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ABSTRACT

There is a strong link between insulin resistance and cardiovascular
disease. However, it is not clear whether the heart becomes resistant to the effects
of insulin or whether alterations in fatty acid metabolism contribute to insulin
resistance. Since AMP-activated protein kinase (AMPK) plays a key role in the
regulation of fatty acid and glucose metabolism, we investigated whether a
reduction in AMPK activity is associated with altered fatty acid and glucose
metabolism in insulin resistance. Leptin regulates fatty acid metabolism in liver,
skeletal muscle and pancreas by partitioning fatty acids into oxidation rather than
triacylglycerol storage. We demonstrate for the first time that leptin significantly
activates fatty acid oxidation and decreases TG content in the heart, independent
of changes in AMPK activity, acetyl-CoA carboxylase (ACC) activity or
malonyl-CoA levels. Isolated working hearts from leptin receptor-deficient
JCR:LA-cp rats were used to demonstrate that insulin resistant hearts have
elevated cardiac triacylglycerol (TG) content associated with a reduction in
glucose metabolism. However, we observed no difference in fatty acid oxidation
rates or change in GPAT activity, the first step of TG synthesis. This suggests
that increased fatty acid supply or decreased TG lipolysis rather than reduced
fatty acid oxidation contribute to cardiac TG accumulation in the insulin resistant
rat. We extended our studies to investigate potential alterations in ACC and

AMPK in the liver and skeletal muscle of the JCR:LA-cp rat during the
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development of insulin resistance. We demonstrate that, like heart, alterations in
ACC and AMPK activity in muscle do not contribute to the development of
insulin resistance. However, increased hepatic ACC in the JCR:LA-cp rat may
contribute to the development of lipid abnormalities, since the lipid-lowering
agent, MEDICA 16 significantly reduced hepatic ACC activity. We further
demonstrate that exercise improves whole body insulin sensitivity and activates
cardiac AMPK. The exercise-induced activation of cardiac AMPK was
associated with a reduction in TG content and an increase in glycolysis. In
summary, increased fatty acid supply contributes to TG accumulation and the
development of insulin resistance in the JCR:LA-cp rat heart and skeletal muscle.
The activation of AMPK activity is associated with a correction of the altered

fatty acid and glucose metabolism in the insulin resistant JCR:LA-cp rat.
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CHAPTER 1. INTRODUCTION

Obesity, Insulin Resistance, and Diabetes Mellitus

The incidence of obesity is increasing at such an alarming rate that obesity is
now considered a worldwide epidemic (1). Recent estimates suggest that 50% of
Canadians are overweight (61% of Americans) and 15% are obese (26% of
Americans) (2,3). Obesity and overweight are commonly identified using body
mass index (BMI) which is calculated as height in meters divided by weight in
kilograms squared. Overweight is classified as a BMI between 25 and 30 while
obesity is classified as a BMI above 30. Obesity and overweight are considered
important risk factors for the development of insulin resistance and type 2 diabetes
(4). Thus, the rapid increases in both adult and youth obesity have resulted in
simultaneous increases in the incidences of insulin resistance and type 2 diabetes
(5-7).

There are two types of diabetes: type 1 diabetes characterized by insulin
deficiency (IDDM; insulin deficient diabetes mellitus) and type 2 diabetes
characterized by resistance to the effects of insulin (NIDDM; non-insulin-
dependent diabetes mellitus). Type 1 diabetes can be treated by insulin therapy
and accounts for 5-10% of diabetes cases. However, type 2 diabetes which
accounts for 90-95% of diabetes cases is generally treated by weight loss, exercise

and agents that lower plasma lipid levels and/or increase insulin sensitivity.
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The insulin resistant syndrome is a pre-type 2 diabetic state characterized by
obesity, hyperinsulinemia, hyperlipidemia and impaired insulin-stimulated glucose
metabolism [reviewed in 8-10]. The development of insulin resistance is a
prerequisite for the progression to type 2 diabetes (4). Type 2 diabetes occurs
when plasma glucose levels become hyperglycemic due to failure of the pancreas
to maintain hyperinsulinemia (11)

Significantly, cardiovascular disease is strongly associated with obesity,
insulin resistance and type 2 diabetes. Obesity is an important risk factor for
cardiovascular disease (12-15), increasing the risk of myocardial infarction by up
to 55% (16). Furthermore, the insulin resistant syndrome results in a high risk for
the development of atherosclerosis, angina, acute myocardial infarction and
congestive heart failure (17-20).

An understanding of the mechanisms involved in the development of insulin
resistance is crucial for the development of clinical agents. The availability of
effective agents to treat insulin resistance should not only reduce the risk of
cardiovascular disease, but will also prevent the progression to type 2 diabetes and

the complications that accompany this disease.

Insulin Resistant Syndrome
The insulin resistant syndrome is characterized by obesity, hyperinsulinemia
and hyperlipidemia [reviewed in 8-10]. Whole body insulin resistance involves

several target organs including skeletal muscle, liver, adipose tissue and pancreas.
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The key features of insulin resistance are reduced insulin-stimulated glucose
uptake, increased hepatic glucose production, increased synthesis and secretion of
very low density lipoproteins (VLDL), elevated plasma fatty acids and
hypersecretion of insulin. Hyperinsulinemia results as a compensatory response
due to the resistance of insulin-mediated glucose uptake in target insulin sensitive
tissues (21).

The presence of cardiac insulin resistance in hypertensive (22) and aged rats
(23), as well as in patients with angina (24), heart failure and coronary heart
disease (25) has demonstrated a link between insulin resistance and cardiovascular
disease. However, relatively few studies have examined whether the development
of whole body insulin resistance is also accompanied by reduced insulin-stimulated
glucose metabolism at the level of the heart (25,26).

Altered fatty acid and glucose metabolism plays a key role in the
development of insulin resistance. Thus, an overview of fatty acid and glucose
metabolism will be given prior to discussion of the potential mechanisms involved
in the development of insulin resistance. Key regulatory pathways in fatty acid
and glucose metabolism will be discussed with specific focus on AMP-activated

protein kinase and its potential as a novel target in the treatment of the insulin

resistance.
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Overview of Fatty Acid Metabolism

Fatty acids are an important source of energy for most cells. Fatty acids are
transported in the plasma bound to albumin or in lipoproteins (VLDL and
chylomicrons).  Lipoprotein lipase (LPL), situated on the luminal wall of
capillaries, catalyzes the hydrolysis of triacylglycerol (TG) in VLDL and
chylomicrons, releasing fatty acids which are taken up primarily by heart, skeletal
muscle and adipose tissue. Fatty acids are taken up by diffusion or via protein-
mediated transport. Fatty acid-binding protein (FABP(pm)), fatty acid transport
protein (FATP) and fatty acid translocase (FAT/CD36), are membrane-associated
proteins involved in the transport of fatty acids [reviewed in 27]. Fatty acids are
bound to cytosolic fatty acid binding proteins (FABP) and activated fatty acids can
bind to acyl-CoA binding proteins (ACBP). In order for fatty acids to be
metabolized, fatty acids must be activated by acyl-CoA synthetase which converts
the carboxylic acid moiety to a CoA thioester. Fatty acids can then be oxidized in
mitochondria or be used in the synthesis of complex lipids such as TG.

The uptake of fatty acids into mitochondria is controlled by the carnitine
shuttle and is depicted in Fig. 1-1. The carnitine shuttle consists of carnitine
acyltranslocase (CAT-1), carnitine palmitoyltransferase I (CPT-I) and carnitine
palmitoyltransferase II (CPT-II). CPT-I is located in the outer mitochondrial
membrane and converts fatty acyl-CoA to fatty acylcarnitine. Fatty acylcarnitine is
translocated across the inner mitochondrial membrane by (CAT-1), located on the

outer surface of the inner mitochondrial membrane. Fatty acylcarnitine is then
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converted back to fatty acyl-CoA in the matrix by carnitine palmitoyltransferase Il
(CPT-II). Two isoforms of CPT-I exist (28): a liver isoform (L-CPT-I) and a
muscle isoform (M-CPT-I). Both isoforms are subject to regulation by malonyl-
CoA; however, the M-CPT-I is 100 times more sensitive to malonyl-CoA (29).

Once inside mitochondria, fatty acids enter the fatty acid oxidation spiral.
Each turn of the beta oxidation spiral removes one acetyl-CoA, eventually
degrading the fatty acid to acetyl-CoA. Acetyl-CoA enters the tricarboxylic acid
cycle (TCA cycle) also known as Krebs’ cycle or citric acid cycle. The TCA cycle
is regulated by the energy status of the cell and consists of eight sequential
reactions that convert acetyl-CoA to carbon dioxide and the reducing equivalents,
NADH and FADH,. NADH and FADH, subsequently enter the electron transport
chain which uses molecular oxygen to produce ATP.

Although adipose tissue is considered the major storage site of TG, most
cells contain small amounts of TG that is in constant turnover and provides energy
when exogenous supplies are decreased. Glycerol-3-phosphate acyltransferase
(GPAT) is the first committed step in de novo TG synthesis. There are 2 isoforms
of GPAT: mitochondrial GPAT and microsomal GPAT. GPAT transfers acyl-
CoA to glycerol-3-phosphate resulting in lysophosphatidic acid (LPA). LPA is
converted to phosphatidic acid (PA) which can then be converted to diacylglycerol
(DG) through the action of phosphatidic acid phosphohydrolase (PAP). DG can
also be converted to TG through diacylglycerol acyltransferase (DGAT). The

hydrolysis or breakdown of TG is catalyzed by hormone sensitive lipase (HSL).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CYTOPLASM

Fatty acids AMP+ PPi Fatty acyl CoA CoA-SH

A
GoA-SH \ \ /
OUTER ) Acyl CoA \ -
MITOCHONDRIAL Synthetase J CPT|
MEMBRANE

Carnitine Acyl
Carnitine
INNER T
MITOCHONDRIAL ( I cii’é’y",”e
MEMBRANE e L S CPTI \ Translocass
N\
Fatty acyl CoA CoA-SH
MITOCHONDRIAL Acetyl CoA Oxidation
MATRIX ¢ spiral

Kanter '99
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Overview of Glucose Metabolism

Glucose enters the cell via carrier-mediated membrane transporters that move
glucose down a concentration gradient into the cell. Glucose is rapidly converted
to glucose-6-phosphate catalyzed by glucokinase in liver and hexokinase in
muscle. In muscle, insulin stimulates glucose uptake through translocation of the
glucose transporter (GLUT-4) to the plasma membrane. The intrinsic activity of
GLUT-4 at the plasma membrane may also be increased through phosphorylation
by p38 mitogen-activated protein kinase (MAPK) (30). In liver, insulin increases
the synthesis of glucokinase with no effect on glucose transporters (GLUT-2).

Glucose-6-phosphate then enters glycolysis or ‘the Embden-Myerhof’
pathway. Glycolysis is the central pathway of glucose metabolism and occurs in
all cells. The primary site of regulation in the glycolytic pathway is
phosphofructokinase-1 (PFK-1) depicted in Fig. 1-2. PFK-1 is activated by AMP
and fructose-2,6-bisphosphate. Fructose-2,6-bisphosphate is formed by the action
of phosphofructokinase-2 (PFK-2). Both protein kinase A (PKA) and AMPK
phosphorylate PFK-2 resulting in a stimulation of glycolysis. The end product of
the ten reactions catalyzed in the glycolytic pathway is pyruvate. Pyruvate is
converted to acetyl-CoA by pyruvate dehydrogenase (PDH). PDH activity is
highly regulated by the energy status of the cell. Accordingly, PDH is inhibited by
acetyl-CoA, NADH and ATP, products of fatty acid oxidation. PDH is also
inhibited by phosphorylation by its kinase (PDH kinase). PDH kinase is activated

by acetyl-CoA, NADH and ATP, ensuring that PDH activity is minimal in the
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presence of high energy content. Acetyl-CoA produced by PDH then enters the
mitochondrial TCA cycle to produce NADH and FADH,, which ultimately lead to
the production of ATP.

Glucose can also be converted to its storage form, glycogen, following uptake
into the cell. Glycogen 1s present in almost all cells, but is highly abundant in
muscle and liver. Glycogen, like TG, undergoes constant turnover, and provides
an energy source when exogenous sources are low. Glycogen synthesis and
degradation are regulated by glycogen synthase and glycogen phosphorylase,

respectively.
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Role of Fatty Acids in the Development of Insulin Resistance

The strong association of obesity with insulin resistance (31) suggests that
fatty acids could play a causative role in the development of insulin resistance
[reviewed in 32]. Obesity results in an increased availability of plasma fatty acids
(33,34); the result of increased adipose tissue mass and/or insensitivity to the
inhibitory action of insulin on lipolysis (35,36). Elevated plasma fatty acids result
in increased synthesis and secretion of VLDL, and a reduced ability of insulin to
suppress hepatic glucose production [reviewed in 32,37]. Fatty acids have been
demonstrated to interfere with glucose utilization in skeletal muscle and heart
through the glucose-fatty acid cycle proposed by Randle (38-40). The
hypersecretion of insulin by the pancreas is induced acutely by fatty acids
[reviewed in 41]. Chronic exposure of the pancreas to fatty acids may also lead to
the inhibition of insulin secretion and the development of type 2 diabetes (41).
However, in various rodent knockout models, plasma fatty acid levels have not
always correlated with changes in insulin sensitivity (42).

Furthermore, the absence of adipose tissue in mouse models of lipodystrophy
results in severe insulin resistance and diabetes (43,44). Although adipose tissue
was classically considered a passive depot for energy storage and release,
adipocytes have recently been shown to express and secrete several peptide
hormones and cytokines, such as tumor necrosis factor alpha (TNFq), leptin,

adiponectin (ACRP30), interleukin-6 and resistin (45). The ability of these

hormones and cytokines to influence glucose and fatty acid metabolism has
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expanded the role of the adipocyte in insulin resistance and suggested that fatty
acids are most likely not the only factor involved in the development of insulin
resistance. The potential role of leptin and adiponectin in the regulation of glucose

and fatty acid metabolism will be discussed in a later section.

Role of Substrate Competition in the Development of Insulin Resistance

Altered fatty acid and glucose metabolism play a key role in the development
of insulin resistance. Alterations in insulin action play an important role in
mediating these changes in metabolism, since insulin controls the balance between
fuel production and fuel use through its actions on skeletal muscle, heart, liver and
adipose tissue. However, skeletal muscle is the primary tissue responsible for
glucose disposal in response to insulin (46) and is largely responsible for
peripheral insulin resistance (47).

The glucose-fatty acid cycle, first proposed by Randle in 1963, states that as
fatty acid availability increases, muscle fatty acid oxidation will increase resulting
in a reciprocal reduction in glucose metabolism including glucose uptake,
glycolysis and glucose oxidation (38). The key points of the Randle cycle are
elevations in acetyl-CoA/CoA levels from fatty acid oxidation leading to inhibition
of the PDH complex. Increased citrate levels are negative modulators of PFK-1
leading to reductions in glycolysis. Blockade of PFK-1 results in an accumulation
of glucose-6-phosphate which inhibits hexokinase activity and reduces glucose

uptake. While indirect calorimetry studies in type 2 diabetic patients have
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consistently demonstrated that fatty acid infusion reduces whole body glucose
utilization (39,40), studies in insulin resistant skeletal muscle have provided
inconsistent data. While some studies have demonstrated increased fatty acid
oxidation (48), others have demonstrated decreased fatty acid oxidation (49-51)
and yet others show no significant change in fatty acid oxidation (52). Thus, it is
not yet clear whether the glucose-fatty acid cycle plays a role in the development
of insulin resistance and there is still controversy as to whether muscle fatty acid

oxidation is altered.

Role of Triacylglycerol Accumulation in the Development of Insulin

Resistance

Insulin resistance is characterized by the accumulation of intracellular TG in
muscle. This accumulation of intracellular TG or ‘steatosis’ in muscle is highly
correlated with the development of insulin resistance, as well as the severity of
insulin resistance [reviewed in 53]. In support of this, reduction of skeletal muscle
TG, with either troglitazone or leptin, results in an increase in insulin-stimulated
glucose uptake and a decrease in insulin resistance (39,54). Furthermore, the
inactivation of enzymes involved in fatty acid uptake and storage (LPL, DGAT) is
associated with increases in insulin sensitivity [reviewed in 42]. In contrast, the
overexpression of these enzymes results in TG accumulation and reductions in

mnsulin sensitivity (42).

13
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Although there is a strong correlation between TG accumulation and insulin
resistance, the accumulation of TG itself is not detrimental to muscle insulin
sensitivity. However, the accumulation of TG in muscle is believed to increase the
availability of intracellular lipid products such as long-chain acyl-CoAs and DG
[reviewed in 55]. In skeletal muscle, this ‘lipotoxic’ effect of TG accumulation
can lead to impaired insulin signaling and the development of insulin resistance
(56-58). For example, intermediates in TG synthesis such as long chain acyl-CoA
and DG can activate isoforms of the novel protein kinase C family (3,g,0) which
have been demonstrated to interfere with insulin signaling [reviewed in 59].
Furthermore, long chain acyl-CoAs can activate the transcription factor,
peroxisome proliferator activated receptor alpha (PPARc), involved in the
transcriptional control of regulatory enzymes in fatty acid metabolism [reviewed in
59]. While several mechanisms for an inhibitory role of long chain acyl-CoAs on
insulin signaling have been proposed, the precise mechanisms remain unclear.

While the metabolic capacity of insulin resistant muscle appears to be
organized toward TG storage rather than fatty acid oxidation [reviewed in 60], it
remains controversial whether the accumulation of TG in muscle is the result of
increased fatty acid supply, decreased fatty acid oxidation, or a combination of
both. It is also not clear whether increases in TG synthesis or decreases in TG
lipolysis play a role in the accumulation of muscle TG. However, studies have
shown that the inhibition of muscle fatty acid oxidation results in TG accumulation

and insulin resistance (61,62). Recently, Kelley and Mandarino have re-examined
14
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the current data on fatty acid oxidation in insulin resistant muscle (60). They have
proposed that the development of insulin resistance results due to ‘metabolic
inflexibility’ rather than absolute changes in fatty acid oxidation (60). According
to this theory, the insulin resistant muscle fails to augment fatty acid oxidation
during fasting or reduce fatty acid oxidation after a meal (60). Thus, fatty acids are
not removed appropriately during different nutritional states and result in the
accumulation of intracellular TG (60).

Alternatively, the controversy regarding alterations in fatty acid oxidation
may be explained by considering that different alterations in fatty acid metabolism
occur during the development of insulin resistance [reviewed in 63]. It has been
proposed that elevated fatty acids initially stimulate fatty acid oxidation resulting
in elevations in acetyl-CoA. Elevated acetyl-CoA through mechanisms described
in the Randle cycle, inhibits glucose utilization resulting in insulin resistance.
Insulin resistance in the periphery is automatically compensated for by
hypersecretion of insulin. High levels of insulin are able to stimulate glucose
utilization producing acetyl-CoA that inhibits fatty acid oxidation according to the
reverse glucose-fatty acid cycle (64). The inhibition of fatty acid oxidation results
in the accumulation of TG and long-chain acyl-CoAs which maintain insulin
resistance. Thus, elevated fatty acids may not result in increases in fatty acid
oxidation due to the inhibitory effect of hyperinsulinemia on fatty acid oxidation.
Although this mechanism has not been proven directly, it highlights the importance

of identifying the stage of insulin resistance that is being studied.
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Coordinated Regulation of Fatty Acid Metabolism

Both fatty acid synthesis and fatty acid oxidation are controlled by acetyl-
CoA carboxylase (ACC). This dual regulatory role of ACC is accomplished by the
existence of two isoforms (65). The 265 kDa isoform of ACC (ACC-265) is the
rate-limiting enzyme for fatty acid biosynthesis in liver and adipose tissue (66).
The 280 kDa isoform of ACC (ACC-280) is a major regulator of muscle fatty acid
metabolism (67-69), since malonyl-CoA produced by this enzyme is a potent
inhibitor of carnitine palmitoyltransferase-I (CPT-I), a key enzyme involved in
mitochondrial fatty acid uptake (70).

Both isoforms of ACC can be regulated at the level of gene expression,
allosteric regulation of the enzyme, and reversible phosphorylation by several
kinases (71,72). In liver, skeletal muscle and heart, AMP-activated protein kinase
(AMPK) phosphorylates ACC, and contributes significantly to the regulation of

ACC activity (73-75).

Coordinated Regulation of Fatty Acid and Glucose Metabolism

The AMPK cascade acts as a metabolic sensor or "fuel gauge" in the
mammalian cell [reviewed in 76]. This role is fulfilled by the ability of AMPK to
phosphorylate key target proteins that control flux through metabolic pathways of
glucose uptake, glycolysis, gluconeogenesis, fatty acid synthesis, cholesterol
synthesis, fatty acid oxidation, TG synthesis and TG lipolysis (76-79). The role of

AMPK in the regulation of fatty acid and glucose metabolism is depicted in Figure
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1-3. AMPK can be activated through phosphorylation on threonine 172 by its
upstream kinase, AMPK kinase (AMPKK) (80) and through increases in
adenosine monophosphate: adenosine triphosphate (AMP:ATP) (81) and
creatine:phosphocreatine (Cr:PCr) ratios (82).

AMPK is a heterotrimeric complex comprising an « catalytic subunit and two
regulatory subunits (8 and 7) (83). Several isoforms of each subunit have been
identified with varying tissue distribution (84). At least 2 isoforms of the «
catalytic subunit have been identified: the o2 isoform represents the majority of
AMPK activity in muscle, while the a1 isoform predominates in liver (84).

Through the coordinated regulation of key enzymes in fatty acid
metabolism, AMPK regulates the flux of fatty acids into oxidation rather than TG
storage (79). AMPK activation increases fatty acid oxidation by inhibiting ACC
and reducing malonyl-CoA levels (74,75). The activation of AMPK also results in
the phosphorylation and inhibition of the mitochondrial glycerol-3-phosphate
acyltransferase (GPAT), the first committed step in de novo synthesis of TG (79).

AMPK plays a key role in the regulation of glucose metabolism. In the
heart, the activation of AMPK results in a stimulation of glucose uptake via
GLUT-4 translocation (77). AMPK also phosphorylates phosphofructokinase-2
(PFK-2) resulting in a stimulation of glycolysis in the heart (78). In liver, AMPK
phosphorylation of PFK-2 also stimulates glycolysis, resulting in a reduction in

hepatic glucose production (85).
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There is currently controversy about the role of AMPK in the regulation of
glycogen metabolism. AMPK has been shown to phosphorylate glycogen synthase
and phosphorylase kinase in vitro (86). However, the activation of AMPK with
AICAR stimulates glycogen phosphorylase activity and glycogen breakdown in
some studies (87), increases glycogen content through activation of glycogen
synthase in others (88), and increases glycogen content with no effect on glycogen
synthase or phosphorylase activities in yet other studies (89). Recent studies have
demonstrated that the amount of glycogen present may influence the AICAR-
induced activation of AMPK suggesting that AMPK may be regulated by glycogen
stores (89,90). Nevertheless, in both muscle and heart, activating mutations in %3
or 2 subunits of AMPK, respectively, result in glycogen storage disease (91,92).
Although the mutations are thought to result in AMPK activation, recent studies
have suggested that these mutations may not be activating (93). Furthermore, there
1s presently little information about the roles of the different AMPK heterotrimers
and whether specific isoforms are responsible for the control of fatty acid or
glucose metabolism.

Consistent, with the role of AMPK as a cellular energy gauge (47), AMPK
has been shown to be regulated by hormones and energy substrates. For instance,
AMPK is inhibited by insulin in heart and liver (94-96) and by high glucose in
pancreatic beta cells (97). Furthermore, acute exposure to fatty acids stimulates
AMPK activity while chronic exposure to fatty acids significantly reduces AMPK

activity in neonatal cardiomyocytes (98). These data suggest that the

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



hyperinsulinemia and hyperlipidemia characteristic of insulin resistance could lead

to the downregulation of AMPK.
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Hormonal Regulation of Fatty Acid Metabolism

Leptin

Leptin is a peptide hormone synthesized by adipocytes (99) that plays a key
role in the regulation of appetite and energy expenditure through its actions in the
hypothalamus (100). Accumulating evidence now suggests that leptin also
regulates energy homeostasis through direct actions on peripheral lipid and glucose
metabolism (101).

The key role of leptin is demonstrated in mice with mutations in the gene
encoding either the leptin protein (ob/ob) or leptin receptor (db/db). These mice
exhibit an insulin resistant syndrome characterized by obesity, hyperinsulinemia
and hyperlipidemia (102-103). Leptin treatment of ob/ob mice results in reduced
food intake, increased energy expenditure and alleviation of the insulin resistant
syndrome (102-103).

Leptin mediates its actions through leptin receptors expressed in the
hypothalamus, liver, heart, kidney, small intestine, testis, adipose tissue and spleen
(104). The leptin receptor is a member of the class I cytokine receptor family
(105). Alternative splicing of the leptin receptor gene results in six isoforms that
differ only in the intracellular domain (106,107). The long isoform (OB-Rb) has a
long intracellular domain and signals through the JAK (janus kinase) - STAT
(signal transducers and activators of transcription) pathway (108-111). The other

1soforms (OB-Ra, OB-Rc, OB-Rd, OB-Rf) have shorter intracellular domains with
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unknown signaling pathways. OB-Re lacks the transmembrane domain and is
believed to be a soluble leptin receptor (106).

In liver, skeletal muscle and pancreas, leptin partitions fatty acids toward
fatty acid oxidation rather than TG storage. For instance, in vivo elevation of
leptin levels in normal rats leads to a depletion of TG content in liver, skeletal
muscle and pancreas without an increase in plasma fatty acids or ketones,
suggesting intracellular oxidation (54). Furthermore, acute and chronic leptin
treatment results in increased fatty acid oxidation and decreased incorporation of
fatty acids into TG (112-114). In rodent models of leptin deficiency or leptin
naction, the accumulation of TG is prominent in skeletal muscle, heart, liver and
pancreas (56).

Roger Unger has proposed that the main physiological role of leptin is to
protect tissues other than adipose tissue from TG accumulation [reviewed in 56].
Indeed, leptin deficiency or leptin receptor mutations result in a significant
accumulation of TG in non-adipose tissues (56). Furthermore, mice in which
DGAT-1 1s overexpressed in adipose tissue results in a significant increase in
obesity with normal insulin sensitivity and normal levels of hepatic and skeletal
muscle TG (115). While this may result due to the increased storage of fatty acids
in adipose tissue and reduced fatty acid flux to liver and muscle, elevated plasma
leptin levels may be responsible for the lack of TG accumulation. Further support
for a role of leptin in the maintenance of tissue TG levels comes from mice lacking

adipose tissue. Overexpression of leptin in these mice restores tissue TG levels
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and improves insulin resistance (116). Furthermore, the transplantation of adipose
tissue lacking leptin into adipose deficient mice is unable to reverse the insulin
resistance suggesting that leptin plays a key role in peripheral insulin sensitivity
through the maintenance of tissue TG levels (117).

The mechanism by which leptin increases fatty acid oxidation and decreases
TG content in peripheral tissues is not completely understood. Very recently,
leptin was suggested to increase fatty acid oxidation acutely in skeletal muscle

through the activation of AMP-activated protein kinase (AMPK) (118).

Adiponectin

Adiponectin 1s another adipose-derived hormone that has been demonstrated
to play a role in obesity and insulin resistance. Unlike leptin, adiponectin levels
are reduced in obesity and insulin resistance (119). Adiponectin has been shown
to increase muscle fatty acid oxidation through AMPK activation and reduce tissue
TG levels leading to improvements in insulin sensitivity (120-122). However, it is
not clear why both leptin and adiponectin activate AMPK and increase fatty acid
oxidation since leptin levels are characteristically elevated and adiponectin levels
are reduced in obesity and insulin resistance. It is also unclear why mice lacking
adiponectin have elevated rates of fatty acid oxidation (123). The identification of
the adiponectin receptor(s) and tissue localization will provide more clues about

the physiological and pathophysiological roles of adiponectin.
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Cardiac Metabolism and Insulin Resistance

The metabolism of energy substrates is crucial to maintain contractile
function in the heart. Under normal physiological conditions, the energy
requirements of the heart are fulfilled primarily by the oxidation of fatty acids with
the remainder provided by carbohydrate metabolism (124). Several studies have
implicated abnormal fatty acid metabolism as being an important contributor to the
pathogenesis of diabetes-related cardiovascular dysfunction (125-128).

In type 1 diabetes, elevated plasma fatty acids result in a decreased utilization
of glucose and an over-reliance of the heart on fatty acid oxidation [reviewed in
125]. Elevated rates of fatty acid oxidation are associated with increased AMPK
activity, and decreased ACC activity and malonyl-CoA levels. Furthermore,
insulin treatment restores AMPK activity, ACC activity, malonyl-CoA levels and
fatty acid oxidation rates to normal levels (95). Similarly, increased rates of
cardiac fatty acid oxidation have been demonstrated in db/db mice, a model of type
2 diabetes (126). In both type 1 and type 2 diabetes, alterations in fatty acid
oxidation are correlated with changes in contractile function (125-127).

TG accumulation has been identified as an important contributor to the
pathogenesis of diabetes-related cardiovascular dysfunction. The accumulation of
cardiac TG is associated with depressed contractility, arrthythmias, hypertrophy,
heart failure and apoptosis (128-133). Importantly, the reduction of cardiac TG

content with troglitazone is associated with improvements in contractile
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dysfunction (129) suggesting that TG accumulation may play a role in diabetes-
related cardiovascular dysfunction.

The presence of cardiac insulin resistance in hypertensive (22) and aged rats
(23), as well as in patients with angina (24), heart failure and coronary heart
disease (25) has demonstrated a link between insulin resistance and cardiovascular
disease. However, it is not clear whether the heart becomes resistant to the effects
of insulin or whether alterations in fatty acid metabolism contribute to insulin

resistance (25,26).

Experimental Models of Insulin Resistance

Several dietary and genetic models of insulin resistance exist [reviewed in
134]. The high-fat fed rat is a commonly used model of insulin resistance. Since
high fat feeding of normal Sprague Dawley rats induces obesity and insulin
resistance, this model is thought to parallel obesity and insulin resistance induced
by overeating in humans (135). The ob/ob mouse is a genetic model of insulin
resistance due to a mutation in the gene encoding the leptin protein (ob). The
db/db mouse has a mutation resulting in the absence of the long form of the leptin
receptor (OB-Rb). These mice exhibit an insulin resistant syndrome characterized
by obesity, hyperinsulinemia and hyperlipidemia (102-104).

The Zucker fatty rat (fa/fa) is another model of leptin receptor deficiency.
However, the fa mutation is a missense mutation that results in reduced signaling

ability of the leptin receptor (136). The obese Zucker rat may develop
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hyperglycemia and type 2 diabetes depending on the background strain of the rat
(134).

The JCR:LA-cp rat is closely related to the Zucker fatty rat. The JCR:LA-cp
rat is a model of pre-type 2 diabetes that displays complete skeletal muscle insulin
resistance by the age of 12 weeks (137). The JCR:LA-cp rat is deficient in the
leptin receptor due to a mutation encoded by the cp gene (138). The development
of insulin resistance occurs between the age of 4 and 12 weeks and is characterized
by obesity, hyperinsulinemia, and hyperlipidemia (137). The JCR:LA-cp is a good
model of insulin resistance because it does not progress to type 2 diabetes, unlike
other rodent models. Furthermore, the JCR:LA-cp rat closely resembles the
human metabolic syndrome because it develops spontaneous cardiovascular
disease similar to that seen in humans (139).

The accumulation of TG in muscle of the JCR:LA-cp rat is strongly
associated with the onset of muscle insulin resistance. Both electron microscopy
and oil red O staining have confirmed the presence of intracellular lipid droplets in
the muscle of 12 week JCR:LA-cp rats (137). Elevated fatty acid supply has been
demonstrated to play a role in the accumulation of muscle TG in the JCR:LA-cp
rat (137), however, it is not clear whether alterations in muscle fatty acid
metabolism also contribute to the accumulation of muscle TG in the JCR:LA-cp

rat.
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Modification of the Insulin Resistant Syndrome

The development of insulin resistance involves alterations in fatty acid and
glucose metabolism suggesting that enzymes involved in the regulation of fatty
acid and glucose metabolism may represent novel targets for the treatment of
insulin resistance. The lipid-lowering agent, MEDICA 16, is an ATP:citrate lyase
inhibitor that limits acetyl-CoA supply to ACC, resulting in a reduction in ACC
activity (140). Indeed, chronic treatment with MEDICA 16 reduces plasma TG
concentrations by 80% and blunts the development of insulin resistance in
JCR:LA-cp rats (137), as well as in the obese Zucker rat (141). Acutely, MEDICA
16 treatment results in a significant decrease in plasma VLDL cholesterol and TG
(142) and a significant inhibition of hepatic lipogenesis (143). However, the
demonstration that mice lacking ACC-280 have higher rates of muscle fatty acid
oxidation and significantly reduced amounts of fat (144) has lead to the suggestion
that activators of fatty acid oxidation may also be promising new drugs in the
prevention of obesity.

AMPK is considered a novel therapeutic target for the treatment of obesity,
insulin resistance and type 2 diabetes (145-147). Recently, AMPK has been
identified as a target of the insulin sensitizing agents, metformin, troglitazone and
rosiglitazone (147-151). Consistént with this role, treatment of insulin resistant
rats with AICAR, a non-specific AMPK activator, results in an improvement in
insulin action (152) and AICAR treatment of type 2 diabetic rodents results in a

significant reduction in plasma glucose levels (153-157).
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On the other hand, recent studies have described activating AMPK mutations
which result in functional abnormalities and hypertrophy in the heart (92,158-160).
For instance, mutations in the 42 subunit of AMPK result in glycogen storage
disease that mimics hypertrophic cardiomyopathy (92). Furthermore, mutations in
the 42 subunit of AMPK cause ventricular preexcitation, atrial fibrillation,
conduction defects and cardiac hypertrophy (158-160). Studies have also
demonstrated elevated AMPK activity in pressure overload hypertrophy (161).
However, it is currently controversial whether these mutations result in AMPK
activation (93,162). Thus, although the activation of AMPK may be beneficial in
correcting the abnormal glucose and fatty acid metabolism accompanying insulin
resistance, AMPK activation may result in cardiac hypertrophy and functional
abnormalities. Clearly the role of AMPK in the regulation of cellular energy
balance is complex and requires intense investigation before AMPK can become

the target for insulin-sensitizing agents.

Exercise Training and Insulin Sensitivity

The ability of exercise training to improve insulin sensitivity in insulin
resistant patients or rodents is well characterized [reviewed in 163]. The
observation that insulin and contraction stimulate GLUT4 translocation through
distinct signaling pathways has provided a potential explanation for the beneficial
effects of exercise training on insulin sensitivity [reviewed in 164]. Muscle

contraction, by electrical stimulation or exercise, activates AMPK and GLUT4
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translocation independent of the insulin signaling pathway [reviewed in 165,166].
The ability of exercise to activate AMPK in insulin resistant human muscle has
provided further evidence that AMPK may mediate the exercise-induced
improvements in insulin sensitivity (167,168). This notion has generated
tremendous interest in the development of AMPK activators for the treatment of

insulin resistance.

Models of Exercise Training

The use of exercise training in rodents has yielded conflicting data in the
past. While treadmill running, motorized exercise wheels and forced swimming
are used routinely, there is evidence that these models evoke a stress response in
rodents (169). An alternative model of exercise training is voluntary wheel
running induced by mild food restriction (170). This model has several benefits
compared with other exercise training models. For example, mild food restriction
does not affect the physiological response of rodents to exercise-training (169).
Furthermore, voluntary wheel running offers a more relevant model to the human
condition because exercise in humans is usually accompanied by a reduction in
food intake (169). This model of exercise-training has been characterized in the
JCR:LA-cp rat (170). Voluntary wheel running in these animals is highly
correlated with food intake and can be easily manipulated to obtain a certain level

of exercise training (170).
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Hypothesis and Objectives

AMPK plays a key role in the regulation of fatty acid and glucose
metabolism.  Not only would the hyperinsulinemia and hyperlipidemia
characteristic of the insulin resistant syndrome be expected to reduce AMPK
activity, a reduction in AMPK activity could account for reduced glucose
metabolism, decreased fatty acid oxidation and elevated TG content. Thus, we
hypothesized that a reduction in AMPK activity is associated with altered fatty
acid and glucose metabolism in the insulin resistant JCR:LA-cp rat heart.

Leptin regulates fatty acid metabolism in liver, skeletal muscle and pancreas
by partitioning fatty acids into oxidation rather than TG storage. Since leptin
receptors are present in the heart, we investigated whether leptin directly regulates
cardiac fatty acid oxidation and TG content in isolated working rat hearts. We
further investigated whether leptin action was associated with the activation of
AMPK.

The insulin resistant JCR:LA-cp rat is leptin receptor deficient due to a
mutation in the leptin receptor gene. Thus, we investigated whether the absence of
leptin signaling results in altered cardiac fatty acid oxidation and TG content in
isolated working JCR:LA-cp rat hearts. We also investigated whether the
accumulation of TG in the heart is associated with reduced glucose utilization. We
further investigated whether changes in AMPK activity are associated with altered

fatty acid and glucose metabolism in the insulin resistant hearts.
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The accumulation of cardiac TG can be the result of increased fatty acid
supply, decreased fatty acid oxidation, increased TG synthesis or decreased TG
lipolysis, or a combination of these. Our data suggests that increased fatty acid
supply rather than reduced fatty acid oxidation or increased TG synthesis is
contributing to TG accumulation in the JCR:LA-cp rat heart. Thus, we extended
our studies to investigate potential alterations in ACC and AMPK in the liver and
skeletal muscle of the JCR:LA-cp rat during the development of insulin resistance.
We also treated JCR:LA-cp rats with the lipid-lowering compound, MEDICA 16
to investigate further the role of ACC and AMPK in the insulin resistant syndrome.

The activation of AMPK is considered a novel target in the treatment of
obesity and insulin resistance. Exercise improves insulin sensitivity and activates
AMPK. We determined whether exercise can activate AMPK in the heart and
whether the exercise-induced activation of AMPK was associated with altered

cardiac fatty acid oxidation, TG content and glycolysis.
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CHAPTER 2. MATERIALS AND METHODS

Materials

[1-"*C]glucose, D-[5-’H]glucose was obtained from Amersham Canada Ltd
(Oakville, Ontario). [9,10-’H]palmitic acid and [1-'*C]palmitic acid were obtained
from NEN (Boston, MA). [’H]sn-glycerol-3-phosphate was obtained from NEN
(Boston, MA). L-[methyl-’H]carnitine HCl was obtained from Amersham
Biosciences Corporation (Quebec, Canada). Bovine serum albumin (BSA fraction
V, fatty acid free) was obtained from Boehringer Mannheim (Indianapolis, IN).
Hyamine hydroxide (1M in methanol solution) was obtained from NEN Research
Products (Boston, MA). ACS Aqueous Counting Scintillant was obtained from
Amersham Canada Ltd (Oakville, Ontario). MEDICA 16 was a gift from Dr.
Jacob Bar-Tana (Jerusalem, Israel). Triglyceride and Free Fatty Acid assay kits
were obtained from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Leptin
immunoassay kit was purchased from R&D Systems (Minneapolis, MN). For
HPLC analysis of malonyl-CoA, a Novo-Pak 4 um, 60A°, C18 precolumn
cartridge was purchased from Waters Company (Milford, MA) and an
Absorbosphere C18, 3 um, 150 mm X 4.6 mm column was purchased from

Alltech Associates/Mandel Scientific (Guelph, ON). ECL Western blotting
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detection reagents were purchased from Amersham International (Amersham,
UK). Monoclonal or polyclonal antibodies to cytosolic H-FABP and phospho-
AMPK were purchased from Signal Transduction Laboratories. Secondary
antibodies (peroxidase conjugated affinipore goat anti-mouse IgG and peroxidase
conjugated affinipore goat anti-rabbit IgG) were purchased from Jackson
Immunoresearch Laboratories Inc. (Mississauga, Ontario). Peroxidase labeled
streptavidin was purchased through Mandel Scientific from Kirkegaard & Perry
Laboratories Inc. (Gaithersburg, MD). Trans-Blot Transfer Medium (PVDF
membrane) was obtained from BioRad (Richmond, CA). X-ray films (X-OMAT
AR Film) were purchased from Kodak (Rochester, NY). All other chemicals were

obtained from the Sigma Chemical Company (St. Louis, MO).

Methods

Sprague Dawley Rats

Adult male Sprague Dawley rats weighing between 250-300g were obtained

from the University of Alberta.

JCR:LA-cp Rats
4 and 12 week old JCR:LA-cp (cp/cp) and lean age-matched controls (either
+/cp or +/+) were bred in an established colony at the University of Alberta.

Animals were maintained in a controlled environment at 20° C and 50-55% relative

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



humidity, with a 12:12 h light-dark cycle. Animals were maintained on rat chow
(Rodent Diet 5001; PMI Nutrition International) and distilled water was available
ad libitum. Animals were either fasted or fed prior to sacrifice as described in
individual chapters. Care and treatment of the rats conformed to the guidelines of
the Canadian Council on Animal Care and was subject to prior institutional

approval as provided for in the guidelines.

JCR:LA-cp Rats (Exercise Study)

4-week old JCR:LA-cp (cp/cp) were bred in an established colony at the
University of Alberta. Animals were maintained in a controlled environment at
20°C and 50-55% relative humidity, with a 12:12 h light-dark cycle. Animals were
maintained on rat chow (Rodent Diet 5001; PMI Nutrition International) and

distilled water as described in Chapter 6.

MEDICA 16 Treatment

In one series of experiments described in Chapter 5, JCR:LA-cp rats were
treated for 6 weeks with MEDICA 16. Body weight and food consumption were
measured twice weekly. MEDICA 16 was incorporated in the rat chow at a

concentration of 0.25% (wt/wt).
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Blood Collection

Blood samples were either obtained by cardiac puncture or by sampling from
the tail vein as described in Chapters 4, 5 and 6. Samples were cooled on ice for
approximately 15 minutes and then centrifuged at 1,500 X g for 15 minutes.
Following centrifugation, the top layer (plasma) was removed at stored at -70°C

for further analysis.

Plasma Measurements

Samples were analyzed for plasma glucose using a glucose oxidase technique
(Beckman Instruments, Brea, CA). Insulin levels were determined by
radioimmunoassay (Insulin RIA 100, Kabi Pharmacia, Uppsala, Sweden, with rat
insulin standards). Plasma free fatty acid levels were measured using an enzymatic
colorimetric assay (Wako® Pure Chemical Industries, Osaka, Japan). Plasma TG
levels were measured using an enzymatic colorimetric assay (Wako® Pure
Chemical Industries, Osaka, Japan). Plasma leptin levels were determined by

immunoassay (R&D Systems, Minneapolis, MN).

Meal Tolerance Test

A standardized meal tolerance test (MTT) provides a sensitive index of
insulin and glucose metabolism in the insulin resistant JCR:LA-cp rats (1). After
an overnight fast, rats were warmed on a heated table to ensure vasodilation of the

tail, and a 0.25 - 0.5 ml blood sample (depending on the weight of the animal) was
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obtained from the tip of the tail. The rats were then replaced in their cage and
given 5 g of food. When 50% of the food was eaten, timing was started and

subsequent blood samples were taken at 30 and 60 minutes.

Exercise Protocol

The study was done on JCR:LA-cp (cp/cp) male rats beginning at the age of
4-weeks. During the 4-week experimental protocol (described in detail in Chapter
6), body weight, food intake and water intake were recorded daily. Fasting blood
samples were obtained from the tail vein prior to the start of the experiment, at 6.5
weeks and at 8.5 weeks of age. A meal tolerance test to determine insulin
sensitivity was performed at 8.5 weeks of age.

During the 8 week experimental protocol (described in detail in Chapter 6),
all groups were subjected to the 4-week experimental protocol as described above.
However, at 8.5 weeks of age, exercise-training and weight-matching were
stopped and all groups received free access to food and water for the remaining 4-
weeks. Body weight, food intake and water intake were recorded daily. Fasting
blood samples were obtained from the tail vein prior to the start of the experiment,

at 6.5, 8.5, 10.5 and 12.5 weeks of age. A meal tolerance test to determine insulin

sensitivity was performed at 12.5 weeks of age.
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Wheel Revolutions

Exercise-trained and weight-paired JCR:LA-cp rats were housed in Wahman
running wheels (1.1 meter circumference) as described previously (2). However,
the wheels, in cages of the weight-paired group, were locked. Animals were put in
the running wheels 4 days prior to the beginning of the experimental protocol. The
wheels were continuously monitored through a computer and the daily number of

complete wheel revolutions recorded.

Heart Perfusions

For the leptin study described in Chapter 3, adult male Sprague Dawley rats
(250-300 g) were anesthetized with an intraperitoneal injection of sodium
pentobarbital (60 mg/kg). For all other studies, adult male JCR:LA-cp and lean
controls were anesthetized without restraint in a large glass jar with 3% halothane
at 1 I/min O,. Hearts were rapidly excised and placed in ice-cold Krebs-Henseleit
solution. The aorta was quickly cannulated and perfusion was initiated using
Krebs-Henseleit solution containing 118 mM NaCl, 4.7 mM KC}, 1.2 mM
KH,PO,, 1.2 mM MgSO,7H,0 and 2.5 mM CaCl,2H,0. At this time, excess
tissue was removed from the heart and the opening to the left atrium was
cannulated. After a 10 minute equilibration period, hearts were switched to the
working heart mode. Left atrial preload was 11.5 mmHg and aortic afterload was
80 mmHg. Spontaneously beating hearts were used throughout the studies. Heart

rate and peak systolic pressure (PSP) were measured using a Gould P21 pressure
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transducer in the aortic outflow line. Cardiac output, aortic flow and coronary
flow were measured using Transonic in-line ultrasonic flow probes connected to
T101 ultrasonic blood flow meter. Mechanical function was monitored throughout
the entire perfusion period. Cardiac work is expressed as the product of peak

systolic pressure X cardiac output.

Perfusion Protocols -

For the leptin study described in Chapter 3, isolated working hearts from
male Sprague Dawley rats were subjected to aerobic perfusion with a modified
Krebs-Henseleit solution containing 0.8 mM palmitate, 5 mM glucose, 3% bovine
serum albumin, 2.5 mM free Ca**, in the absence or presence of 100 pU/ml (600
pmol/l) insulin. The hearts, in which fatty acid oxidation and glucose oxidation
rates were measured, were subjected to a 60-minute perfusion with perfusate
containing [9,10-’H]palmitate and [1-'*C]glucose.  Palmitate and glucose
oxidation rates were determined simultaneously by the quantitative collection of
*H,0 and '*CO, produced by the heart, as described previously (3). Steady-state
fatty acid and glucose oxidation rates were calculated from the linear time course
as the mean of nmol [*H]palmitate * g dry wt ' “min " or nmol ['*C]glucose * g dry
wt ' min !, respectively, for each 10 minute sampling time point during the 60-

minute perfusion. Acetyl-CoA production was calculated as the total amount of

palmitate or glucose oxidized * gram dry wt ' * acetyl-CoA produced with

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



palmitate producing 8 acetyl-CoA/palmitate and glucose producing 2 acetyl-
CoA/glucose.

For studies described in Chapters 4 and 6, isolated working hearts from
JCR:LA-cp and lean control rats were subjected to aerobic perfusion with a
modified Krebs-Henseleit solution containing 0.8 mM palmitate, 5 mM glucose,
500 uU/ml (3000 pmol/l) insulin, 3% bovine serum albumin, and 2.5 mM free
Ca®". The hearts, in which fatty acid oxidation and glycolytic rates were measured,
were subjected to a 40-minute perfusion with perfusate containing [1-'*C]palmitate
and D-[5-’H]glucose. Palmitate oxidation and glycolytic rates were determined
simultaneously by the quantitative collection of '*CO, and *H,0 produced by the
hearts, as described previously (3). Steady-state fatty acid oxidation and glycolytic

rates were calculated from the linear time course as the mean of the nmol

1

[14C]pa1mitate g dry wt ' min "' or umol [3H]glucose g dry wt' min !

b

respectively, for each 10 minute sampling time point during the 40-minute

perfusion.

Tissue Analysis

At the end of the perfusions, heart ventricles were rapidly frozen with
Wollenberger clamps cooled to the temperature of liquid N,. The frozen
ventricular tissue was then weighed and powdered in a mortar and pestle cooled to
the temperature of liquid N,. A portion of the powdered tissue was used to

determine the dry wt to wet wt ratio of the ventricles. The atrial tissue remaining
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on the cannula was removed, dried in an oven for 12 hr at 100°C, and weighed.
The dried atrial weight, frozen ventricular weight, and ventricular dry to wet ratio

were then used to determine the total dry weight of the heart.

Tissue Collection

JCR:LA-cp rats were handled twice a week from birth to ensure minimal
stress at the time of sacrifice. Rats were anesthetized without restraint in a large
glass jar with 3% halothane at 1 1/min O,. This procedure allowed minimal stress
to the animal prior to tissue sampling. The time to reach surgical plane with
halothane varied slightly, with heavier animals taking slightly longer. Tissues
(muscle, heart, liver) were harvested within 30 seconds after surgical plane was

reached, frozen immediately in liquid N, and stored at -80°C until analysis.

Tissue Triacylglycerol Determination

For studies described in Chapter 4 and 5, TG was extracted from frozen
tissue according to the method of Folch (4). Briefly, 20 mg of frozen heart tissue
was extracted in a 20-fold volume of 2:1 chloroform:methanol following which a
0.2 volume of methanol was added, and the extract vortexed for 30 seconds. The
mixture was then centrifuged at 1,100 X g for 10 minutes and the supernatant
collected. The resulting supernatant was applied to a silicic acid column. TG was
eluted in 10 volumes of chloroform, dried under N, at 6OOC, and quantitated

colorimetrically using an enzymatic assay (Wako® Pure Chemical Industries).
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For studies described in Chapters 3 and 6, TG was extracted from frozen
tissue according to the method of Folch (4). Briefly, 20 mg of frozen heart tissue
was extracted in a 20-fold volume of 2:1 chloroform:methanol following which a
0.2 volume of methanol was added, and the extract vortexed for 30 seconds. The
mixture was then centrifuged at 1,100 X g for 10 minutes and the supernatant
collected. A 0.2 volume of 0.04% CaCl, was added to the supernatant which was
then centrifuged at 550 X g for 20 minutes. The upper phase was then removed
and the interface was washed 3 times with pure solvent upper phase consisting of
1.5 ml chloroform, 24.0 ml methanol, and 23.5 ml water. The final wash was
removed and 50 pul of methanol was added to obtain one phase. The samples were
then dried under N, at 60°C and redissolved in 50 pl of 3:2 tert-butyl alcohol:triton
X-100 (5). Cardiac TG was then quantitated colorimetrically using an enzymatic

assay (Wako® Pure Chemical Industries).

[’H] Palmitate Incorporation into Triacylglycerol

In the studies described in Chapter 3, palmitate incorporation into TG was
determined using an aliquot from the total TG isolated as described above. Total
cardiac TG was resuspended in 4 ml scintillation fluid and then counted for the
presence of radiolabelled [H]palmitate. Total (exogenous and endogenous) fatty
acid oxidation was determined by the following equation: [total [*H]palmitate label
incorporation into TG during the perfusion] + [the change in fatty acid content in

TG during the perfusion] + [total [*H]palmitate oxidized during the perfusion].
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This calculation makes the following assumptions: 1) TG pool size was similar in
control and leptin-treated hearts at the onset of leptin administration, 2) the TG
pool size remains constant in the control hearts throughout the perfusion period,
which we have shown to occur under these perfusion conditions (6), 3) the amount
of [*H]palmitate label entering the TG pool equals that of endogenous or
unlabelled fatty acid leaving the pool and 4) all palmitate released from the TG
pool is oxidized. Previous studies of TG turnover and the contribution of TG to
energy substrate utilization in isolated working rat hearts demonstrate that these

assumptions are valid (6,7).

CoA Ester Levels

Approximately 20 mg of frozen heart tissue was extracted in 200 pl 6%
perchloric acid containing 1 mM dithiothreitol (to prevent oxidation during
isolation). Following homogenization, samples were left on ice for 10 minutes and
then centrifuged at 13,400 X g for 5 minutes. The supernatant was removed and

subjected to HPLC analysis as described previously (8).

Polyethylene Glycol (PEG) Precipitation

A cytosolic fraction containing ACC and AMPK was isolated from frozen
tissue according to the polyethylene glycol (PEG) precipitation method (9). 200
mg of frozen tissue was homogenized in homogenization solution containing 50

mM Tris-HCI (pH 7.5 at 4°C), 50 mM NaF, 5 mM Na' pyrophosphate, 1 mM
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EDTA, 1 mM EGTA, 0.25 M mannitol, 1 mM DTT and a protease inhibitor
cocktail (Sigma®). After homogenization for 30 seconds, the mixture was
centrifuged at 14,000 X g for 20 minutes. The resulting supernatant was made to
2.5% PEG, vortexed for 10 minutes and centrifuged for 10 minutes at 10,000 X g.
The resulting supernatant was then made to 6% PEG, vortexed for 10 minutes and
centrifuged for 10 minutes at 10,000 X g. The resulting pellet was resuspended in
solution containing 0.1 M Tris-HC] (pH 7.5 at 4°C), 50 mM NaF, 5 mM Na
pyrophosphate, 1 mM EDTA, 1 mM EGTA, 10% w/v glycerol, 1 mM DTT, 0.02%
sodium azide and the protease inhibitor cocktail (Sigma® P8340). The protease
inhibitor cocktail is a mixture of protease inhibitors with broad specificity for the
inhibition of serine, cysteine, aspartic proteases and aminopeptidases. Protein

content was measured using the Bradford protein assay (10)

Whole Cell Homogenate Preparation

Whole cell homogenates were obtained by homogenizing 50 mg of frozen
heart tissue in homogenization solution containing 0.1 M Tris-HCI (pH 7.5 at 4
OC), 50 mM NaF, 5 mM Na pyrophosphate, 1 mM EDTA, 1 mM EGTA, 10% w/v
glycerol, 1 mM DTT, 0.02% sodium azide and the protease inhibitor cocktail
(Sigma®). After homogenization for 30 seconds, the mixture was centrifuged at
800 X g for 10 minutes. Protein content was measured in the resulting supernatant

using the Bradford protein assay (10).
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ACC Activity

The “CO, fixation technique” was used to measure ACC activity in the 6%
PEG fraction (9). Briefly, 12.5 ug of protein was added to a reaction mixture (final
volume 190 ul) containing 60.6 mM Tris acetate, 1 mg/ml BSA, 1.32 uM ATP,
2.12 mM B-mercaptoethanol, 5 mM magnesium acetate, 1.06 mM acetyl-CoA,
18.08 mM NaH"“CO; and 0 or 10 mM magnesium citrate. Samples were
incubated at 37°C for 4 minutes and the reaction was stopped by adding 25 pl of
10% perchloric acid. Samples were spun at 1,100 X g for 20 minutes and then 160
ul of supernatant was placed in glass vials and dried under warm heat. The
samples were resuspended in 100 pl of ddH,0O and 4 ml scintillation fluid and then
counted for the presence of radiolabelled malonyl-CoA. ACC activity is expressed

as nmol malonyl-CoA produced min""mg protein™.

AMPK Activity

AMPK activity of the 6% PEG precipitate was measured by following the
incorporation of **P into the synthetic peptide HMRSAMSGLHLVKRR (SAMS)
or AMARAASAAALARRR (AMARA) as described in the individual Chapters
(9). Both synthetic peptides are specific substrates for AMPK, however, SAMS
detects al-AMPK activity to a greater extent than c2-AMPK activity. AMARA
detects both al- and c2-AMPK activity equally (11). SAMS was used in Chapter
5 because liver contains predominately the ol-catalytic isoform of AMPK.

AMARA was used in chapter 3, 4 and 6 because the o2-catalytic isoform of
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AMPK is more predominant in heart. The assay mixture contained 40 mM HEPES
pH 7.0, 80 mM NaCl, 0.8 mM EDTA, 1 mM DTT, 0.2 mM [y-*P]ATP, 5.0 mM
MgCl,, 0.2 mM SAMS or AMARA, 8% glycerol, 0.01% Triton X-100, and 2 pg
of the PEG precipitate in the presence or absence of 200 uM AMP. Incorporation
of *’P into the SAMS or AMARA peptide was measured at 30°C for 5 minutes. An
aliquot of the reaction mixture was then blotted onto phosphocellulose paper,
washed 1n H;PO, four times and once in acetone. The phosphocellulose was dried
and counted in 4 ml of scintillant. AMPK activity is expressed as pmol **P

- .l -1
incorporated min ~ ' mg protein " .

GPAT Activity

GPAT activity in whole cell homogenates was assayed by following the
incorporation of [3H]sn—glycerol-3-phosphate into lysophosphatidate as described
by Swanton et al. (12). All assays were performed for 15 minutes in a final
volume of 200 pl. Reactions were performed at 30°C in a reaction mixture
containing 75 mM Tris-HCI (pH 7.4), fatty acid free bovine serum albumin (1.75
mg/ml), 1 mM dithiothreitol, 1 mM [3H]sn-glycerol-3-phosphate, 40 pM
palmitoyl-CoA and 150 pg of homogenate protein. The assay was performed both
in the absence or presence of 10 mM N-ethylmaleimide (NEM) to inhibit the
microsomal isoform. GPAT activity is expressed as pmol [*H]sn-glycerol-3-

phosphate “min ' mg protein .
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Preparation of Mitochondria

Freshly isolated hearts from JCR:LA-cp and lean control rats were excised
and finely minced with scissors in 10 ml of homogenization solution containing
0.25 M sucrose, 5 mM Tris-HCl and 1 mM EGTA, pH 7.4 at 4°C. The crude
homogenate was centrifuged at 800 X g for 10 minutes at 4°C. The resulting
pellet was washed in 2 volume of homogenization solution and was then re-
centrifuged at 800 X g for 10 minutes; this step was repeated twice to maximize
the yield of mitochondria. The combined supernatants were centrifuged at 6,000 X
g for 15 minutes. The pellet was carefully resuspended in 2 ml of homogenization
solution, and centrifuged at 6,000 X g for 15 minutes. The resultant pellet (crude
mitochondria) was gently resuspended in 2 ml of homogenization solution. The
crude mitochondrial fraction (0.5 ml) was layered onto 9 ml of 30% Percoll and
centrifuged at 50,000 X g for 60 minutes at 4 °C. The bottom mitochondrial

protein band was collected and used for CPT-I activity determinations.

CPT I Activity

CPT I activity was assayed in the direction of acylcarnitine formation using
palmitoyl-CoA and carnitine as substrates (13). Reactions were carried out at
30°C 1n glass culture tubes (13mm x 100mm). Final concentrations in a total of
500 pl were: 75 uM palmitoyl-CoA, 4 mM ATP, 4 mM MgCl,, 0.25 mM

glutathione, 40 pg/ml rotenone, 2 mM KCN, 15 mM KCl, 1 % (w/v) bovine serum

albumin and 105 mM Tris-HCl, pH 7.4. The amount of the mitochondrial protein
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ranged between 35 and 40 pg in a total volume of 50 pl. Palmitoyl-CoA was
dissolved in 25 mM KH,PO,, pH 5.3. The mitochondria were initially incubated
with the assay solution and palmitoyl-CoA for 3 minutes at 30°C. Reactions were
initiated by the addition of L-[methyl-3H]camitine HCI to a final L-carnitine
concentration of 200 uM and the incubation continued for a further 6 minutes.
Reactions were stopped by adding 100 pl of concentrated HCl.  The
[*H]palmitoylcarnitine formed was extracted using 1-butanol (14). The incubation
mixture (500 pl + 100 ul HCI) was diluted to 2 ml with butanol-saturated water,
and [*H]palmitoylcarnitine was extracted with 1 ml of water-saturated butanol.

The mixture was vortexed and centrifuged at 1,100 X g for 7 minutes. Butanol

phase was removed and washed twice with 2x of its volume with butanol-saturated
water. Finally, the radioactivity in 500 pul of the butanol extract was measured

using standard scintillation techniques, and the content of palmitoylcarnitine was

calculated from the known specific activity of carnitine used.

Immunoblotting

Whole cell homogenates (for cytosolic H-FABP and P-AMPK) or 6% PEG
precipitants (for ACC) were diluted in protein sample buffer containing 10%
glycerol, 1% B-mercaptoethanol, 2% SDS, 0.1 mg/ml bromophenol blue, 43 mM
Tris (pH 6.8), boiled for 5 minutes and then subjected to polyacrylamide gel

electrophoresis under denaturing conditions (SDS-PAGE). Samples were resolved
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by gel electrophoresis using a Mini Trans-Blot Cell (BioRad®) in protein reservoir
buffer containing 25 mM Tris (pH 8.3), 0.192 M glycine, and 0.1% sodium
dodecylsulfate.  Proteins were then transferred to a PVDF (polyvinylidene
difluoride) membrane using Towbin’s transfer buffer containing 25 mM Tris (pH
8.3), 192 mM glycine, and 20% methanol (15). Membranes were blocked at room
temperature for 1 hour in either 5% bovine serum albumin or milk powder in Tris-
buffered saline containing 0.1% Tween. Membranes were then incubated at 4°C
overnight in the primary antibody diluted in blocking buffer. The membranes were
then incubated in the appropriate secondary antibody conjugated to horseradish

peroxidase at room temperature for 1 hour. Protein expression was visualized

using the ECL® Western blot detection kit.

Densitometric Analysis

X-ray films were scanned using a GS-800 Calibrated Densitometer and
analyzed using Quantity One® software. As a control, one sample was loaded on
all gels and the relative density of the bands determined with Quantity One
software was standardized to the control sample. This eliminated differences in
the transfer of proteins to the membrane as well as any differences in the level of
exposure on the x-ray film. The density of the bands is expressed as relative

density standardized to the control sample.
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Statistical Analysis

All data are presented as the mean + standard error (n). The data were

analyzed with the statistical program Instat 2.01. Statistical tests are described in
detail in the individual chapters. Two-tailed values of p<0.05 were considered

significant.
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CHAPTER 3.

Leptin Activates Cardiac Fatty Acid Oxidation Independent of
Changes in the AMP-Activated Protein Kinase- Acetyl-CoA

Carboxylase-Malonyl-CoA Axis

A version of this chapter has been published.  Atkinson LL, Fischer MA,

Lopaschuk GD. J Biol Chem 277:29424-29430, 2002

My role in this work involved performing all the biochemical experiments (except
those noted below) as well as writing the manuscript. Melanie A. Fischer
performed the heart perfusions. Ken Strynadka performed the HPLC analysis of

CoA esters.
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CHAPTER 3.

Leptin Activates Cardiac Fatty Acid Oxidation Independent of
Changes in the AMP-Activated Protein Kinase-Acetyl-CoA
Carboxylase-Malonyl-CoA Axis

Abstract

Leptin regulates fatty acid metabolism in liver, skeletal muscle and pancreas
by partitioning fatty acids into oxidation rather than triacylglycerol (TG) storage.
Although leptin receptors are present in the heart, it is not known whether leptin
also regulates cardiac fatty acid metabolism. To determine whether leptin directly
regulates cardiac fatty acid metabolism, isolated working rat hearts were perfused
with 0.8 mM [9,10-3H]palmitate and 5 mM [1-14C]glucose to measure palmitate
and glucose oxidation rates. Leptin (60 ng/ml) significantly increased palmitate
oxidation rates 60% above control hearts (p<0.05) and decreased TG content by
33% (p<0.05) over the 60-minute perfusion period. In contrast, there was no
difference in glucose oxidation rates between leptin-treated and control hearts.
Although leptin did not affect cardiac work, oxygen consumption increased by
30% (p<0.05) and cardiac efficiency was decreased by 42% (p<0.05). AMP-

activated protein kinase (AMPK) plays a major role in the regulation of cardiac
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fatty acid oxidation by inhibiting acetyl-CoA carboxylase (ACC) and reducing
malonyl-CoA levels. Leptin has also been shown to increase fatty acid oxidation
in skeletal muscle through the activation of AMPK. However, we demonstrate
that leptin had no significant effect on AMPK activity, AMPK phosphorylation
state, acetyl-CoA carboxylase (ACC) activity, or malonyl-CoA levels. AMPK
activity and its phosphorylation state were also unaffected after 5 and 10 minutes
of perfusion in the presence of leptin. The addition of insulin (100 pU/ml) to the
perfusate reduced the ability of leptin to increase fatty acid oxidation and decrease
cardiac TG content. These data demonstrate for the first time that leptin activates
fatty acid oxidation and decreases TG content in the heart. We also show that the
effects of leptin in the heart are independent of changes in the AMPK-ACC-

malonyl-CoA axis.
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Introduction

In liver, skeletal muscle and pancreas, leptin partitions fatty acids toward
fatty acid oxidation rather than TG storage [reviewed in 1]. The mechanism by
which leptin increases fatty acid oxidation and decreases TG content in peripheral
tissues is not completely understood. Recently, leptin was suggested to increase
fatty acid oxidation acutely in skeletal muscle through the activation of AMP-
activated protein kinase (AMPK) (2).

AMPK has a key role as a fuel gauge in the heart [reviewed in 3] and plays
an important role in regulating fatty acid oxidation (4). The regulation of cardiac
fatty acid oxidation by AMPK occurs through the phosphorylation and inhibition
of acetyl-CoA carboxylase (ACC) (4). ACC produces malonyl-CoA, which
potently inhibits carnitine palmitoyltransferase 1 (CPT-1) (5). Thus the activation
of cardiac AMPK reduces ACC activity, lowers malonyl-CoA levels and
stimulates fatty acid oxidation (6,7). Furthermore, the activation of AMPK
increases fatty acid oxidation and decreases fatty acid incorporation into TG in
liver and skeletal muscle (8). Although leptin receptors are present in the heart (9),
it is not known whether leptin regulates cardiac fatty acid metabolism or whether
leptin can modify the AMPK-ACC-malonyl-CoA axis in the heart.

Fatty acids and glucose are supplied to the heart exogenously from the
plasma or endogenously from TG or glycogen stores. Increasing the insulin

concentration switches the substrate preference of the heart away from fatty acids
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and towards glucose utilization (10). Several studies have shown that leptin and
insulin signaling pathways interact (11-13) and that AMPK is inhibited by insulin
(14-16). Furthermore, leptin has been shown to oppose the effects of insulin on
fatty acid partitioning in muscle (17).

The aim of this study was to delineate whether leptin directly affects cardiac
fatty acid metabolism and mechanical function in isolated working rat hearts. We
further investigated the potential role of the AMPK-ACC-malonyl-CoA axis in the
regulation of cardiac fatty acid metabolism by leptin. Lastly, we investigated
whether the presence of insulin influenced leptin action on cardiac fatty acid

metabolism.
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Methods

Leptin Dose

Circulating plasma leptin levels in lean rats are between 2-5 ng/ml. In
obesity, plasma leptin levels are elevated to 20-60 ng/ml, depending on the extent
of obesity. In this study, we used a concentration of 60 ng/ml leptin to determine
the effect of leptin on cardiac function and metabolism.  Although this
concentration is considered pathophysiological, many studies have used even
higher doses to investigate leptin action. Furthermore, leptin has been shown to
bind fatty acids in the plasma, although the functional significance of the binding
is yet unknown (18). Since our perfusate contains 0.8 mM palmitate, we used 60
ng/ml leptin to ensure that the leptin was not completely bound to fatty acids in the

perfusate.

Heart Perfusions

Isolated working hearts from male Sprague-Dawley rats were subjected to
aerobic perfusion with a modified Krebs-Henseleit solution containing 5 mM
glucose, 0.8 mM palmitate, 3% bovine serum albumin, 2.5 mM free Ca®’, in the
absence or presence of 100 pU/ml insulin. Spontaneously beating hearts were

perfused at an 11.5 mmHg left atrial preload and an 80 mmHg aortic afterload.

Functional parameters were measured as described in Chapter 2.
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The hearts, in which fatty acid oxidation and glucose oxidation rates were
measured, were subjected to a 60-minute perfusion with perfusate containing
[9,10-°H]palmitate and [1-'C]glucose. Leptin (60 ng/ml or 3.8 nmol/l) or vehicle
was added 5 minutes into the perfusion period. Palmitate and glucose oxidation
rates were determined as described in Chapter 2. Acetyl-CoA production was
calculated as described in Chapter 2. Cardiac efficiency was defined as the ratio of
cardiac work to the total acetyl-CoA produced.

Shorter perfusion protocols were also performed under identical perfusate
conditions as above. The perfusion protocol consisted of a 20-minute period of
aerobic perfusion to allow for stabilization followed by the addition of leptin (60
ng/ml or 3.8 nmol/l) or vehicle and a subsequent 5 or 10-minute perfusion period.
Hearts were then rapidly frozen at the end of the 5 or 10-minute perfusion for

biochemical analysis.

[’H]Palmitate Incorporation into Triacylglycerol

To determine palmitate incorporation into TG, an aliquot of the total cardiac
TG was resuspended in 4 ml scintillation fluid and then counted for the presence
of radiolabelled [ H]palmitate. Total (exogenous and endogenous) fatty acid

oxidation was determined as described in Chapter 2.
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Tissue Extractions

Tissue TG levels were determined according to the method of Folch as
described in Chapter 2. CoA esters were extracted and subjected to HPLC analysis
as described in Chapter 2. ACC activity was performed on 6% PEG fractions as
described in Chapter 2. 6% PEG fractions were used to determine AMPK activity

with the AMARA peptide as described in Chapter 2.

Immunoblotting
Whole cell homogenates were used for immunoblotting with phospho-AMPK

(Thr172) antibody (Cell Signaling Technology®) for determination of

phosphorylated AMPK as described in Chapter 2.

Statistical Analysis

All data are presented as the mean * standard error (n). The data were
analyzed with the statistical program Instat 2.01®. The unpaired Student t-test
was used to evaluate the statistical significance of differences between the control

and leptin-treated groups. Two-tailed values of p<0.05 were considered

significant.
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Results

The effect of leptin (60 ng/ml or 3.8 nmol/l) on cardiac function in isolated
working rat hearts subjected to a 60-minute period of aerobic perfusion is shown in
Table 3-1. This concentration of leptin had no significant effect on heart rate, peak
systolic pressure, cardiac output or cardiac work compared with control hearts.
Heart function was stable in both groups throughout the perfusion period and did
not differ in any parameter between 5 and 60 minutes of perfusion (data not
shown).

The cumulative production of *H,O increased linearly over the 60-minute
perfusion period in both the control and leptin-treated hearts. As demonstrated in
Fig. 3-1A, leptin significantly increased steady-state palmitate oxidation rates 60%
above control levels. Total palmitate uptake ([H]palmitate oxidized -+
[*H]palmitate incorporated into TG) into the heart was also significantly increased

in the leptin-treated hearts compared with the control hearts (99 = 7 (n=7) vs. 68 +

5 (n=6) pmol " g dry wt"). However, leptin had no effect on glucose oxidation
rates in these hearts (Fig. 3-1B).

Leptin also significantly reduced cardiac TG content to 75% the level of
control hearts by the end of the 60-minute perfusion period (Fig. 3-2A). In order
to investigate whether the leptin-induced decrease in TG content was due to
decreased incorporation of fatty acid into TG or increased TG lipolysis, we also

determined the amount of [*H]palmitate incorporated into the cardiac TG pool
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during the perfusion (Fig. 3-2B). Leptin had no significant effect on the
incorporation of [*H]palmitate into TG compared with control hearts, suggesting
that the leptin-induced decrease in TG content was due to an increased rate of TG
lipolysis.

Previous studies have demonstrated that myocardial TG lipolysis provides an
important source of fatty acids for oxidative metabolism (19). Since leptin
treatment reduced TG content, total fatty acid oxidation rates must take into
account the exogenous palmitate oxidized as well as the endogenous fatty acid
released from TG. Thus, we calculated total fatty acid oxidation using the
following equation: [total [3H]pa1mitate label incorporation into TG during the
perfusion] + [the change in fatty acid content in TG during the perfusion] + [total
[H]palmitate oxidized during the perfusion]. This calculation makes the
following assumptions: 1) the TG pool size was similar in control and leptin-
treated hearts at the onset of leptin administration, 2) the TG pool size remains
constant in the control hearts throughout the perfusion period, which we have
shown to occur under these perfusion conditions (19), 3) the amount of
[*H]palmitate label entering the TG pool equals that of endogenous or unlabelled
fatty acid leaving the pool and 4) all palmitate released from the TG pool is
oxidized. Previous studies of TG turnover and the contribution of TG to energy
substrate utilization in isolated working hearts demonstrate that these assumptions

are valid (19,20). Using the above calculation to determine total fatty acid

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



oxidation, we show that hearts exposed to leptin have total fatty acid oxidation
rates that were 82% above control hearts (Fig. 3-3A)

The contribution of glucose and both exogenous and endogenous palmitate to
acetyl-CoA production is shown in Fig. 3-3B. Under the perfusion conditions
used, fatty acids were the predominant source of acetyl-CoA in both control and
leptin-treated hearts. Leptin treatment resulted in an increase in total acetyl-CoA
production. This increase in acetyl-CoA production was specifically due to an
increase in fatty acid oxidation, with no change in the contribution from glucose
metabolism. The leptin-treated hearts also consumed significantly more oxygen
than the control hearts (Fig. 3-4A). Although cardiac work was unchanged
between control and leptin-treated hearts, the leptin-treated hearts exhibited a
significant decrease in cardiac efficiency (i.e. cardiac work/ acetyl-CoA produced)
(Fig. 3-4B).

The leptin-induced activation of fatty acid oxidation in skeletal muscle has
recently been suggested to be mediated via activation of AMPK (2). However, as
demonstrated in Fig. 3-5, the leptin-induced activation of fatty acid oxidation in
the heart was not accompanied by changes in AMPK activity measured in the
absence of AMP. The maximally stimulatable AMPK activity, measured in the
presence of 200 uM AMP, was also not significantly different between control and
leptin-treated hearts (1427 + 92 (n=7) vs. 1244 + 202 (n=6) pmol ' min " mg
protein . The presence of 200 uM AMP resulted in a 1.3-fold increase in AMPK

activity compared with activity measured in the absence of AMP in both the
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control and leptin-treated hearts. We also determined the level of Thr-172
phosphorylation of AMPK, which is indicative of AMPK activation through its
upstream kinase, AMPKK (21). No difference in the level of Thr-172
phosphorylation of AMPK was observed between control and leptin-treated hearts
(Fig. 3-5). Representative immunoblots demonstrate variable levels of Thr-172
phosphorylation in the individual hearts, which correlates directly with the level of
AMPK activity.

Previous studies have shown that leptin signaling can occur rapidly within
minutes (11-13). To determine whether leptin may have resulted in an earlier
activation of AMPK, which may have been reversed by the end of the 60-minute
perfusion period, we determined whether leptin could activate AMPK at earlier
time points. However, after exposure of hearts to leptin for S minutes (Fig. 3-6A)
or 10 minutes (Fig. 3-6B), we were still unable to show any significant difference
in AMPK activity measured in the absence of AMP or Thr-172 phosphorylation of
AMPK. The maximally stimulatable AMPK activity, measured in the presence of
200 uM AMP, was also not significantly different between control and 5 minute
leptin-treated hearts (902 + 283 (n=3) vs. 1376 + 178 (n=6) pmol " min " mg
protein "', The presence of 200 puM AMP resulted in a 1.8-fold increase in AMPK
activity compared with activity measured in the absence of AMP in both the
control and 5 minute leptin-treated hearts.  Furthermore, the maximally
stimulatable AMPK activity, measured in the presence of 200 uM AMP, was also

not significantly different between control and 10 minute leptin-treated hearts
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(1315 & 143 (n=4) vs. 1188 £ 55 (n=6) pmol " min " mg protein . The presence
of 200 uM AMP resulted in a 2-fold increase in AMPK activity compared with
activity measured in the absence of AMP in both the control and 10 minute leptin-

treated hearts.

We also determined if leptin had any effects on cardiac ACC activity or
malonyl-CoA levels, both of which are established downstream targets of AMPK
action (4-7). Leptin had no significant effect on cardiac ACC activity measured in
the absence of citrate or malonyl-CoA levels (Table 3-2). ACC activity, measured
in the presence of 10 mM citrate, resulted in a 2.5-fold increase in ACC activity
compared with ACC activity measured in the absence of citrate in both control and
leptin-treated hearts.  Maximally stimulatable ACC activity was also not
significant between the control and leptin-treated hearts (7.3 & 0.5 (n=7) vs. 8.5 +
0.7 (n=6) nmol " min "' " mg protein ). Increased ratios of AMP:ATP are well
known to activate AMPK, but neither AMP (1.4 £ 0.3 (n=7) vs. 1.4 + 0.3 (n=6)
umol * g dry wt ') nor ATP (9.4 + 0.9 (n=7) vs. 10.3 £ 1.3 (n=6) pmol " g dry wt ")
levels were different between control and leptin-treated hearts.

Lastly, we investigated whether 100 pU/ml insulin (600 pmol/l) had any
effect on leptin action in the isolated working rat heart. In hearts perfused with
leptin + insulin, no significant effect on the mechanical function was observed
compared with hearts perfused with Krebs-Henseleit solution containing insulin

(Table 3-3). However, insulin did reduce the leptin-induced activation of
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exogenous fatty acid oxidation (Table 3-4). Furthermore, the leptin-induced
depletion of cardiac TG was also blocked by insulin (Table 3-4). While the
presence of insulin significantly increased glucose oxidation rates relative to hearts
perfused in the absence of insulin (954 + 51 (n=7) compared with 448 £ 51 (n=6)
nmol ["*C]glucose ~ g dry wt ' ~ min ), glucose oxidative rates were not
significantly different between insulin and leptin + insulin hearts (Table 3-4).
Lastly we also demonstrate that in hearts perfused with leptin + insulin, there was
no difference in AMPK activity measured in the absence of AMP, ACC activity
measured in the absence of citrate, or malonyl-CoA levels compared with insulin
alone (Table 3-4). The maximally stimulatable AMPK activity, measured in the
presence of 200 uM AMP, was also not significantly different between insulin and
insulin + leptin-treated hearts (1886 + 208 (n=7) vs. 1687 + 207 (n=6) pmol ' min ~
' mg protein "'. The presence of 200 pM AMP resulted in a 1.8-fold increase in
AMPK activity compared with activity measured in the absence of AMP in both
the insulin and insulin + leptin-treated hearts. ACC activity, measured in the
presence of 10 mM citrate, resulted in a 1.5-fold increase in ACC activity
compared with ACC activity measured in the absence of citrate in both insulin and
mnsulin + leptin-treated hearts. Maximally stimulatable ACC activity was also not
significant between the insulin and insulin + leptin-treated hearts (10.7 £+ 0.9 (n=6)

vs. 7.8 + 1.2 (n=5) nmol " min " “mg protein ).
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TABLE 3-1.

The Effect of Leptin on Mechanical Function of Isolated Working Rat

Hearts

Control Leptin

(n=7) (n=6)

Heart Rate
(beats " min ') 228 £ 10 244 + 8
Peak Systolic Pressure
(mmHg) 128 £ 8 118 +£3
HR x PSP
(beats min " mmHg ' 107) 290+ 1 29 + 1
Cardiac Output
(ml " min ) 5443 60 + 4
Cardiac Work
(ml" mmHg min ' 10 ) 69+5 715

Values are means = SE (n). Hearts were perfused with Krebs-Henseleit solution
containing 5 mM glucose, 0.8 mM palmitate, and 2.5 mM free Ca®* in the absence
or presence of 60 ng/ml leptin. Hearts were subjected to 11.5 mmHg preload and

80 mmHg afterload. HR X PSP = heart rate X peak systolic pressure.
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TABLE 3-2.

The Effect of Leptin on Cardiac ACC Activity and Malonyl-CoA Levels

Control Leptin
(n=7) (n=6)
ACC Activity
(nmol " min"' mg™) 3.3+0.5 3.6 +0.5
Malonyl-CoA
(nmol " g dry wt™) 3.1+0.7 3.1+0.7

Values are means + SE (n). ACC activity and malonyl-CoA levels were measured

in hearts following the 60-minute perfusion protocol.
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TABLE 3-3.

The Effect of Leptin + Insulin on Mechanical Function of Isolated

Working Rat Hearts
Insulin Leptin + Insulin

(n=7) (n=6)
Heart Rate
(beats * min ') 239 + 10 246+ 12
Peak Systolic Pressure
(mmHg) 1265 117+4
HR x PSP
(beats min ~ mmHg ' - 107) 302 20+2
Cardiac Output
(ml " min ) 52+4 5345
Cardiac Work
(ml- mmHg ‘min "' 10 %) 667 62+8

Values are means + SE (n). Hearts were perfused with Krebs-Henseleit solution

containing 5 mM glucose, 0.8 mM palmitate, 100 pU/ml (600 pmol/1) insulin and

2.5 mM free Ca* in the absence or presence of 60 ng/ml leptin. Hearts were

subjected to 11.5 mmHg preload and 80 mmHg afterload. HR X PSP = heart rate

X peak systolic pressure.
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TABLE 3-4.

The Effect of Leptin + Insulin on Oxidative Rates, TG Content and

AMPK-ACC-malonyl-CoA
Insulin Leptin + Insulin

(n=7) (n=6)
Palmitate Oxidation 1108 £ 279 1429 £ 291
(nmol *H palmitate g dry wt ™'~ min ")
Glucose Oxidation 954 + 88 1141 + 249
(nmol "*C glucose * g dry wt ™' "min )
TG Content 22172 213
(umol g dry wt ™)
[H]Palmitate Incorporation into TG 6+1 6+1
(umol g dry wt )
AMPK Activity
(pmol " min" " mg protein™) 1133 £ 142 941 + 116
ACC Activity
(nmol * min™"" mg protein) 7.3+0.8 59+1.2
Malonyl-CoA
(nmol " g dry wt™) 3.8+0.5 33+1.1

Values are means + SE (n) measured in hearts subjected to the 60-minute perfusion

period.
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Figure 3-1. The effect of 60 ng/ml leptin on rates of exogenous palmitate (A) and
glucose oxidation (B). Values are mean + SE (n=7 control, n=6 leptin-treated).

*Significantly different from control hearts.
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Figure 3-2. The effect of 60 ng/ml leptin on total cardiac triacylglycerol content
(A) and palmitate incorporation into triacylglycerol (B). Values were measured in
hearts following the 60-minute perfusion period. Values are mean + SE (n=7

control, n=6 leptin-treated). *Significantly different from control hearts.
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Figure 3-3. The effect of 60 ng/ml leptin on total exogenous and endogenous
fatty acid oxidation (A) and total acetyl-CoA production (B). Values were
determined as described in Chapter 2. Values are mean + SE (n=7 control, n=6

leptin-treated). *Significantly different from control hearts.
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Figure 3-4. The effect of 60 ng/ml leptin on oxygen consumption (A) and the
efficiency of cardiac energy production (B). Values were determined as described
in “Experimental Procedures”. Values are mean + SE (n=7 control, n=6 leptin-

treated). *Significantly different from control hearts.
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Figure 3-5. The effect of 60 ng/ml leptin on cardiac AMPK activity and Thr-172
phosphorylation of AMPK in hearts exposed to leptin for 60 minutes. Values are

mean * SE (n=7 control, n=6 leptin-treated).
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Figure 3-6. The effect of 60 ng/ml leptin on cardiac AMPK activity and Thr-172
phosphorylation of AMPK in hearts exposed to leptin for 5 minutes (A) and 10

minutes (B). Values are mean + SE (n=7 control, n=6 leptin-treated).
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Discussion

This study demonstrates for the first time that leptin significantly alters
cardiac energy metabolism by preferentially increasing fatty acid oxidation rates
and stimulating TG lipolysis. Leptin also increases cardiac acetyl-CoA production
and oxygen consumption in the absence of any effect on contractile function,
resulting in a significant reduction in cardiac efficiency. This suggests that leptin
can have important actions on cardiac energy production. We also show that the
leptin-induced stimulation of cardiac fatty acid oxidation and mitochondrial
metabolism does not occur through the activation of the AMPK-ACC-malonyl-
CoA axis. Finally, we show that insulin can prevent the leptin-induced stimulation
of fatty acid oxidation and TG lipolysis.

Recently AMPK was identified as the signaling cascade through which
leptin activates fatty acid oxidation in skeletal muscle (2). However, we
demonstrate that leptin had no effect on cardiac AMPK activity or AMPK
phosphorylation after either 5, 10 or 60 minutes of leptin exposure. After the 60-
minute perfusion period, there was also no change in the downstream mediators
involved 1n the regulation of cardiac FA oxidation: ACC activity or malonyl-CoA
levels. This suggests that, in the heart, leptin can regulate fatty acid oxidation
independent of AMPK.

The reason why leptin activates AMPK in skeletal muscle and not in heart

may be related to differences in AMPK subunit expression and regulation between
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these tissues. AMPK is a heterotrimeric complex comprising of an o catalytic
subunit and two regulatory subunits (p and y) (22). AMPK can be activated
through phosphorylation of Thr-172 by AMPKK (21) and through increases in
AMP:ATP (23) and Cr:PCr ratios (24). Several isoforms of each subunit have
been identified with varying tissue distribution (25). The a2p2yl and a2p2y2
complexes are highly expressed in both cardiac and skeletal muscle (22,26).
However, the a22y3 complex is exclusively expressed in skeletal muscle (26). In
skeletal muscle, direct activation of a2-AMPK by leptin was accompanied by an
increase in AMP levels and Thr-172 phosphorylation (2). However, in isolated
working rat hearts, we observed no change in AMP levels or Thr-172
phosphorylation. While further investigation is required, it is possible that the
activation of AMPK by leptin is specific to skeletal muscle and is mediated
through the y3 isoform. Because isoform specific AMPK activity was not
determined in this study, we cannot completely rule out the possibility that o2-
AMPK activity was increased by leptin. However, if a2-AMPK was activated,
changes in Thr-172 phosphorylation, ACC activity and malonyl-CoA levels would
be expected and these changes were not observed.

In the isolated working rat heart, leptin had no significant effect on any
measured index of cardiac function (peak systolic pressure, cardiac output or
cardiac work). However, leptin treatment increased myocardial fatty acid

oxidation 60% above control hearts and decreased TG content by 33%. Studies of
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triglyceride turnover in the heart have demonstrated that myocardial TG pools
undergo substantial turnover ie. continuous lipolysis and synthesis (19). Thus, we
determined the amount of [*H]palmitate label in the TG pool and demonstrated
that the leptin-induced decrease in TG content was due to an increase in TG
lipolysis rather than a decrease in palmitate incorporation into TG. Previous
studies have also demonstrated that myocardial TG lipolysis provides an important
source of fatty acids for oxidative metabolism (19). We further determined that
the total (exogenous and endogenous) fatty acid oxidation in leptin-treated hearts
was elevated 82% above control hearts. Thus, we have demonstrated that leptin
increases the oxidation of palmitate derived from exogenous sources as well as
from the lipolysis of endogenous myocardial TG.

In addition to an increase in fatty acid oxidation, leptin also increased total
acetyl-CoA production and oxygen consumption. This resulted in a significant
decrease in cardiac efficiency of energy utilization in the leptin-treated hearts.
Furthermore, the leptin-induced increase in TCA cycle activity is specifically due
to an activation of fatty acid oxidation originating from exogenous palmitate and
endogenous TG with no change in the contribution from glucose metabolism.
While elevated rates of fatty acid oxidation are associated with reduced cardiac
efficiency, they may be important in preventing the ‘lipotoxicity’ or toxic effects
associated with TG accumulation (27,28). Indeed, in the heart, TG accumulation
is associated with depressed contractile function, arrhythmias, hypertrophy, heart

failure and apoptosis (29-34). The reduction of myocardial TG content by
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troglitazone treatment results in the normalization of cardiac function (29). Thus,
elevated leptin levels in obesity may play a protective role in limiting TG
accumulation and its associated cardiac dysfunction. However, the potential anti-
steatotic benefit of leptin in the heart must be weighed against the elevated rates of
fatty acid oxidation and decrease in cardiac efficiency.

Several studies have shown that leptin and insulin signaling pathways interact
(11-13) and further that AMPK can be activated by leptin (2) and inhibited by
insulin (14-16). In this study we demonstrate that the leptin-induced activation of
fatty acid oxidation and decrease in TG content is reduced by insulin. We also
show that acute exposure to leptin does not interfere with the ability of insulin to
stimulate glucose metabolism in the heart. The mechanism by which insulin
inhibited the actions of leptin is not clear. However, our data do show that insulin
reduced the leptin-induced activation of fatty acid oxidation and TG depletion
without changes in AMPK activity, ACC activity or malonyl-CoA levels.

Leptin has also been shown to induce reactive oxygen species generation by
increasing fatty acid oxidation in aortic endothelial cells through the activation of
protein kinase A (PKA), which results in the phosphorylation of ACC and a
reduction of ACC activity and malonyl-CoA levels (35). It is therefore possible
that leptin may be acting through PKA activation. However the elevation of
cAMP levels in the heart is associated with increases in contractile function that
were not observed in the presence of leptin. Furthermore, there was no change in

ACC activity or malonyl-CoA levels. Thus, although PKA activity was not
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measured, it seems that leptin does not mediate the activation of fatty acid

oxidation in the heart through this mechanism.
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Summary

In conclusion, this study demonstrated for the first time that leptin
specifically alters cardiac metabolism by preferentially increasing fatty acid
oxidation and TG lipolysis. This occurs independently of changes in the AMPK-
ACC-malonyl-CoA axis. Leptin also increased myocardial oxygen consumption
and significantly reduced cardiac efficiency. Given that elevated rates of fatty acid
oxidation and decreased -cardiac efficiency can contribute to contractile
dysfunction and cardiovascular disease, future studies are clearly needed to
establish whether leptin is indeed the link between obesity and cardiovascular

disease.
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CHAPTER 4.

Potential Mechanisms and Consequences of Cardiac

Triacylglycerol Accumulation in Insulin Resistant Rats

A version of this chapter has been published. Atkinson LL, Kozak R, Kelly SE,

Onay-Besikci A, Russell JC, Lopaschuk GD. Am J Physiol [epub ahead of print]

Dec 3, 2002

My role in this work involved performing all the biochemical experiments (except
those noted below) as well as writing the manuscript. Ray Kozak performed the
heart perfusions. Arzu Onay-Besikci performed the CPT-I activity measurements.

Ken Strynadka performed the HPLC analysis of CoA esters.
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CHAPTER 4.

Potential Mechanisms and Consequences of Cardiac

Triacylglycerol Accumulation in Insulin Resistant Rats

Abstract

The accumulation of intracellular triacylglycerol (TG) is highly correlated
with muscle insulin resistance. =~ However it is controversial whether the
accumulation of TG is the result of increased fatty acid supply, decreased fatty acid
oxidation, or both. It is also not clear whether increases in TG synthesis or
decreases in TG lipolysis play a role in the accumulation of muscle TG. Since
abnormal fatty acid metabolism is a key contributor to the pathogenesis of
diabetes-related cardiovascular dysfunction, we examined fatty acid and glucose
metabolism in hearts of insulin resistant JCR:LA-cp rats. Isolated working hearts
from insulin resistant rats had glycolytic rates that were reduced to 50% of lean
control levels (p<0.05). Cardiac TG content was increased by 50% (p<0.05) in the
insulin resistant rats but palmitate oxidation rates remained similar among the
insulin resistant and lean control rats. However, plasma fatty acids and TG levels,

as well as cytosolic heart type fatty acid binding protein (H-FABP) protein
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expression, were significantly increased in the insulin resistant rats. AMP-
activated protein kinase (AMPK) plays a major role in the regulation of cardiac
fatty acid and glucose metabolism. When activated, AMPK increases fatty acid
oxidation by inhibiting acetyl-CoA carboxylase (ACC) and reducing malonyl-CoA
levels and decreases TG content by inhibiting glycerol-3-phosphate acyltransferase
(GPAT), the first committed step in TG synthesis. The activation of AMPK also
stimulates cardiac glucose uptake and glycolysis. We thus investigated whether a
decrease in AMPK activity was associated with a reduced cardiac glycolysis and
increased TG content in the insulin resistant rats. However, we found no
significant difference in AMPK activity. We also found no significant difference
in various established downstream targets of AMPK: ACC activity, malonyl-CoA
levels, CPT-1 activity, or GPAT activity. We conclude that hearts from insulin
resistant JCR:LA-cp rats accumulate substantial TG as a result of increased fatty
acid supply rather than reduced fatty acid oxidation.  Furthermore, the
accumulation of cardiac TG is associated with a reduction in insulin-stimulated

glucose metabolism.
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Introduction

The insulin resistant syndrome is a pre-type 2 diabetic state characterized by
hyperinsulinemia and impaired insulin-stimulated glucose metabolism [reviewed
in 1]. In muscle, the accumulation of intracellular triacylglycerol (TG) is highly
correlated with the development of insulin resistance, as well as the severity of
insulin resistance [reviewed in 2]. However, it remains controversial whether the
accumulation of TG in muscle is the result of increased fatty acid supply,
decreased fatty acid oxidation, or a combination of both (2). It is also not clear
whether increased TG synthesis or decreased TG lipolysis play a role in TG
accumulation.

Under normal physiological conditions, the energy requirements of the heart
are fulfilled primarily by the oxidation of fatty acids with the remainder provided
by carbohydrate metabolism (3). Several studies have implicated abnormal fatty
acid metabolism as being an important contributor to the pathogenesis of diabetes-
related cardiovascular dysfunction. For example, in untreated type 1 diabetes,
elevated plasma fatty acid levels result in a decreased utilization of glucose and an
over-reliance of the heart on fatty acid oxidation [reviewed in 4]. Similarly,
increased rates of cardiac fatty acid oxidation have been demonstrated in db/db
mice, a model of type 2 diabetes (5).

An important enzyme controlling both fatty acid and glucose metabolism is

AMP-activated protein kinase (AMPK). AMPK acts as a metabolic sensor or "fuel
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gauge" in the mammalian cell and regulates key proteins controlling fatty acid
oxidation, TG synthesis, glucose uptake [reviewed in 6] and glycolysis (7). The
activation of cardiac AMPK reduces ACC activity, lowers malonyl-CoA levels and
stimulates fatty acid oxidation (8,9). The activation of AMPK also results in the
phosphorylation and inhibition of glycerol-3-phosphate acyltransferase (GPAT),
the committed step in de novo synthesis of TG (10). Thus, through the coordinated
regulation of key enzymes in fatty acid metabolism, AMPK regulates the flux of
fatty acids into oxidation rather than TG storage (10).

The male JCR:LA-cp rat is a model of pre-type 2 diabetes that displays
complete skeletal muscle insulin resistance by the age of 12 weeks (11). In this
study, we investigated fatty acid and glucose metabolism in isolated working rat
hearts from 12 week old insulin resistant male JCR:LA-cp rats. We further
investigated whether changes in AMPK activity were associated with the altered

fatty acid and glucose metabolism in the insulin resistant hearts.
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Methods

Animals

The study was performed on male insulin resistant (cp/cp) and lean (either
+/cp or +/+) male rats at 12 weeks of age. Rats were handled twice a week from
birth to ensure miminal stress at the time of sacrifice. At 12 weeks of age, male
rats were fasted overnight (unless specified) and anesthetized without restraint in a
large glass jar with 3% halothane at 1 1/min O,.

Five different groups of 12 week old insulin resistant and lean control rats
were used in this study. This included rats used for: 1) blood collection 2)
isolated working heart perfusions: rats fasted overnight prior to experiment 3)
isolated working heart perfusions: rats fed prior to experiment 4) obtaining frozen

heart tissue and 5) fresh hearts used for isolation of mitochondria.

Plasma Measurements

One group of non-fasted insulin resistant rats and a group of lean control rats
were anesthetized as above and cardiac puncture was performed to obtain a 6 ml
blood sample. Samples were analyzed for plasma glucose, insulin, free fatty acids,

and TG levels as described in Chapter 2.
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Heart Perfusions

Isolated working hearts from fasted lean and insulin resistant JCR:LA-cp rats
were subjected to an aerobic perfusion with a modified Krebs-Henseleit solution
containing 0.8 mM palmitate, 5 mM glucose, 3% bovine serum albumin, 2.5 mM
free Ca®", and 500 pwU/ml (3000 pmol/l) insulin. This perfusion condition is
referred to as ‘high fat/low glucose/low insulin’. Spontaneously beating hearts
were perfused at an 11.5 mm Hg left atrial preload and an 80 mm Hg aortic
afterload. Functional parameters were measured as described in Chapter 2.

The hearts, in which fatty acid oxidation and glycolytic rates were measured,
were subjected to a 40-minute perfusion with perfusate containing [1-'*C]palmitate
and D-[5-'H]glucose (12). Palmitate oxidation and glycolytic rates were
determined as described in Chapter 2. At the end of the perfusions, heart
ventricles were quickly frozen with Wollenberger clamps cooled to the
temperature of liquid N,.

In another series of perfusions, hearts were taken from non-fasted (fed)
JCR:LA-cp rats and perfused with Krebs-Henseleit solution containing 0.4 mM
palmitate, 11 mM glucose, and 2000 uU/ml (12000 pmol/l) insulin to mimic
plasma levels of fatty acids, glucose and insulin of fed rats. This perfusion
condition is referred to as ‘low fat/high glucose/high insulin’. Palmitate oxidation

was determined as described in Chapter 2.
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Tissue Collection

One group of fed insulin resistant and a group of lean control rats were
anesthetized as above. Once surgical plane was reached, hearts were rapidly
isolated, frozen immediately in liquid N, and stored at —80°C until analysis.

Visible adipose tissue was quickly dissected from the heart prior to freezing.

Tissue Extractions

Tissue triacylglycerol levels were determined using silicic acid separation as
described in Chapter 2. CoA esters were extracted and subjected to HPLC analysis
as described in Chapter 2. ACC, GPAT and CPT-1 activities were performed as
described in Chapter 2. AMPK activity was performed using the AMARA peptide

as described in Chapter 2.

Immunoblotting

Whole cell homogenates were used for immunoblotting with anti-H-FABP

(SantaCruz Biotechnology) for determination of protein expression as described in

Chapter 2.

Statistical Analysis
All data are presented as the mean + standard error (n). The data were

analyzed with the statistical program Instat 2.01®. Unpaired student t-tests were

used to determine the statistical significance of differences between the insulin
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resistant JCR:LA-cp and lean control rats. Two-tailed values of p<0.05 were

considered significant.
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Results

Table 4-1 depicts some characteristics of 12 week old insulin resistant
JCR:LA-cp and lean control rats. Body weights were significantly greater in
insulin resistant rats compared with lean control rats. In addition, the insulin
resistant rats had greater heart weights than the lean control rats. The relative
increase in body weight, however, exceeded that of the increase in heart mass,
resulting in no significant difference in the heart weight to body weight ratio in the
insulin resistant rats compared with the lean controls. Fasting plasma insulin
levels were significantly elevated in the insulin resistant rats compared with the
lean controls, demonstrating the presence of insulin resistance. However, the
insulin resistant rats remain normoglycemic as indicated by similar fasting plasma
glucose levels.

Mechanical function was monitored continuously over the 40-minute
perfusion period in the spontaneously beating isolated working hearts. All hearts
were subject to a constant left atrial preload of 11.5 mmHg and an aortic afterload
of 80 mmHg. As shown in Table 4-2, heart rate was slightly but non-significantly
lower in the insulin resistant hearts compared with lean control hearts, whereas no
differences were evident in peak systolic pressure or cardiac output. Both
coronary and aortic flows were also continuously monitored which allowed for the

determination of cardiac work (the product of cardiac output and peak systolic
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pressure) as an index of mechanical function. There was no significant difference
in cardiac work (Table 4-2) between the insulin resistant and lean control hearts.

Isolated working hearts from fasted insulin resistant rats were perfused with
Krebs-Henseleit solution containing 0.8 mM palmitate, 5 mM glucose and 500
pU/ml (3000 pmol/l) insulin. This perfusion condition is termed ‘high fat/low
glucose/low insulin’. As demonstrated in Fig. 4-1, glycolytic rates in the insulin
resistant hearts were reduced to 50% of lean control values. However, there was
no significant difference in palmitate oxidation rates in the insulin resistant rat
hearts compared with the lean controls (Fig. 4-2A). We further determined
palmitate oxidation rates in hearts from fed insulin resistant rats with Krebs-
Henseleit solution containing 0.4 mM palmitate, 11 mM glucose, 2000 wU/ml
(12000 pmol/l) insulin. This perfusion condition is termed ‘low fat/high
glucose/high insulin’. Fatty acid oxidation rates in the lean rat hearts perfused
under low fat/high glucose/high insulin conditions were lower than rates
determined in the lean rat hearts perfused under high fat/low glucose/low insulin
conditions, but did not reach statistical significance (compare Fig. 4-2B to Fig. 4-
2A). Similarly, we found no significant difference in palmitate oxidation rates
between fed lean and fed insulin resistant rat hearts (Fig. 4-2B).

In obesity-related insulin resistance, the metabolic capacity of skeletal
muscle appears to be organized toward TG storage rather than oxidation (2).
Furthermore, the accumulation of TG is strongly associated with reduced muscle

msulin sensitivity (2). Thus, we next determined whether TG content was
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increased in insulin resistant rat hearts. Fig. 4-3 demonstrates that the insulin
resistant rats have a 2-fold increase in cardiac TG content compared with lean
controls.

The accumulation of TG can be the result of increased fatty acid uptake,
increased de novo fatty acid synthesis or decreased fatty acid oxidation rates.
Since de novo fatty acid synthesis does not play an important role in the heart and
we observed no difference in fatty acid oxidation rates, we next investigated
whether cardiac fatty acid supply was increased. Table 4-3 demonstrates that
plasma fatty acid and TG levels were significantly elevated in the insulin resistant
rats compared with lean controls. Furthermore, cytosolic H-FABP protein
expression was also increased in the insulin resistant rats compared with lean
controls. These data are all consistent with an increased fatty acid supply to the
insulin resistant rat hearts compared with the lean controls.

The AMPK signaling cascade plays a key role in the regulation of fatty acid
oxidation, TG synthesis and glucose metabolism (6,7,10). We therefore
determined whether a decrease in AMPK activity was associated with the
decreased glycolysis and elevated TG content in the insulin resistant rat hearts.
Fig. 4-4 demonstrates that there was a slight but non-significant decrease in
AMPK activity measured in the absence of AMP in the insulin resistant hearts.
The maximally stimulatable AMPK activity, measured in the presence of 200 uM
AMP, was also not significantly different between lean and insulin resistant hearts

(514 + 89 (n=8) vs. 432 + 60 (n=8) pmol " min " mg protein . The presence of
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200 uM AMP resulted in a 2.5-fold increase in AMPK activity compared with
activity measured in the absence of AMP in both the lean and insulin resistant
hearts. We further investigated whether key proteins downstream of AMPK
involved in the regulation of fatty acid oxidation and TG synthesis were altered.
However, in the insulin resistant rat hearts, there was no difference in ACC
activity measured in the absence of citrate compared with lean controls (Fig. 4-
5A). ACC activity, measured in the presence of 10 mM citrate, resulted in a 2.4-
fold increase in ACC activity compared with ACC activity measured in the
absence of citrate in the lean hearts and resulted in a 3.3-fold increase in ACC
activity compared with ACC activity measured in the absence of citrate in the
insulin resistant hearts. Maximally stimulatable ACC activity was significantly
increased in the insulin resistant hearts compared with the lean hearts (18.8 + 1.0
(n=8) vs. 12.9 £ 1.5 (n=8) nmol " min "'  mg protein ', p<0.05). Furthermore,
malonyl-CoA levels (Fig. 4-5B) and CPT-1 activity (Fig. 4-6A) remained
unchanged in the insulin resistant rat hearts compared with lean controls.

AMPK also plays a role in the regulation of TG synthesis (10). As
demonstrated in Fig. 4-6B, there was a slight but non-significant decrease in
mitochondrial GPAT activity in the insulin resistant hearts compared with the lean
controls. The microsomal GPAT activity in the insulin resistant hearts was also
not significantly different between the insulin resistant and lean hearts (77 + 6
(n=6) vs. 100 £ 9 (n=5) pmol " min ' 'mg protein . Interestingly, total GPAT

activity (mitochondrial + microsomal) was significantly decreased in the insulin
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resistant compared with lean hearts (97 £ 9 (n=6) vs. 129 + 10 (n=5) pmol 'min b

‘mg protein ', p<0.05).
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TABLE 4-1.

Characteristics of 12 week lean and insulin resistant rats

Lean Insulin Resistant
(n=5) (n=6)
Heart Weight 1.4+0.1 1.5+ 0.1
(grams)
Body Weight 295+ 7 390 £ 12*
(grams)
Heart Weight:Body Weight Ratio 4.6+0.3 3.8+03
(X 1000)
Plasma Insulin 272 +27 2746 + 439*
(pmol/l)
Plasma Glucose 95104 10.1+0.7

(mmol/1)

Values are means + SE (n). * Significantly different from lean controls.
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TABLE 4-2.

Mechanical function of isolated working rat hearts from 12 week old lean

and insulin resistant rats

Lean Insulin Resistant
(n=5) (n=6)
Heart Rate 263 +£7 229 £ 15
(beats " min )
Peak Systolic Pressure 102 +£2 106 + 2
(mmHg)
HR x PSP 27+1 24+1
(beats min ' mmHg ' - 107)
Cardiac Output 46+ 6 48 +7
(ml " min )
Cardiac Work 47 +7 517

(ml - mmHg min ' 107

Values are means = SE (n). Hearts were perfused with Krebs-Henseleit solution

containing 5 mM glucose, 0.8 mM palmitate, 3% albumin, and 500 pU/ml (3000

pmol/l) insulin. Hearts were subjected to a 11.5 mmHg left atrial preload and 80

mmHg aortic afterload. HR X PSP = heart rate X peak systolic pressure.
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TABLE 4-3.

Plasma lipid levels and cytosolic H-FABP protein expression in 12 week

old lean and insulin resistant rats

Lean Insulin Resistant
(n=5) (n=6)
Plasma fatty acids 0.27 £0.02 0.37 £ 0.06*
(mmol/l)
Plasma triacylglycerol 1.76 £ 0.15 6.44 £+ 0.54*
(mmol/l)
Heart-FABP protein expression 0.91+£0.03 1.08 £ 0.02*

(relative units)

Values are means + SE (n). Plasma fatty acid and triacylglycerol measurements
were performed on samples obtained from fed lean and insulin resistant rats.
Heart-FABP protein expression was determined using immunoblotting and

densitometric analysis as described in Chapter 2. * Significantly different from

lean controls.
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Figure 4-1. Glycolytic rates in isolated working hearts from lean and insulin
resistant rats. Hearts were perfused with 0.8 mM palmitate, 5 mM glucose, and
500 pU/ml (3000 pmol/l) insulin, as described in Chapter 2. Values are means +

SE (n=5 lean, n=6 insulin resistant). *Significantly different from lean controls.
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Figure 4-2. Palmitate oxidation rates in isolated working hearts from lean and

insulin resistant rats under fasting (A) and fed (B) conditions. Hearts were from
either fasted or fed animals. Hearts were perfused under ‘high fat/low glucose/low
insulin’ for fasted and under ‘low fat/high glucose/high insulin’ for fed as
described in Chapter 2. Values are means + SE (n=5 lean fasting, n=6 insulin

resistant fasting, n=6 lean fed, n=5 insulin resistant fed).
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Figure 4-3. Cardiac triacylglycerol content in lean and insulin resistant rats.

Values are mean + SE (n=6). *Significantly different from lean controls.
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Figure 4-4. Cardiac AMPK activity in lean and insulin resistant rats. Values are

means + SE (n=8).
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Figure 4-5. Cardiac ACC activity (A) and malonyl-CoA levels (B) in lean and

insulin resistant rats. Values are means + SE (n=4 lean ACC activity, n=7 insulin

resistant ACC activity, n=6 lean malonyl-CoA, n=5 insulin resistant malonyl-

CoA).
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Figure 4-6. Cardiac CPT-1 activity (A) and mitochondrial GPAT activity (B) in
lean and insulin resistant rats. Values are means + SE (n=5 lean, n=6 insulin

resistant).
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Discussion

In this study, we demonstrate that hearts from insulin resistant JCR:LA-cp
rats have a substantial accumulation of TG. We further demonstrate that this
appears to be the result of an increased supply and uptake of myocardial fatty acids
as opposed to a decrease in fatty acid oxidation rates or increase in TG synthesis.
The increase in intracellular TG content was also associated with a significant
decrease in insulin-stimulated glycolysis. ~However, although the substrate
preference of the hearts was dramatically altered, there was no significant
difference in AMPK activity, a key regulator of glycolysis, fatty acid oxidation and
TG content.

In this study, we used isolated working hearts from insulin resistant JCR:LA-
cp rats to investigate potential alterations in cardiac fatty acid and glucose
metabolism. We demonstrate that the insulin resistant rat hearts have a 50%
reduction in glycolytic rates compared with lean controls. This observation is in
agreement with studies in the obese Zucker rat, another rodent model of insulin
resistance, which also show that cardiac glycolytic rates are reduced by
approximately 50% (12). We further demonstrate that the cardiac TG content was
significantly increased in the insulin resistant hearts compared with lean controls.

In contrast, there was no significant difference in palmitate oxidation rates
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between the insulin resistant and lean control hearts perfused under either ‘high
fat/low glucose/low insulin’ or ‘low fat/high glucose/high insulin’ conditions.

The accumulation of intracellular TG is strongly associated with the presence
of skeletal muscle insulin resistance (2). In this study, we demonstrate a 2-fold
increase in the cardiac TG content of insulin resistant rats. The 50% increase in
cardiac TG content was directly proportional and associated with the 50% decrease
in glycolytic rates. While these data only provides correlative evidence to the
relationship of cardiac TG content and reduced glucose utilization, several studies
in skeletal muscle have demonstrated this same relationship (13-15). Importantly,
previous studies have demonstrated that elevated muscle TG in the JCR:LA-cp rat
is strongly associated with the onset of insulin resistance (16). Furthermore,
treatment of insulin resistant rats with the lipid-lowering agent, MEDICA 16,
prevents the accumulation of muscle TG along with the development of insulin
resistance (11,16).

The accumulation of TG could result from increased fatty acid uptake,
decreased fatty acid oxidation, or both. Increases in TG synthesis or decreases in
TG lipolysis may also play a role in the accumulation of muscle TG. Since fatty
acid oxidation rates and microsomal or mitochondrial GPAT activity in the
isolated working hearts were not significantly different, we determined whether
the supply and uptake of fatty acids into the insulin resistant rat heart was
increased. Indeed, plasma fatty acid and TG levels were significantly elevated in

the insulin resistant rats indicating that there is an increased supply of fatty acids to
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the heart. Furthermore, cytosolic H-FABP protein expression was significantly
higher in the insulin resistant rats compared with the lean controls suggesting that
the insulin resistant rat hearts are also capable of increased fatty acid uptake. This
is consistent with studies demonstrating that skeletal muscle from high-fat fed rats
accumulates TG as a result of an enhanced ability of the muscle to take up fatty
acids (17). Although we have not directly measured fatty acid uptake in the
present study, our data are consistent with studies demonstrating both increased
cardiac fatty acid uptake and increased FABP mRNA expression in obese Zucker
rat hearts (18,19).

AMPK is considered a novel therapeutic target for the treatment of obesity,
insulin resistance and type 2 diabetes (20-22) because of its key role in the
regulation of glucose and fatty acid metabolism (6). However, although there was
an apparent trend for AMPK activity to decrease in the insulin resistant rat hearts,
we were unable to demonstrate significant changes in AMPK activity. We also did
not observe any relationship between AMPK activity and the increased TG content
and decreased glycolysis observed in the insulin resistant rat hearts. Several
studies have suggested that AMPK is inhibited by insulin (23-25) and by high
glucose in pancreatic beta cells (26). In hyperglycemic db/db mouse hearts, we
have observed a significant reduction in AMPK activity suggesting that
hyperglycemia may be a prerequisite for the down regulation of AMPK activity

(unpublished observation, LL Atkinson, D Severson, GD Lopaschuk).
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We also measured the activities of enzymes involved in the control of fatty
acid oxidation and TG synthesis: ACC activity, CPT-1 activity and GPAT activity.
However, we were unable to demonstrate any significant difference in these key
enzymes that are established downstream targets of AMPK. Thus, these data
suggest that alterations in AMPK do not mediate the primary alterations occurring
in cardiac substrate metabolism in insulin resistance. However, one may speculate
that reductions in AMPK activity result when hyperglycemia and type 2 diabetes
develops. Further studies are required to elucidate potential changes in AMPK
activity that may occur in type 2 diabetes.

In a recent study, Young et al. investigated whether impairments in fatty acid
oxidation result in cardiac TG accumulation and contractile dysfunction in obese
Zucker rats (27). They demonstrate that the obese Zucker rat heart is unable to
elevate fatty acid oxidation in response to increased fatty acid availability (27).
Consistent with the observations in the obese Zucker rat heart, we demonstrate that
the JCR:LA-cp rat hearts have an increased fatty acid supply as well as elevated
TG content. However, unlike the obese Zucker rat heart, we find that the JCR:LA-
cp rat heart has no difference in fatty acid oxidation rates under different
nutritional and perfusion conditions.

One possible explanation for the differences may relate to the age of the
animals used and the relative level of TG accumulation. For instance, studies in 7
and 14-week old obese Zucker hearts have demonstrated the presence of TG

accumulation without changes in cardiac function (28). However, the continued
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accumulation of TG eventually results in depressed cardiac function by 20 weeks
of age in obese Zucker hearts (28). At this age, troglitazone treatment leads to a
reduction in myocardial TG content and the normalization of cardiac function (28)
suggesting that there may be a threshold level of TG accumulation that appears to
be age-dependent.

Based on body weight, the obese Zucker animals in the study by Young et al.
(27) appear to be older than those used in the present study. Furthermore, the
obese Zucker rat hearts exhibited contractile dysfunction while the JCR:LA-cp rat
hearts had no difference in mechanical function or cardiac work. While the
absolute levels of cardiac TG in the obese Zucker heart cannot be compared with
the level in the JCR:LA-cp heart due to differences in experimental determination,
it may be that the initial accumulation of TG in the insulin resistant heart results
from an elevated supply of fatty acids to the heart. Subsequently, impairments in
fatty acid oxidation lead to the continued accumulation of TG and contractile
dysfunction. =~ While purely speculative, these data collectively present an

interesting hypothesis that requires further investigation.
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Summary

In summary, we have demonstrated that insulin resistant JCR:LA-cp rat
hearts have a dysregulation in fatty acid metabolism whereby substantial TG
accumulates due to increased fatty acid supply with no change in fatty acid
oxidation rates. Whether the accumulation of cardiac TG plays a role in the
development of cardiovascular disease remains to be answered. However, it is
interesting to note that the lowering of plasma lipids which should reduce cardiac
TG accumulation results in protection against the development of cardiovascular

disease in the insulin resistant JCR:LA-cp rat (29,30).
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CHAPTER 5.

MEDICA 16 Inhibits Hepatic Acetyl-CoA Carboxylase and
Reduces Plasma Triacylglycerol Levels in Insulin Resistant

JCR:LA-cp Rats

A version of this chapter has been published. Atkinson LL, Kelly SE, Bar-Tana J,

Russell JC, Lopaschuk GD. Diabetes 51:1548-1555, 2002

My role in this work involved performing all the biochemical experiments as well

as writing the manuscript.
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CHAPTER 5.

MEDICA 16 Inhibits Hepatic Acetyl-CoA Carboxylase and
Reduces Plasma Triacylglycerol Levels in Insulin Resistant

JCR:LA-cp Rats

Abstract

Intracellular triacylglycerol (TG) content of liver and skeletal muscle
contributes to insulin resistance, and a significant correlation exists between TG
content and the development of insulin resistance. Since acetyl-CoA carboxylase
(ACC) is the rate-limiting enzyme for liver fatty acid biosynthesis and a key
regulator of muscle fatty acid oxidation, we examined whether ACC plays a role in
the accumulation of intracellular TG. We also determined the potential role of 5'-
AMP activated protein kinase (AMPK) in this process, since it can phosphorylate
and inhibit ACC activity in both liver and muscle. TG content, ACC and AMPK
were examined in the liver and skeletal muscle of insulin resistant JCR:LA-cp rats
during the time frame when insulin resistance develops. At 12 weeks of age, there
was a 3-fold elevation in liver TG content and a 7-fold elevation in skeletal muscle

TG content in the JCR:LA-cp rats compared with lean-age matched controls.
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Hepatic ACC activity was significantly elevated in 12-week old JCR:LA-cp rats
compared with lean age-matched controls (8.75 + 0.53 (n=11) vs. 3.30 = 0.18
(n=10) nmol " min ' " mg !, respectively), even though AMPK activity was also
increased. The observed increase in hepatic ACC activity was accompanied by a
300% increase in ACC protein expression. There were no significant differences
in ACC activity, ACC protein expression or AMPK activity in the skeletal muscle
of the 12-week JCR:LA-cp rats. Treatment of 12-week JCR:LA-cp rats with
MEDICA 16 (an ATP-citrate lyase inhibitor) resulted in a decrease in hepatic ACC
and AMPK activities, but had no effect on skeletal muscle ACC and AMPK. Our
data suggest that alterations in ACC or AMPK activity in muscle do not contribute
to the development of insulin resistance. However increased liver ACC activity in
the JCR:LA-cp rat appears to contribute to the development of lipid abnormalities,
although this increase does not appear to occur secondary to a decrease in AMPK

activity.
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Introduction

Several studies have implicated a role for intracellular TG in the development
of insulin resistance. The lipid content of muscle, liver and pancreas significantly
correlates with insulin sensitivity (1,2) and a strong negative correlation has been
demonstrated in skeletal muscle between insulin-stimulated glucose uptake and
local accumulation of TG (3-6). In support of this, reduction of skeletal muscle,
liver and islet TG, with either troglitazone or leptin, results in an increase in
insulin-stimulated glucose uptake and a decrease in insulin resistance (6,7).

The accumulation of TG in muscle and liver can either be the result of
increased fatty acid juptake, increased de novo fatty acid synthesis or decreased
fatty acid oxidation. An increase in TG synthesis or decrease in TG lipolysis may
also contribute to the accumulation of TG. Both fatty acid synthesis and fatty acid
oxidation are controlled by two isoforms of ACC [reviewed in 8]. The 265-kDa
isoform of ACC (ACC-265) is the rate-limiting enzyme for fatty acid biosynthesis
in liver and adipose tissue [reviewed in 9], since malonyl-CoA produced by ACC-
265 is the precursor for fatty acid biosynthesis in liver and adipose tissue. The
280-kDa isoform of ACC (ACC-280) is a major regulator of muscle fatty acid
metabolism (10-12), since malonyl-CoA produced by this enzyme is a potent
inhibitor of skeletal muscle carnitine palmitoyltransferase 1, a key enzyme

involved in mitochondrial fatty acid uptake (13).
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Both isoforms of ACC can be regulated at the level of gene expression,
allosteric regulation of the enzyme, and by reversible phosphorylation [reviewed in
14,15]. In both liver and muscle, AMP-activated protein kinase (AMPK) is
capable of phosphorylating and inhibiting ACC activity (16-18). AMPK acts as a
metabolic sensor, and 1is activated by increases in the AMP:ATP and
creatine:phosphocreatine ratios (19,20). Once activated the enzyme switches off
ATP-consuming anabolic pathways such as fatty acid synthesis and switches on
ATP-producing catabolic pathways such as fatty acid oxidation and glucose
uptake.  This coordinated control of synthesis and oxidation allows the
maintenance of energy balance within the cell.  Insulin control of fatty acid
biosynthesis and oxidation may also involve AMPK, and in both liver (21) and
muscle (22,23), insulin has been shown to inhibit AMPK activity. Whether
alterations in insulin regulation of AMPK are altered in insulin resistance is not
known.

The JCR:LA-cp male rat develops insulin resistance between the age of 4 and
12 weeks. The cp gene results in a mutation in the leptin receptor resulting in the
lack of functional leptin receptors in all tissues of the homozygous JCR:LA-cp rats
(24). Studies demonstrating the presence of intracellular lipid droplets in the
gastrocnemius muscle of 12-week JCR:LA-cp rats support the concept that TG
accumulation in the muscle plays a key role in the development of insulin

resistance (25). Of importance is that MEDICA 16, an ATP citrate lyase inhibitor
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that limits acetyl-CoA supply to ACC, reduces muscle TG content in these insulin-
resistant rats (25).

The purpose of this study was to determine the involvement of ACC and
AMPK in the accumulation of TG in the liver and skeletal muscle of the JCR:LA-
cp insulin resistant rat. This was studied in JCR:LA-cp rats during the critical
period in which insulin-resistance develops (4-12 weeks following birth). We also
determined whether MEDICA 16 treatment affected either liver and skeletal

muscle ACC or AMPK activity in these animals.
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Methods

Animals

This study involved the use of obese JCR:LA-cp (cp/cp) and lean age-
matched controls (either +/cp or +/+), at either 4 or 12 weeks of age. All rats were
bred in an established colony at the University of Alberta and were maintained in a

controlled environment as described in Chapter 2.

MEDICA 16 Treatment
In one series of experiments, JCR:LA-cp rats were treated for 6 weeks with
0.25% MEDICA 16 in food from age 6 weeks to 12 weeks. All animals were

studied in the non-fasted state at the end of the dark phase.

Tissue and Blood Isolation

Animals were anesthetized as described in Chapter 2 and cardiac puncture
was performed to obtain 3-6 ml blood samples (depending on the age and size of
the animal). Because AMPK can be artificially activated if tissues are not isolated
rapidly and freeze-clamped in liquid nitrogen, extreme care was taken in order to
minimize the activation of AMPK. Liver and gastrocnemius muscle were
harvested within 30 sec after cardiac puncture, frozen immediately in liquid N, and
stored at -80°C until analysis. Visible adipose tissue was quickly dissected from

the gastrocnemius prior to freezing.
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Plasma Measurements
Samples were analyzed for plasma glucose, insulin, fatty acid, TG, and leptin

levels as described in Chapter 2.

Tissue Extractions

Tissue TG levels were determined using silicic acid separation as described
in Chapter 2. ACC activity was performed on 6% PEG fractions as described in
Chapter 2. AMPK activity were performed on 6% PEG fractions using the SAMS

peptide as described in Chapter 2.

Immunoblotting

6% PEG fractions were also used for immunoblotting with peroxidase-
labeled streptavidin for determination of ACC protein expression as described in

Chapter 2.

Statistical Analysis

All data are presented as the mean *+ standard error (n). The data were

analyzed with the statistical program Instat 2.01. ANOVA was used to evaluate
the statistical significance of differences among groups. When necessary, data was
log transformed in order to test for statistical significance. Two-tailed values of

p<0.05 were considered significant.
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Results

Insulin resistance in the JCR:LA-cp rat occurs between the ages of 4 and 12
weeks (25). Body weight and various plasma measurements for 4- and 12-week
JCR:LA-cp and their lean age-matched controls is shown in Table 5-1. At 4-
weeks of age there was no difference in body weight between the JCR:LA-cp and
lean age-matched controls. At 12 weeks of age, both JCR:LA-cp and lean age-
matched control rats had significantly higher body weights compared with 4-week
rats. The JCR:LA-cp rats also had a significantly elevated body weight compared
with the lean age-matched controls. Plasma insulin levels began to rise at 4-weeks
of age in the JCR:LA-cp rats, with a profound hyperinsulinemia ensuing by 12
weeks of age. In contrast, plasma glucose levels were not significantly different in
the JCR:LA-cp rats in either the 4-week or 12-week old rats, compared with lean
age-matched controls.

Plasma fatty acid levels were not significantly different between JCR:LA-cp
rats at 4-weeks of age, compared with lean age-matched controls. However, at 12
weeks of age fatty acid levels were significantly elevated in the JCR:LA-cp rats
compared with age-matched controls. Fatty acid levels also increased slightly in
the lean rats with age. Plasma TG levels were significantly elevated at 4-weeks of
age in the JCR:LA-cp rats compared with lean age-matched controls. By 12

weeks, plasma TG levels were almost double that of the 4-week JCR:LA-cp rats,
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and were significantly higher than the 12-week lean age-matched controls. Plasma
TG levels in the lean rats did not rise significantly with age.

At 4-weeks of age leptin levels in the JCR:LA-cp rats were elevated 13-fold
compared with lean age-matched controls. Leptin levels continued to increase
and were 30-fold greater than those of the lean age-matched controls at 12 weeks.
Plasma leptin levels in the lean rats did not increase with age or body weight.

Fig. 5-1 shows that at 4-weeks of age, JCR:LA-cp rats have a 3-fold greater
liver TG content than lean age-matched controls. There was no further increase in
TG content in the liver of 12-week-old JCR:LA-cp rats compared with lean age-
matched controls. The gastrocnemius of the 4-week JCR:LA-cp rats also
contained a 3-fold greater amount of TG compared with the lean age-matched
controls. However, by 12 weeks of age the TG content was more than 7-fold
higher than the lean controls.

At 4-weeks of age, hepatic ACC activity measured in the presence of 10 mM
citrate (Fig. 5-2) was already significantly elevated in the JCR:LA-cp rats
compared with lean age-matched controls. ACC activity measured in the absence
of citrate was not significantly different between the lean and JCR:LA-cp rats (1.6
+ 0.1 (n=6) vs. 1.4 + 0.1 (n=6) nmol " min ' - mg protein '). The presence of 10
mM citrate resulted in a 1.5-fold increase in ACC activity compared with ACC
activity measured in the absence of citrate in the 4-week lean age-matched

controls, while the presence of 10 mM citrate resulted in a 3-fold increase in ACC
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activity compared with ACC activity measured in the absence of citrate in the 4-
week JCR:LA-cp group.

A further increase was seen at 12 weeks in the JCR:LA-cp rats, with ACC
activity measured in the presence of 10 mM citrate being 2-fold higher than 12-
week lean age-matched controls. ACC activity measured in the absence of citrate
was not significantly different between the lean and JCR:LA-cp rats (2.1 = 0.2
(n=10) vs. 1.5 + 0.1 (n=11) nmol  min "' mg protein ). The presence of 10 mM
citrate resulted in a 1.6-fold increase in ACC activity compared with ACC activity
measured in the absence of citrate in the 12 week lean age-matched controls, while
the presence of 10 mM citrate resulted in a 5.8-fold increase in ACC activity
compared with ACC activity measured in the absence of citrate in the 12 week
JCR:LA-cp group.

The increased ACC activity in the 12-week JCR:LA-cp rats was
accompanied by a significant increase in ACC-265 protein expression compared
with the 12-week lean age-matched controls. The increased ACC activity in the 4-
week JCR:LA-cp rats was also accompanied by a slight increase in protein
expression, although this increase did not reach statistical significance compared
with the 4-week age-matched controls.

To determine if the increase in hepatic ACC in the JCR:LA-cp was due to
alterations in AMPK control of ACC, we measured AMPK activity in 4 and 12
week old JCR:LA-cp and lean age-matched control rats (Fig. 5-3). No significant

difference in maximally stimulatable AMPK activity was seen in the 4-week
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JCR:LA-cp rats compared with the lean age-matched controls. AMPK activity
measured in the absence of AMP was not significantly different between the 4-
week JCR:LA-cp and lean age-matched control group (740 + 48 (n=6) vs. 730 +
69 (n=6) pmol - min "' *mg protein ). The presence of 200 uM AMP resulted in a
1.7-fold increase in AMPK activity compared with AMPK activity measured in the
absence of AMP in both the 4-week lean and JCR:LA-cp groups.

However, maximally stimulatable hepatic AMPK activity in the 12-week
JCR:LA-cp rats was increased compared with the 4-week JCR:LA-cp rats, and was
significantly increased compared with the 12-week lean controls. AMPK activity
in the absence of AMP was also significantly increased in the 12-week JCR:LA-cp
rats compared with the lean age-matched controls (1220 = 117 (n=11) vs.654 £ 40
(n=8) pmol " min "' mg protein ). The presence of 200 uM AMP resulted in a 2-
fold increase in AMPK activity compared with AMPK activity measured in the
absence of AMP in both the 12-week lean and JCR:LA-cp groups.

Skeletal muscle has been implicated as an important site of insulin resistance
(3), and TG accumulation within the muscle has been implicated as contributing to
insulin-resistance (4). We therefore measured ACC activity and protein expression
in gastrocnemius muscle (Fig. 5-4). However, no differences were seen in
maximally stimulatable ACC activity between JCR:LA-cp and lean age-matched
control rats, at either 4 or 12 weeks of age. There was no significant difference in
ACC activity measured in the absence of citrate in the 4-week lean and JCR:LA-cp

rats (0.17 + 0.02 (n=6) vs. 0.17 + 0.01 (n=6) nmol ~ min "' * mg protein ).
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However, 10 mM citrate increased ACC activity 6.6-fold compared with ACC
activity measured in the absence of citrate in the 4-week lean skeletal muscle,
while 10 mM citrate increased ACC activity 9.5-fold compared with ACC activity
measured in the absence of citrate in the 4-week JCR:LA-cp muscle. There was
no significant difference in ACC activity measured in the absence of citrate in the
12-week lean and JCR:LA-cp rats (0.19 £ 0.05 (n=9) vs. 0.24 + 0.06 (n=8) nmol"
min "' - mg protein ). 10 mM citrate increased ACC activity 6.6-fold compared
with ACC activity measured in the absence of citrate in the 12-week lean skeletal
muscle, while 10 mM citrate increased ACC activity 11-fold compared with ACC
activity measured in the absence of citrate in the 12-week JCR:LA-cp muscle.
Although a trend for a decreased expression of the ACC-280 isoform
occurred in the 12-week JCR:LA-cp rats compared with the lean age-matched
controls, this difference was not statistically significant. However, this decrease
did result in the expression of the two isoforms being relatively equal in the
JCR:LA-cp rats, rather than the 280 kDa isoform predominating. There was no
difference in maximally stimulatable AMPK activity in the JCR:LA-cp rats or lean
age-matched controls at either age (Figure 5-5). There was also no difference in
AMPK activity measured in the absence of AMP between the 4-week JCR:LA-cp
muscle and lean age-matched controls (210 £ 25 (n=5) vs. 259 + 16 (n=6) pmol
min " mg protein '). 200 uM AMP increased AMPK activity 1.5-fold compared
with AMPK activity measured in the absence of AMP in both the 4-week JCR:LA-

cp and lean age-matched muscles. There was also no difference in AMPK activity
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measured in the absence of AMP between the 12-week JCR:LA-cp muscle and
lean age-matched controls (154 £ 19 (n=7) vs. 203 + 25 (n=9) pmol * min 1 mg
protein ). 200 uM AMP increased AMPK activity 1.5-fold compared with
AMPK activity measured in the absence of AMP in both the JCR:LA-cp and lean
age-matched muscles.

MEDICA 16 (B,B’-tetramethyl hexadecanedioic acid) is a long-chain fatty
acyl analogue developed as a hypolipidemic and antiobesity-antidiabetogenic
compound (26). Previous studies have demonstrated that MEDICA 16
significantly reduces intracellular TG content in gastrocnemius muscle and this is
accompanied by an improvement in insulin sensitivity (25). We therefore treated
JCR:LA-cp rats with MEDICA 16 for a 6-week period. This treatment protocol
did not significantly change body weight or plasma glucose levels (Table 5-2).
The modest loss of body weight was associated with a slight decrease in adipose
tissue mass and a non-significant decrease in food intake. Plasma insulin levels
did decrease, although they remained higher than values seen in the lean age-
matched controls (Table 5-1).

As shown in Fig. 5-6, MEDICA 16 treatment significantly decreased
maximally stimulatable liver ACC activity to levels seen in the lean age-matched
controls. There was no significant difference in ACC activity measured in the
absence of citrate in the MEDICA 16 treated compared with JCR:LA-cp rats (2.8 =
0.7 (n=5) vs. 3.6 £ 0.9 (n=6) nmol  min "' " mg protein ). 10 mM citrate increased

ACC activity 1.2-fold compared with ACC activity measured in the absence of
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citrate in the MEDICA 16 treated group, while 10 mM citrate increased ACC
activity 2.3-fold compared with ACC activity measured in the absence of citrate in
the 12-week JCR:LA-cp untreated group.

Interestingly, maximally stimulatable hepatic AMPK activity also decreased
with MEDICA 16 treatment. Hepatic AMPK activity measured in the absence of
AMP was also significantly reduced by MEDICA 16 treatment compared with
JCR:LA-cp rats (303 + 70 (n=5) vs. 2157 £ 300 (n=6) pmol ' min "' mg protein ).
200 uM AMP increased AMPK activity 2.8-fold compared with AMPK activity
measured in the absence of AMP in both the MEDICA 16 treated group and
JCR:LA-cp group.

In skeletal muscle, there was no significant change in ACC activity or AMPK
activity (Fig. 6-7). However, we have observed that MEDICA 16 does not readily
get into muscle tissue (Bar-Tana, unpublished results), which may explain the lack

of effect in muscle.
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TABLE 5-1.

Body Weight and Plasma Measurements of 4 and 12 week lean and

JCR:LA-cp rats
4-week 12 week

Lean JCR:LA-cp Lean JCR:LA-cp

(n=6) (n=6) (n=4) (n=8)
Body weight 87+5 78+ 4 324 + 67 399 £ 11%}
(grams)
Insulin 585 431 £ 43* 272 £27% 2746 + 439*+
(pmol/1)
Glucose 8.6+0.2 8.5%0.2 9.5+04 10.1 £0.7
(mmol/1)
FFA 0.18£0.01 0.16 £0.01 0.27 £0.02F 0.37 £ 0.06*7
(mmol/1)
Triglyceride 1.4+0.1 32+0.1* 1.8+£0.2 6.4+ 0.5%F
(mmol/l)
Leptin 1.3+0.4 16.5 £ 0.8* 1.2+0.3% 36.9 £ 1.8*f
(ng/ml)

Values are means + SE (n).

* Significantly different from lean age-matched controls.

T Significantly different from 4-week genotype matched.
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TABLE 5-2.

Body Weight and Plasma Measurements of 12 week JCR:LA-cp and
MEDICA 16-treated JCR:LA-cp rats

JCR:LA-cp Medica 16
(n=4) (n=8)

Body weight 465+9 420 £ 10
(grams)
Insulin 2746 + 439 1120 £ 161*
(pmol/l)
Glucose 13.3£1.0 124+ 1.0
(mmol/l)

Values are means * SE (n).

* Significantly different from control JCR:LA-cp rats.

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIVER

Olean
W JCR:LA-cp

*

N
= -]
1

TG CONTENT
(nmol * g dry wt)
sk (S
& b

~
1

Age (weeks)

SKELETAL MUSCLE

120
Olean

100 1 @ JCR:LA-cp
80 -

60 -

40 -

TG CONTENT
(pmol * g dry wt)

20 1

Age (weeks)
Figure 5-1. Triacylglycerol content of liver and skeletal muscle of JCR:LA-cp
rats and lean age-matched controls. Values are mean + SE of groups (n=6).

*Significantly different from lean age-matched controls. 'Significantly different

from 4-week JCR:LA-cp rats.
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Figure 5-2. Hepatic ACC activity (A) of JCR:LA-cp rats and lean age-matched
controls. ACC activity was measured in the presence of 10 mM citrate. Protein
expression of hepatic ACC-280 and ACC-265 isoforms (B) in JCR:LA-cp rats and
lean age-matched controls. Rat heart was loaded in lane 1 to serve as a standard.
Relative density of ACC isoforms (C) determined using a densitometry program.
Values are mean + SE (n=6 4-week lean, n=6 4-week JCR:LA-cp, n=10 12-week
lean, n=11 12-week JCR:LA-cp). *Significantly different from lean age-matched

controls. 'Significantly different from 4-week JCR:LA-cp rats.
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Figure 5-3. Hepatic AMPK activity measured in JCR:LA-cp rats and lean age-
matched controls. AMPK activity was measured in the presence of 200 pM AMP.
Values are mean + SE (n=6 4-week lean, n=6 4-week JCR:LA-cp, n=8 12-week

lean, n=11 12-week JCR:LA-cp). *Significantly different from lean age-matched

controls. TSignificantly different from 4-week JCR:LA-cp rats.
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Figure 5-4. Skeletal muscle ACC activity (A) of JCR:LA-cp rats and lean age-

matched controls. Protein expression of skeletal muscle ACC-280 and ACC-265
isoforms (B) in JCR:LA-cp rats and lean age-matched controls. Rat heart was

loaded in lane 9 to serve as a standard. Relative density of ACC isoforms (C)
determined using a densitometry program. Values are mean = SE (n=6 4-week

lean, n=6 4-week JCR:LA-cp, n=9 12-week lean, n=8 12-week JCR:LA-cp).
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Figure 5-5. Skeletal muscle AMPK activity measured in JCR:LA-cp rats and lean

age-matched controls. Values are mean + SE of groups (n=6 4-week lean, n=6 4-

week JCR:LA-cp, n=9 12-week lean, n=7 12-week JCR:LA-cp).
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Figure 5-7. Effect of MEDICA 16 treatment on skeletal muscle ACC and AMPK
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Discussion

At 4-weeks of age JCR:LA-cp rats have normal body weights, as well as
normal plasma glucose and fatty acid levels. At this age, muscle glucose uptake in
response to insulin is identical to lean controls (25). However, we demonstrate
that increased levels of plasma insulin, TG and leptin are already apparent before
the onset of muscle insulin resistance. By 12 weeks of age, the JCR:LA-cp rats
displayed all the symptoms of insulin resistance, including obesity,
hyperinsulinemia, and hyperleptinemia. In addition, plasma TG levels were
markedly elevated in the JCR:LA-cp rats, as were both hepatic and skeletal muscle
TG levels. In this study we demonstrate that increases in hepatic ACC activity and
expression may be primarily responsible for the increase in TG content, whereas
skeletal muscle ACC activity/expression did not correlate with the changes in TG
content.

Several studies have claimed a link between TG content and the development
of insulin resistance (1,2,3-6). In this study, we confirm that both the liver and
muscle of insulin resistant rats contain elevated levels of TG. The measurement of
mtramuscular triglyceride is often artifactually elevated due to the presence of
extramuscular adipose tissue (27). In order to address this issue, visible adipose
tissue was quickly dissected from the gastrocnemius muscle prior to freezing.
Furthermore, the presence of intracellular triglyceride in the gastrocnemius of

JCR:LA-cp rats using electron microscopy and oil red O stain has been previously
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demonstrated (25). Thus although we can’t completely rule the possibility that
extracellular adipose tissue contributed to our measurements, our results are in
agreement with several studies demonstrating a link between triglyceride
accumulation and the development of insulin resistance.

The liver TG content of JCR:LA-cp rats was approximately 3-fold higher
than the TG content in lean age-matched controls, at both 4 and 12 weeks of age.
However, in gastrocnemius muscle, TG levels rose from 3-fold higher to 7-fold
higher than lean age-matched controls between the ages of 4 and 12 weeks. This
occurred despite the observation that at 4-weeks of age skeletal muscle from these
rats is not insulin resistant as demonstrated by normal insulin-mediated glucose
uptake (25). However, at 4-weeks of age, the JCR:LA-cp rats have elevated
plasma insulin levels, indicative of whole body insulin resistance. This suggests
that substantial accumulation of TG is an early event in the development of insulin
resistance. It is tempting to speculate that there is a threshold level of TG
accumulation within muscle prior to the development of insulin resistance. If so,
this raises the possibility that continued accumulation of TG within the muscle
may indeed play a causative role in the development of insulin resistance.

ACC not only catalyzes the rate-limiting step in fatty acid biosynthesis (9), it
also has an important role in the regulation of muscle fatty acid oxidation,
secondary to the formation of malonyl-CoA, a potent inhibitor of mitochondrial
fatty acid uptake (10-12). In JCR:LA-cp rats hepatic ACC activity almost doubled

by 4-weeks of age compared with lean age-matched controls, and increased even
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further by 12 weeks of age. This increase in ACC activity most likely contributes
to the elevated plasma TG levels seen at 4-weeks of age, as well as the previously
reported increase in plasma VLDL (28). The elevated ACC activity at 12 weeks
was also accompanied by an increase in ACC-265 isoform expression, suggesting
that increases in ACC activity and expression in the liver contribute to the
abnormal plasma lipid levels and elevated hepatic TG content. The increase in
ACC activity at 4-weeks was not accompanied by significant changes in protein
expression. The reported increase in ACC activity was measured in the presence
of 10 mM citrate, which represents maximally stimulated ACC activity. Under
basal assay conditions (0 mM citrate) there was no change in ACC activity in
JCR:LA-cp rats compared with lean controls (data not shown). Whether a
decrease in phosphorylation was responsible for the increase in ACC activity was
not addressed in this study.

We initially hypothesized that the increase in ACC activity in the liver was
due to a decrease in AMPK activity in the JCR:LA-cp rats. However, the increase
in hepatic ACC in the insulin resistant rats was associated with an increase in
AMPK activity. Since AMPK and ACC can form a complex (29), the increase in
AMPK activity may be a reflection of an increase in AMPK protein expression.
However, this remains to be investigated. A recent study demonstrating that
metformin activates hepatic AMPK may provide an alternative explanation (30).

It is possible that the increase in hepatic AMPK is a compensatory mechanism to
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inhibit the increase in hepatic glucose production. This may provide an
explanation for the lack of hyperglycemia in these animals.

A very large TG accumulation was seen within the gastrocnemius muscle of
12-week-old JCR:LA-cp rats (25). However, despite this we observed no
significant changes in skeletal muscle ACC activity. Previous studies have
demonstrated that obese rats and mice have increased muscle malonyl-CoA and
triglyceride levels that are not associated with an increase in ACC activity (31).
The increase in malonyl-CoA was attributed to an increase in cellular citrate levels
(measured as citrate + malate), an allosteric activator of ACC (31). Citrate and
malate levels were not determined in this study but may provide an explanation for
the elevation in muscle TG content without changes in ACC activity.
Furthermore, the enzymatic measurement of ACC activity cannot differentiate
between the contributions of the different ACC isoforms. Thus, we also measured
protein expression. Of interest was the observation that 12 week lean rats express
almost twice the amount of the 280-kDa isoform compared with the 265-kDa
isoform, while the JCR:L A-cp rats showed a decrease in 280-kDa expression such
that the isoforms were expressed in almost a 1:1 ratio.

We also observed no changes in AMPK activity in the gastrocnemius of the
JCR:LA-cp rats compared with the lean age-matched controls. AMPK activity
was determined in a fed state at the end of the dark phase. However, these
measurements do not indicate changes in AMPK activity that may occur

throughout the day. While we are not aware of studies demonstrating a change in
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muscle AMPK activity in response to fasting and feeding, it has been demonstrated
that hepatic AMPK is maximal during fasting and its activity is rapidly diminished
during feeding (32). Because the time of sampling may influence AMPK activity,
all samples were taken at the same time in a fed state. Furthermore, potential
changes in AMPK expression or contraction-induced AMPK activity require
further investigation.

Given the important role of AMPK in regulating glucose uptake and fatty
acid oxidation in muscle [reviewed in (33)], we were surprised that no changes in
AMPK activity were seen in insulin resistant muscle. =~ AMPK has at least 2
isoforms of the a catalytic subunit (a1l and a2). The a2 isoform represents the
majority of AMPK activity in muscle (34). At present little is known about the
specific roles of the isoforms and whether specific isoforms are responsible for the
control of fatty acid oxidation and glucose uptake. In the insulin resistant muscle,
glucose uptake is completely blunted (25). The absence of changes in AMPK
activity may suggest a defect in the upstream signaling or possibly several signals
affecting AMPK activity. Clearly further studies are required to address this
important issue.

MEDICA 16 is an ATP:citrate lyase inhibitor and chronic treatment with
MEDICA 16 has previously been shown to reduce plasma TG concentrations by
80% and blunt the development of insulin resistance in the JCR:LA-cp rat (25) as
well as in the related Zucker rat (35). Several studies have also shown acute effects

of MEDICA 16. Acute treatment with MEDICA 16 results in a significant
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decrease in plasma VLDL cholesterol and triglyceride (36) and a significant
inhibition of hepatic lipogenesis (37). In vitro, MEDICA 16 inhibits ACC activity
(38) and induces a decrease in mitochondrial proton motive force that is
accompanied by an increase in cellular respiration (39). In this study we
demonstrate that chronic treatment of JCR:LA-cp rats for 6 weeks with MEDICA
16 dramatically reduces liver ACC activity. This supports the concept that
increased hepatic ACC activity contributes to the elevated plasma TG levels seen
in the insulin resistant JCR:LA-cp rats. Further support comes from studies using
hydroxycitrate, another inhibitor of ATP:citrate lyase. Hydroxycitrate treatment of
Zucker rats was also shown to reduce elevated lipogenic rates and plasma TG
levels (40). Skeletal muscle ACC activity was unaffected by MEDICA 16
treatment, which may be due to the inability of MEDICA 16 to get into muscle
tissue (Bar-Tana, unpublished observation).

Interestingly, the decrease in ACC activity with MEDICA 16 treatment was
accompanied by a dramatic reduction in hepatic AMPK activity. These data
suggest a dissociation in the changes in ACC activity from changes in AMPK
activity in JCR:LA-cp rats, but supports the concept of a parallel change in ACC
and AMPK activity. Although it has been suggested that activation of the AMPK
signaling cascade may be effective in correcting insulin resistance (33), our data
suggest that hepatic AMPK is activated in insulin resistance. However, if hepatic
AMPK activity is increased to reduce hepatic glucose production, the use of

AMPK activators may be useful in type 2 diabetes, a situation where
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hyperglycemia exists. It is thus important to characterize changes in AMPK

signaling in models of type 2 diabetes.
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Summary

In summary, our data show that an increase in liver ACC activity appears to
contribute to the elevated plasma TG levels and probably the increased liver and
muscle TG accumulation that occurs during insulin resistance. We recognize that
these studies provide correlative evidence rather than a cause-effect relationship
with regards to an increase in hepatic ACC activity and TG content. However,
other studies have demonstrated that high-fat feeding results in an increase in
hepatic ACC activity that is correlated with an increase in TG content (41).
Furthermore, the inhibition of hepatic ACC activity with a fatty acid analog is
associated with a decrease in TG content and reduction in VLDL secretion (42).
Of interest, is the observation that these changes in TG and ACC precede the
development of insulin resistance, suggesting a possible causative role of ACC and
TG accumulation in the development of muscle insulin resistance (decreased
insulin-stimulated glucose uptake). We also demonstrate that changes in AMPK
activity do not mediate this increase in ACC activity and TG accumulation.
Finally, treatment with MEDICA 16, which decreases TG accumulation (25) and
the symptoms of insulin resistance (25,35), results in a decrease in hepatic ACC
activity. This supports the concept that increased ACC activity and increased TG

accumulation has an important role in the development of insulin resistance.
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CHAPTER 6.

Chronic Exercise Improves Whole Body Insulin Sensitivity in Insulin
Resistant Rats: Role of AMP-Activated Protein Kinase Activation in the

Regulation of Cardiac Triacylglycerol Content and Glycolysis

A version of this chapter has been submitted for publication in Diabetes.

Atkinson LL, Kelly SE, Kozak J, Russell JC, Lopaschuk GD.

My role in this work involved performing all the biochemical experiments (except
those noted below) as well as writing the manuscript. Ray Kozak performed the
heart perfusions. Sandra Kelly taught me the exercise protocol. Ken Strynadka

performed the HPLC analysis of CoA esters.
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CHAPTER 6.

Chronic Exercise Improves Whole Body Insulin Sensitivity in Insulin
Resistant Rats: Role of AMP-activated Protein Kinase Activation in the

Regulation of Cardiac Triacylglycerol Content and Glycolysis

Abstract

In insulin resistant muscle, fatty acid flux is directed toward triacylglycerol
(TG) storage rather than fatty acid oxidation, resulting in TG accumulation.
Although we have identified an association between cardiac TG accumulation and
reduced cardiac glycolysis in the insulin resistant JCR:LA-cp rat, it is not clear
whether TG accumulation in the heart plays a causative role in the development of
insulin resistance. In skeletal muscle, AMPK regulates the flux of fatty acids into
oxidative pathways rather than TG storage and the activation of AMPK appears to
mediate exercise-induced improvements in insulin sensitivity. We therefore
investigated whether chronic exercise-training activates AMPK in the heart and
whether the exercise-induced activation of AMPK was associated with a reduction
in cardiac TG content and a stimulation of cardiac glycolysis in insulin resistant

JCR:LA-cp rats. At the end of a 4-week exercise protocol, plasma insulin levels

188

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



were significantly reduced (178 + 14 (n=26) vs. 361 + 32 (n=26) and 1172 + 92
(n=28) pmol "1 Y in the exercise-trained rats compared with the weight-paired and
sedentary controls. Insulin sensitivity was also significantly improved in the
exercise-trained rats compared with the weight-paired and sedentary controls.
Exercise-training significantly activates cardiac AMPK activity (1756 + 92 (n=6)
vs. 1067 £ 57 (n=6) and 1038 = 71 (n=6) pmol " min 1 mg ") accompanied by a
significant increase in cardiac glycolysis (2176 £ 143 (n=6) vs. 1564 + 120 (n=5)
and 1261 + 277 (n=4) umol glucose " g dry ' - min ') and a significant reduction in
cardiac TG content (12 = 2 (n=6) vs. 19 £ 2 (n=6) and 27 + 3 (n=6) umol" g dry wt
Y compared with weight-paired and sedentary control groups, respectively.
However, palmitate oxidation rates, ACC activity and malonyl-CoA levels were
significantly increased in both the exercise-trained and weight-paired groups
compared with sedentary controls. Since the development of insulin resistance in
the JCR:LA-cp rat can be delayed by early intervention with lipid-lowering agents,
we investigated whether the benefits of 4-week of exercise-training could be
sustained following cessation of exercise and food restriction. The beneficial
effects of exercise on insulin sensitivity were reversed following the cessation of
exercise and food restriction, and cardiac AMPK activity, fatty acid oxidation and
glycolysis returned to sedentary control levels. Thus, this study demonstrates that
chronic exercise activates AMPK in the heart and that the exercise-induced
activation of AMPK is associated with a reduction in TG accumulation and an

increase in cardiac glycolytic rates in insulin resistant rat hearts. Furthermore,
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chronic exercise followed by the cessation of exercise training and food restriction
reverses the beneficial effects of exercise on insulin sensitivity and cardiac

metabolism.
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Introduction

Insulin resistance is a pre-type 2 diabetic state characterized by obesity,
hyperinsulinemia, hyperlipidemia and impaired glucose tolerance (1-3). Altered
fatty acid and glucose metabolism play a key role in the development of insulin
resistance, although the mechanisms involved are not completely resolved. While
the accumulation of cardiac TG has been demonstrated in insulin resistant rodents
[reviewed in 4-6], controversy exists as to whether the accumulation of TG results
from alterations in fatty acid supply, fatty acid oxidation or a combination of both
(7). We have identified that TG accumulation is accompanied by decreased
glycolytic rates in the insulin resistant JCR:LA-cp rat heart (8). However, it is not
clear whether TG accumulation in the heart plays a role in the development of
insulin resistance.

Currently, there is a great deal of interest in AMP-activated protein kinase
(AMPK) as a therapeutic target in the treatment of obesity, insulin resistance, and
type 2 diabetes (9-11). AMPK plays a key role in the regulation of both fatty acid
and glucose metabolism [reviewed in 12]. The AMPK cascade acts as a
metabolic sensor or ‘fuel gauge’ in the mammalian cell (12). This role is fulfilled
by the ability of AMPK to phosphorylate key target proteins that control flux
through metabolic pathways (12). When activated, AMPK increases fatty acid
oxidation by inhibiting acetyl-CoA carboxylase (ACC) and reducing malonyl-

CoA levels (13,14). AMPK activation also decreases TG content by inhibiting
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glycerol-3-phosphate acyltransferase (GPAT), the rate-limiting step in TG
synthesis (15). Thus, through the coordinated regulation of key enzymes in fatty
acid metabolism, AMPK regulates the flux of fatty acids into oxidation rather than
TG storage (15). AMPK also plays a key role in the regulation of glucose
metabolism. In the heart, the activation of AMPK results in a stimulation of
glucose uptake via GLUT4 translocation (16) as well as the activation of
glycolysis (17).

Recently AMPK has been identified as a target of the insulin sensitizing
agents, metformin, troglitazone and rosiglitazone (18-20). Furthermore, the
activation of AMPK has been implicated as the mediator of the beneficial effects
of exercise on muscle insulin sensitivity (21-23). Consistent with this role,
treatment of insulin resistant rats with AICAR, a non-specific AMPK activator,
results in an improvement in insulin action (24). AICAR treatment of type 2
diabetic rodents also results in a significant reduction in plasma glucose levels
(25-29). However, both AICAR and exercise have non-specific effects. For
instance, exercise is accompanied by weight loss that leads to a reduction in
plasma glucose, insulin, and lipid levels (30). Since AMPK activity can also be
regulated by glucose (31), insulin (32-34) and fatty acids (35), it is not clear
whether exercise activates AMPK directly or whether the exercise-induced
activation of AMPK is indirect, possibly due to weight loss-induced reductions in

plasma glucose, insulin or fatty acids.
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In this study, we investigated the effect of chronic exercise on insulin
sensitivity and cardiac energy metabolism in the insulin resistant JCR:LA-cp rat.
Specifically, we determined whether exercise, independent of weight loss,
activates AMPK in the heart and whether the exercise-induced activation of
cardiac AMPK was associated with a reduction in cardiac TG accumulation and a
stimulation of cardiac glycolysis in the insulin resistant JCR:LA-cp heart.

The development of insulin resistance in the JCR:LA-cp rat occurs between
the ages of 4 and 12 weeks and is strongly associated with altered fatty acid
metabolism (36). Since studies have demonstrated that the development of insulin
resistance can be delayed by early treatment with the lipid-lowering agent,
MEDICA 16 (36), we investigated whether the beneficial metabolic effects of
exercise-training could be sustained following cessation of exercise-training and

food restriction.
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Methods

Animals

The study was performed on insulin resistant (cp/cp) male rats beginning at
the age of 4-weeks.

Three groups of insulin resistant JCR:LA-cp rats were used in this
experiment. A sedentary control group was allowed free access to food and water.
A weight-paired group was food-restricted to maintain identical body weight to the
exercise-trained group. Animals in the weight-paired group were started one day
later than the exercise-trained group. Therefore, it could be estimated how much
food to give the weight-paired group in order to maintain identical body weights to
the exercise-trained group. The exercise-trained group was mildly food restricted
and allowed free access to the running wheel. It has been previously demonstrated
that the obese JCR:LA-cp rat requires mild food restriction in order to start
running (37). All animals were maintained in a 12:12h light-dark cycle with the
light cycle beginning at 11 am. Daily recordings and measurements were taken at
the end of the dark cycle.

During the 4-week experimental protocol, body weight, food intake and
water intake were recorded daily. Plasma sampling was performed as described in
Chapter 2, with fasted blood samples obtained from the animals prior to the start of
the experiment, at 6.5 weeks and at 8.5 weeks of age. A meal tolerance test to

determine insulin sensitivity was performed at 8.5 weeks of age.
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During the 8 week experimental protocol, all groups were subjected to the 4-
week experimental protocol as described above. However, at 8.5 weeks of age,
exercise-training and weight-matching was stopped and all groups received free
access to food and water for the remaining 4-weeks. Body weight, food intake and
water intake was recorded daily. Fasted blood samples were obtained from the tail
prior to the start of the experiment, at 6.5, 8.5, 10.5 and 12.5 weeks of age. A meal
tolerance test to determine insulin sensitivity was performed at 12.5 weeks of age.

Exercise-trained and weight-paired JCR:LA-cp rats were housed in Wahman

running wheels as described in Chapter 2.

Tissue Collection

Adult male rats were fasted overnight and anesthetized without restraint in a
large glass jar with 3% halothane at 1 I/min O,. In one series of experiments,
hearts were rapidly isolated, frozen immediately in liquid N, and stored at —80°C
for biochemical analysis. Visible adipose tissue was quickly dissected from the
heart prior to freezing. In another series of experiments, hearts were subjected to
a 40-minute acrobic perfusion for quantitation of glucose and fatty acid

metabolism.
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Plasma Measurements

Samples were analyzed for plasma glucose, insulin, free fatty acids and
triacylglycerol levels as described in Chapter 2. A meal tolerance test was

performed to assess whole body insulin sensitivity as described in Chapter 2.

Heart Perfusions

Isolated working hearts from insulin resistant JCR:LA-cp rats were
subjected to an aerobic perfusion with a modified Krebs-Henseleit solution
containing 0.8 mM palmitate, 5 mM glucose, 3% bovine serum albumin, 2.5 mM
free Ca?*, and 500 uU/ml insulin. Spontaneously beating hearts were perfused at
an 11.5 mm Hg left atrial preload and an 80 mm Hg aortic afterload. Functional
parameters were measured as described in Chapter 2

The hearts used for measurement of fatty acid oxidation and glycolysis rates
were subjected to a 40-minute perfusion in perfusate containing [1-'*C]palmitate
and D-[5->H]glucose. Palmitate oxidation and glycolytic rates were determined
simultaneously by quantitative collection of '*CO, and *H,0 produced by the
hearts. Steady-state rates of fatty acid oxidation and glycolysis were determined
as described in Chapter 2. At the end of the perfusions, heart ventricles were

quickly frozen with Wollenberger clamps cooled to the temperature of liquid N,.
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Tissue E xtractions

TG was extracted from frozen tissue according to the method of Folch, as
described in Chapter 2. CoA esters were extracted and subjected to HPLC analysis
as described in Chapter 2. ACC activity was determined as described in Chapter 2.
AMPK activity was determined using the AMARA peptide as described in Chapter

2.

Statistical Analysis

All data are presented as the mean + standard error. The data were analyzed
with the statistical program Instat 2.01®. One-way ANOVA and Neumman-Keuls
post-hoc tests was used to determine the statistical significance of differences
between the insulin resistant JCR:LA-cp exercise-trained, weight-paired and

sedentary control groups. Two-tailed values of p<0.05 were considered

significant.
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Results

The JCR:LA-cp rat develops insulin resistance between the age of 4 and 12
weeks (36). Figure 6-1A depicts the experimental protocol used in the first part of
this study. Three groups of insulin resistant JCR:LA-cp rats were used in this
experiment: sedentary controls (no intervention), weight-paired (food restricted to
maintain identical body weight to exercise-trained) and exercise-trained (4-weeks
of voluntary wheel running). Animals were randomized into their respective
experimental group at 4-weeks of age. The experimental protocol began at 4.5
weeks of age, after a baseline fasting blood sample was obtained. At the
completion of the 4-week experimental protocol, a meal tolerance test was
performed to determine potential changes in insulin sensitivity.

During the 8 week experimental protocol (Fig. 6-1B), all groups were
subjected to the experimental protocol described above. At 8.5 weeks of age, after
a fasting blood sample was obtained, exercise-training and weight-matching was
stopped and all groups received free access to food and water for the remaining 4-
weeks. A meal tolerance test was performed at 12.5 weeks of age.

Figure 2 demonstrates that the exercise-trained rats linearly increased their
running over the first 2 weeks of the experimental protocol. Running distance
during the last 2 weeks remained relatively stable, with the exercise-trained rats

running on average 6.6 km per day.
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At the beginning of the experimental protocol, body weight and food intake
was similar among all groups. After the 4-week experimental protocol, body
weight (Fig. 6-3A) and food intake (Fig. 6-3B) were reduced in the weight-paired
and exercise-trained rats compared with the sedentary control group. Food intake
in the weight-paired group was slightly less than the exercise trained group
because the exercise group could eat more food than the weight-paired group and
gain less weight due to the caloric cost of wheel running. Water intake was
consistently matched with food intake in all groups (data not shown).

Table 6-1 shows the fasting plasma fatty acid and TG levels after the 4-week
experimental protocol. Plasma fatty acid and TG levels were significantly
reduced in the weight-paired and exercise-trained compared with the sedentary
controls. However, exercise-training had no significant independent effect on
plasma fatty acid and TG levels compared with the weight-paired controls. Plasma
glucose levels were slightly but non-significantly reduced in the weight-paired
and exercise-trained compared with sedentary controls (data not shown).

Fasting plasma insulin levels were significantly decreased in the weight-
paired and exercise-trained compared with sedentary controls (Fig. 6-4). There
was also a significant decrease in insulin levels in the exercise-trained rats
compared with weight-paired group. To assess more accurately whole body
insulin sensitivity at the end of the 4-week protocol, a meal tolerance test was
performed. The meal tolerance test demonstrates the insulin response to a 5 gram

test meal. The weight-paired and exercise-trained groups had significantly
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improved insulin sensitivity compared with the sedentary controls (Fig. 6-5A).
There was also a significant improvement in insulin sensitivity in the exercise-
trained compared with weight-paired group (Fig. 6-5B).

Cardiac function and metabolism was determined using isolated working
hearts from the insulin resistant JCR:LA-cp rats hearts. Hearts were obtained
from fasted rats immediately following the last bout of wheel running.
Mechanical function was monitored continuously over the 40-minute perfusion
period in the spontaneously beating isolated working hearts. All hearts were
subject to a constant left atrial preload of 11.5 mmHg and an aortic afterload of 80
mmHg. As shown in Table 6-2, there was no significant difference in heart rate,
peak systolic pressure, or cardiac output. Both coronary and aortic flows were
also continuously monitored which allowed for the determination of cardiac work
(the product of cardiac output and peak systolic pressure) as an index of
mechanical function. There was no significant difference in cardiac work (Table
6-2) among the groups.

AMPK plays a key role in the regulation of cardiac fatty acid oxidation, TG
synthesis and glucose metabolism (12-17). AMPK is activated by exercise in
skeletal muscle and has been implicated as the mediator of exercise-induced
benefits on glucose metabolism (21-23). Thus, we determined whether AMPK
was activated in the heart after the 4-week experimental protocol. Figure 6-6A
demonstrates that cardiac AMPK was significantly increased in the exercise-

trained group compared with the weight-paired and sedentary controls. AMPK
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measured in the presence of 200 uM AMP was also significantly increased in the
exercise-trained group compared with the weight-paired and sedentary controls
(3549 + 239 (n=6) vs. 2178 + 290 (n=6) and 2135 = 155 (n=6) pmol " min "' " mg
protein 7). 200 pM AMP increased AMPK activity 2-fold compared to AMPK
activity in the absence of AMP in the exercise-trained, weight-paired and
sedentary control groups.

We further investigated whether the activation of AMPK was accompanied
by altered cardiac fatty acid and glucose metabolism in the insulin resistant
JCR:LA-cp hearts. In isolated working rat hearts, there was a significant increase
in glycolytic rates (Fig. 6-6B) and a significant reduction in TG content (Fig. 6-
6C) in the exercise-trained rat hearts compared with the weight-paired and
sedentary control rats. Both the exercise-trained and weight-paired hearts had a
significant increase in palmitate oxidation rates (Fig. 6-7A). Similarly, ACC
activity was decreased in both the exercise-trained and weight-paired hearts (Fig.
6-7B). ACC activity measured in the presence of 10 mM citrate was also
significantly decreased in both the exercise-trained and weight-paired hearts
compared with sedentary controls (5.0 = 0.7 (n=6) and 4.7 + 0.8 (n=6) vs. 8.3 £
0.7 (n=6) nmol ' min " - mg protein '). 10 mM citrate increased ACC activity 2.3-
fold compared to ACC activity measured in the absence of citrate in all groups.
Malonyl-CoA levels (Fig. 6-7C) were similar in all groups.

Table 6-3 demonstrates that both the exercise-trained and weight-paired

groups have an increased heart weight to body weight ratio compared with

201

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sedentary controls due to substantially reduced body weight. However, the
exercise-trained hearts, in which AMPK is activated, had an increased heart
weight compared with the weight-paired group resulting in a significant increase
in heart weight to body weight ratio.

We further investigated whether the 4-week exercise or food restriction
intervention could be sustained following 4-weeks of the cessation of exercise and
food restriction. We also wanted to determine whether early intervention with
exercise would improve insulin sensitivity at 12 weeks of age; the age when
muscle insulin resistance is fully established.

By the age of 12 weeks, body weight, food intake and water intake were not
significantly different between the weight-paired, exercise-trained and sedentary
controls (Table 6-4). Similarly, plasma FFA and TG levels were no longer
significantly different in the exercise-trained, weight-paired and sedentary control
groups (Table 6-5). Fasting plasma insulin levels (Fig 6-8A) in the exercise-
trained and weight-paired groups also returned to sedentary control levels
following 4-weeks of cessation of exercise training and food restriction. The
improved insulin sensitivity resulting from exercise-training and weight-pairing
was also lost following the cessation of exercise training and food restriction (Fig.
6-$B).

In the exercise-trained hearts, cardiac AMPK activity, palmitate oxidation
and glycolytic rates returned to sedentary control levels (Table 6-6). However, the

exercise-trained hearts had a significant decrease in cardiac output at the age of
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12.5 weeks (Table 6-7). Heart weight to body weight ratio was significantly
increased in the exercise-trained and weight-paired groups compared with

sedentary controls due to slightly reduced body weights (Table 6-7).
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TABLE 6-1.

Fasting plasma fatty acid and TG levels

Plasma Fatty Acid (mmol/1) Plasma TG (mmol/I)

4.5 weeks 8.5 weeks 4.5 weeks 8.5 weeks

Sedentary Control 22102 2.7+£0.2 25103 39+0.5
(n=19) (n=29) (n=19) (n=29)

Weight-Paired 26x0.2 1.8+ 0.2% 2.0+0.3 1.3+£0.1%
(n=20) (n=28) (n=20) (n=28)

Exercise-Trained 2.6+0.2 2.0+0.2% 1.7+0.1 1.3+0.1*
(n=20) (n=27) (n=20) (n=26)

Values are means + SE (n).

* Significantly different from Sedentary Control group.
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TABLE 6-2.

Mechanical function of isolated working JCR:LA-cp rat hearts

Sedentary Weight- Exercise-
Control Paired Trained
(n=4) (n=5) (n=6)
Heart Rate 257+ 4 246 £ 12 280+ 15
(beats " min ')
Peak Systolic Pressure 98 + 6 97 +£3 94+3
(mmHg)
HR X PSP 25+1 24 +2 27+2
(beats ‘min - mmHg -
10 )
Cardiac Output 3417 30+2 33+4
(ml “min ")
Cardiac Work 34+9 29+1 31+4

(ml ' mmHg min "' 10 ?)

Values are means + SE (n). Hearts were perfused with Krebs-Henseleit solution

containing 0.8 mM palmitate, 5 mM glucose, 3% albumin and 500 pU/ml (3000
pmol/l) insulin. Hearts were subjected to a 11.5 mmHg left atrial preload and 80
mmHg aortic afterload. HR X PSP = heart rate X peak systolic pressure.
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TABLE 6-3.

Heart weight:Body weight Ratio

Body weight Heart weight Heart wt/Body wt
(2) (2 (mg/g)
(n=6) (n=6) (n=6)
Sedentary Control 302£6 1.03 £0.03 345+0.12
Weight-Paired 175+t 4 0.73 £ 0.02 4.19£0.10*
Exercise-Trained 172+ 4 0.80 £ 0.02 4.69 £ 0.17*t
Values are means + SE (n).
* Significantly different from Sedentary Control group.
T Significantly different from Weight-Paired group.
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TABLE 6-4.

Body Weight and Food Intake at 12.5 weeks of age following 8 week

experimental protocol

Body weight (g) Food intake (g)

Sedentary Control 367 £ 31 20+2

(n=11) (n=11)
Weight-Paired 316 +7 352

(n=10) (n=10)
Exercise-Trained 306 £28 38+2

(n=10) (n=10)
Values are means + SE (n).
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TABLE 6-5.

Fasting Plasma Measurements at 12.5 weeks of age following 8 week

experimental protocol

Plasma Fatty Acid Plasma TG
(mmol/1) (mmol/1)
Sedentary Control 3.45+0.30 4.56 £0.48
(n=11) (n=9)
Weight-Paired 3.78 £0.47 3.8110.25
(n=10) (n=10)
Exercise-Trained 3.19+0.12 3.71£0.34
(n=10) (n=10)
Values are means = SE (n).
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TABLE 6-6.

Parameters of fatty acid and glucose metabolism at 12.5 weeks of age

following 8 week experimental protocol

Sedentary Weight- Exercise-
Control Paired Trained
(n=5) (n=4) (n=4)
AMPK activity 405 + 58 444 + 98 407 £ 57
(pmol ‘min " mg ™)
Glycolysis 1530 + 413 1845 £ 285 1077 £ 194
(nmol °H glucose ‘min " g dry
wt )
Palmitate oxidation 379 £22 400 £ 31 392 £33
(nmol "*C palmitate ' min ' g
dry wt ™)
Values are means * SE (n).
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TABLE 6-7.

Mechanical function and heart weight:body weight ratio of isolated

working JCR:LA-cp rat hearts at 12.5 weeks of age following 8 week

experimental protocol

Sedentary Weight- Exercise-
Control Paired Trained
(n=5) (n=4) (n=4)
Heart Weight (grams) 1.23 +£0.03 1.17 £ 0.05 1.20+£0.06
Body Welght (grams) 422 £ 14 360+ 17 376 £ 15

Heart wt:Body wt ratio (mg/g) 2.93£0.11 3.26+0.14* 3.20+0.13*

Heart Rate

(beats ' min™) 276 £ 41 232+ 11 216 £36
Peak Systolic Pressure

(mmHg) 100£5 95+7 108£9
HR X PSP

(beats "min ' mmHg ' 10 ) 2742 2242 2243
Cardiac Output

(ml min ") 47 + 4 40 +3 30 + 4%t
Cardiac Work

(ml ' mmHg min " 10 ?) 47+ 5 38+ 5 32+5

Values are means + SE (n). Hearts were perfused with Krebs-Henseleit solution
containing 0.8 mM palmitate, 5 mM glucose, 3% albumin and 500 pU/ml (3000
pmol/l) insulin. Hearts were subjected to a 11.5 mmHg left atrial preload and 80
mmHg aortic afterload. HR X PSP = heart rate X peak systolic pressure. *

Significantly different from sedentary control group. 1 Significantly different from
weight-paired group.
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4-week experimental protocol
1) Sedentary Control

2) Weight-Paired

3) Exercise-Trained

< >

] i i J

4wk 45wk 6.5 wk 8.5 wk 12.5 wk
Plasma Sample Meal Tolerance Test
B
4-week
experimental all groups
protocol free access to food and water
< > € >
(1 |
45wk 65wk 85wk 10.5 wk 12.5 wk
Plasma Sample Meal Tolerance Test

Figure 6-1. Scheme depicts 4 and 8 week experimental protocols. Insulin
resistant JCR:LA-cp rats were randomized into experimental group at 4-weeks of

age and 4-week experimental protocol began at 4.5 weeks of age.
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Figure 6-2. Wheel revolutions ran by the Exercise-Trained JCR:LA-cp rats. 1

revolution equals 1.1 meter. Values are means = SE (n=25).
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Figure 6-3. Body weight (A) and food intake (B) in Exercise-Trained (ET),

Weight-Paired (WP) and Sedentary Control (SC) groups. Values are means + SE

(n=28 SC, n=26 WP, n=26 ET).
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Figure 6-4. Fasting plasma insulin in the Exercise-Trained (ET), Weight-Paired

(WP) and Sedentary Control (SC) groups. Values are means = SE (n=28 SC, n=26
WP, n=26 ET). *Significantly different from Sedentary Control group.

*+Significantly different from Weight-Paired group.
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Figure 6-5. Insulin sensitivity in the Exercise-Trained (ET), Weight-Paired (WP)
and Sedentary Control (SC) groups (A). Insulin sensitivity in the Exercise-Trained
and Weight-Paired groups (B). Note scale difference on y axis. Values are means

+ SE (n=29 SC, n=28 WP, n=26 ET). *Significantly different from Sedentary
Control group. TSignificantly different from Weight-Paired group.

215

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 6-6. Cardiac AMPK activity (A), glycolytic rates (B), and TG content (C)

in Exercise-Trained, Weight-Paired and Sedentary Control groups. For AMPK
activity and TG content, values are means = SE (n=6/group). For glycolytic rates,

values are means + SE (n=4 SC, n=5 WP, n=6 ET). *Significantly different from

Sedentary Control group. ¥ Significantly different from Weight-Paired group.
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Figure 6-7. Cardiac palmitate oxidation (A), ACC activity (B), and malonyl-CoA

levels (C) in Exercise-Trained, Weight-Paired and Sedentary Control groups. For
palmitate oxidation, values are means + SE (n=4 SC, n=5 WP, n=6 ET). For ACC
activity and malonyl-CoA, values are means + SE (n=6/group). *Significantly

different from Sedentary Control group.
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Figure 6-8. Fasting plasma insulin levels (A) and insulin sensitivity (B) in the
Exercise-Trained (ET), Weight-Paired (WP) and Sedentary Control (SC) groups at
12.5 weeks of age following the 8 week experimental protocol. Values are means

+ SE (n=11 SC, n=10 WP, n=6 ET). *Significantly different from Sedentary

Control group.
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Discussion

In this study, we demonstrate that exercise activates AMPK in the heart.
The exercise-induced activation of AMPK was accompanied by a reduction in
cardiac TG content and a stimulation of cardiac glycolysis. Furthermore, chronic
exercise dramatically improved whole body insulin sensitivity and prevented the
development of insulin resistance in the JCR:LA-cp rat. Following the cessation
of exercise-training and food restriction, the improvement in insulin sensitivity
was reversed and all parameters of cardiac metabolism returned to sedentary
control levels.

Using isolated working hearts from insulin resistant JCR:LA-cp rats, we
demonstrate that exercise-training significantly activates AMPK in the heart.
Furthermore, the exercise-induced activation of AMPK was accompanied by a
reduction in cardiac TG content and an elevation in cardiac glycolysis. We have
previously demonstrated that the insulin resistant rat hearts have a 50% elevation
in TG content associated with a 50% reduction in glycolytic rates compared with
lean controls suggesting that TG accumulation may play a role in the development
of insulin resistance in the heart (8). Consistent with this idea, the exercise-
trained hearts had reduced cardiac TG content and increased rates of glycolysis
that reverse to normal sedentary control levels following weight gain. Thus, we
provide further evidence for a role of TG accumulation and reduced glucose

utilization in the insulin resistant heart.
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While the accumulation of cardiac TG has been demonstrated in insulin
resistant rodents (7,8), controversy exists as to whether the accumulation of TG
results from alterations in fatty acid supply, fatty acid oxidation or a combination
of both. An increase in TG synthesis or a decrease in TG lipolysis may also
contribute to TG accumulation. We previously demonstrated that fatty acid
oxidation is unaltered in the isolated working insulin resistant JCR:LA-cp rat
heart and suggested that increased fatty acid supply rather than alterations in fatty
acid oxidation contribute to cardiac TG accumulation (8). Here, we demonstrate
that both weight loss and exercise-training reduced plasma lipids, increased fatty
acid oxidation and reduced cardiac TG content. Weight loss alone was unable to
restore cardiac TG content to levels seen in lean control rats. However, in the
exercise-trained hearts the activation of AMPK was accompanied by a
normalization of TG content to lean control levels.

There is great interest in the AMPK signaling cascade as a novel therapeutic
target for the treatment of obesity, insulin resistance and type 2 diabetes (22-24).
The development of insulin resistance in the JCR:LA-cp rat occurs between the
ages of 4 and 12 weeks and is strongly associated with elevated muscle TG (8,36).
Furthermore, treatment with the lipid-lowering agent, MEDICA 16, during the
development of insulin resistance, prevents the accumulation of muscle TG along
with the development of insulin resistance (36). In this study, we demonstrate that

exercise, during the critical time of insulin resistance development, prevents
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whole body insulin resistance. However, following the cessation of exercise-
training and food restriction, beneficial effects of exercise were reversed.

The ability of weight loss and exercise to improve insulin sensitivity is well
documented in both humans and rodents (30,39). In insulin resistant JCR:LA-cp
rats, both chronic exercise-training and weight loss significantly reduced plasma
insulin levels and improved insulin sensitivity. However, exercise-training
reduced plasma insulin levels and improved insulin sensitivity to an even greater
extent compared with weight loss alone. These data are consistent with human
studies in which exercise-training and weight loss improve glucose tolerance and
insulin sensitivity in an additive manner (30).

Exercise, in addition to improving insulin sensitivity, is well known to
reduce the development of cardiovascular disease in humans (30,39) and has been
shown to be cardioprotective in the JCR:LA-cp rat (40). We have previously
demonstrated that the development of insulin resistance in the JCR:LA-cp rat is
associated with an elevation in cardiac TG content and a reduction in cardiac
glycolysis (8). Although TG accumulation has been associated with contractile
dysfunction (7,41-45), we did not observe changes in cardiac function in the
JCR:LA-cp rat heart. We have speculated that there may be a threshold level of
TG accumulation required to cause contractile dysfunction (8), although, we have
not yet investigated this possibility. However, previous data demonstrate that

exercise-training can prevent the development of cardiovascular disease in the
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JCR:LA-cp rat (40) suggesting that TG accumulation may contribute to

cardiovascular disease in this model.
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Summary

This study demonstrates that exercise significantly improves whole body
insulin sensitivity and that the exercise-induced activation of AMPK in the heart
is associated with a reduction in cardiac TG content and a stimulation of cardiac
glycolysis. Furthermore, the cessation of exercise-training and food restriction
reverses the exercise-induced improvements in insulin sensitivity and cardiac
metabolism. However, the observation that AMPK activation in the heart is
associated with an increase in heart weight to body weight ratio suggests that
further studies are required to investigate the role of AMPK activation in the

heart.
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CHAPTER 7. Discussion and Conclusions

The rapid increase in the incidence of obesity is contributing to the
concurrent increase in insulin resistance and type 2 diabetes. Although there is a
strong link between insulin resistance and cardiovascular disease, it is not clear
whether insulin resistance develops in the heart or whether alterations in fatty acid
metabolism contribute to insulin resistance. Furthermore, the rapid increase in
obesity and insulin resistance is predicted to cause a concurrent increase in
cardiovascular disease. Thus, the determination of whether the heart becomes
insulin resistant and an understanding of the metabolic alterations occurring in
cardiac insulin resistance would allow the development of clinical agents that

target the heart and potentially prevent the development of cardiovascular disease.

Leptin Regulation of Cardiac Fatty Acid Metabolism

Leptin regulates fatty acid metabolism in liver, skeletal muscle and pancreas
by partitioning fatty acids into oxidation rather than TG storage. The presence of
leptin receptors in the heart suggests that leptin may also play a role in the
regulation of cardiac fatty acid metabolism. We demonstrate for the first time that
leptin activates fatty acid oxidation and decreases TG content in the heart
(Chapter 3). However, the effects of leptin in the heart are independent of
changes in the AMPK-ACC-malonyl-CoA axis. Thus, the mechanism by which

leptin increases cardiac fatty acid oxidation remains unclear. Our studies show
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that leptin increases fatty acid oxidation, increases oxygen consumption and
decreases cardiac efficiency. These effects of leptin may be explained by an
increase in mitochondrial uncoupling protein activity. Indeed, the induction of
mitochondrial uncoupling protein activity has been demonstrated to increase
oxygen consumption (1) and is associated with an increase in fatty acid oxidation
(2). However, an acute effect of leptin on mitochondrial uncoupling proteins has
not yet been demonstrated.

The recent classification of obesity as an independent risk factor for
cardiovascular disease and characteristic elevated leptin levels in obesity has lead
to the suggestion that leptin may be the link between obesity and cardiovascular
disease (3). Our data demonstrate that acute leptin treatment increases myocardial
fatty acid oxidation rates and reduces cardiac efficiency. Chronic elevations in
leptin also result in elevated fatty acid oxidation and TG depletion in skeletal
muscle (4). Elevated rates of fatty acid oxidation have previously been
demonstrated to reduce cardiac efficiency and the recovery of mechanical function
following acute ischemia (5). Presently, it is not known whether leptin influences
cardiac efficiency or the recovery of mechanical function following acute
ischemia. However, given the ability of leptin to stimulate fatty acid oxidation
acutely, it is possible that long-term elevations in plasma leptin levels may result in
cardiac dysfunction by stimulating fatty acid oxidation and decreasing cardiac

efficiency. This possibility remains to be tested.

235

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Potential Mechanisms of Cardiac Insulin Resistance

The genetic deficiency of leptin receptors in the JCR:LA-cp rat results in TG
accumulation in the heart, skeletal muscle and liver (Chapters 4 and 5). The
accumulation of TG in the heart and skeletal muscle of the JCR:LA-cp rat is
strongly associated with the development of insulin resistance. In the JCR:LA-cp
rat heart, glycolytic rates are reduced by 50% and are directly proportional and
associated with a 50% elevation in cardiac TG content (Chapter 4). Treatment
with the lipid-lowering agent, MEDICA 16 prevents the accumulation of muscle
TG along with the development of insulin resistance (5). Similarly, exercise-
training improves whole body insulin sensitivity and the exercise-induced
activation of AMPK is associated with a reduction in cardiac TG content and a
stimulation of cardiac glycolysis (Chapter 6). The cessation of exercise-training
and food restriction reverses the beneficial effects of exercise-training on cardiac
metabolism. Thus, we have demonstrated that the JCR:LA-cp rat heart has a
significant accumulation of TG that is associated with reductions in cardiac
glucose utilization.  Furthermore, in both skeletal muscle and heart, the
accumulation of TG is associated with reduced glucose utilization and may be the
mechanism responsible for the development of insulin resistance in the JCR:LA-cp
rat.

The accumulation of TG can be the result of increased fatty acid supply,
decreased fatty acid oxidation, or a combination of both. An increase in TG

synthesis or decrease in TG lipolysis may also contribute to TG accumulation. We
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demonstrate that fatty acid oxidation is unaltered in isolated working JCR:LA-cp
rat hearts under both fasting and fed nutritional states, suggesting that increased
fatty acid supply rather than decreased fatty acid oxidation contributes to the
accumulation of TG in this model of insulin resistance (Chapter 4). Indeed, both
elevated plasma lipid levels and increased cytosolic H-FABP protein expression
would indicate elevated fatty acid supply and increased fatty acid uptake. Of
significance, treatment of JCR:LA-cp rats with lipid-lowering agents such as
MEDICA 16 has previously been demonstrated to reduce plasma lipid levels,
muscle TG accumulation and insulin resistance (6), suggesting that elevated fatty
acid supply is a likely contributor to TG accumulation.

Consistent with the lack of changes observed in cardiac fatty acid oxidation,
we observed no significant differences in the cardiac activities of AMPK, ACC,
and CPT-I; key enzymes involved in the regulation of fatty acid oxidation (Chapter
4). We also demonstrate that skeletal muscle from JCR:LA-cp rats displays no
significant difference in AMPK or ACC activities and lipid-lowering therapy with
MEDICA 16 has no effect on the activity of these enzymes (Chapter 5). However,
increases in hepatic ACC activity may contribute to the elevated plasma lipid
levels because MEDICA 16 treatment resulted in a significant reduction in hepatic
ACC activity. These data provide further support to the notion that elevated fatty
acid supply contributes to TG accumulation in skeletal muscle and heart of

JCR:LA-cp rats.

237

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Although TG accumulation has been associated with contractile dysfunction
(7-12), we did not observe changes in cardiac function in the JCR:LA-cp rat heart.
We have postulated that the development of muscle insulin resistance requires a
certain threshold level of TG accumulation. This may also be the case for the
development of contractile dysfunction. Alternatively, elevations in fatty acid
oxidation accompanying the accumulation of TG in obese Zucker rat hearts (7)
could also explain the development of contractile dysfunction. Indeed, increased
or decreased rates of cardiac fatty acid oxidation have been associated with
contractile dysfunction (7,13,14). The relative contribution of TG accumulation
and/or altered fatty acid oxidation to contractile dysfunction in insulin resistance
is not currently known but remains an important question.

The role of TG accumulation in the development of cardiovascular disease is
also not clear. We demonstrate that the development of insulin resistance in the
JCR:LA-cp rat is accompanied by an elevation in cardiac TG content and a
reduction in cardiac glycolysis (Chapter 4). Furthermore, exercise results in a
reduction in cardiac TG content and a stimulation of cardiac glycolysis in the
JCR:LA-cp rat (Chapter 6). Previous studies have demonstrated that exercise-
training can prevent the development of cardiovascular disease in the JCR:LA-cp
rat (15) suggesting that TG accumulation may contribute to cardiovascular disease
in this model. Further studies are required to investigate the potential role of TG
accumulation in the development of cardiovascular disease and contractile

dysfunction.
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Role of AMPK in Insulin Resistance and Potential Target for Treatment

AMPK plays a key role in the regulation of fatty acid and glucose
metabolism.  Not only would the hyperinsulinemia and hyperlipidemia
characteristic of the insulin resistant syndrome be expected to reduce AMPK
activity, reductions in AMPK could account for reduced glucose metabolism,
decreased fatty acid oxidation and elevated TG content. Thus, we hypothesized
that reductions in AMPK activity are associated with the altered fatty acid and
glucose metabolism in the insulin resistant JCR:LA-cp rat heart. However, we did
not observe a reduction in AMPK activity in the heart or skeletal muscle of insulin
resistant JCR:LA-cp rats suggesting that alterations in muscle AMPK activity are
not responsible for alterations in fatty acid and glucose metabolism during the
development of insulin resistance. We have observed that AMPK activity is
downregulated in type 2 diabetic (db/db) rat hearts suggesting that reductions in
AMPK activity may be involved in type 2 diabetes. Furthermore, we observed that
hepatic AMPK is significantly increased in the JCR:LA-cp rat and that MEDICA
16 treatment reduced the elevated hepatic AMPK activity (Chapter 5). The role of
elevated hepatic AMPK in insulin resistance is not clear but may be a
compensatory mechanism to inhibit increases in hepatic glucose production. This
would provide an explanation for the lack of hyperglycemia in the JCR:LA-cp rat

but requires further investigation.
There is enormous interest in the AMPK signaling cascade as a novel

therapeutic target for the treatment of obesity, insulin resistance and type 2
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diabetes (16-18). Indeed, exercise-training significantly improved whole body
insulin sensitivity and the exercise-induced activation of cardiac AMPK was
associated with a reduction in cardiac TG and a stimulation of cardiac glycolysis
(Chapter 6). Furthermore, we demonstrate that exercise-training started at an
early age prevents the development of whole body insulin resistance but weight
gain following exercise-training reverses the improvement in insulin sensitivity.
Treatment with the lipid-lowering agent, MEDICA 16, during the development of
insulin resistance has also been shown to prevent the accumulation of muscle TG
along with the development of insulin resistance (6). These data suggest that
although alterations in AMPK do not appear to be responsible for the
development of insulin resistance, the activation of AMPK may be capable of
restoring the altered glucose and fatty acid metabolism characteristic of the insulin
resistant JCR:LA-cp rat.

In summary, our studies demonstrate that leptin activates fatty acid oxidation
and decreases TG content in the heart independent of changes in the AMPK-
ACC-malonyl-CoA axis. Leptin receptor deficiency in the JCR:LA-cp rat heart
results in TG accumulation resulting from elevated fatty acid supply rather than
reduced fatty acid oxidation. The accumulation of cardiac TG is associated with
reductions in cardiac glycolysis in the JCR:LA-cp rat heart. While chronic
exercise improves whole body insulin sensitivity and the exercise-induced

activation of cardiac AMPK was associated with a reduction in cardiac TG
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content and a stimulation of cardiac glycolysis, the beneficial effects of exercise

are reversed following the cessation of exercise-training and food restriction.

Future Directions

The heart contains several isoforms of the leptin receptor (19). Studies are
required to investigate which leptin receptor isoform mediates the increase in fatty
acid oxidation and decrease in TG content. The effect of leptin on fatty acid
metabolism in the db/db mouse heart, deficient in the long form of the leptin
receptor, could provide information regarding the role of long form of the leptin
receptor in the regulation of cardiac fatty acid metabolism.

Evidence suggests that leptin may increase fatty acid oxidation through
induction of mitochondrial uncoupling activity (2). Studies are required to
determine whether the induction of mitochondrial uncoupling activity is
responsible for the elevation of fatty acid oxidation in the heart. If this is not the
case, the signaling pathway by which leptin alters fatty acid oxidation will require
further study.

The leptin-induced depletion of TG has been demonstrated to occur via
increased lipolysis rather than increased esterification (4). One potential target of
leptin is hormone sensitive lipase (HSL); however, further studies are necessary to
determine whether leptin has acute effects on HSL activity.

Elevated rates of fatty acid oxidation have previously been demonstrated to

reduce cardiac efficiency following acute ischemia (5). Whether leptin induction
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of fatty acid oxidation causes a further reduction in cardiac efficiency following
acute ischemia requires further investigation. The elevated rates of fatty acid
oxidation following acute ischemia have been attributed to an activation of AMPK
(20). Whether the leptin induction of fatty acid oxidation is additive to AMPK
activation of fatty acid oxidation would provide further insight into the regulation
of cardiac fatty acid metabolism by leptin.

We concluded that the JCR:LA-cp heart has increased fatty acid uptake by
demonstrating increased fatty acid supply and increased cytosolic H-FABP protein
expression, a surrogate marker of fatty acid uptake. While direct measurements of
fatty acid uptake into the JCR:LA-cp heart are required to verify this observation,
this idea is consistent with studies demonstrating increased cardiac fatty acid
uptake accompanied by increased expression of fatty acid transporters
(CD36/FAT, pmFABP) in the plasma membrane (21). Investigations of the
potential changes in fatty acid transporters (CD36/FAT, pmFABP) are still
required in the insulin resistant JCR:LA-cp heart.

We demonstrate that the 12-week insulin resistant JCR:LA-cp heart has no
significant change in cardiac work but a 50% reduction in cardiac glycolytic rates.
Since the lack of difference in cardiac work would suggest that the heart maintains
normal ATP production, further studies are required to investigate whether
glycogen metabolism is compensating for the ATP production or whether alternate

fuel sources such as lactate are being used by the insulin resistant heart.
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Treatment with the lipid-lowering agent, MEDICA 16 has been shown to
reduce plasma lipid levels, reduce muscle TG accumulation and prevent insulin
resistance (6). Further studies are necessary to determine whether the lowering of
plasma lipid levels would also reduce the accumulation of cardiac TG in the
insulin resistant JCR:LA-cp rat.

The expression of a dominant-negative inhibitory mutant of AMPK in
transgenic mice has demonstrated that the inhibition of AMPK completely blocks
hypoxia- or AICAR-induced glucose uptake in muscle (22). However, the
inhibition of AMPK only partially inhibited contraction-induced glucose uptake
suggesting that other pathways may be involved in the exercise-induced benefits
on insulin sensitivity (22). At present, specific AMPK activators are unavailable.
Therefore, AICAR and exercise or contraction is widely used to investigate the
role of AMPK activation on glucose and fatty acid metabolism. However, the
specific activation of AMPK through AMPK activating agents or AMPK
overexpression are required to verify the precise role of AMPK activation in the

regulation of fatty acid and glucose metabolism.

Limitations

The measurement of intramuscular TG is often artifactually elevated because
of the presence of extramuscular adipose tissue (23). To address this issue, visible
adipose tissue was quickly dissected from the gastrocnemius muscle before

freezing. Furthermore, the presence of intracellular TG in the gastrocnemius
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muscle of JCR:LA-cp rats has been previously demonstrated using electron
microscopy and oil red O stain (6). New technology has also allowed the
validation of intramuscular TG stores in vivo, using 'H spectroscopy (24). Thus,
although we cannot completely rule out the possibility that extracellular adipose
tissue contributed to our measurements, our results are in agreement with several
studies demonstrating a link between TG accumulation and the development of
insulin resistance. Furthermore, the presence of adipocytes within the heart may
also confound measurements of TG content. Visible adipose tissue was quickly
removed from the heart prior to TG analysis. However, further studies are
required to determine the exact contribution of cardiac adipocytes to measurements
of TG content.

In the present studies, total ACC and AMPK were determined. While ACC-
280 is the predominant isoform in the heart and muscle, ACC-265 is expressed,
albeit at much lower levels. Since the enzymatic measurement of ACC activity
cannot differentiate between the contributions of the different ACC isoforms,
isoform specific changes in ACC activity would not be observed. Furthermore,
while the o2 catalytic subunit of AMPK is predominant in heart and muscle, the ol
subunit is also expressed. The absence of specific antibodies to the catalytic
subunits of AMPK limited our ability to determine isoform specific changes in
AMPK activity.

We determined fatty acid oxidation rates in the JCR:LA-cp rat hearts using

the isolated working heart preparation. Although our perfusion conditions were
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chosen to mimic the plasma levels of fatty acids, glucose and insulin in the
JCR:LA-cp rat, other hormones such as leptin and adiponectin were not controlled
for. Thus, while changes in fatty acid oxidation were not present in the isolated
working JCR:LA-cp rat heart, it is not clear whether this is also the case in vivo.

We have demonstrated that the insulin resistant JCR:LA-cp rat hearts have a
reduction in glycolytic rates in response to insulin. While glycolysis is one
pathway of glucose metabolism, we have not considered the conversion of glucose
to glycogen or TG or the potential shunting of glucose through the pentose-
phosphate pathway. However, studies have demonstrated that a 32% suppression
of glycolysis is associated with a significant reduction in whole body insulin
stimulated glucose uptake (25). Still further experiments are required to directly
measure glucose uptake as well as determine the amount of glucose going into
glycogen, TG or the pentose-phosphate pathway.

In all cases, we determined enzyme activities under V,,,, conditions. Thus,
any changes in enzyme activity related to changes in K,, would not have been

detected.
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