, P. M. Garcia-
Roves, M. G. Myers, Jr. and M. Bjornholm (2011). "Increased hepatic insulin
sensitivity in mice lacking inhibitory leptin receptor signals." Endocrinology 152(6):
2237-2246.

Veltri, K. L., M. Espiritu and G. Singh (1990). "Distinct genomic copy number in
mitochondria of different mammalian organs." J Cell Physiol 143(1): 160-164.

Vind, B. F., C. Pehmoller, J. T. Treebak, J. B. Birk, M. Hey-Mogensen, H. Beck-
Nielsen, J. R. Zierath, J. F. Wojtaszewski and K. Hojlund (2011). "Impaired insulin-
induced site-specific phosphorylation of TBC1 domain family, member 4 (TBC1D4) in
skeletal muscle of type 2 diabetes patients is restored by endurance exercise-training."
Diabetologia 54(1): 157-167.

Virkamaki, A., K. Ueki and C. R. Kahn (1999). "Protein-protein interaction in insulin
signaling and the molecular mechanisms of insulin resistance." J Clin Invest 103(7):
931-943.

Vitzel, K. F., G. Bikopoulos, S. Hung, K. E. Pistor, J. D. Patterson, R. Curi and R. B.
Ceddia (2013). "Chronic Treatment with the AMP-Kinase Activator AICAR Increases
Glycogen Storage and Fatty Acid Oxidation in Skeletal Muscles but Does Not Reduce
Hyperglucagonemia and Hyperglycemia in Insulin Deficient Rats." PLoS One 8(4):
€62190.

Wakil, S. J., J. K. Stoops and V. C. Joshi (1983). "Fatty acid synthesis and its
regulation." Annu Rev Biochem 52: 537-579.

57



Warmington, S. A., R. Tolan and S. McBennett (2000). "Functional and histological
characteristics of skeletal muscle and the effects of leptin in the genetically obese
(ob/ob) mouse." Int J Obes Relat Metab Disord 24(8): 1040-1050.

Weibel, E. R., W. Staubli, H. R. Gnagi and F. A. Hess (1969). "Correlated
morphometric and biochemical studies on the liver cell. I. Morphometric model,
stereologic methods, and normal morphometric data for rat liver." J Cell Biol 42(1): 68-
1.

Wetter, T. J., A. C. Gazdag, D. J. Dean and G. D. Cartee (1999). "Effect of calorie
restriction on in vivo glucose metabolism by individual tissues in rats." Am J Physiol
276(4 Pt 1): E728-738.

White, M. F. (1998). "The IRS-signalling system: a network of docking proteins that
mediate insulin action." Mol Cell Biochem 182(1-2): 3-11.

White, M. F. and C. R. Kahn (1994). "The insulin signaling system." J Biol Chem
269(1): 1-4.

WHO-report (2000). "Obesity: preventing and managing the global epidemic. Report of
a WHO consultation." World Health Organ Tech Rep Ser 894: i-xii, 1-253.

Wiesner, R. J., J. C. Ruegg and 1. Morano (1992). "Counting target molecules by
exponential polymerase chain reaction: copy number of mitochondrial DNA in rat
tissues." Biochem Biophys Res Commun 183(2): 553-559.

Wilding, J. P., S. G. Gilbey, C. J. Bailey, R. A. Batt, G. Williams, M. A. Ghatei and S.
R. Bloom (1993). "Increased neuropeptide-Y messenger ribonucleic acid (mRNA) and
decreased neurotensin mRNA in the hypothalamus of the obese (ob/ob) mouse."
Endocrinology 132(5): 1939-1944.

Wilson, B. D., D. Bagnol, C. B. Kaelin, M. M. Ollmann, 1. Gantz, S. J. Watson and G.
S. Barsh (1999). "Physiological and anatomical circuitry between Agouti-related
protein and leptin signaling." Endocrinology 140(5): 2387-2397.

Winder, W. W., H. A. Wilson, D. G. Hardie, B. B. Rasmussen, C. A. Hutber, G. B.
Call, R. D. Clayton, L. M. Conley, S. Yoon and B. Zhou (1997). "Phosphorylation of
rat muscle acetyl-CoA carboxylase by AMP-activated protein kinase and protein kinase
A." J Appl Physiol 82(1): 219-225.

Wojtaszewski, J. F., C. MacDonald, J. N. Nielsen, Y. Hellsten, D. G. Hardie, B. E.
Kemp, B. Kiens and E. A. Richter (2003). "Regulation of 5'AMP-activated protein
kinase activity and substrate utilization in exercising human skeletal muscle." Am J
Physiol Endocrinol Metab 284(4): E813-822.

Woods, A., S. R. Johnstone, K. Dickerson, F. C. Leiper, L. G. Fryer, D. Neumann, U.
Schlattner, T. Wallimann, M. Carlson and D. Carling (2003). "LKBI1 is the upstream
kinase in the AMP-activated protein kinase cascade." Curr Biol 13(22): 2004-2008.

Wredenberg, A., C. Freyer, M. E. Sandstrom, A. Katz, R. Wibom, H. Westerblad and
N. G. Larsson (2006). "Respiratory chain dysfunction in skeletal muscle does not cause
insulin resistance." Biochem Biophys Res Commun 350(1): 202-207.

Yamauchi, T., J. Kamon, Y. Minokoshi, Y. Ito, H. Waki, S. Uchida, S. Yamashita, M.
Noda, S. Kita, K. Ueki, K. Eto, Y. Akanuma, P. Froguel, F. Foufelle, P. Ferre, D.
Carling, S. Kimura, R. Nagai, B. B. Kahn and T. Kadowaki (2002). "Adiponectin
stimulates glucose utilization and fatty-acid oxidation by activating AMP-activated
protein kinase." Nat Med 8(11): 1288-1295.

Yan, J., F. C. Mei, H. Cheng, D. H. Lao, Y. Hu, J. Wei, L. Patrikeev, D. Hao, S. J. Stutz,
K. T. Dineley, M. Motamedi, J. D. Hommel, K. A. Cunningham, J. Chen and X. Cheng
(2013). "Enhanced leptin sensitivity, reduced adiposity, and improved glucose
homeostasis in mice lacking exchange protein directly activated by cyclic AMP
isoform 1." Mol Cell Biol 33(5): 918-926.

Yaspelkis, B. B., J. R. Davis, M. Saberi, T. L. Smith, R. Jazayeri, M. Singh, V.
Fernandez, B. Trevino, N. Chinookoswong, J. Wang, Z. Q. Shi and N. Levin (2001).

58



"Leptin administration improves skeletal muscle insulin responsiveness in diet-induced
insulin-resistant rats." Am J Physiol Endocrinol Metab 280(1): E130-E142.

Yu, M., N. K. Stepto, A. V. Chibalin, L. G. Fryer, D. Carling, A. Krook, J. A. Hawley
and J. R. Zierath (2003). "Metabolic and mitogenic signal transduction in human
skeletal muscle after intense cycling exercise." J Physiol 546(Pt 2): 327-335.

Zhang, K., L. Li, Y. Qi, X. Zhu, B. Gan, R. A. DePinho, T. Averitt and S. Guo (2012).
"Hepatic suppression of Foxol and Foxo3 causes hypoglycemia and hyperlipidemia in
mice." Endocrinology 153(2): 631-646.

Zhang, Y., R. Proenca, M. Maffei, M. Barone, L. Leopold and J. M. Friedman (1994).
"Positional cloning of the mouse obese gene and its human homologue." Nature
372(6505): 425-432.

Zhu, S., Z. Wang, S. Heshka, M. Heo, M. S. Faith and S. B. Heymsfield (2002). "Waist
circumference and obesity-associated risk factors among whites in the third National
Health and Nutrition Examination Survey: clinical action thresholds." Am J Clin Nutr
76(4): 743-749.

Zierath, J. R., A. Krook and H. Wallberg-Henriksson (1998). "Insulin action in skeletal
muscle from patients with NIDDM." Mol Cell Biochem 182(1-2): 153-160.

Zierath, J. R., T. S. Tsao, A. E. Stenbit, J. W. Ryder, D. Galuska and M. J. Charron
(1998). "Restoration of hypoxia-stimulated glucose uptake in GLUT4-deficient
muscles by muscle-specific GLUT4 transgenic complementation." J Biol Chem
273(33): 20910-20915.

59



