
M Y O C A R D I A L G L Y C O G E N M E T A B O L I S M A N D ITS R E G U L A T I O N 

by 

S A R A H L O U I S E H E N N I N G 

B . S c , The University of Western Ontario, 1990 

A THESIS S U B M I T T E D IN P A R T I A L F U L F I L M E N T OF 
T H E R E Q U I R E M E N T S F O R T H E D E G R E E OF 

D O C T O R OF P H I L O S O P H Y 

in 

T H E F A C U L T Y OF G R A D U A T E S T U D I E S 

(Department of Pathology) 

We accept this thesis as conforming 
to the required standard 

T H E U N I V E R S I T Y OF B R I T I S H C O L U M B I A 

October 2000 

© Sarah Louise Henning, 2000 



In p resen t ing this thesis in partial fu l f i lment of the r e q u i r e m e n t s fo r an a d v a n c e d 

d e g r e e at the Univers i ty of Brit ish C o l u m b i a , I agree that t h e Library shall m a k e it 

f reely available fo r re fe rence and study. I further agree that p e r m i s s i o n fo r ex tens ive 

c o p y i n g of this thesis fo r scholar ly p u r p o s e s may b e g ran ted by the h e a d of m y 

d e p a r t m e n t o r by his o r her representat ives . It is u n d e r s t o o d that c o p y i n g o r 

p u b l i c a t i o n of this thesis for f inancial ga in shall no t be a l l o w e d w i t h o u t m y w r i t t e n 

p e r m i s s i o n . 

D e p a r t m e n t of 

T h e Univers i ty of 
V a n c o u v e r , C a n a d a 

Brit ish C o l u m b i a 

D E - 6 (2/88) 



11 

A B S T R A C T 

Introduction: Although glycogen metabolism has received much research attention, many 

unanswered questions regarding the contribution of glycogen to myocardial energy 

production and the regulation o f cardiac glycogen metabolism remain. Glycogen use plays an 

important role in heart function, especially during periods o f stress such as increased work 

and ischemia. Understanding the contribution of glycogen to myocardial energy metabolism 

and its regulation are essential in order to alter its metabolism to improve heart function. 

Purpose: The studies in this thesis are designed to test the hypotheses that glycogen 

contributes significantly to myocardial energy production under non-stressful conditions, that 

alterations in myocardial glycogen turnover (i.e. simultaneous synthesis and degradation) 

occur in association with changes in the activity of 5'AMP-activated protein kinase ( A M P K ) , 

and that activation of A M P K by 5-aminoimidazole-4-carboxamide 1-P-D-ribofuranoside 

( A I C A R ) stimulates long-chain but not medium chain fatty acid oxidation by inhibiting acetyl 

C o A carboxylase, and stimulates cardiac glycogenolysis by stimulating glycogen 

phosphorylase (GP) and inhibiting glycogen synthase (GS). 

Methods: A l l studies were performed using the isolated working rat heart preparation. A 

new protocol was developed which allowed the direct measurement of glycolysis and glucose 

oxidation, both of glucose and glycogen. 
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Results: Myocardial glycogen contributes significantly to myocardial energy production, is 

oxidized preferentially relative to exogenous glucose, undergoes substantial turnover (i.e. 

simultaneous synthesis and degradation) and is degraded in a random, rather than ordered, 

fashion. Further, the depletion of glycogen stores inhibits both glycogen degradation and 

glycogen turnover, while alterations in workload affect primarily glycogen degradation and 

not synthesis. Long-chain (palmitate), but not medium-chain (octanoate) fatty acid oxidation 

is significantly increased in the presence of A I C A R . A M P K activation by A I C A R did not 

alter glycogen content, GP or GS activity under the conditions examined. 

Conclusions: Glycogen contributes significantly to energy production under non-stressful 

conditions. Glucose from glycogen is preferentially oxidized compared to exogenous glucose 

Glycogen turnover occurs during periods of net glycogen degradation, but not during periods 

of net glycogen synthesis. A I C A R activation of A M P K stimulates myocardial long-chain, but 

not medium-chain, fatty acid oxidation and does not alter glycogen content, or the activities of 

GP and GS under the conditions examined. 
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C H A P T E R 1 

G E N E R A L INTRODUCTION 



M Y O C A R D I A L M E T A B O L I S M 

The heart can use a variety of carbon substrates for energy production. Fatty 

acids, glucose, lactate, and to a lesser extent ketone bodies and amino acids, can all be 

metabolized to produce A T P (1-5). The extent to which exogenous sources contribute to 

A T P production varies, and depends on the availability and presence o f competitive 

energy substrates. 

The oxidation of fatty acids is known to be the primary source of A T P in the 

heart, providing the majority of the heart's energy needs. Fatty acid oxidation normally 

contributes 60-70% of the overall A T P produced (1) and may contribute up to 90% of 

A T P produced in diabetic hearts or during fasting (1, 2). The oxidation of glucose and 

lactate provide most of the remaining energy needs of the heart, with glycolysis providing 

an additional small amount of A T P (2). 

Triglycerides and glycogen comprise important endogenous sources of fuel for 

A T P production. Triglycerides provide fatty acids for oxidative metabolism (2, 6) and 

may contribute 10-50% of the A T P produced in the isolated perfused rat heart (2). The 

exact contribution is largely dependent on exogenous free fatty acid concentrations, the 

presence of hormones such as catecholamines and insulin, and on the level of cardiac 

work. The contribution of glycogen to A T P production is believed to be minimal under 

aerobic (i.e., normoxic), resting conditions, substantial during periods of metabolic stress, 

such as hypoxia or increased work, and may be altered by exogenous energy substrate 

availability (7, 8). 

Under non-stressful, physiologic conditions, approximately 60-70% of the A T P 

generated by the cardiomyocyte is used for contraction (including C a 2 + uptake by the 
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sarcoplasmic reticulum), 10-15% is used for active transport by the N a + - K + pump, less 

than 5% is used for the generation of action potentials, and a minute amount is used to 

phosphorylate proteins (9). Thus, the heart allocates the majority o f the A T P derived 

from various energy substrates to support contraction. 

Fatty acid metabolism and its regulation 

Fats are transported in the blood to the heart mainly as triglycerides and free fatty 

acids. Free fatty acids, which are bound mainly to albumin, are the major source o f l ipid 

for myocardial energy production (4), and enter cells by either facilitated transport or 

passive diffusion (10). Thus, increased perfusate free fatty acid levels as well as reduced 

cytoplasmic fatty acid levels favour the uptake of fatty acids by the cell. In the cytosol, 

fatty acids are activated by the addition of C o A , via an energy dependent process 

catalyzed by long-chain fatty acyl-CoA synthetase, an outer mitochondrial membrane-

bound protein (11, 12). Because long-chain fatty acyl-CoA molecules do not readily 

cross the inner mitochondrial membrane, activated fatty acids enter the mitochondria as 

acyl carnitine. This carnitine-mediated translocation involves a group of three enzymes: 

carnitine (acyl)(palmitoyl)transferase I (CPT I), carnitine acyltranslocase, and carnitine 

(acyl)(palmitoyl)transferase II (CPT II). Thus, carnitine-mediated translocation is 

essential for P-oxidation of long-chain fatty acids in the heart as it allows their movement 

into the mitochondria. Upon entry in the mitochondrial matrix, fatty acids undergo 

sequential rounds of P-oxidation (9), producing acetyl-CoA, N A D H 2 and F A D H 2 . Acetyl 

C o A enters the tricarboxylic acid ( T C A ) cycle to further produce reducing equivalents 

(i.e., N A D H 2 ) which are oxidized in the electron transport chain, and A T P is produced. 
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Each molecule o f fatty acid palmitate yields 129 molecules of A T P (5), assuming 100% 

efficiency. 

Regulation of fatty acid oxidation 

A s mentioned above, increased perfusate free fatty acid levels as well as reduced 

cytoplasmic fatty acid levels favour the uptake of fatty acids by the cell. Once inside the 

cell, the rate o f fatty acid activation is controlled mainly by the availability o f fatty acid 

reduced C o A (13). Following activation, carnitine palmitoyl transferase (CPT1), located 

on the outer mitochondrial membrane, catalyzes the conversion of long-chain acyl -CoA 

to long-chain acylcarnitine. This is the rate-limiting reaction in the translocation of 

activated fatty acids into the mitochondria (14). When cardiac energy demands are high 

and rapid oxidative metabolism reduces intramitochondrial levels of acetyl-CoA, the 

conversion o f acyl carnitine to acyl-CoA in the mitochondria is accelerated. This 

liberates carnitine that then crosses back to the cytosol and accepts more acyl groups, 

thereby increasing cytosolic levels of coenzyme A . The increased availability of 

coenzyme A in the cytosol, by accelerating acyl-CoA formation, lowers cytosolic free 

fatty acid concentration, which, in turn, promotes fatty acid diffusion into the cell (13). 

In the heart, CPT1 is sensitive to cytosolic malonyl C o A levels, see Figure 1-1. 

Increased malonyl C o A levels inhibit CPT1 activity and thereby decrease rates o f fatty 

acid oxidation (15). Ace ty l -CoA carboxylase ( A C C ) is the enzyme responsible for 

converting acetyl-CoA to malonyl-CoA through the incorporation o f CO2 from 

bicarbonate into the acetyl C o A molecule. In fatty acid synthesizing tissue, this reaction 

is the first committed step of fatty acid synthesis; however, in the heart the primary role 
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o f A C C is to regulate fatty acid oxidation (16). A C C exists in two isoforms in the heart. 

The 280kDa isoform predominates in the heart, although the 265kDa isoform is present 

as a minor component (16). A s acetyl-CoA levels in the cytosol increase, A C C 280 is 

activated (16). This results in increased malonyl-CoA levels. Citrate also plays a role, as 

it is a precursor for acetyl C o A synthesis in the cytosol, providing substrate for acetyl 

C o A carboxylase (17). Since A C C controls the production of malonyl-CoA, it clearly 

plays a role in regulating C P T 1 activity and hence fatty acid oxidation. A C C is 

primarily regulated by substrate availability (acetyl-CoA) as well as phosphorylation. 

Although the role o f malonyl C o A synthesis has been examined in the heart, few 

studies have addressed the mechanism by which it is degraded. Recent studies have 

shown that the heart contains an active malonyl C o A decarboxylase that decarboxylates 

malonyl C o A back to acetyl C o A (18). Malonyl C o A decarboxylase activity is elevated 

in diabetic rat hearts (19) and increases in newborn rabbit hearts in association with the 

increase in fatty acid oxidation that occurs after birth (18). Taken together, these results 

provide strong support of a role for malonyl C o A decarboxylase in the regulation of fatty 

acid oxidation in the heart. 

Fatty acid oxidation in normal hearts is also controlled by changes in the acetyl 

Co A / C o A ratio in the mitochondria and cytosol (1, 20, 21). High levels of acetyl C o A in 

the mitochondrial matrix reduce the level o f free C o A available for (3-oxidation (22). 5'-

AMP-activated protein kinase ( A M P K ) also regulates fatty acid oxidation by 

phosphorylating and inactivating acetyl-CoA carboxylase (23), see Figure 1-1. Act ivi ty 

of this kinase is stimulated by A M P and inhibited by A T P and is thus responsive to the 
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energy status of the cell (24). Intracellular C a 2 + concentrations may also play a role in 

stimulating fatty acid oxidation by accelerating enzymes of the T C A cycle. 

Endogenous triglycerides 

Long-chain fatty acyl groups are found as a storage form in the myocardium 

esterifled to glycerol. Activated long-chain fatty acyl-CoA not shunted toward 

triacylglyceride synthesis is transported into the mitochondria. The importance of 

triacylglycerides for A T P production has been shown to be significant (2). However, the 

contribution of triacylglycerides is dependent on the availability o f exogenous fatty acids. 

Increased levels of exogenous fatty acids may stimulate the production of triacylglycerol 

in the heart via the activation of phosphatidic acid phosphohydrolase, and by the 

inhibition of triacylglycerol lipolysis (25). 

Carbohydrate metabolism and its regulation 

Glucose, lactate and pyruvate are the other major energy substrates for the heart. 

Once inside the myocyte, glucose is phosphorylated by hexose kinase to produce 

glucose-6-phosphate, which can either be incorporated into glycogen or metabolized 

directly. Glucose metabolism can be separated into two main pathways: glycolysis and 

glucose oxidation. The pentose phosphate pathway is generally not considered to 

contribute to a significant extent in adult heart. A s such, only glycolysis and glucose 

oxidation w i l l be reviewed in detail. The first pathway, glycolysis, consists of a series o f 

several enzymatic steps. It occurs under both aerobic and anaerobic conditions and 

results in the net production o f two pyruvate molecules from one molecule of glucose. 
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Although glycolysis produces a total o f four molecules of A T P per molecule of glucose, 

net A T P synthesis is only two molecules, because the cell must use two molecules of 

A T P to phosphorylate each glucose molecule. In aerobic conditions, pyruvate, produced 

from glycolysis o f glucose, can pass via pyruvate transporters into the mitochondria 

under regulation of the pyruvate dehydrogenase complex (PDC) (a major regulatory step) 

and is then oxidized in the T C A cycle. The T C A cycle ultimately produces CO2, H2O, 

G T P and N A D H 2 and F A D H 2 for A T P synthesis via the electron transport chain. 

Alternatively, pyruvate can be reduced by N A D H 2 to form lactate or be transaminated to 

form alanine. During acute exercise in vivo, blood lactate increases and lactate becomes 

the major fuel o f the heart (9). Lactate inhibits the oxidation of glucose and the uptake of 

fatty acids (9). Ketone bodies contribute significantly to the energy metabolism o f the 

heart only in starvation or severe diabetic ketosis, because like fatty acids and lactate, 

their uptake is concentration dependent (9). For every glucose molecule that is 

metabolized, 2 A T P molecules w i l l be formed as a result of glycolysis, and 36 molecules 

of A T P w i l l be formed via the oxidation of pyruvate (glucose oxidation) (26). 

Lactate and pyruvate can be transported into the myocyte via a monocarboxylic 

acid transporter (27), although the major source of pyruvate in cardiac muscle is 

production from glucose via glycolysis (1) (28). In myocardium in vivo and in vitro, 

lactate is both metabolized and produced. Lactate can immediately be oxidized by lactate 

dehydrogenase ( L D H ) to form pyruvate and N A D H 2 , before it can be utilized for further 

energy production. The myocardium releases lactate at the same time that it extracts and 

oxidizes it (29). Lactate contributes approximately 5-10% o f the A T P produced in the 

heart, depending on workload (30). 
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The storage form of glucose in the myocardium is glycogen. Its synthesis and 

breakdown do not occur by forward and reverse fluxes through a single series of 

reactions; but rather synthesis and degradation involve two separate pathways, each o f 

which is controlled by a highly regulated enzyme. The regulation of glycogen 

metabolism is discussed in detail below. 

Regulation of glucose metabolism 

The glucose transporters regulating the uptake o f glucose belong to the G L U T 

family (31-33). The isoform predominantly expressed on the surface of the adult cardiac 

myocyte is G L U T 4 (31). G L U T 1 is also expressed in the adult, but it is predominant 

only in the fetal myocardium (32). Insulin increases glucose transport by stimulating the 

translocation o f both G L U T 4 and G L U T 1 from intracellular pools to the plasma 

membrane (34, 35). Contractile work and P-stimulation have a similar effect on glucose 

transport (36, 37). Following glucose transport into the cell, the next point o f regulation 

is at hexokinase. This enzyme converts glucose to glucose-6-phosphate, hydrolyzing one 

A T P molecule. Both insulin and ischemia stimulate hexokinase (38). Hexokinase is also 

controlled by feedback inhibition of glucose-6-phosphate (39). Phosphofructokinase 

(PFK-1) , which catalyzes the conversion of ffuctose-6-phosphate to fructose 1,6-

bisphosphate and hydrolyzes one A T P molecule, is the major point o f regulation of 

glycolysis under aerobic conditions (4). This enzyme normally exists in an inhibited state 

due to adequate A T P and citrate levels and is considered the rate-limiting enzyme o f 

glycolysis (40). P F K - 1 is stimulated when A T P , CrP, citrate levels or intracellular p H 

decrease, or when intracellular A M P , A D P , or Pj increases (4). Citrate inhibition o f P F K -
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1 is important in restricting glycolysis in aerobic hearts when alternate substrates, such as 

fatty acids, are present (1, 5, 28), see Figure 1-2. Fructose 2,6-bisphosphate, is an 

additional product of glycolysis, not an intermediate, with the capacity for potent 

stimulation of PFK-1 that overrides the inhibitory effects of A T P and citrate (9). It is 

produced from fructose 6-phosphate by the enzyme P F K - 2 , an enzyme different from 

P F K - 1 , see Figure 1-2. Fructose 2,6-bisphosphate levels increase when glycolysis 

proceeds at high rates in the presence of glucose and insulin or during increased work, as 

a result of the increased activity of P F K - 2 (41). Fructose-2,6-bisphosphate production is 

also stimulated by p-adrenergic agonists, which may further stimulate P F K - 1 through an 

increased intracellular C a 2 + concentration (4). Oxidation of glyceraldehyde-3-phosphate 

to form 1,3-bisphosphoglycerate is catalyzed by glyceraldehyde-3-phosphate 

dehydrogenase and becomes an important regulatory point during periods of high work. 

Under aerobic conditions, PFK-1 is the rate-limiting step in glycolysis, however when the 

heart is performing high levels of work, and especially during hypoxia or ischemia, P F K -

1 is strongly activated, and glyceraldehyde-3-phosphate dehydrogenase may become rate-

limiting (4). Glyceraldehyde-3-phosphate dehydrogenase is regulated by end-product 

inhibition, and is extremely sensitive to the inhibitory effects of 1,3-bisphosphoglycerate 

and N A D H 2 (Figure 1-2). 

Glucose oxidation is primarily controlled by the rate of entry of pyruvate into the 

T C A cycle by the pyruvate dehydrogenase complex (PDC) which is located in the inner 

mitochondrial membrane. Oxidative decarboxylation o f pyruvate to acetyl-CoA by the 

P D C commits pyruvate to oxidation (40). The P D C is a mitochondrial multienzyme 

complex that is regulated by its substrates and products and by 
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phosphorylation/dephosphorylation (Figure 1-2). Pyruvate dehydrogenase (PDH) kinase, 

which inhibits the P D C , is stimulated by acetyl-CoA and N A D H 2 (produced mainly by 

fatty acid oxidation) and inhibited by pyruvate (produced from glucose and lactate), 

whereas P D H phosphatase, which activates the P D C , is mainly stimulated by C a (42, 

43). The activation o f the P D C observed in isolated hearts perfused at elevated 

workloads or in the presence of epinephrine appears to result from increased 

9-1-

mitochondrial Ca concentration (43). 

Competition between fatty acids and glucose as fuels in the heart is well-

established (44). A s fatty acid oxidation increases, glucose oxidation decreases. The key 

regulators of this interaction are the acetyl-CoA/CoA and the N A D H 2 / N A D + ratios. 

When fatty acids are the primary energy substrate, an increase in acety l -CoA/CoA ratio 

leads to the activation o f P D H kinase and phosphorylation of P D C to the inactive form 

(45), see Figure 1-2. Accordingly, glucose oxidation rates decrease. On the other hand, 

an increase in carbohydrate metabolism leads to an increased production o f malonyl-CoA 

via A C C and inhibition of CPT1 (Figure 1-1). In addition, fatty acid oxidation results in 

the formation of citrate, which is the first intermediate o f the T C A cycle. B y an allosteric 

feedback mechanism, citrate inhibits glycolysis at the P F K step (46). Interestingly, fatty 

acid oxidation inhibits glucose oxidation more than glycolysis and glycolysis more than 

glucose uptake (37) (Figure 1-3). Thus, reciprocal interactions between fatty acids and 

carbohydrates are controlled by alterations in the oxidation rates of individual substrates. 

The inhibition of glucose oxidation by the products of fatty acid oxidation 

contributes to the metabolic uncoupling of glycolysis from glucose oxidation. Complete 



Glucose 
I 

GLUT 
transporters 

I 
Glucose-6- , 
phosphate 

© 

Glycogen 

Fructose-6-
phosphate 

Fructose 1,6-
bisphosphate 

I 
Pyruvate 

» © 
P D C - * -

\ 
Acetyl C o A 

.0 
^ < — 

Fructose 2,6-
bisphosphate 

alternative 
fuels 

Figure 1-3: Inhibition o f glucose utilization by alternative fuels . 



14 

metabolic coupling would exist i f every molecule of pyruvate produced from glycolysis 

were subsequently oxidized. In contrast, complete uncoupling o f glycolysis and glucose 

oxidation would occur i f none of the pyruvate produced from glycolysis was oxidized. 

The partial uncoupling of glycolysis from glucose oxidation occurs under normal 

physiologic conditions, when O2 and substrate availability are not limited. Under 

physiological conditions, the rate of glycolysis exceeds the rate o f glucose oxidation by 

approximately six times. The detrimental effects of metabolic uncoupling of glycolysis 

from glucose oxidation occur when A T P generated from glycolysis is hydrolyzed to 

produce protons. Glycolysis, when uncoupled from glucose oxidation, is a major source 

of H + production in the myocardium, because each molecule of glucose that passes 

through glycolysis that is not oxidized yields 2 H + (47, 48). Conversely, a molecule 

passing through glycolysis that is subsequently oxidized produces no H + (47, 48). Proton 

production resulting from uncoupling of glycolysis from glucose can be considerable 

(49). Improved coupling between rates o f glycolysis and glucose oxidation reduces the 

rate o f proton production from glycolytically derived A T P . 

Regulation of glycogen metabolism 

A s previously mentioned, glycogen is synthesized and degraded by separate 

pathways. The main enzymes that control glycogen formation (glycogen synthase) and 

glycogen breakdown (glycogen phosphorylase) both exist in physiologic active and 

inactive forms. Glycogen synthase synthesizes glycogen by adding a glucosyl unit of 

UDP-glucose to the glycogen molecule to form an oc(l-4) linkage (26). Once the chain 
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reaches a minimum length o f 11 residues, branching occurs. Branching of the glycogen 

molecule is important because it increases the solubility of glycogen and it increases the 

number of terminal residues (26). The terminal residues are the sites o f action of both 

glycogen synthase and phosphorylase and thus branching o f the glycogen molecule 

allows increased rates of synthesis and degradation (26). The branching enzyme breaks 

an a ( l -4) linkage and transports a block (typically 7 residues) to an interior point, 

forming an oc(l-6) linkage, at least 4 residues from an existing branch (26). Conversely, 

when glycogen is degraded (glycogenolysis) the enzyme glycogen phosphorylase 

removes a glucosyl residue from the end of the strand at the a ( l -4) bond. Glycogen 

phosphorylase stops cleaving a( l -4) linkages when it reaches a residue four away from a 

branch point (26). A transferase (or debranching enzyme) shifts a block of three glycosyl 

residues from one outer branch to another, forming a new a( l -4) linkage and thereby 

exposing further a( l -4) bonds for continued degradation by phosphorylase. 

The synthesis o f U T P is accomplished by the phosphorylation of U D P by A T P . 

Thus, one A T P is used in order to incorporate glucose 6-phosphate into glycogen. 

However, during glycogenolysis, approximately 90% of the glycosyl residues are cleaved 

to glucose 1-phosphate, which is then converted (without the consumption of A T P ) into 

glucose 6-phosphate (26). The remaining 10% of the glycosyl residues are hydrolytically 

cleaved (26). One A T P is then used to phosphorylate each o f these molecules to produce 

glucose 6-phosphate (26). Thus, glycolysis of glycogen produces an additional molecule 

of A T P per glucose molecule relative to glycolysis of exogenous glucose, since the 

consumption of A T P used for the initial phosphorylation of glucose by hexokinase is 

bypassed during glycogen breakdown. 
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The two main enzymes that control glycogen metabolism, glycogen synthase and 

phosphorylase, are regulated both by phosphorylation and by allosteric regulators. These 

enzymes exist in two forms: active and inactive and the coordinated regulation of 

glycogen metabolism occurs when one enzyme is activated and the other is inactivated. 

In the heart, glycogen synthase is extensively phosphorylated at multiple sites (50). The 

phosphorylation and inactivation o f glycogen synthase to the D-form (glucose 6-

phosphate dependent) is a complex reaction involving multisite phosphorylation by 

several kinases including cAMP-dependent protein kinase (PICA), cAMP-independent 

protein kinases and Ca -dependent protein kinases (51) (Figure 1-4). Dephosphorylation 

by protein phosphatases leads to activation of glycogen synthase (I-form, glucose 6-

phosphate independent). Glucose 6-phosphate can stimulate glycogen synthase activity 

by two separate mechanisms: firstly, glucose 6-phosphate causes the allosteric activation 

o f glycogen synthase and secondly, it promotes the covalent activation of glycogen 

synthase by inhibiting the phosphorylation and inactivation of glycogen synthase by P K A 

(52). In addition, glucose-6-phosphate is believed to act on a glycogen synthase 

phosphatase, thereby increasing the activation of glycogen synthase in rat hearts (53). 

Glycogen depletion promotes glycogen synthase activation in muscle (54) and in heart 

(55) and is positively correlated with the activation state of glycogen synthase (52). 

Glycogen phosphorylase is also controlled by phosphorylation. However, in 

contrast to glycogen synthase, phosphorylation of the enzyme results in its activation to 

the a-form (5'AMP-independent). The inactive form of glycogen phosphorylase (b-form, 

5 ' A M P dependent), may be allosterically activated by A M P or I M P and inhibited by A T P 
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and glucose 6-phosphate, thus rendering it responsive to intracellular metabolite levels 

(56). In contrast, the phosphorylated, active form, glycogen phosphorylase a, is not 

dependent on A M P for activity (56). Glycogen phosphorylase is phosphorylated by 

phosphorylase kinase, an enzyme which is phosphorylated and activated by P K A and 

which is Ca 2 +-dependent (Figure 1-4). Protein phosphatase-1 dephosphorylates and thus 

inhibits both glycogen phosphorylase and phosphorylase kinase (26). In turn, protein 

phosphatase-1 activity is blocked by the phosphorylated form of inhibitor-1 (26) (Figure 

1-4). 

Hormones such as glucagon and catecholamines stimulate glycogen breakdown in 

the heart by causing the activation of adenylate cyclase and increasing the amount of 

c A M P . Elevated c A M P stimulates cAMP-dependent protein kinase and results in the 

phosphorylation and activation of phosphorylase kinase which, in turn, phosphorylates 

and activates glycogen phosphorylase and phosphorylates and promotes the inactivation 

of glycogen synthase (26) (Figure 1-4). In addition, elevated c A M P promotes the 

activation of inhibitor 1, which, in turn, inhibits protein phosphatase 1, thereby promoting 

the phosphorylation and activation of glycogen phosphorylase and the phosphorylation 

and inactivation o f glycogen synthase. Thus, the overall effect o f cAMP-elevating 

hormones is to stimulate glycogenolysis and inhibit glycogen synthesis. 

Insulin promotes glycogen synthesis by several mechanisms. Insulin induces the 

dephosphorylation and activation of glycogen synthase (26). Through the stimulation of 

insulin-stimulated protein kinase, insulin may promote the dephosphorylation and 

inactivation of glycogen phosphorylation and the dephosphorylation and activation of 
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glycogen synthase through the activation of protein phosphatase-1. Insulin may also 

lower hormonally elevated c A M P levels (57). Insulin also stimulates glucose uptake 

thereby increasing glucose 6-phosphate levels and providing more substrate for glycogen 

synthesis; however, the presence of alternate substrates may be a more powerful regulator 

o f glycogen synthesis than insulin (58) (Figure 1-3). For example, fatty acids inhibit 

glycolysis, and may thereby promote glycogen synthesis. In addition to its allosteric 

activation of glycogen synthase, glucose 6-phosphate can promote activation via 

dephosphorylation (52). 

Increases in work performed by the heart also stimulate glycogenolysis, although 

the precise control mechanisms have yet to be fully elucidated. Increased intracellular 

2"f" 

Ca concentrations result in the activation of calmodulin dependent protein kinases, 

which not only phosphorylate and inactivate glycogen synthase (51), but also promote the 

activation o f phosphorylase kinase which, in turn, phosphorylates and activates glycogen 

phosphorylase (59). Changes in intracellular glucose 6-phosphate and inorganic 

phosphate (Pi) are important regulators of glycogenolysis at both low and high 

workloads. However, the activation of glycogen phosphorylase during periods of 

increased work (8) and during anaerobic conditions (59-61) is promoted by decreased 

levels o f glucose 6-phosphate and increased levels of Pj. Although glycogenolysis tends 

to increase at higher workloads, the increased availability of exogenous substrates (both 

glucose and fatty acids) reduce glycogen degradation (7) (Figure 1-3). Whether or not 

glycogenolysis occurs is l ikely highly dependent on the intracellular concentration of 

glucose 6-phosphate (7); as it increases, glycogenolysis decreases. 
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Controversies in cardiac glycogen metabolism 

Although glycogen has historically received much research attention, glycogen 

metabolism in the heart has not yet been fully characterized. A number of these areas 

form the basis of the research discussed in this thesis. Widely accepted concepts 

regarding glycogen metabolism and its regulation and, in particular, its contribution to 

energy metabolism, the fate of glucose from glycogen, turnover and the degree o f 

orderedness of its synthesis and degradation, are currently being reconsidered. 

The existence of glycogenin, as well as the existence of two different forms of 

glycogen, proglycogen and macroglycogen are examples of components of the structure 

o f glycogen which remain to be fully characterized. It is now generally accepted that 

glycogenin serves as a glycogen primer, covalently binding glucose molecules to its own 

glucose units in a-l,4-linkages (62, 63). Glycogenin, when stimulated by M n 2 + , self-

glycosylates with UDP-glucose, and is then able to prime glycogen synthesis (64, 65). 

Another recent development is the recognition of the existence of proglycogen, a low 

molecular mass form o f glycogen (=400kDa) that serves as a stable intermediate on the 

pathways to and from the main form of glycogen, macroglycogen (~10 7Da). Currently, it 

appears that tissue glycogen moves (oscillates) between macroglycogen and proglycogen, 

but not glycogenin, forms according to energy demand (66). The proportion of 

proglycogen to macroglycogen varies between tissues: from liver, 3%, to skeletal muscle, 

15%, to heart, 50% by mass (67). In heart, proglycogen exists in great excess over 

macroglycogen, 25:1, on a molar basis (68), suggesting that the heart may actually 

possess a large, untapped, glycogen storage capacity (67). Taken together, these factors 
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expand the understanding of glycogen structure and provide insight into mechanisms for 

the control o f glycogen metabolism. 

It has been generally accepted that cardiac glycogen provides energy during 

periods of metabolic stress and that under most conditions, it is not utilized to support the 

metabolic needs of the heart (8). However, experimental evidence obtained from the 

research performed for the completion of this thesis, supports the concept that in fact, 

glycogen is used as a fuel even during non-stressful periods (i.e. physiologic substrates, 

moderate workload) (69). 

Because glycogen synthesis and breakdown occur by separate pathways, and 

because these pathways are reciprocally regulated, that is, when glycogen synthesis is 

activated, glycogen phosphorylase is inhibited and vice versa, simultaneous synthesis and 

degradation, or turnover, was believed not to occur (1, 70). However, recently both 

moderate (69), and minimal (71), glycogen turnover in the isolated heart have been 

reported. In addition, cardiac glycogen synthesis has been reported to persist even 

during periods of considerable glycogen loss resulting from ischemia (72-74). Although 

initially, the cycling of exogenous glucose through glycogen may not appear beneficial, it 

may become very important i f the synthesis and degradation o f glycogen are considered 

to occur at different times. The incorporation of one molecule o f glucose into glycogen 

requires the expenditure of one A T P (26), and thus futile cycling initially appears 

energetically wasteful. However i f glucose and glycogen use are considered separately, 

the metabolism of exogenous glucose requires the expenditure o f one A T P molecule of 

glucose in order to phosphorylate glucose 6-phosphate. Alternatively, the majority of 

glycogen residues are broken down directly produce glucose 1-phosphate, which is 
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converted to glucose 6-phosphate without the consumption of A T P . When considered 

separately from glycogen synthesis, either spatially or temporally, the breakdown of 

glycogen is able to provide an additional molecule of A T P per glucose molecule. Thus, 

when considering both glycogen synthesis and breakdown, cycling appears energetically 

wasteful as one A T P molecule is consumed for every glucose molecule incorporated into 

glycogen. Alternatively, turnover may be considered as a mechanism which ensures a 

supply of glycogen, an energy source which provides one more A T P molecule than 

exogenous glucose for use during periods of limited substrate of oxygen supply. In any 

case, the actual amount of cardiac glycogen turnover and the regulation o f turnover are 

subjects o f ongoing debate. 

Another interesting, recent observation is that cardiac glycogen appears to be 

preferentially oxidized relative to exogenous glucose (69, 72, 73, 75). That is, the 

proportion of glycogen-derived glucose oxidized following glycolysis is greater than that 

of exogenous glucose. Although the preferential oxidation of glycogen-derived glucose 

has been previously reported in vascular smooth muscle (76, 77), it was previously 

generally assumed that glucose from either source, exogenous or endogenous, was treated 

similarly. Glycogen derived glucose and exogenous glucose may be treated differently in 

the heart as a result of: 1) functional compartmentation, as proposed in vascular smooth 

muscle (78), in which glycogen-derived glucose is streamed through the oxidative 

pathway to support contractile function, whereas exogenous glucose is metabolized to a 

greater extent by glycolysis, or 2) different cell populations which have different 

preferences for energy sources of A T P production. Both the details and the mechanism 

of preferential oxidation in the heart remain to be characterized. 
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A n additional point o f recent revision to previously accepted concepts is the 

degree of correlation to the ordered model o f glycogen synthesis and degradation. In 

1979, Devos and Hers (79) reported an ordered pattern of glycogen synthesis and 

degradation in the liver; that is, the first glucose molecule incorporated into glycogen was 

the last to be removed and vice versa. Support of this model in the isolated heart was 

reported ten years later (80). In contrast, studies described in this thesis (69), and by 

others (71), provide data inconsistent with the "last-on, first-off hypothesis o f glycogen 

synthesis and degradation in the heart. 

Finally, 5 'AMP-activated protein kinase ( A M P K ) may play a role in the 

regulation o f cardiac glycogen metabolism. A M P K phosphorylates isolated glycogen 

synthase (81-83) and phosphorylase kinase (81) in vitro. In addition, incubation of 

skeletal muscle with A I C A R , a cell-permeable activator o f A M P K , stimulated glycogen 

phosphorylase activity (84). The pattern of phosphorylation observed in vitro would be 

predicted to stimulate glycogen breakdown through the inhibition of glycogen synthase 

and the activation of glycogen phosphorylase through phosphorylation by phosphorylase 

kinase (Figure 1-4). However, whether this pattern of phosphorylation is physiologically 

relevant remains to be determined. Indeed, the importance of A M P K in the regulation of 

myocardial metabolism has only recently been recognized and is discussed further below. 

5 ' A M P - A C T I V A T E D PROTEIN KINASE (AMPK) 

5'-AMP-activated protein kinase ( A M P K ) , acts as a protective system for cells, 

by functioning as a ' low fuel warning system', and switching on as a result o f A T P 

depletion (24). Once activated, it initiates energy-saving measures and switches on 
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reserve ATP-generating systems (24). Unlike many other protein kinases, A M P K is 

involved in the response to changing conditions within the cell in which it is expressed. 

Regulation of AMPK 

A s indicated by its name, A M P K activity is stimulated by elevated levels o f 5'-

A M P , see Figure 1-5. The sensitivity of A M P K to A M P levels allows it to recognize 

low-fuel states within cells. A M P exerts its effects on A M P K through four separate 

pathways: i) it directly allosterically activates A M P K , ii) it directly activates an upstream 

kinase kinase ( A M P K K ) which then phosphorylates and activates A M P K , iii) it 

promotes the phosphorylation of A M P K by A M P K K , and iv) it inhibits the 

dephosphorylation and inactivation of A M P K (85). A t least three o f the four effects of 

A M P on A M P K are antagonized by high concentrations o f A T P (86), thus rendering the 

system sensitive to changes in the cellular A M P A T P ratio (87). This ratio is normally 

very low in healthy cells, but stresses that inhibit oxidative phosphorylation such as heat 

shock, hypoxia or arsenite exposure, cause it to increase dramatically (87, 88). A M P K is 

dephosphorylated by protein phosphatases 2 A and 2C in vitro, however, protein 

phosphorylase 2C has been shown to be more important in the inactivation of A M P K in 

intact cells (89). Electrical stimulation of isolated muscles has also been shown to cause 

an increase in the A M P / A T P ratio, which correlates with the activation o f A M P K (90). 

In addition, Ponticos (91) and colleagues have proposed that a high creatine: 

phosphocreatine ratio as well as low p H may play a role in the activation of A M P K in 

skeletal muscle. 
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Figure 1-5: The activation of A M P K by A M P . 

A M P activates A M P K via: 1) direct allosteric activation of A M P K , 2) by direct 
activation o f the upstream A M P K kinase, 3) by promotion of the phosphorylation of 
A M P K by A M P K kinase and 4) by the inhibition of the dephosphorylation of A M P K 
( A M P K K , A M P K kinase; PP2C, protein phosphatase 2C). 
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Role of AMPK in fat and liver 

A M P K was initially identified for its "ATP-conserving" actions in fat and liver 

cells. A M P K has been shown to phosphorylate and inhibit H M G - C o A reductase, a 

regulatory enzyme o f isoprenoid biosynthesis in isolated cells (88, 92, 93). It has also 

been shown to phosphorylate and inhibit acetyl-CoA carboxylase, the enzyme regulating 

fatty acid synthesis in both isolated hepatocytes (94) and in intact rat liver (95). B y 

inhibiting H M G - C o A reductase and acetyl-CoA carboxylase, activated A M P K promotes 

"energy-saving" in these cells by reducing sterol and fatty acid synthesis, respectively. 

There is also good evidence that A M P K phosphorylates and inactivates hormone-

sensitive lipase (HSL) , an enzyme which hydrolyses fatty-acyl glycerol esters 

(triacylglycerols) and fatty-acyl cholesterol esters, both in bovine adipose tissue in vivo 

(96) and in isolated rat adipocytes (97-99). Although not so obvious, the inactivation of 

H S L , which results in the inhibition of lipolysis, can still be considered as "energy-

saving," when considered as an intracellular response. Agents which promote lipolysis 

(100) have been shown to result in increased rates of the futile cycling o f triacylglycerols 

into fatty acids and then back to triacylglycerols. This futile cycling requires the use o f 

A T P and is therefore energy-consuming. Because the fatty acids released by lipolysis are 

not usually oxidized in the same cell, but exported for use by other cells (24), lipolysis 

may result in decreased rather than increased concentrations of A T P , when considered at 

the intracellular level. Thus activated A M P K has been proposed to inhibit H S L and 

thereby reduce futile cycling of fatty acids and triacylglycerols, thus promoting "energy-

saving" at an intracellular level (24). 
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Role of AMPK in cardiac and skeletal muscle 

A M P K has also been shown to activate 'ATP-generating' systems. In cardiac and 

skeletal muscle, tissues which do not possess the biosynthetic capabilities of fat and liver, 

A M P K has been proposed to stimulate fatty acid oxidation through the phosphorylation 

and inhibition of acetyl-CoA carboxylase both in cardiac (23, 101) and skeletal (90, 102, 

103) muscle. In these tissues, malonyl C o A , which is a potent inhibitor of fatty acid 

oxidation via its inhibitory effect on carnitine palmitoyl transferase I (CPT I), is produced 

through the carboxylation of acetyl C o A by acetyl-CoA carboxylase. Thus, activated 

A M P K is able to stimulate fatty acid oxidation by reducing the production of malonyl 

C o A , see Figure 1-1. Because skeletal and cardiac muscle do not carry out any 

significant fatty acid synthesis (24) and because these tissues express an isoform of C P T -

I which is sensitive to much lower concentrations of malonyl C o A than the liver isoform, 

the result o f the inactivation of acetyl C o A carboxylase by A M P K shifts from " A T P -

saving" in fat and liver to "ATP-generating" in the muscle. In addition, studies of 

skeletal muscle in vivo (102) and of isolated preparations (90) provide evidence that 

during prolonged exercise A M P K is activated and fatty acid oxidation elevated. 

Similarly, the activation of A M P K by exposure to A I C A R (5-aminoimidazole-4-

carboxamide 1-P-D-ribofuranoside), a cell permeable agent known to stimulate A M P K , 

is associated with decreased A C C activity, decreased malonyl C o A levels, and increased 

fatty acid oxidation in muscle (103). In isolated hearts exposed to global ischemia, A M P 

levels were shown to increase along with the activation of A M P K (101). During the 

subsequent reperfusion of the hearts, A M P K levels remained high and rates o f fatty acid 
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oxidation were elevated (101). More recently, electrical stimulation of skeletal muscle 

has been demonstrated to be associated with an increase in the activity of the a2 isoform 

of A M P K , but not the a l isoform, an increase accompanied by a decrease in A C C 

activity (104). These findings are further supported by immunoprecipitation studies in 

the heart in which A C C was tightly associated with the a2 isoform o f A M P K even 

though both a l and a2 isoforms were present (105). Taken together, the results of these 

studies support the concept that A M P K may play a crucial role in myocardial energy 

metabolism not only during periods of severe metabolic stress (e.g. ischemia), but also 

during periods of milder metabolic stress, such as prolonged exercise. 

A M P K promotes "ATP-generation" both in cardiac and skeletal muscle by 

stimulating carbohydrate use. Increased glucose uptake via increased G L U T - 4 

translocation has been demonstrated in skeletal muscle as a result o f A M P K activation by 

electrical stimulation (106-108) and by exposure to A I C A R (107-111). Although the 

precise mechanism by which A M P K stimulates G L U T - 4 translocation has not yet been 

characterized, investigators have reported that A M P K activation and contraction 

stimulate glucose transport by a similar, insulin-independent signaling mechanism both in 

skeletal muscle (107, 108) and in heart (112, 113). A M P K activation by A I C A R has also 

been reported to correspond with increases in hexokinase activity in skeletal muscle (109, 

110). Interestingly, A M P K activation has been proposed to play an important role in 

ischemia-induced G L U T - 4 translocation in the heart (113). 

Activated A M P K has also been shown to phosphorylate glycogen synthase 

purified from rabbit skeletal muscle at a site that is known to be phosphorylated in vivo 

and to be associated with inactivation of the enzyme (81-83). Further, consistent with 
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glycogen synthase acting as a substrate for A M P K in vivo, immunopurified skeletal 

muscle A M P K (a2L32yl) was strongly associated with glycogen synthase (114). A M P K 

has also been shown to phosphorylate phosphorylase kinase purified from rabbit skeletal 

muscle (81). This pattern of phosphorylation by A M P K , is expected to increase glycogen 

degradation and energy production by stimulating glycogen phosphorylase activity via 

phosphorylation by phosphorylase kinase and inhibit glycogen synthase, see Figure 1-4. 

However, effects of AMPK- induced phosphorylation on activity of glycogen synthase 

and phosphorylase kinase have yet to be determined. Consequently, whether or not these 

phosphorylations are o f physiological significance also remain to be determined. 

The simultaneous inactivation of glycogen synthase and stimulation of glycogen 

phosphorylase should promote the breakdown o f glycogen. Indeed, isolated soleus 

muscle exposed to A I C A R (an A M P K activator) showed increased rates of 

glycogenolysis and elevated levels of glycogen phosphorylase activity (84). The 

promotion of glycogenolysis by activated A M P K fits well with the proposed " A T P -

generating" role o f A M P K . In addition, glycogen is a fuel that becomes an extremely 

important source of A T P during times of metabolic stress, and thus the reduction of the 

A M P : A T P ratio, which activates A M P K , would provide an ideal signal for stimulating 

glycogenolysis. However, the role of A M P K in the regulation of glycogen metabolism 

remains to be determined. 

Thus, several aspects regarding the contribution of myocardial glycogen 

metabolism and its regulation have yet to characterized. The following list o f 

hypotheses, which correspond to the experimental chapters o f this thesis, have been 

designed in order to address some of the unanswered questions regarding cardiac 
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glycogen metabolism and its regulation and, in particular, to investigate the role of the 

potentially novel regulatory enzyme, A M P K . 

H Y P O T H E S E S AND SPECIFIC AIMS 

Hypothesis 1: Glycogen metabolism contributes significantly to myocardial energy 

production under non-stressful conditions in normal hearts. 

Specific aims: 

i) To develop a method to directly measure glycogen metabolism in isolated 

working rat hearts 

ii) To measure the contribution of glycogen to energy metabolism in normal, isolated 

working rat hearts under normoxic, non-stressful conditions 

iii) To determine i f simultaneous glycogen synthesis and degradation (i.e. glycogen 

turnover) occur in normal, isolated working rat hearts 

iv) To determine i f exogenous glucose and endogenous glucose from glycogen are 

metabolized similarly in the myocardium 

Hypothesis 2: Alterations in myocardial glycogen turnover by "physiologic" stimuli, 

such as changes in workload , glycogen content and exogenous energy substrates occur in 

association with changes in the activity of A M P K in the heart. 

Specific aims: 

i) To modify glycogen turnover in the heart by altering workload, glycogen content 

and exogenous energy substrates 

ii) To measure the activities of glycogen synthase, glycogen phosphorylase and 

A M P K in association with measured changes in glycogen use 
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Hypothesis 3: Activation o f A M P K by A I C A R stimulates long-chain but not medium-

chain fatty acid oxidation in the heart by inhibiting acetyl C o A carboxylase and thereby 

relieving the inhibition of intramitochondrial long-chain fatty acid transport (CPT 1) by 

reducing malonyl C o A . 

Specific aims: 

i) To measure the rates o f palmitate (long-chain fatty acid) and octanoate (medium-

chain fatty acid) oxidation in isolated working hearts perfused in the presence and 

in the absence o f the A M P K activator, A I C A R 

ii) To determine i f AICAR-stimulated oxidation is accompanied by reductions in 

A C C activity and malonyl C o A contents in isolated working rat hearts 

Hypothesis 4: Activation of A M P K by A I C A R causes glycogenolysis by inhibiting 

glycogen synthase and stimulating glycogen phosphorylase in the myocardium. 

Specific aims: 

i) To "pharmacologically" stimulate A M P K in isolated working hearts using 

A I C A R 

ii) To determine the effects of AICAR-induced activation of A M P K on glycogen 

content, glycogen synthase and glycogen phosphorylase in isolated working rat 

hearts 



C H A P T E R 2 

G E N E R A L M E T H O D S 
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M E T H O D S 

Materials 

Bovine serum albumin (fraction V ) was obtained from Boehringer-Mannheim, 

Canada, beef and pork or human insulin were obtained from E l i - L i l l y , Canada. Hyamine 

hydroxide and [y - 3 2 P]ATP were obtained from I C N Biomedicals, U S A . [ 1 4 C ] U D P -

glucose was obtained from Amersham, Canada. A l l other radiochemicals were obtained 

from NEN-DuPont , U S A . Etomoxir sodium was obtained from R B I , U S A . The 

" S A M S " custom peptide ( H M R S A M S G L H L V K R R ) was synthesized by the Nucleic 

A c i d and Protein Service Laboratory (University of British Columbia, Canada). A l l other 

chemicals were obtained from Sigma Chemical Co. Canada or B D H Canada and were o f 

analytical grade. 

Isolated Heart Preparation and Perfusion Protocol 

Hearts from fed, male Sprague Dawley rats (350 to 450g) anesthetized with 

halothane (2% to 3%) were perfused as isolated working preparations, as previously 

described (69). They were initially excised and placed in ice-cold Krebs-Henseleit ( K H ) 

solution, and the aortae were quickly cannulated. Prior to addition of energy substrates, 

the K H solution contained: N a C l (118mM), K C I (2.7mM), K H 2 P 0 4 (1.2mM), 

M g S 0 4 - 7 H 2 0 (0.12mM), C a C l - 2 H 2 0 (2.5mM) as previously described (115). Hearts 

were initially perfused via the aortae in the Langendorff mode with oxygenated solution 

(pH 7.4) containing 1 I m M glucose at a constant pressure o f 60mmHg. During the initial 

10-minute aortic perfusion, hearts were trimmed of excess tissue and the left atria were 

cannulated. The hearts were then switched to working mode and perfused with 
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recirculating K H solution at a left atrial preload o f 11.5mmHg and an aortic afterload of 

80mmHg (unless otherwise stated). During the working mode, fatty acids (palmitate or 

octanoate) and glucose were included in the K H solution for energy substrates as 

described in individual experimental sections. A physiologic concentration of lactate 

(0.5mM) was included in the K H solution of all perfusions (116). 

The palmitate was initially dissolved in 40% ethanol containing 0.5-0.6g Na2CC»3 

per g of palmitate. After evaporating the ethanol by boiling the mixture, it was quickly 

added a 3% albumen-KH solution in order to bind the palmitate to the albumen. This 

solution was then dialyzed (molecular weight cut-off: 6000-8000 A ) overnight at 4°C in 

2 L glucose-free K H solution. Octanoate was added directly to the albumen mixture and 

dialyzed as usual. 1 4 C[U]-glucose(0.2pCi/mL), [l- 1 4C]-palmitate(0.05pCi/mL), [1 - 1 4 C]-

octanoate(0.05pCi/mL), or 3H[5]-glucose(0.2pCi/mL), was added to the perfusion 

solutions as required at these concentrations (unless otherwise stated). When insulin was 

included in the perfusate, it was added in order to a concentration o f 1 OOpUnits/mL. This 

concentration of insulin represents the upper end of the physiologic range (117). Hearts 

were exposed to varying perfusion protocols as described in the individual experimental 

sections. In several experiments, hearts were electrically stimulated as described 

specifically in the experimental sections. A l l solutions were oxygenated by exposure to 

95% 0 215% C 0 2 and maintained at 37°C. 

During the working mode, heart rate and peak systolic pressure were recorded by 

use of a D I R E C physiological recording system (Fine Science Tools Inc.) with a pressure 

transducer (Viggo-Spectramed) in the aortic afterload line. The peak systolic pressure-
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heart rate product (RPP) was calculated (peak systolic pressure (mmHg)*heart rate (beats 

per minute)/1000) and used as a measure of external work performed by the heart. 

A t the completion of the perfusions, or at the end of selected time points, hearts 

were clamped with Wollenberger tongs cooled to the temperature of liquid nitrogen. 

Frozen ventricular tissue was weighed and powdered using a mortar and pestle cooled to 

the temperature of liquid nitrogen. A portion of the powdered tissue was weighed, dried, 

and then weighed again in order to determine the dry-to-wet weight ratio. 

Measurement of Glucose and fatty acid oxidation 

Rates of glucose or fatty acid oxidation were determined by measurement o f the 

rate o f 14CC»2 production as described previously (30, 118, 119). During the working-

heart perfusion, hearts were perfused in a closed system that allowed quantitative 

collection o f gaseous and perfusate 1 4 C 0 2 originating either from glucose, octanoate or 

palmitate. The 1 4 C 0 2 liberated in the gaseous state was trapped in 1 M hyamine hydroxide 

in the gas outlet line. Samples of hyamine hydroxide (0.4mL) were injected directly into 

vials containing scintillation liquid for counting. Samples (4.0mL), containing 1 4 C 0 2 

dissolved in the perfusate as 1 4C-bicarbonate, were immediately injected below a 2mL 

volume of mineral o i l to prevent liberation of perfusate 1 4 C 0 2 and stored at -20°C until 

analyzed. The 14CC»2 from the perfusate was subsequently extracted by injection of l m L 

of perfusate into a sealed test tube containing l m L 9 N H2SO4 and 300)jL hyamine 

hydroxide soaked onto filter paper and suspended in a scintillation vial . The tubes were 

vortexed and then gently shaken for 30 minutes to release the 1 4 C 0 2 present as 1 4 C -

bicarbonate. The scintillation vials were then removed and scintillation fluid added. A l l 
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vials were subsequently counted using standard counting procedures. Rates are 

expressed as nanomoles of glucose or fat oxidized per minute per gram of dry weight. 

Measurement of Glycolysis 

Quantitative H 2 O production was used to measure glycolytic rates (115). H 2 O is 

liberated from [5- 3H]-glucose at the triose phosphate isomerase and enolase steps of 

glycolysis. H 2 0 was separated from [ H] glucose by use o f columns containing Dowex 

1-X 4 anion exchange resin (200 to 400 mesh) suspended in 0 .4M potassium tetraborate 

(2, 30). The Dowex in the columns was extensively washed with H 2 O before use. A 

0.2mL volume o f perfusate was added to the column and eluted into scintillation vials 

with 0.8mL H 2 O . The samples were then subjected to standard counting procedures. 

The Dowex columns have consistently been found to retain 98% to 99.6% o f the total 

[ 3H]-glucose present in the perfusate (69, 115). Glycolytic rates are expressed as 

nanomoles o f glucose metabolized per minute per gram of dry heart weight. 

Samples of perfusate and hyamine were taken as indicated in the individual 

experiments. 

Measurement of Glycogen 

Myocardial glycogen content (|imol glycosyl units per gram dry weight) was 

determined by measuring the glucose content in samples of powdered ventricular tissue 

(150-200 mg) that were subjected to alkaline extraction (3mL, 30% K O H , 100°C, 60 

mins) as described previously (120). This was followed by an overnight precipitation of 

glycogen (0.2mL, 2% Na2S04 and absolute ethanol, -20°C). After centrifugation 
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(3500rpm, 5mins), the pellet was washed with 2mL of 66% ethanol and boiled for 3 

hours in l m L 2 N H2SO4 to break the glycogen into individual glucose units. The 

samples were neutralized and the glucose content measured using a Sigma 

spectrophotometric kit. A portion of the glycogen extract was used to determine 

enrichment and specific activity of the glycogen pool by [ 3H] and [ 1 4 C] using Fisher 

SX30 scintillation fluid and standard counting procedures (69). 

Esters of Coenzyme A 

Coenzyme A (CoA) esters were extracted from powdered heart tissue using 6% 

perchloric acid (121), and measured as described previously (16). The 6% perchloric 

acid extract was maintained at a p H o f 2-3. The C o A esters were separated and 

quantified using a previously described high performance liquid chromatography 

procedure (122). Separation was performed on a Beckman System Gold with a U V 

detector 167. Each sample (lOOpL) was run through a precolumn cartridge (CI8 , size 3 

cm, 7pm) and a Microsorb short-one column (type C I 8 , particle size 3pm, size 

4.6x100mm). Absorbance was set at 254nm and flow rate at lmL/min . 

Glucose 6-phosphate 

Myocardial content o f glucose-6-phosphate was measured as previously described (123). 

Briefly, portions o f neutralized perchloric acid extracts of heart tissue were incubated 

with glucose-6-phosphate dehydrogenase in the presence of N A D P + and the absorbance 

was measured spectrophotometrically before and after the addition o f the enzyme. The 
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difference in absorbance (339nm) was used to calculate the tissue concentration of 

glucose-6-phosphate, reported as pmol/g dry tissue weight. 

Glycogen Phosphorylase 

Glycogen phosphorylase activity, expressed as phosphorylase a (% a) as a percent 

o f total, was determined using a previously described method (124). This assay is based 

on the measurement of 1 4 C incorporation into glycogen from labeled glucose-1-

phosphate. Glycogen phosphorylase a, the active phosphorylated enzyme, was assayed 

in the absence o f A M P and phosphorylase b, the total enzyme activity, was assayed in the 

presence o f 5 m M A M P . Powdered ventricular tissue (0.05g) was homogenized in a 

solution (4mL) o f T r i s -HCl (pH 7.8) containing l O m M E D T A , 5 m M dithiothreitol, 

5 0 m M sodium fluoride and 2.5g/L glycogen (Type III). The supernatant collected after 

centrifugation (4 800rpm at 4°C for 15 mins) was used for the glycogen phosphorylase 

by measuring the incorporation of [ 1 4C]glucose-l-phosphate into glycogen at 30°C in a 

mixture containing 3 3 m M Mes, 200mM potassium fluoride, 0.45% (3-mercaptoethanol, 

15mM glucose-1-phosphate, 3.4 mg/mL glycogen and 5.5x10" 6 pCi/mL [ 1 4C]glucose-1-

phosphate. Phosphorylase b was assayed in the same manner except that the mixture 

contained lOOmM glucose-1-phosphate, 13.4 mg/mL glycogen, 5 m M A M P and 2.75x10" 

6 pCi/mL[ 1 4 C]glucose-l-phosphate. Isolated hearts exposed to 10"6 M isoproterenol for 

60-90 seconds were used as positive controls for the glycogen phosphorylase assay. 



39 

Glycogen Synthase 

Myocardial glycogen synthase, expressed as synthase I (% I) as a percent of total, 

was determined using a modified protocol (125), based on previously described method 

(126). This method is based on the measurement of the incorporation of radioactivity 

into glycogen from UDP-[U- 1 4 C]glucose. Powdered ventricular tissue samples (O.lg) 

were extracted with 4mL extraction buffer (50mM M O P S , 0 .25M sucrose, 5 m M E D T A , 

5 m M D T T , 2 5 m M NaF, and 50pL/mL rat serum, p H 7.0). The homogenate was 

centrifuged at 2000xg for 15 mins (4°C) and the supernatant used to measure glycogen 

synthase in assay buffer (50mM Tr i s -HCl , 5 .0mM E D T A lOmg/L rabbit liver glycogen 

(Type III), pH7.8, 1.65xlO~ 5pCi/mL UDP-[U- 1 4 C]glucose) for 30 mins at 30°C. To 

approximate in vivo conditions, synthase activity was measured in the presence of 

glucose-6-phosphate at a concentration of either 0.25mM (I form) or 15mM (D form) as 

previously described (127). Isolated hearts frozen following 20 minutes of no-flow 

ischemia were used as positive controls for the glycogen synthase assay. 

Activities of 5'AMP-Activated Protein Kinase, Protein Kinase A and Acetyl CoA 

Carboxylase 

Heart tissue extracts were prepared, as previously described(lOl), in order to 

measure the activity o f 5'AMP-activated protein kinase ( A M P K ) , protein kinase A 

( P K A ) , and acetyl C o A carboxylase ( A C C ) . Briefly, frozen ventricular tissue was 

homogenized for 30sec at 4°C in 0.4mL buffer containing 50mM T r i s - H C l (pH 7.5), 

0 .25M mannitol, I m M E D T A , I m M E G T A , I m M dithiothreitol, I m M sodium fluoride, 

I m M benzamidine, 4pg/mL soybean trypsin inhibitor, and 5 m M sodium pyrophosphate. 
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The homogenate was then centrifuged at 14 OOOxg for 20 mins at 4°C, and the 

supernatant was made up to a final concentration of 2.5%(w/v) polyethylene glycol 8000 

(PEG8000) using a stock 25%(w/v) solution. The solution was vortexed at 4°C for 

lOmins, the precipitate removed by centrifugation (10 OOOxg for 10 mins at 4°C), and the 

supernatant made up to 6% PEG8000. After vortexing and centrifugation as before, the 

pellet was washed with 6% PEG8000/homogenizing buffer and resuspended in buffer 

containing lOOmM Tr i s -HCl (pH 7.5), I m M E D T A , I m M E G T A , I m M dithiothreitol, 

0.02% sodium azide, I m M benzamidine, 4|0.g/mL soybean trypsin inhibitor, 10% 

glycerol, 5 0 m M sodium fluoride and 5 m M sodium pyrophosphate. Protein content was 

determined using the B C A method and samples diluted to l m g / m L in 0.12% Triton X . 

A M P K activity was assayed by following the incorporation of 3 2 P into a synthetic custom 

peptide, " S A M S " peptide ( H M R S A M S G L H L V K R R ) , as previously described (101). 

[ 3 2 P]y-ATP was added to the assay mixture to a final concentration of 40uCi /mL. Isolated 

hearts frozen following 20 minutes of no-flow ischemia were used as positive controls for 

A M P K assay. P K A activity was measured as nmol peptide phosphorylated per minute 

per mg protein using the same protocol, except that Kemptide was used as the phosphate 

acceptor (128). A C C activity was determined using the [ 1 4C]bicarbonate fixation assay 

as previously described (101). 

Data Analysis 

Data are expressed as mean+standard error or the mean (SEM) . Data analyses 

were performed as described in the individual experiments. A l l multiple tests and/or 
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multiple comparisons were assessed using the Bonferroni procedure. A corrected value 

of/K0 .05 was considered significant. 
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C H A P T E R 3 

CONTRIBUTION O F G L Y C O G E N T O A E R O B I C M Y O C A R D I A L G L U C O S E 
UTILIZATION 
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INTRODUCTION 

Although detailed study and characterization of glycogen metabolism has led to 

the development of many important concepts of enzyme regulation and mechanisms of 

hormone action (57, 129), a number o f key issues regarding myocardial glycogen 

metabolism remain to be resolved. 

One key question is what fraction of glucose taken up by the myocardium directly 

enters glycolysis and what fraction is converted into its storage form, glycogen. Studies 

are divided as to the extent to which glucose taken up by the heart is converted into 

glycogen. For example, studies in humans have suggested that only 20% of the glucose 

extracted by the myocardium is immediately oxidized and only 13% is metabolized to 

lactate (130). Although not measured directly, it was estimated that 60% to 70% of the 

glucose taken up by the heart was incorporated into glycogen (130). However, direct 

measurements suggest that only 4.5% to 7.5% of glucose extracted by isolated, working 

rat hearts is used to synthesize glycogen (71). The explanation for the discrepancy 

between these two studies is not immediately apparent. Although differences in species 

and preparations may contribute to this discrepancy, the fact that the isolated rat hearts 

were perfused with buffer containing carbohydrate but no fatty acid may be an additional 

factor (71). It is well known that fatty acids significantly affect myocardial glucose and 

glycogen metabolism by reducing glucose use and favoring glycogen synthesis (1, 44). 

A second unresolved issue is whether exogenous glucose and glucose from 

glycogen share a similar fate in the heart. When used by the myocardium, glucose from 

glycogen generally has been believed to be metabolized like its exogenous counterpart. 

Investigations o f glucose use by vascular smooth muscle suggest that significant 
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differences exist with respect to the fates of exogenous glucose and glucose from 

glycogen (77, 78). In studies reported by Lynch and Paul (78), it was found that 

glycogen use correlated with oxidative phosphorylation and contractile activity, whereas 

glucose uptake and aerobic glycolysis were associated with release o f lactate, suggesting 

that exogenous and endogenous glucose were metabolized by separate pathways. Since 

direct measurements of the contribution of glycogen to both glycolytic and oxidative 

pathways have not been performed in the heart, it is not known whether myocardial 

utilization o f glucose from glycogen differs from that of exogenous glucose. 

A third unresolved issue is whether glycogen is actively "turning over" in the 

heart under normal circumstances. The pathways of glycogen synthesis and 

glycogenolysis are separate (1), involving different enzymes that are regulated in a 

reciprocal manner such that glycogenolysis is inhibited when synthesis is stimulated and 

vice versa (1). The completeness of this reciprocal regulation and the extent to which 

simultaneous synthesis and degradation of glycogen (i.e., glycogen turnover) occurs in 

aerobic myocardium, however, remain to be fully characterized. A s occurs with 

endogenous triacylglycerol stores (2), Goodwin et al (71) demonstrated that significant 

glycogen turnover occurs in aerobic, isolated, working rat hearts perfused in the absence 

o f insulin and fatty acids. On the other hand, no significant glycogen turnover was 

detectable in hearts o f insulin-treated rats studied in vivo by nuclear magnetic resonance 

( N M R ) imaging (131) or in isolated, working rat hearts perfused with buffer containing 

pharmacological concentrations of insulin but no fatty acids (71). Whether glycogen 

turnover occurs in the presence of fatty acids and more physiological concentrations of 

insulin remains to be determined. 
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Finally, it is also not clear whether glycogen is synthesized and degraded in an 

ordered or a random manner. Glycogen is a very large molecule with a branched 

structure that exists in multiple tiers (132, 133). Brainard et al (80) used [ 1 3C]-glucose 

and N M R methodology to study glycogen metabolism in isolated, Langendorff-perfused 

guinea pig hearts. They concluded that glycogen synthesis and mobilization was 

"mostly" ordered (i.e., first glucose molecule added to glycogen was the last to be 

mobilized). B y this reasoning, the last glucose molecule added to glycogen should also 

be the first off. However, Goodwin et al (71) have recently provided data from isolated 

perfused rat hearts that do not support the ordered concept and suggest that 

glycogenolysis is substantially random. 

The present study was performed to address the above controversies in 

myocardial glycogen metabolism. The overall objectives were (1) to determine the 

contribution o f glycogen to aerobic glucose use; (2) to determine whether glucose from 

glycogen is oxidized preferentially, compared with exogenous glucose; (3) to measure the 

extent of glycogen turnover; and (4) to assess the degree of orderedness of glycogen 

degradation in the heart. To accomplish these objectives, we studied parallel series of 

pulse-chase perfusions in isolated, fatty acid-perfused, working rat hearts in which 

glycogen was labeled with either [ 3 H]- or [ 1 4C]-glucose and that were subsequently 

perfused with buffer containing [ 3 H]- or [ 1 4C]-glucose, alternate to that present in 

glycogen. 
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M E T H O D S 

A new protocol was developed which allowed the direct measurement of 

glycolysis and glucose oxidation, both of glucose and glycogen. In order to establish a 

perfusion protocol in which cardiac glycogen was sufficiently depleted and resynthesized 

without a decrease in heart function, numerous trials were required. After protocols that 

provided good functional recovery following glycogen depletion were developed, further 

perfusion conditions were examined as outlined in Table 3-1. Thus, the protocol that 

offered the greatest amount of glycogen depletion and repletion was as outlined in 

protocol # 7, Table 3-1 and described in further detail below. 

Parallel series of pulse-chase perfusions (Figure 3-1) were used to measure 

myocardial glucose use and glycogen metabolism in the isolated, perfused hearts. 

Myocardial glycogen was initially depleted by a 30-minute pulse glycogen-labeling 

period with either [U- 1 4C]-glucose (Series A , 29104+2063 disintegrations per minute per 

micromole (dpm/|irnol) glucose, n=6) or [5- 3H]-glucose (Series B , 32 740±299 

dpm/Ltmol glucose, n=7). During this period, buffer contained 1.2mM palmitate, 1 I m M 

[ U - I 4 C ] - or [5- 3 H]- glucose, 0 .5mM lactate, and 100(iUnits/mL insulin. Insulin and high 

fatty acid concentrations were used to stimulate glycogen synthesis. After 60 minutes, 

hearts were switched to an alternate recirculating perfusion buffer circuit that allowed 

determination of both exogenous and endogenous glucose utilization during the 

subsequent 40-minute chase perfusion. During this perfusion period, hearts were 

perfused with buffer containing 0 .4mM palmitate, l l m M [5- 3H]-or [U- 1 4C]-glucose, 

0 .5mM lactate, and 100uUnits/mL insulin. The [5- 3H]-glucose (Series A , 34 821+1951 
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dpm/jimol glucose, n=6) or [U- C]-glucose (Series B , 23 944±1910 dpm/umol glucose, 

n=7) used during the chase period was alternate to that used during glycogen labeling. 

Rates of glucose oxidation and glycolysis from [ U - 1 4 C ] - or [5- 3H]-glucose were 

measured simultaneously during the chase perfusion by quantitatively measuring rates of 

14CC>2 production (oxidation) and 3 H 2 0 production (glycolysis), respectively. In one 

series (Series A , Figure 3-1), I determined the rate of glucose oxidation (14CC»2 

production) from endogenous glycogen during the chase period at the same time as rates 

of glycolysis ( 3 H20 production) from exogenous glucose were measured. In the second 

series (Series B , Figure 3-1), I measured the rate of glycolysis from endogenous glycogen 

during the chase period while simultaneously measuring rates o f glucose oxidation from 

exogenous glucose. In this manner, the contribution of endogenous glycogen and 

exogenous glucose to both glucose oxidation and glycolysis was determined. 

Approximately 5% to 10% of label used during the preceding glycogen labeling period 

was carried over into the chase perfusate. The degree of contamination was determined 

by measuring specific activity of the buffer at the beginning o f the chase perfusion. 

Correction for the contribution of this exogenous source of glucose to rates o f glycolysis 

or oxidation measured from glycogen was made using the appropriate mean rate of 

glycolysis or glucose oxidation from exogenous glucose during the chase period o f the 

opposite series. Rates of glycolysis and glucose oxidation and the content of glycogen in 

the hearts were measured as described in General Methods (Chapter 2). 
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Statistical Analysis 

Heart function was analyzed by repeated measures A N O V A with one grouping 

factor and one repeating factor. Rates of A T P production and initial and final labeled 

glycogen were analyzed by two-way A N O V A . Rates of glycolysis and glucose oxidation 

were compared by two-way A N O V A after log transformation. Glycogen content was 

analyzed by one-way A N O V A , whereas glycogen enrichment was compared by 

independent Student's t tests. Ratios of glucose oxidation and glycolysis were calculated 

as described by M o o d et al (134) and compared by examining 95% confidence intervals. 

A sequential rejective Bonferroni procedure was applied to all tests to correct for multiple 

tests and/or multiple comparisons. 

R E S U L T S 

Heart Function During Glycogen Labeling and Chase Perfusions 

A number of initial experiments were performed in as attempt to optimize 

conditions for glycogen depletion in the heart without compromising heart function 

during the chase. The protocols included the use of hypoxic perfusion, inclusion of 

glucagon in aerobic and hypoxic perfusate, and substrate-free perfusion o f the aerobic 

working heart (Table 3-1). A protocol found to preserve heart function while 

substantially depleting glycogen involved a 30-minute Langendorff perfusion in the 

absence o f substrate and insulin. Table 3-2 summarizes the heart rate, peak systolic 

pressure, and heart rate multiplied by peak systolic pressure product data in working 

hearts perfused during pulse and chase perfusions. N o significant differences were 

observed between groups at the end of either the pulse-labeling or chase periods. Left 

ventricular function calculated as either the heart rate multiplied by peak systolic pressure 



Glycogen 
Depletion 

Glycogen 
Labelling 

Glycogen 
Utilization 
Measured 

Langendorff perfusion Working-heart perfusion Working-heart perfusion 

-no substrate 

Series A : 

Series B : 

-1 .2mM palmitate 
-1 I m M glucose 
-0 .5mM lactate 
-100LiU/mL insulin 

- [ 1 4C]glucose 

- [ 3H]glucose 

-0.4mM palmitate 

- l l m M glucose 

-0.5mM lactate 

- lOOuU/mL insulin 

- [ 3H]glucose 

- [ 1 4C]glucose 

Figure 3-1: Perfusion protocol for myocardial glycogen depletion, glycogen 
labelling, and measurement of glucose utilization. 

I 1 4 0r 

(n=10) (n=4) (n=9) (n=13) 

Baseline Depletion Resynthesis End-chase 

Figure 3-2: Measured myocardial glycogen content of hearts. 

+, significantly different from baseline values, P<.05; #, significantly different from 
values at the end o f the resynthesis period, P<.05. 
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Table 3-2: Myocardial function of isolated, working rat hearts during glycogen labeling 
(pulse) and measurement of glucose utilization (chase) 

Heart function 

Series A ([ 1 4C]-glycogen Series A ([ 3H]-glycogen 

Heart function Pulse Chase Pulse Chase 

Heart rate 283±13 285+11 296±8 293±12 
(min 1 ) 
Peak systolic pressure 123±4 112±4* 127±2 11212* 
(mmHg) 
Rate-pressure product 35.0±2.0 32.1±2.0 37.6+1.0 32.9±1.0* 
(mmHg/min/lOOO) 

Values are mean±SEM and correspond to measurements taken at the end of each 
respective perfusion period; n=6 to 7 hearts per group. * significantly different from 
pulse value, P<0.05. 

Table 3-3: Myocardial glycogen balance 

Myocardial glycogen (pmol/g dry wt) Series A Series B 

([,4C]-Glycogen) ([3H]-Glycogen) 

Change in glycogen content* 36.0±6.0 (n=7) 29.5+6.0 (n=7) 
Initial labeled glycogen+ 49.5±4.9 (n=4) 48.6±4.4 (n=5) 
Final labeled glycogen+ 26.7±5.3# (n=7) 24.8±5.0# (n=6) 
Change in labeled glycogen+ 22.8±5.3 (n=7) 23 .8±5 .0(n=6) 
Net labeled glucose incorporation+ 13.2±2.8 (n=6) 20.2±3.0 (n=7) 

Values are mean±SEM; initial and final values refer to values measured at the end of the 
pulse and chase perfusions, respectively. *, Change in enzymatically determined glycogen 
content was calculated by subtracting final measured values from athe mean initial value of 
107.3±4.8pmol/g dry wt (n=9). +, Content and changes in content of radiolabeled glucose 
in glycogen were calculated using the specific activity of [ 3H]- or [ 1 4C]-glucose in the 
buffer. #, Significantly different form initial [ 3H]- or [MC]-glycogen, P O . 0 5 . 
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product or peak systolic pressure, showed a small but significant decline during the chase 

period. Heart rate at the end o f the pulse period was not different form that at the end of 

the chase perfusion in either group. 

Myocardial Glycogen 

The profile of changes that occurred in the glycogen storage pool during the 

course of the experiments is illustrated in Fig 3-2. Each group represents a series of 

hearts frozen at selected time points throughout the protocol. A s can be seen from F i g 3-

2, myocardial glycogen was significantly depleted by the 30-minute period of aerobic 

substrate-free perfusion to 39 .5±9 .1% of baseline values. During the subsequent 

glycogen-labeling period, a substantial resynthesis of glycogen occurred, with levels of 

myocardial glycogen returning to baseline values. During the chase-perfusion period, 

when glucose utilization from exogenous glucose and endogenous glycogen was 

measured, a small but significant decrease in net glycogen levels occurred, with 

myocardial glycogen dropping to 70.7±17.6% of values at the end of pulse labeling for an 

overall loss o f 32.4±4.3 umol/g dry wt glycogen. 

Rates of Glycolysis and Glucose Oxidation 

During the chase period, accumulation of 3 H 2 0 from glycolysis and 1 4 C 0 2 from 

oxidation of glucose moieties was linear (data not shown) over time after the first 5 to 10 . 

minutes. Mean rates of glycolysis and glucose oxidation from exogenous glucose and 

endogenous glycogen, calculated from rates at 20, 30, and 40 minutes of perfusion, are 
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summarized in F ig 3-3. Rates of glycolysis from exogenous glucose (2768±72 

nmol/min/g dry wt) were significantly greater than those from endogenous sources 

glucose (792±26 nmol/min/g dry wt, P<.05). Rates of glucose oxidation from exogenous 

sources (526±8 nmol/min/g dry wt) were also significantly greater than oxidation of 

glucose from glycogen (416±3 nmolmin/g dry wt, P O . 0 5 ) . 

A s has been well described previously (2), only a portion of the exogenous 

glucose that passed through glycolysis was oxidized (Fig 3-3). The same general pattern 

held true for rates of glycolysis and oxidation of glucose originating from glycogen (Fig 

3-3). However, the fraction of glucose from glycogen that passed through glycolysis and 

was subsequently oxidized (0.53±0.14) was significantly greater than the fraction of 

exogenous glucose passing through glycolysis that was oxidized (0.19±0.01, p<0.05). In 

other words, >50% of glucose from glycogen was oxidized compared with <20% of 

exogenous glucose. The majority of I 4 C in myocardial extracts was found to be present 

in the glycogen fraction, and calculations based on contents of myocardial glycolytic and 

tricarboxylic acid cycle intermediates reported in the literature (5) indicate that 

nonglycogen sources are not l ikely to account for the preferential oxidation glycogen 

observed (data not shown). 

Rates of ATP Production from Myocardial Glucose Utilization 

Rates o f A T P produced by myocardial glucose utilization were calculated from 

mean rates o f glycolysis and glucose oxidation assuming 2 moles A T P were produced for 

each mole o f exogenous glucose passing through glycolysis, 3 moles o f A T P for each 
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(n=6) (n=7) 
Exogenous glucose 

0 Oxidation 

• Glycolysis 

(n=7) (n=7) 
Glucose from glycogen 

Figure 3-3: Metabolic fate of exogenous glucose and glycogen from isolated 
working rat hearts. +, significantly different from exogenous glucose, P<.05; #, 
significantly different from glycolysis. 

Figure 3-4: Steady state rates of A T P production from overall myocardial glucose 
utilization o f both exogenous glucose and glucose from glycogen. 
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mole of glucose from glycogen passing through glycolysis, and 36 moles of A T P for each 

mole of exogenous and endogenous glucose oxidized to CO2. The data, summarized in 

F ig . 3-4, show that metabolism of glycogen by glycolysis and oxidation contributes 

significantly to A T P production from myocardial glucose use. In fact, 41% of A T P 

produced from glucose metabolism by these hearts under these experimental conditions is 

derived from glycogen. The vast majority of A T P from both sources is derived from 

oxidation o f glucose. 

Myocardial Glycogen Balance 

Table 3-3 summarizes the changes observed in the content o f [ 3H]-glucose and 

[ 1 4C]-glucose in myocardial glycogen during the chase period. The results o f series A 

were not significantly different from those of series B . Substantial quantities of labeled 

glucose were incorporated into glycogen during the labeling period such that 45% to 46% 

of the glycogen pool was labeled. On the basis of changes in activity in myocardial 

glycogen between hearts at the end o f the labeling period and those at the end of the 

chase perfusion and calculations made with the specific activity o f glucose in the labeling 

buffer, 23.8±5.0 umol/g dry wt o f [ 3H]-glycogen and 22.8 umol/g dry wt o f [ 1 4 C]-

glycogen were released during the 40-minute chase period. Interestingly, despite this 

substantial degree o f glycogenolysis, net glycogen synthesis occurred simultaneously, as 

indicated by incorporation of [ 1 4C]-glucose and [ 3H]-glucose into glycogen during the 

chase period. Accordingly, one would have expected a net loss of glycogen ranging from 

3.8±6.4 umol/g dry wt for [ 3H]-glycogen to 10.3±8.2 umol/g dry wt for o f [ 1 4 C ] -
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glycogen. However, myocardial glycogen content measured in these same hearts was 

reduced by 29.5±6.0 pmol/g dry wt for [ H]-glycogen and 36.0±6.4 pmol/g dry wt for 

[ 1 4C]-glycogen during the chase perfusion. This suggests that in addition to turnover of 

radiolabeled glycogen, a significant amount of unlabelled glucose has also been released 

from glycogen during this period. 

If the calculations are repeated assuming that degradation of glycogen is random, 

then total glycogen loss may be determined as the quotient of the change in labeled 

glycogen (23.8±5.0 pmol/g dry wt for [ 3H]-glycogen and 22.8±5.3 pmol/g dry wt for 

[ 1 4C]-glycogen) and the enrichment of glycogen (i.e., the specific activity averaged over 

all glycogen at the end of the pulse perfusion divided by the specific activity o f labeling 

buffer; 0.44±0.05 for [ 3H]-glycogen and 0.48±0.02 for [ 1 4C]-glycogen). Accordingly, it 

is anticipated that a reduction of glycogen content ranging from 46.1±10.7 to 51.0+10.2 

pmol/g dry wt should occur during the chase period assuming no simultaneous synthesis. 

I f simultaneous incorporation of labeled glucose is taken into account by calculating the 

amount of glycogen synthesized during the chase (determined from the activity o f [ 3 H]-

or [ 1 4C]-glucose in glycogen and the corresponding specific activity of the chase buffer), 

the predicted change in glycogen ranges from 31.0±10.1 pmol/g dry wt for [ 3H]-glycogen 

to 34.3+14.4 pmol/g dry wt for [ 1 4C]-glycogen. These values agree well with the 

measured changes in glycogen content. 

DISCUSSION 

Glycogen is a storage form of glucose that was formerly believed to make 

insignificant contributions to energy metabolism of the myocardium under aerobic 
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conditions (1). Glycogen use is thought to increase i f hearts are exposed to increased 

workloads (8), perfused without insulin and/or fatty acid (8, 71), or subjected to 

hypoxic/ischemic conditions (1). A s shown in the present study, net glycogenolysis 

occurred and substantial quantities of glucose from glycogen were metabolized by 

glycolysis and glucose oxidation in working hearts despite the presence o f insulin and 

physiological levels of fatty acid. These data also demonstrate that the contribution of 

glycogen as a source of glucose has been underestimated in previous studies because 

simultaneous glycogenolysis and glycogen synthesis was not considered. Although rates 

of glycolysis and oxidation of glucose from glycogen were less than rates of glycolysis 

and oxidation of exogenous glucose (Fig 3-3), glycogen metabolism contributed 

significantly to overall A T P production. In fact, glucose from glycogen accounted for 

41% of the A T P produced from myocardial glucose utilization (Fig 3-4). 

The vast majority of myocardial A T P was produced by mitochondrial oxidation 

o f both exogenous and endogenous glucose (Fig 3-4). B y combining data from the 

present study with substrate utilization data from other studies of isolated, working rat 

hearts perfused under similar conditions (2, 30), we estimated the contribution of 

glycogen to aerobic energy metabolism. Under these conditions, exogenous palmitate is 

the preferred energy substrate (>50% of A T P produced), whereas glucose and lactate 

oxidation contribute - 14% and 5% of the A T P produced, respectively. Util ization of 

endogenous fatty acid (triacylglycerol) and glucose (glycogen) produces - 2 5 % of the 

A T P , with glycogen accounting for about 12% to 13%. Overall, glycolysis produces 7% 

of the total A T P , with - 1 % to 2% coming from glycolysis of glucose from glycogen. 
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Since the rates were not corrected for isotopic dilution of glycogen, the rate of A T P 

production from glycogen represents a minimal estimate. 

Unt i l the present study, it was assumed but not confirmed by experimental 

evidence that glucose from myocardial glycogen is metabolized in the same manner as 

exogenous glucose. These data indicate that, in fact, glucose from glycogen is 

preferentially oxidized compared with exogenous glucose (Fig 3-2). More than 50% of 

glucose from glycogen passing through glycolysis is oxidized, whereas <20% of 

exogenous glucose passing through glycolysis is oxidized, a statistically significant 

difference (PO.05) . This finding is entirely in keeping with observations in vascular 

smooth muscle (77, 78). In the myocardium, De Tata et al (135) presented evidence for 

transmural gradients of glycogen metabolism. Our data suggest that energy metabolism 

is also compartmentalized within cardiac myocytes, a view consistent with reports by 

others (136-139) that proposed that carbohydrate metabolism in the myocardium is 

regionalized. The significance of this preferential oxidation and whether glycogenolysis 

is coordinated with oxidative phosphorylation and mechanical activity remain to be 

determined. 

Despite the presence o f insulin and physiological levels of fatty acid (0.4 mmol /L 

palmitate) in the experiments in the current study, net myocardial glycogen loss occurred 

during the chase perfusion (Fig 3-2). Saddik and Lopaschuk (2) found that the 

myocardial triacylglycerol pool also decreased in size in the presence of physiological 

levels of fatty acid. They speculated that 0.4 mmol/L palmitate was not the concentration 

of fatty acid in the interstitial compartment seen by the heart in vivo and, therefore, 

endogenous pools of triacylglycerol were reduced. The same may hold true for glycogen 
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metabolism. In the face of subphysiological perfusate fatty acid levels, glycogen was 

used to generate energy. 

We also found that significant turnover of glycogen occurred during the aerobic 

chase period in the presence o f substantial glycogenolysis and an overall net reduction of 

myocardial glycogen content, in keeping with the work o f Goodwin et al (71). Whether 

myocardial glycogen turnover occurs when net glycogen content does not change 

remains to be determined. Rates of net synthesis, calculated from the net incorporation of 

glucose into glycogen during the chase period, ranged from 0.33 to 0.51 umol/min/g dry 

wt. Although these rates of synthesis are likely an underestimate, since they are not 

corrected for simultaneous glycogenolysis of newly synthesized glycogen, they do concur 

with those obtained by Goodwin et al (0.17 to 0.62umol/min/g dry wt) (71). Glucose 

taken up by the heart is either metabolized or synthesized into a storage form (1, 28). 

Under the experimental conditions used in the present study, we found that =11.6% of the 

glucose taken up by the heart was synthesized into glycogen. This value concurs with 

that observed by Goodwin et al (71), who found that 4.5% to 7.5% of glucose taken up by 

the heart is synthesized into glycogen. On the other hand, our data are inconsistent with 

those o f Wisneski et al (130) and do not support the concept that the majority of glucose 

taken up by the heart cycles through glycogen, as suggested by these investigators on the 

basis o f indirect measurements in humans. The fact that this value in the current study is 

higher than that observed by Goodwin et al (71) is presumably a consequence o f fatty 

acid in the buffer, a situation that would favour glycogen synthesis. The reason for the 

dramatic difference between the values in the current study and those o f Wisneski et al 

(130) is not immediately clear, but may be related to methodological differences. 
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Glycogen is a very large molecule with a branched structure that exists in multiple 

tiers (132, 133). Whether glycogen is synthesized and degraded in an ordered or a 

random manner remains controversial (71, 80). When changes in myocardial glycogen 

content and specific activity were considered and newly incorporated glucose was taken 

into account, we found the best agreement between measured changes in glycogen 

content and loss of labeled glucose moieties occurred when random degradation was 

assumed. On the basis of this assumption, estimated loss of glycogen ranged from 

31.0+10.1 to 34.3±4.4 pmol/g dry wt during the chase period, values that agree well with 

the overall measured loss of glycogen of 32.8±4.3 pmol/g dry wt. Furthermore, 

calculation of glycogen enrichment at the end of the chase period ([ 3H]-glycogen, 

0.45±0.08 dpm/pmol, n=6; [ 1 4C]-glycogen 0.47±0.14 dpm/pmol, n=4, P=NS). These 

findings are in keeping with those of Goodwin et al (71) and are consistent with the 

interpretation that glycogen is degraded in a substantially random manner. Although we 

anticipated that measured rates of glycolysis from endogenous sources would correspond 

to loss of labeled glucose from myocardial glycogen, rates of glycolysis were - 2 5 % to 

30% higher than expected on the basis of the loss of labeled glucose from glycogen. The 

explanation for this lack o f correspondence is unclear. 

On the basis of these experiments, several important and novel conclusions may 

be made regarding aerobic myocardial glycogen metabolism. In aerobic, isolated, 

working rat hearts perfused with insulin and physiological concentrations o f fatty acid, 

net glycogenolysis occurs and glycogen contributes significantly to overall myocardial 

glucose utilization, accounting for 41% of the A T P produced. A n additional observation 

arising from these studies is that glucose from myocardial glycogen is oxidized 
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preferentially compared with exogenous glucose, consistent with the concept that 

myocardial carbohydrate metabolism is compartmentalized. Furthermore, substantial 

glycogen turnover (i.e., simultaneous synthesis and degradation) occurs in the aerobic 

heart in the presence of net glycogenolysis. Under the conditions of study, at least 11.6% 

of glucose taken up by the heart is directed toward glycogen synthesis despite net 

glycogenolysis. Finally, these data support the concept that myocardial glycogen is 

degraded in a random as opposed to an ordered manner. 

Since the completion of these experiments, several of the novel findings have 

been confirmed and extended by more recent studies. That glycogen contributes 

significantly to energy production in the aerobic heart, that it is preferential oxidized and 

that substantial turnover occurs all have been confirmed in studies reported by our 

laboratory (140) and have also been reported to hold true in hypertrophied hearts (140), 

during periods of low-flow ischemia (72, 141) and following exposure to epinephrine 

(142). Further, glycogen turnover has been measured in vivo in hearts exposed to 

epinephrine (143). 
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C H A P T E R 4 

E F F E C T S O F A L T E R A T I O N S IN E N E R G Y SUBSTRATES AND W O R K L O A D 
O N G L Y C O G E N USE IN I S O L A T E D W O R K I N G H E A R T S 
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Increased glycogen degradation has been demonstrated in hearts under conditions 

of hypoxia or ischemia (72, 144) and at elevated workloads (8, 145), while fatty acid 

oxidation suppresses use of glucose and glycogen by the heart under aerobic conditions 

(28, 146-148). The inhibitory effects of fatty acids on glycogenolysis are believed to 

result from higher tissue levels of glucose-6-phosphate due to inhibition of 

phosphoffuctokinase (147). Elevated citrate levels due to increased rates of fatty acid 

oxidation (149, 150), cause inhibition of this enzyme. Elevated levels of glucoses-

phosphate reduce glycogen degradation and encourage glycogen synthesis by inhibiting 

glycogen phosphorylase (56) and stimulating glycogen synthase (52). 

The main enzymes controlling glycogen use are glycogen phosphorylase and 

glycogen synthase. Both enzymes are regulated by degree of phosphorylation. However, 

glycogen phosphorylase activity is stimulated by phosphorylation, while the activity of 

glycogen synthase is inhibited by phosphorylation. Phosphorylase activity can be 

increased (via phosphorylation by phosphorylase kinase) either by conversion of 

phosphorylase b (5'AMP-dependent form) to a (active form, 5'AMP-independent form), 

by conversion o f phosphorylase b to partially phosphorylated forms, or by activation of 

the 6-form by 5 - A M P (151, 152). The activity of the partially phosphorylated forms is 

inhibited by glucose-6-phosphate, while the activation of phosphorylase b by 5 ' A M P is 

inhibited by A T P and by glucose-6-phosphate (8,61). The intracellular level o f glucose-

6-phosphate is regulated by the rates of glucose transport and phosphorylation and the 

rate of removal o f fructose-6-phosphate through phosphoffuctokinase (147, 153-155). 
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Glycogen synthase is converted form the active /-form (active, glucose 6-

phosphate-independent form) to the £)-form (less active, glucose 6-phosphate-dependent 

form) through a complex hierarchical pattern of phosphorylation involving several 

kinases including casein kinase I, cAMP-dependent protein kinase, calmodulin-dependent 

protein kinase, protein kinase C, phosphorylase kinase, and glycogen synthase kinases 3 

and 4 (156). The activity o f glycogen synthase is stimulated by glycogen depletion (157) 

and by glucose 6-phosphate, which activates glycogen synthase allosterically as well as 

by promoting the covalent activation. (52). 

There is evidence to suggest that 5'AMP-activated protein kinase ( A M P K ) may 

also participate in the regulation of glycogen metabolism. A M P K has been shown to 

phosphorylate glycogen synthase purified from rabbit skeletal muscle and phosphorylase 

kinase purified from rabbit skeletal muscle (81). In addition, incubation of skeletal 

muscle with A I C A R , a cell-permeable activator of A M P K , stimulated glycogen 

phosphorylase activity (84). However, the effects of A M P K - i n d u c e d changes in 

phosphorylation and enzyme activity on glycogen metabolism in the intact heart are not 

yet fully known. If physiologically relevant, these phosphorylations should lead to 

simultaneous inactivation of glycogen synthase and activation of glycogen phosphorylase 

and thereby, promote the breakdown of glycogen to increase energy production from 

endogenous glucose. 

The goal of the present study is to examine the regulation of glycogen turnover in 

the heart, and in particular, to investigate the role of A M P K , a potentially novel 

regulatory enzyme o f glycogen metabolism. Glycogen degradation and glycogen 

synthesis and the activities o f glycogen synthase, glycogen phosphorylase and A M P K 
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were measured in hearts exposed to "physiologic' stimuli; alterations in fatty acid and 

glucose concentrations and in workload designed to alter glycogen turnover. 

M E T H O D S 

Hearts were perfused using a glycogen depletion/repletion protocol similar to that 

described in Chapter 2, with several modifications. After isolation and a 10-minute 

equilibration period (as described in Chapter 3), all hearts were perfused in the 

Langendorff mode with modified K H solution containing no substrate for 20 minutes, in 

order to deplete glycogen in the heart. Following the depletion period, hearts were 

switched to the working mode (afterload 60mmHg), and perfused for a 25-minute 

"glycogen resynthesis" period with K H solution containing 1 I m M glucose and l O m M p-

hydroxybutyrate. The concentrations of l l m M glucose and l O m M P-hydroxybutyrate 

were used in order to promote the synthesis of glycogen, p-hydroxybutyrate was chosen 

for this study to allow sufficient glycogen repletion more quickly; the resynthesis period 

was shortened from 60 to 25 minutes (142). In addition, a group of hearts was perfused 

at a workload o f 80mmHg (instead of 60mmHg) during the resynthesis period, which 

resulted in a reduced glycogen content at the beginning o f the experimental period (see 

Results). Hearts were then perfused for a 30-minute "experimental" period in the 

presence of various palmitate concentrations (0.4, 0.8, or 1.2mM), with either low or high 

glucose (5.5 or l l m M ) , or with a low (60mmHg), moderate (80mmHg) or high 

(lOOmmHg) afterload, as shown in Table 1. Thus, during the experimental period, we 

were able to examine the effects of alterations in exogenous fatty acid and glucose levels, 

of glycogen content, and of workload on myocardial glycogen use. 
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Hearts were frozen with aluminum tongs cooled to the temperature of l iquid 

nitrogen and stored at -80°C until further use. Frozen heart tissue was used to measure 

glycogen content, incorporation of radiolabeled glucose into glycogen, and the activities 

o f glycogen phosphorylase, glycogen synthase and 5'AMP-activated protein kinase as 

described in Chapter 2. 

Data Analyses 

Initial glycogen values were measured in selected hearts frozen at the end of the 

glycogen resynthesis period, for both low- and high-glycogen repletion protocols. The 

total amount o f glycogen degraded (or change in unlabelled glycogen) was calculated by 

subtracting the values of total myocardial glycogen, excluding the newly synthesized 

glycogen, measured in individual hearts at the end of the perfusion from the mean initial 

glycogen content measured in the corresponding group. Newly synthesized glycogen 

content was measured by counting a portion of the glycogen extracted using standard 

liquid scintillation procedures. The net change in glycogen content was calculated by 

subtracting individual heart values o f glycogen content at the end o f the perfusion from 

the mean initial glycogen content. 

Data are expressed as mearr+standard error of the mean (SEM) . Individual group 

means o f heart function, glycogen data and enzymatic activities were compared by 

Student's t-tests. The Bonferroni procedure was used to correct for multiple comparisons. 

A corrected value ofp<Q.05 was considered significant. 
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R E S U L T S 

Mechanical Function 

Mean values o f mechanical function (calculated over 10-30min) in hearts during 

the experimental period are presented in Tables 4-2A to 2D. N o differences in heart rate 

were observed among the groups. However, peak systolic pressure was significantly 

increased in hearts perfused at high work (afterload of lOOmmHg) relative to low work 

(aflerload of 60mmHg) in hearts perfused with both 1 I m M and 5.5mM glucose. Heart 

function, expressed as the peak systolic pressure-rate product, was also significantly 

increased in hearts perfused at high work. 

Myocardial Glycogen Content 

Hearts perfused during the resynthesis period at an afterload of 80mmHg 

possessed a significantly lower glycogen content than those perfused at an afterload of 

60mmHg during the resynthesis period (67.6±4.7umol/g dry versus 131.3±7.8umol/g 

dry, n=5-l l,p<0.05). Following the resynthesis period, these hearts were perfused under 

various conditions (experimental period), and the effects of palmitate and glucose 

concentration and of initial glycogen levels on glycogen use were examined (Table 4-1). 

Effects ofperfusate fatty acid concentration and initial glycogen contents 

A summary o f myocardial glycogen measurements for these hearts is presented in 

Tables 4-3A to 3D. Hearts perfused with 0 .4mM palmitate showed an overall loss of 

glycogen, while hearts perfused with 0 .8mM palmitate did not. The net changes in 

glycogen content were found to be significantly different: a net loss in glycogen content 
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Table 4-2A: Mechanical function o f hearts perfused at a moderate workload with different 
palmitate concentrations (Perfusion Groups A l and A 2 , Table 4-1) 

Palmitate concentration (mM) 0.4 0.8 
Heart rate (bpm) 228±10 221±10 
Peak systolic pressure (mmHg) 120+3 124±4 
Heart rate-peak systolic pressure product 26.2±1.6 27.1±1.1 
(bpm*mmHg/103) 
Values are expressed as mean+SEM. n=12 per group. 

Table 4-2B: Mechanical function of hearts perfused at a moderate workload with different 
palmitate concentrations (Perfusion Groups B l and B 2 , Table 4-1) 

Palmitate concentration (mM) 0.4 1.2 
Heart rate (bpm) 248±8 260±12 
Peak systolic pressure (mmHg) 106±2 101±2 
Heart rate-peak systolic pressure product 26.4±1.2 26.2±1.2 
(bpm*mmHg/103) 
Values are expressed as mean±SEM. n=10(0.4mM palmitate) or 12(1.2mM palmitate) per group. 

Table 4-2C: Mechanical function of hearts perfused with 1 I m M glucose and 0 .4mM 
palmitate at low and high workloads (Perfusion Groups C I and C2, Table 4-1) 

Afterload (mmHg) 60 100 
Heart rate (bpm) 250±7 247±9 
Peak systolic pressure (mmHg) 101 ±3 126±3 * 
Heart rate-peak systolic pressure product 25.5+0.9 31.1±0.8* 
(bpm*mmHg/103) 
Values are expressed as mean±SEM. *, significantly different from corresponding low work 
value, P<0.05, n=12 per group. 

Table 4-2D: : Mechanical function of hearts perfused with 5.5mM glucose and 0 .8mM 
palmitate at low and high workloads (Perfusion Groups D I and D2, Table 4-1) 

Afterload (mmHg) 60 100 
Heart rate (bpm) 260±6 259±6 
Peak systolic pressure (mmHg) 92±2 121 ±3 * 
Heart rate-peak systolic pressure product 24.0±0.9 31.4±1.0* 
(bpm*mmHg/10 *) 
Values are expressed as mean±SEM. *, significantly different from corresponding low work 
value, P O . 0 5 , n=10(60mrnHg) or 12(100mmHg) per group. 
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was measured in hearts perfused at the lower (0.4mM) palmitate level (Table 4-3A). 

Accordingly, the total amount of glycogen lost was significantly higher in hearts perfused 

at 0 .4mM palmitate compared to those perfused with 0 .8mM palmitate, but the amount of 

newly synthesized glycogen was not different. Although hearts perfused with 0 .4mM 

palmitate were exposed to identical perfusion conditions during the chase period (Tables 

4-3A and 4-3B), those starting with lower initial glycogen contained significantly less 

glycogen at the end o f the chase perfusion (77.9±4.6 vs 100.8±6.2umol/g dry). 

Interestingly, hearts with lower initial glycogen lost no glycogen during the chase period, 

while hearts with high initial glycogen lost 30.4±6.2 umol/g dry. There were no 

significant differences in the amount of newly synthesized glycogen between lower and 

higher in initial glycogen groups in hearts perfused with 0 .4mM palmitate (Tables 4-3A 

and 4-3B). Among hearts perfused at an afterload pressure o f 60mmHg, those exposed to 

5 .5mM glucose and 0 .8mM palmitate compared to those perfused with l l m M glucose 

and 0 .4mM palmitate showed a significantly lower (91.2±5.3 vs 123.8±7.9 umol/g dry) 

final glycogen content, a significantly greater total loss of glycogen (49.3±4.9 vs 

15.5±8.0 umol/g dry), and a significantly larger net loss of glycogen (40.1±5.3 vs 7.6±7.9 

umol/g dry) (Tables 4-3C and 4-3D). 

Effects of alterations in workload 

A net loss in glycogen content was measured in hearts perfused with l l m M 

glucose and 0 .4mM palmitate at both low and high work (Table 4-3C). Although hearts 

at high work in this group tended to lose more glycogen, this difference did not reach 
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Table 4-3A: Changes in glycogen content in hearts perfused with different palmitate levels at 
a moderate workload (Perfusion Groups A l and A 2 , Table 4-1) 

Palmitate concentration (mM) 0.4 0.8 
Initial glycogen content(pmol/g dry) 131.3±7.8 (n=5) 131.317.8 (n=5) 
End glycogen content(pmol/g dry) 100.816.2+ 149.512.6* 
Total glycogen degraded (pmol/g dry) 39.315.9 -4.1+2.7* 
Newly synthesized glycogen (pmol/g dry) 10.411.2 14.0+2.2 
Net change in glycogen (pmol/g dry) -30.416.2 18.2+2.6* 
Values are expressed as mean±SEM. *, significantly different from corresponding 0.4mM palmitate 
values, +, significantly different from corresponding initial glycogen values, PO.05 , n=7 per group, 
except when indicated otherwise. 

Table 4-3B: Changes in glycogen content in hearts perfused with different palmitate levels at 
a moderate workload (Perfusion Groups B1 and B 2 , Table 4-1) 

Palmitate concentration (mM) 0.4 1.2 
Initial glycogen content(pmol/g dry) 67.6±4.7(n=l 1) 67.6±4.7 (n=l 1) 
End glycogen content(pmol/g dry) 77.9±4.6# 77.8±7.9 (n= l l ) 
Total glycogen degraded (pmol/g dry) -4.0±4.6# -3.2±7.4 (n= l l ) 
Newly synthesized glycogen (pmol/g dry) 6.3±0.4 7.0±0.7 (n=l 1) 
Net change in glycogen (pmol/g dry) 10.3±4.6# 10.2±7.9 (n=l 1) 
Values are expressed as meanlSEM. *, significantly different from corresponding 0.4mM palmitate 
values, #, significantly different from corresponding values in hearts perfused with higher initial 
glycogen content (Table 4-3A), PO.05 , n=9 per group, except when indicated otherwise. 
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Table 4-3C: Changes in glycogen content in hearts perfused with 1 I m M glucose and 0 .4mM 
palmitate at low and high work (Perfusion Groups C I and C2, Table 4-1) 

Afterload pressure (mmHg) 60 100 
Initial glycogen content(umol/g dry) 131.3±7.8 (n=5) 131.3±7.8 (n=5) 
End glycogen content(umol/g dry) 123.8±7.9 98.0±6.7+ 
Total glycogen degraded (umol/g dry) 15.5±8.0 40.6±6.6 
Newly synthesized glycogen (umol/g dry) 8.0±1.4 7.310.8 
Net change in glycogen (umol/g dry) -7.617.9 -33.316.7 
Values are expressed as mean+SEM. +, significantly different from corresponding initial glycogen 
values, PO.05 n=7 per group, except when indicated otherwise. 

Table 4-3D: Changes in glycogen content in hearts perfused with 5 .5mM glucose and 
0 .8mM palmitate at low and high work (Perfusion Groups D I and D2, Table 4-1) 

Afterload pressure (mmHg) 60 100 
Initial glycogen content(pmol/g dry) 131.317.8 (n=5) 131.317.8 (n=5) 
End glycogen content(pmol/g dry) 91.215.3+# 94.917.4+(n= 12) 
Total glycogen degraded (umol/g dry) 49.314.9# 45.516.2 (n= 12) 
Newly synthesized glycogen (umol/g dry) 9.211.0 9.111.7 (n=12) 
Net change in glycogen (umol/g dry) -40.115.3# -39.417.4 (n=12) 
Values are expressed as mean+SEM. +, significantly different from corresponding initial glycogen 
values, #, significantly different from corresponding values in hearts perfused with 1 ImM glucose nad 
0.4mM palmitate (Table 4-3C)P<0.05 n=l 1 per group, except when indicated otherwise. 
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statistical significance. In these hearts, the total amount of glycogen degraded tended to 

be greater for hearts perfused at high work, while there was no difference in the amount 

of newly synthesized glycogen (Table 4-3C). In hearts perfused with 5 .5mM glucose and 

0 .8mM palmitate, a similar loss in total and net glycogen content was seen in low and 

high work groups (Table 4-3D). The amount of glycogen newly synthesized in these 

hearts was also similar. 

Activities of glycogen phosphorylase, glycogen synthase and AMPK 

Activities of glycogen phosphorylase, glycogen synthase and A M P K measured in 

myocardial tissue frozen at the end of the perfusions are summarized in Tables 4-4A to 

4D. N o significant differences in activities of glycogen synthase or phosphorylase were 

observed between hearts perfused with differing palmitate concentrations, both in groups 

o f hearts possessing higher (Table 4-4A) and lower (Table 4-4B) initial glycogen levels. 

However, A M P K activity was decreased in hearts perfused with higher fatty acid 

concentrations, although only statistically significant for hearts with low starting 

glycogen. N o significant differences in glycogen phosphorylase or glycogen synthase 

activity were observed between low and high work groups o f hearts perfused with 1 I m M 

glucose and 0 .4mM palmitate (Table 4-4C), or among hearts perfused with 5 .5mM 

glucose and 0 .8mM palmitate (Table 4-4D). However, in hearts perfused with 5 .5mM 

glucose and 0 .8mM palmitate, glycogen phosphorylase activities were significantly 

increased (39.9±3.1 vs 27.5±2.4% and 37.5±2.4 vs 27.9±1.3%) relative to hearts perfused 

with 1 I m M glucose and 0 .4mM palmitate (Tables 4-4C and 4-4D). Among hearts 
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Table 4 -4A: Enzyme activities in hearts perfused at a moderate workload with different 
palmitate concentrations (Perfusion Groups A l and A 2 , Table 4-1) 

Palmitate concentration (mM) 
Glycogen phosphorylase (%a) 
Glycogen synthase (%I) 
A M P K (pmol/mg protein/min) 
Values are expressed as mean±SEM. 

0.4 
28.5±1.0(n=8) 
49.6+2.1 (n=8) 
382±71 (n=6) 

0.8 
29.4+1.8 (n=7) 
43.8+1.6 (n=6) 
309±72 (n=7) 

Table 4-4B: Enzyme activities in hearts perfused at a moderate workload with different 
palmitate concentrations (Perfusion Groups B l and B2 , Table 4-1) 

Palmitate concentration (mM) 0.4 1.2 
Glycogen phosphorylase (%a) 26.5±0.7 (n=9) 29.3±0.9 (n=10) 
Glycogen synthase (%I) 52.3+3.0 (n=10) 53.4+2.8 (n=12) 
A M P K (pmol/mg protein/min) 441±9.1 (n=5) 259±31 * (n=6) 
Values are expressed as mean±SEM. *, significantly different from corresponding 
0 .4mM palmitate value, P O . 0 5 . 

Table 4-4C: Enzyme activities in hearts perfused with 1 I m M glucose and 0 .4mM palmitate 
at low and high workloads (Perfusion Groups C I and C2, Table 4-1) 

Afterload (mmHg) 
Glycogen phosphorylase (%a) 
Glycogen synthase (%I) 
A M P K (pmol/mg protein/min) 
Values are expressed as mean±SEM. 

60 
27.5±2.4 (n=7) 
45.5+2.2 (n=8) 
287±42 (n=8) 

100 
27.9+1.3 (n=7) 
43.1+2.4 (n=8) 
452±66 (n=6) 

Table 4-4D: Enzyme activities in hearts perfused with 5.5mM glucose and 0 .8mM palmitate 
at low and high workloads (Perfusion Groups D l and D2, Table 4-1) 

Afterload (mmHg) 60 100 
Glycogen phosphorylase (%a) 39.9+3.1# (n=7) 37.5±2.4# (n=8) 
Glycogen synthase (%I) 47.2+3.0 (n=l 1) 54.0±2.4# (n=8) 
A M P K (pmol/mg protein/min) 312+26 (n=10) 293+26 (n=9) 
Values are expressed as mean±SEM. #, significantly different from corresponding values 
in hearts perfused with 1 ImM glucose and 0.4mM palmitate (Table 4-4C). 
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perfused at high work (lOOmmHg), glycogen synthase activity was significantly 

increased (54.0±2.4 vs 43.1±2.4%) in hearts perfused with 5 .5mM glucose and 0 .8mM 

palmitate compared to those perfused with 1 I m M glucose and 0 .4mM palmitate (Tables 

4-4C and 4-4D). A M P K activity tended to be increased with higher workloads as 

compared to that with lower workloads (452±66 vs 287±42 pmol/mg protein/min) (Table 

4-4C), but only when hearts were perfused with 1 I m M glucose and 0 .4mM palmitate and 

not when perfused with 5.5mM glucose and 0.8mM palmitate. However, the increase in 

A M P K activity did not reach statistical significance. 

DISCUSSION 

Glycogen turnover was stimulated by increased workloads and decreased 

exogenous glucose levels, while it was inhibited by increased exogenous fatty acid levels 

and glycogen depletion. Increased glycogen turnover in hearts exposed to physiologic 

levels of glucose was associated with increased glycogen phosphorylase activity, and 

increased glycogen synthase activity under conditions of high work. Changes in A M P K 

activity did not correspond to alterations in the activities of glycogen synthase and 

phosphorylase under the conditions examined. 

A net glycogen loss was measured in hearts perfused with low fat (0 .4mM 

palmitate), while hearts perfused with high fat (0.8mM palmitate) gained, rather than lost 

glycogen (Table 4-3A). The amount of newly synthesized glycogen was not different 

between groups, while the amount lost was much greater in hearts perfused with low fat 

(0 .4mM palmitate). Thus, hearts perfused with supraphysiological levels of glucose 
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( l l m M ) and physiological fat (0.4mM), and at a moderate workload (80mmHg), 

demonstrated a net loss of glycogen, in agreement with previous reports (69). 

Interestingly, increasing fatty acid perfusate concentration from 0.4 to 0 .8mM shifted the 

net loss of glycogen in the heart to a net gain (Table 4-3A). These results are in 

agreement with those of Neely et al, who reported that the addition of l . O m M palmitate 

to the hearts perfusate eliminated glycogen loss, and in the presence of glucose, caused a 

net increase in glycogen content (8). It is l ikely that increased perfusate concentrations of 

exogenous fatty acids increase fatty acid oxidation and inhibit glucose and glycogen 

metabolism by the inhibition of phosphofructokinase via increased intracellular citrate 

(147). 

In contrast to a net reduction in glycogen content, hearts perfused under identical 

perfusion conditions (0.4mM palmitate and 1 I m M glucose), but with low initial glycogen 

levels did not lose glycogen. Differences in glycogen use between hearts perfused with 

differing palmitate concentrations were not present in hearts possessing lower initial 

glycogen, even when palmitate levels were increased to 1.2mM (Tables 4-3A and 4-3B). 

These results suggest that a decrease in glycogen levels is associated with changes in 

glycogen metabolism that override the effects of exogenous fat. That the effects of 

glycogen depletion override the effects of exogenous fatty acid levels is a novel 

observation and emphasizes the importance of glycogen content to the regulation of 

glycogen metabolism. Although reduced glycogen levels in the hearts are expected to 

increase glycogen synthase activity, the amount of newly synthesized glycogen was not 

increased relative to hearts perfused under identical perfusion conditions, but with higher 

initial glycogen. It may be that glycogen synthase activity is stimulated in the isolated 
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heart only by a more severe glycogen reduction, such as that shown by Ramachandran et 

al (157), in which glycogen synthase activity was stimulated following an 85% reduction 

in glycogen content. Under the conditions examined in the present study, a reduced 

glycogen content appears to inhibit glycogen phosphorylase, since a lack of 

glycogenolysis was observed in hearts with a lower initial glycogen. However, no 

change in glycogen phosphorylase activity (Table 4-3B) was measured (Table 4-3B), a 

finding which corresponds to those previously published (157). Thus, the inhibition of 

glycogenolysis under conditions of reduced glycogen content is l ikely mediated by 

allosteric effectors o f glycogen phosphorylase, rather than changes in its phosphorylation 

status. 

A s expected, increased work results in stimulated glycogen use in hearts perfused 

with 1 I m M glucose and 0 .4mM palmitate (Table 4-3C). Interestingly, reducing glucose 

to physiologic levels (5.5mM) results in the increase of glycogen loss at low workloads 

(60mmHg), even in the presence of increased palmitate (0.8mM) (Table 4-3D). The 

increase in exogenous palmitate from 0.4mM to 0 .8mM in the presence of 1 I m M glucose 

is associated with a change to net glycogen synthesis, from net glycogenolysis. Thus, the 

reduction of exogenous glucose from 11 to 5.5mM eliminated the inhibitory effects of 

increased exogenous fatty acid concentration on glycogenolysis as reported in previous 

studies (8), as well as in the present study. 

Interestingly, substantial glycogen synthesis occurs during periods o f net 

glycogen loss (i.e. Tables 4-3A (hearts perfused with 0 .4mM palmitate), 4-3B and 4-3C), 

while little glycogen loss occurs during periods of net synthesis (Table 4-3A). The 

reciprocal regulation o f the enzymes of glycogen metabolism; that is, glycogen synthesis 
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is inhibited when glycogenolysis is occurring and vice versa, is a widely accepted 

concept (26). However, glycogen turnover or simultaneous synthesis and degradation of 

cardiac glycogen has been demonstrated in the heart in vitro (69, 71, 141, 142) and in 

vivo (143). Since, in this study, substantial synthesis occurs during periods of net loss 

and little loss occurs during periods of net synthesis, I propose that the reciprocal 

regulation o f glycogen metabolism is more strictly occurring during periods o f substantial 

net glycogen loss. Alternatively stated, higher rates of glycogen turnover tend to occur 

under conditions of net glycogen loss. Under certain conditions of net glycogenolysis in 

the isolated rat heart, such as stimulation with epinephrine (142) or during periods of 

ischemia (141), glycogen synthesis is low, but remains detectable. Interestingly, 

stimulation with epinephrine in vivo stimulates both glycogenolysis and glycogen 

synthesis in the heart, but not in the liver or skeletal muscle (143). Indeed, this pattern o f 

persistent glycogen synthesis, even during periods substantial glycogenolysis may be 

considered a strategy that ensures an adequate supply of glycogen for the heart, although 

the precise mechanism by which this occurs remains to be determined. 

In the heart, glycogen metabolism is regulated by the activities o f glycogen 

phosphorylase and synthase, and by substrate concentrations. Values presented in Tables 

4-4A to 4D are in keeping with previously reported values in isolated, perfused hearts for 

glycogen phosphorylase (145, 157), glycogen synthase (157), and for A M P K (23, 158). 

Although changes in exogenous fatty acid concentration, initial myocardial glycogen 

level, and workload all correspond with changes in cardiac glycogen use, these changes 

did not correspond particularly well to measured changes in the activities o f glycogen 

phosphorylase or glycogen synthase (Tables 4-4A to 4D), and are thus l ikely mediated 
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allosterically. However, the largest changes in the total glycogen loss and newly 

synthesized glycogen observed in this study do correspond with significant differences 

measured in the activities of glycogen phosphorylase and glycogen synthase (Tables 4-

4 A to 4D). 

Activities of glycogen synthase and glycogen phosphorylase were altered by 

changes in glucose concentration but not by changes in palmitate concentration, glycogen 

content or workload in the present study. These results are in agreement with previously 

reported data (8) in which no changes in glycogen phosphorylase activity occur with 

changes in workload or palmitate concentration. However, in the same study (8), no 

increases in glycogen phosphorylase activity were reported in association with decreases 

in perfusate glucose concentration, unlike the present study. The lack of agreement 

between these two studies may arise from differences in the heart preparations. Because 

we do not expect allosteric alterations in glycogen synthase and glycogen phosphorylase 

to survive the tissue extraction process, any changes measured in enzyme activity may be 

considered primarily a result of covalent modification. From these measurements, I 

conclude that decreasing perfusate glucose from 1 I m M to 5.5mM is associated with a 

significant increase in glycogen phosphorylase activity and, at high workloads, a 

significant increase in glycogen synthase activity, and that these changes in enzyme 

activity are mediated by changes in the phosphorylation states of the enzymes. 

A M P K activity is decreased in association with increased exogenous fatty acid 

levels in hearts perfused with 1 I m M glucose (Table 4-4B). This is a novel observation 

that supports the concept of a new feedback mechanism in the regulation o f fatty acid 

oxidation by A M P K . A M P K has been proposed to stimulate fatty acid oxidation in the 
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heart [Kudo, 1996 #4]. However, this is the first report of decreased A M P K activity in 

the presence of increased fatty acid levels. Although these results support the concept 

that elevated fatty acid oxidation (promoted by elevated perfusate fatty acid levels) may 

feedback and inhibit the stimulatory effect of A M P K , further investigation is necessary in 

order to characterize the regulatory control of myocardial fatty acid oxidation and A M P K 

(see Chapter 5). 

A M P K activity increased with increasing workload in hearts perfused with 1 I m M 

glucose and 0 .4mM palmitate (Table 4-4C). Although the increase did 'not achieve 

statistical significance, this increase suggests that elevated workloads may indeed trigger 

increases in A M P K activity. In addition, changes in measured A M P K activity reflect 

only changes the in phosphorylation-state of the enzyme as any allosteric changes are not 

expected to survive the tissue extraction process (103). A s expected, the tendency for 

A M P K activity to be elevated at an increased workload corresponds well with a tendency 

for greater glycogenolysis (Table 4-3 C), although no alterations in glycogen 

phosphorylase or glycogen synthase were observed (Table 4-4C). Thus, the results of the 

present study do not support a role for A M P K in the promotion of glycogenolysis through 

the stimulation o f glycogen phosphorylase and the inhibition of glycogen synthase. The 

concept that A M P K activity is stimulated by increased workload is supported by other 

investigators who have reported contraction-induced AMPK-act iva t ion in isolated 

skeletal muscle (104, 106). The fact that increases in workload were not accompanied by 

increases in A M P K activity in hearts perfused with 5.5mM glucose and 0 .8mM palmitate 

(Table 4-4D) may be attributed to the increased level of perfusate fatty acids (0.8mM vs, 

0 .4mM palmitate) as discussed above. 
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Increases in A M P K activity are associated with increased fatty acid oxidation 

(101, 158) and increased glucose uptake in skeletal muscle (107, 111) and in the heart 

(113) which w i l l act in opposition to glycogenolysis by increasing citrate and glucose 6-

phosphate concentrations. In the present studies, the increases in A M P K activity 

promoted by increased workload may also encourage glycogen synthesis (through 

elevated levels o f citrate and glucose 6-phosphate) and thereby mask any glycogenolytic 

effects of A M P K stimulation. Thus, in order to characterize the role o f A M P K in cardiac 

glycogen metabolism, further studies are required in which A M P K is selectively 

stimulated, possibly by the AMPK-act ivator A I C A R , and under conditions in which 

confounding factors, such as elevated fatty acid oxidation are minimized. 
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C H A P T E R 5 

OXIDATION O F P A L M I T A T E B U T N O T O C T A N O A T E IS S T I M U L A T E D B Y 
A I C A R IN I S O L A T E D W O R K I N G R A T H E A R T S 
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INTRODUCTION 

Long-chain fatty acids are the major fuel of the heart, with fatty acid oxidation 

normally providing 60-70% of the heart's energy requirements (1, 159). Rates of 

myocardial fatty acid oxidation are determined by exogenous levels of fatty acids (1, 159) 

as well as by complex intracellular regulatory mechanisms (160). Malonyl C o A is an 

important intracellular regulator of fatty acid oxidation in the heart (16, 161) because it 

potently inhibits carnitine palmitoyl transferase-1 (CPT1), a key enzyme involved in 

transporting long-chain fatty acids into the mitochondrial matrix (14). Malonyl C o A is 

synthesized by acetyl C o A carboxylase ( A C C ) which catalyzes the carboxylation of 

acetyl C o A to form malonyl C o A (162-164). 

In the heart, two isoforms of A C C are present; a 265-kDa isoform and a 280-kDa 

isoform with the 280-kDa isoform predominating (16, 165, 166). Phosphorylation of 

A C C by protein kinases is an important determinant o f A C C activity (105, 128) and, 

thereby, intracellular malonyl C o A levels. One such protein kinase, 5 '-AMP-activated 

protein kinase ( A M P K ) , phosphorylates both isoforms of rat heart A C C (105) causing 

significant inactivation of A C C (105). 

In the isolated rat heart, increased activity of A M P K during ischemia and 

reperfusion is associated with decreased A C C activity, decreased levels of malonyl C o A 

and increased rates o f long-chain fatty acid (e.g. palmitate, oleate) oxidation. In addition, 

exposure o f newborn rabbit hearts to A I C A R , a cell permeable activator o f A M P K , 

decreases A C C activity and increases rates o f long chain fatty acid oxidation (167). 

These findings are consistent with the concept that activated A M P K stimulates 
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myocardial long chain fatty acid oxidation rates via the phosphorylation and inactivation 

of A C C (23, 101). 

The oxidation of fatty acids of shorter chain length, such as the medium-chain 

fatty acid, octanoate, does not require CPT1 to enter the mitochondria (168). A s such, 

oxidation o f these fatty acids should not be influenced by activation of A M P K . However, 

it is not yet known i f this is the case. Thus, we undertook this study to test the hypothesis 

that activation of A M P K stimulates the oxidation of long-chain, but not medium-chain, 

fatty acids. The establishment of a protocol in which A M P K is activated without the 

corresponding increase in fatty acid oxidation w i l l provide a useful tool for the 

characterization of the role of A M P K in glycogen metabolism through the reduction of 

the confounding effects of elevated rates of fatty acid oxidation. 

M E T H O D S 

Perfusion Protocol 

The hearts were isolated, cannulated (as described in Chapter 2) and perfused 

with a left atrial preload of 11.5mmHg and an aortic afterload of 80mmHg for 40 

minutes. During the working mode, hearts were perfused with K H solution containing 

either low (0.6mM) or high (2.4mM) [l- 1 4C]-octanoate or low (0.4mM) or high (1.2mM) 

[1- 1 4C]-palmitate as the source o f fatty acid, 5 .5mM glucose, 0 .5mM lactate, 2 .5mM 

calcium, and lOOpU/mL insulin. In each fatty acid group, hearts were perfused either in 

the presence or absence of 0 .4mM A I C A R . Hearts with spontaneous rates of less than 

230 beats per minute were electrically stimulated to achieve rates of approximately 250 

beats per minute. 
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Rates o f fatty acid oxidation and glycolysis were measured in hearts, as well as 

the content o f malonyl C o A , acetyl C o A , and the activities of acetyl C o A carboxylase 

and A M P K (as described in Chapter 2). 

Data Analysis 

Data are expressed as mean±standard error of the mean (SEM) . Acetyl C o A 

production from exogenous fatty acid oxidation was estimated in individual hearts by 

multiplying the mean rate of fatty acid oxidation by the total perfusion time and by the 

number o f two carbon groups existent per fat unit (i.e. 8 for palmitate and 4 for 

octanoate). Individual group means of heart function, A M P K , A C C and CoA-ester data 

and mean rates o f glycolysis and fatty acid oxidation were compared using t-tests. For all 

statistical tests, values for hearts perfused with octanoate were compared separately from 

those perfused with palmitate. The Bonferroni procedure was applied to all tests to 

correct for multiple tests and comparisons. A corrected value of £><0.05 was considered 

significant. 

R E S U L T S 

Heart Function 

Heart function is summarized in Table 5-1. Function was stable over the duration 

o f the perfusion in all groups (data not shown). N o significant differences in function 

were observed between control and AICAR-treated groups. 
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Fatty Acid Oxidation and Glycolysis 

Rates of palmitate oxidation are shown in Figure 5-1 A . Hearts perfused in the 

presence o f 0 .4mM A I C A R demonstrated significantly increased rates of palmitate 

oxidation regardless of the palmitate concentration. A s expected, hearts perfused at a 

high palmitate concentration (1.2mM) exhibited significantly higher rates of fatty acid 

oxidation compared to hearts perfused at a low (0.4mM) palmitate concentration. This 

increase in fat oxidation in hearts perfused with higher (1.2mM) palmitate was seen in 

hearts perfused both with and without A I C A R . 

Rates o f octanoate oxidation are shown in Figure 5-IB. A s with rates of palmitate 

oxidation, rates of octanoate oxidation are significantly increased in hearts perfused with 

high octanoate (2.4mM) as compared to hearts perfused with low octanoate (0.6mM), but 

this increase was only statistically significant in the absence of A I C A R . The presence o f 

A I C A R had no significant effect on rates of octanoate oxidation. 

Rates o f glycolysis are plotted in Figure 5-2A and 5-2B. Compared to hearts 

perfused with 0 .4mM palmitate in the absence of A I C A R , glycolytic rates were decreased 

in the presence o f A I C A R or high palmitate. These differences, however, did not achieve 

statistical significance. N o significant differences in rates of glycolysis were observed 

among any o f the octanoate-perfused groups. 

Biochemical Analysis 

Activities of A M P K and A C C are summarized in Table 5-2. The activity o f 

A M P K in the absence of A I C A R was similar to previously reported values in heart 
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Figure 5-2A: Rates of glycolysis in palmitate-perfused control (solid bar) and 
AICAR-treated (striped bar) hearts. Values are mean±SEM. 
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Figure 5-2B: Rates of glycolysis in octanoate-perfused control (solid bar) and 
AICAR-treated (striped bar) hearts. Values are mean±SEM. 
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[Kudo, 1995 #3]. A I C A R did not significantly alter measured A M P K activity in any 

group. 

A C C activity measured in hearts perfused with palmitate, corresponds well with 

previously published values for A C C in the inhibited, citrate-dependent form (101). 

Hearts perfused with high octanoate (2.4mM) demonstrated significantly higher A C C 

activity levels when compared to hearts perfused with low octanoate (0.6mM), both in 

the presence and absence of A I C A R . A I C A R tended to decrease A C C activity in 

palmitate-perfused hearts but not in octanoate-perfused hearts. 

Table 5-3 summarizes myocardial C o A esters in palmitate and octanoate perfused 

hearts. Acetyl C o A content increased slightly but insignificantly in hearts perfused with 

high palmitate compared to those perfused with low palmitate. In palmitate perfused 

hearts, acetyl C o A content was increased by A I C A R . However, this increase did not 

achieve significance in hearts perfused with high palmitate following correction for 

multiple comparisons. Malonyl C o A did not differ between low and high palmitate 

hearts. Exposure to A I C A R lowered malonyl C o A in the high palmitate group. Once 

again, this difference was not significant when multiple comparisons were taken into 

account. Since acetyl C o A is the precursor of malonyl C o A and acetyl C o A and malonyl 

C o A tend to increase together (16), a comparison of malonyl C o A levels relative to those 

of acetyl C o A provide an indication of the activity o f A C C . The ratio of malonyl C o A to 

acetyl C o A was reduced in palmitate perfused hearts exposed to A I C A R , indicative of a 

reduction in A C C activity. 
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Acetyl C o A content was greater in high octanoate hearts compared to low octanoate 

hearts. Interestingly, malonyl C o A content was reduced by A I C A R in both octanoate 

groups, although neither was statistically significant when multiple comparisons were 

accounted for. A I C A R did not alter the ratio of malonyl C o A to acetyl C o A in these 

hearts. 

DISCUSSION 

In this study, we show that A I C A R , a cell permeable activator of A M P K , 

stimulates oxidation of palmitate but not octanoate. Despite a failure to demonstrate 

measurable changes in the in vitro activity of A M P K and A C C , alterations in myocardial 

C o A esters indicate that A C C activity was reduced in the presence of A I C A R , 

presumably as a consequence of allosteric A M P K activation. Thus, these data provide 

novel evidence that pharmacological activation of A M P K selectively stimulates long-

chain fatty acid oxidation in the isolated working rat heart. 

A I C A R selectively stimulates the oxidation of palmitate, a long-chain fatty acid, 

but not octanoate, a medium chain fatty acid (Figures 5-1A and 5-IB); a finding 

consistent with current concepts of the regulation of myocardial fatty acid oxidation. The 

selective stimulation o f palmitate oxidation by A I C A R is entirely in keeping with the 

concept that long-chain fatty acids, such as palmitate, require CPT-1 for transport into the 

mitochondrial matrix in order to be oxidized, while short- or medium-chain fatty acids, 

such as octanoate, are independent of CPT-1 . The finding that rates of fatty acid 
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oxidation are increased in response to increased perfusate fatty acid concentrations 

(Figure 5-2A and 5-2B) is also in line with previously reported data (2). 

A s expected, hearts perfused in the absence of A I C A R but with high (1.2mM) 

palmitate, demonstrate a reduction of glycolysis when compared with hearts perfused at 

low (0.4mM) palmitate, presumably via increased production of citrate, a well known 

inhibitor of glycolysis (1). However, the reduction in glycolysis in hearts perfused with 

1.2mM palmitate is only significant (p-.03) before the correction for multiple 

comparisons, and may therefore be considered of "borderline" significance. The 

glycolytic rates in these hearts correspond well with those measured previously in hearts 

perfused under similar conditions (169). 

We did not expect A I C A R to directly alter glycolytic rates. However, increases 

in fatty acid oxidation, as a result of A I C A R , should reduce glycolytic rates in the same 

manner as increased fatty acid concentrations. This is exactly what occurred in the low 

palmitate group (Figure 5-2A). That this effect did not occur in the high palmitate group 

suggests that this effect may only be evident to a certain level o f fat oxidation/citrate 

production, beyond which increases in fatty acid oxidation do not further decrease rates 

of glycolysis. 

Despite the expected biological effect (i.e., increased palmitate oxidation), 

stimulation of measured A M P K activity in hearts exposed to A I C A R was not detected. 

That A I C A R increases myocardial long-chain fatty acid oxidation in the hearts suggests 

that A I C A R did indeed activate A M P K . I speculate that measurements of A M P K 

activity in vitro do not necessarily reflect the extent of its activation by A I C A R in the 

intact heart. A I C A R readily enters cardiac myocytes and is converted to Z M P (5-amino-
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4-imidazolecarboxamide riboside monophosphate), presumably by adenylate kinase 

(170). Z M P has been shown to mimic the effects of A M P on A M P K in adipose and 

hepatic cells by direct allosteric activation and by promotion o f phosphorylation of 

A M P K by the upstream A M P K K (97). A concentration of as low as 2 0 0 u M has been 

shown to produce a measurable increase in A M P K activity in 7-day old rabbit hearts 

(167). It may be that in the isolated adult rat heart exposure to the concentration of 

A I C A R used in the current studies (400uM) is sufficient to allosterically activate A M P K , 

but is insufficient to activate the upstream kinase and cause increased phosphorylation of 

A M P K . This allosteric activation of A M P K w i l l not be detectable following 

homogenization, polyethylene glycol precipitation and dilution prior to the A M P K assay 

(97). Exposure of hearts to higher concentrations of A I C A R may result in measurable 

increases in A M P K activity as a result of increased phosphorylation of A M P K . A 

corollary o f this finding is that the factors determining the balance between 

phosphorylation and dephosphorylation of A M P K in the rat heart are less sensitive to 

A M P (and presumably A I C A R ) that other organs and the hearts of other species. 

A C C activity measured in hearts perfused with palmitate and low octanoate, 

corresponds wel l with values previously published for A C C in its phosphorylated, 

inhibited state (101). We expected to measure a decrease in A C C activity in hearts 

perfused with A I C A R , since palmitate oxidation increased significantly. However, we . 

only measured a slight but insignificant decrease in A C C activity in palmitate-perfused 

hearts. A possible explanation for the lack of a measurable decrease in A C C activity in 

palmitate- and low octanoate- perfused hearts may be that the A C C is already fully 

inactivated. A C C activity in hearts perfused with high levels of octanoate (2.4mM) was 
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significantly elevated compared to the corresponding values in hearts perfused with low 

octanoate; the mechanism of which is not apparent from these studies. 

Both acetyl C o A and malonyl C o A levels are low in palmitate-perfused hearts 

(Table 5-3) compared to values previously reported for hearts perfused under similar 

conditions (16, 101). The lower values may be a result of the lower (5.5 vs l l m M ) 

glucose concentration in the perfusate, used in the present study. Hearts perfused in the 

absence o f glucose possess even lower malonyl-CoA contents (16). In octanoate-

perfused hearts, on the other hand, levels of acetyl C o A and malonyl C o A are similar to 

those measured by Saddik et al (16). 

In general, increasing acetyl C o A content is accompanied by increasing malonyl 

C o A content in the absence of A I C A R . This tendency for acetyl C o A and malonyl C o A 

to change correspondingly has been reported previously (16). Saddik et al (16) suggested 

that A C C - 2 8 0 , the predominant A C C isoform in the heart, is a substrate-driven enzyme 

and that increases in the amount of acetyl C o A available to the enzyme lead to increases 

in the amount o f malonyl C o A . Importantly, in palmitate-perfused hearts, increased 

acetyl C o A content is not accompanied by increased content of malonyl C o A in the 

presence o f A I C A R . In fact, the content of malonyl C o A decreases relative to that of 

acetyl C o A (Table 5-3). This finding suggests that A C C was effectively inhibited in 

these hearts. This relationship between acetyl C o A and malonyl C o A is unchanged by 

A I C A R in the presence of octanoate. It is possible that, the effect of phosphorylation on 

myocardial A C C may be o f greater importance when levels of acetyl C o A are relatively 

low, but becomes overpowered by the increased availability of acetyl C o A as in the 

presence of octanoate. 
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Failure to observe a significant decrease in malonyl C o A levels in hearts exposed 

to A I C A R , even though rates o f palmitate oxidation were significantly increased, has 

previously been reported. Although a correlation between total tissue levels o f malonyl 

C o A and fatty acid oxidation has been observed by some investigators (16, 101, 171), 

others have reported none (158). The latter investigators proposed that the lack of 

correspondence between measured total malonyl C o A levels and changes in fatty acid 

oxidation results from the compartmentalization of malonyl C o A in the heart (158), an 

explanation that may account for the findings in the current study. 
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C H A P T E R 6 

E F F E C T O F 5 ' A M P - A C T I V A T E D PROTEIN KINASE 
A C T I V A T I O N B Y A I C A R O N G L Y C O G E N M E T A B O L I S M IN 

I S O L A T E D W O R K I N G R A T H E A R T S 
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INTRODUCTION 

In cardiac and skeletal muscle, activation of A M P K is associated with increased 

energy production. For example, studies of skeletal muscle in vivo (102) and in vitro (90) 

show that A M P K is activated and fatty acid oxidation elevated during prolonged exercise 

or increased electrical stimulation. In isolated hearts exposed to global ischemia, 

phosphorylation and inhibition of acetyl C o A carboxylase as well as a reduction in its 

end-product, malonyl C o A , accompany activation of A M P K (160). During subsequent 

reperfusion of the hearts, A M P K activity remains high and the accompanying reduction 

in malonyl C o A levels, which relieves the inhibition of C P T - l and stimulates transport of 

long chain fatty acids into the mitochondria (160), leads to accelerated rates o f fatty acid 

oxidation (101). Glucose uptake in skeletal (103, 107, 108) and in cardiac (113) muscle 

has also been shown to be increased upon activation of A M P K , by increases in workload, 

or by exposure to 5-aminoimidazole-4-carboxamidel-B-ribofuranoside ( A I C A R ) , a cell 

permeable activator o f A M P K (97). Taken together, the results o f these studies support 

the concept that activation o f A M P K increases myocardial energy production by 

stimulating both fatty acid oxidation and glucose utilization. 

There is evidence to suggest that A M P K may participate in the regulation of 

glycogen metabolism. A M P K has been shown to phosphorylate glycogen synthase 

purified from rabbit skeletal muscle (81) at a site known to be phosphorylated in vivo and 

to be associated with inactivation of the enzyme (82, 83). A M P K also phosphorylates 

purified rabbit skeletal muscle phosphorylase kinase, the kinase responsible for 

phosphorylating and activating glycogen phosphorylase (81). Similarly, isolated soleus 

muscle exposed to I m M A I C A R showed increased rates of glycogenolysis and elevated 
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levels of glycogen phosphorylase activity (84). However, the effects of A M P K - i n d u c e d 

changes in phosphorylation on enzyme activity and on glycogen metabolism in the intact 

heart are not yet fully known. If physiologically relevant, the phosphorylations should 

lead to simultaneous inactivation of glycogen synthase and activation of glycogen 

phosphorylase and, thereby, promote the breakdown of glycogen to increase energy 

production from endogenous glucose. This scenario makes great intuitive sense when the 

importance of glycogen as a fuel during times of metabolic stress is considered (140). 

In order to activate A M P K in this study, hearts were exposed to A I C A R , a cell 

permeable activator o f A M P K . Following entry into the cell, A I C A R is phosphorylated 

to form Z M P , the monophosphorylated derivative of A I C A R and a constituent o f the de 

novo purine synthesis pathway (97, 170). Z M P mimics the multiple effects of A M P on 

A M P K causing not only allosteric activation but also promoting its phosphorylation and 

activation by the upstream kinase, A M P K kinase (24, 172). 

In the present study, we tested the hypothesis that increased A M P K activity 

promotes glycogenolysis by increasing glycogen phosphorylase activity and decreasing 

glycogen synthase activity. The effects of A M P K activation by A I C A R on myocardial 

glycogen metabolism were determined in isolated working rat hearts exposed to various 

concentrations of the cell permeable A M P K activator, A I C A R . 

M E T H O D S 

The hearts were isolated, cannulated (as described in Chapter 2) and perfused 

with a left atrial preload of 11.5mmHg and an aortic afterload o f 80mmHg for 40 

minutes. During the working mode, the K H solution contained 2 .4mM octanoate, 5 .5mM 
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[5- H]-glucose, 0 .5mM lactate, and 2 .5mMCa . Octanoate was used as the fatty acid 

source because AICAR-induced activation of A M P K does not significantly increase its 

oxidation (see Chapter 5) (173). In this way, confounding effects of enhanced fatty acid 

oxidation were minimized. Hearts were paced (250 beats per min, bpm) i f the intrinsic 

heart rate fell below 230 bpm; A I C A R was found to have slight negative chronotropic 

effects in preliminary experiments. When present, A I C A R was included in the perfusate 

o f selected hearts at concentrations of 0.4, 0.8, or 1.2mM. Control hearts were perfused 

with no further additions to the perfusate. In addition, selected groups o f hearts were 

exposed either to an inhibitor of mitochondrial long-chain fatty acid oxidation, Etomoxir 

(10" 8mM) (119, 174), or to insulin (100(LiUnits/mL). Etomoxir was included in these 

experiments in order to inhibit stimulation of the breakdown of endogenous triglycerides 

by A M P K , an effect that may inhibit any glycogenolytic effects of activated A M P K on 

glycogenolysis. 

Biochemical Analysis 

A M P K activity was determined in heart tissue as described in the Methods 

section. P K A activity was determined because of the importance o f P K A in regulating 

glycogen metabolism and to rule out potential effects of AICAR-induced changes in its 

activity. Myocardial glycogen synthase and phosphorylase were determined as described 

in the Methods Section (Chapter 2). In addition, the protein concentration was measured 

in a portion of the tissue homogenate using the bicinchoninic acid method (Sigma 

Chemical Co. , Procedure #TPRO-562) in order to normalize the enzyme activities to the 

total protein content. Values for glycogen synthase and phosphorylase are expressed 
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both as percentage active o f total and in pmol/minute/mg protein. Myocardial glycogen 

content was determined as described in the methods section. A portion of the glycogen 

extract was used to determine enrichment and specific activity of the glycogen pool by 

[ 3H] and [ 1 4 C] using Fisher SX30 scintillation fluid and standard counting procedures 

(69). 

Data Analysis 

Data are expressed as mean±SEM. Individual group means of heart function 

(mean values calculated from 20- to 40-minute time points), A M P K and P K A activity, 

glycogen synthase and phosphorylase activity, and glycogen data, were compared using 

t-tests. The Bonferroni procedure was applied to all tests to correct for multiple tests and 

comparisons. A corrected value of/?<0.05 was considered significant. 

R E S U L T S 

Heart Function 

Heart function was stable over the 40min perfusion in all groups (Figure 6-1). 

Neither A I C A R nor insulin had any significant effect on mechanical function o f the 

perfused hearts. However, in hearts exposed to Etomoxir, significant increases in peak 

systolic pressure (12214.9 vs 103±3.2mmHg at OmM A I C A R and 12314.9 vs 

10412.9mmHg at 1.2mM A I C A R ) as well as in mechanical function (29.811.0 vs 

24.810.9mmHg/min-10" 3 at OmM A I C A R and 29.111.0 vs 24.010.6mmHg/min-10" 3 at 



102 

351 

o 
r - H 

30 

25 
O h 

%t> 201 

I 151 

ca 
.2 10| +-> o 
ca 

OmM AICAR (n=10) 
0.4mM AICAR (n=6) 
0.8mM AICAR (n=5) 
1.2mM AICAR (n=5) 
OmM AICAR+Ins (n=7) 
1.2mMAICAR+Ins (n=5) 

0 
10 20 30 40 

Time (minutes) 
Figure 6-1: Mechanical function of isolated working rat hearts perfused in the 
presence and absence of A I C A R . Values are mean+SEM. 
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AICAR (mM) 
Figure 6-2: A M P K activity of hearts exposed to A I C A R and/or lOOpU/mL Insulin 
(Ins). Values are mean±SEM, +, significantly different from no A I C A R value, P<.05; 
#, significantly different from 0 .4mM A I C A R value, P<.05. 
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1.2mM A I C A R ) were observed. Hearts exposed to Etomoxir were evaluated separately, 

simply because of these functional differences. 

Activity of AMPK and PKA 

A M P K activity in hearts perfused in the presence and absence o f A I C A R is 

shown in Figure 6-2. Activi ty of A M P K was increased by A I C A R , but the increase was 

significant only for 1.2mM A I C A R . Although lower concentrations of A I C A R did not 

result in a statistically significant increase in A M P K activity, the stepwise increase in 

A M P K activity corresponded well with the stepwise increase in A I C A R concentration. 

A M P K activity was not significantly different in hearts exposed to insulin. However, the 

increase in A M P K activity in hearts exposed to 1.2mM A I C A R observed in the absence 

of insulin was not observed in hearts perfused in the presence of insulin. There were no 

significant differences in P K A activity among any of the groups (Figure 6-3), indicating 

that P K A activity was not influenced by A I C A R or insulin and that alterations in P K A 

activity could not account for any changes in activity of glycogen synthase or 

phosphorylase observed. 

Activities of Glycogen Synthase and Glycogen Phosphorylase 

Values of glycogen phosphorylase and glycogen synthase are summarized in 

Table 6-1. Although hearts perfused with A I C A R at all concentrations (0.4mM, 0 .8mM 

and 1.2mM) tended to have lower contents of glycogen synthase I-form, only the 0 .4mM 

A I C A R group possessed a significantly reduced level. This trend did not persist in the 
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A I C A R (mM) 
Figure 6-3: P K A activity of isolated hearts perfused with A I C A R and/or 
lOOpU/mL Insulin (Ins). Values are mean±SEM. 
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values calculated for %I. Glycogen synthase I was not significantly altered in hearts 

perfused in the presence of insulin. N o differences were observed for either the a-form or 

the %a measured for glycogen phosphorylase. For both glycogen synthase and . 

phosphorylase, no significant differences were observed for the total measured enzyme 

and mean values were 3.671.09 and 385128 nmol/mg protein/min, respectively. 

Glycogen Content and Incorporation of Radiolabeled Glucose into Glycogen 

Total myocardial glycogen content did not differ significantly between any of the 

groups perfused without insulin (Table 6-2). However, in hearts perfused in the presence 

o f 1.2mM A I C A R , the addition of insulin resulted in a significantly increased total 

glycogen content. Incorporation of radiolabeled glucose, which is a measure of net 

glycogen synthesis during the perfusion (69), was not altered by the presence o f A I C A R 

(Table 6-2). Although the net glycogen synthesis tended to be increased in both groups 

of hearts (OmM and 1.2mM A I C A R ) in the presence o f insulin, it was significantly 

elevated only in hearts perfused without A I C A R . 

Hearts perfused in the presence of Etomoxir 

In hearts perfused with Etomoxir, values were similar to all other groups and no 

differences were observed between groups perfused with OmM or 1.2mM A I C A R , 

among any of the measured values (Table 6-3). 
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Table 6-2: Myocardial glycogen content 

Group Glycogen Net Glycogen Synthesis 
(pmol/g dry wt) (pmol/g dry wt) 

OmM A I C A R 81.8±3.3 (n=7) 8.9±0.8 (n=4) 
0 .4mM A I C A R 93.5±5.0 (n=6) 10.7±1.2 (n=4) 
0.8mM A I C A R 78.8+3.4 (n=5) 9.3±0.4 (n=4) 
1.2mM A I C A R 86.9±3.4 (n=4) 9.1±2.0 (n=5) 

OmM AICAR+Ins 82.9±3.9 (n=5) 14.91+0.7* (n=5) 
1.2mM AICAR+Ins 110.0+5.0* (n=4) 15.6+2.2 (n=6) 

Values are mean+S.E.M., Insulin (Ins) was added to the perfusate at a concentration of 
lOOpUnits/mL where indicated. *, significantly different from corresponding hearts 
without insulin. P<0.05. 

Table 6-3: Hearts perfused in the presence o f Etomoxir (10" m M ) 

OmM A I C A R 1.2mM A I C A R 

A M P K (pmol/min/mg protein) 670+74 (n=6) . 432+39 (n=5) 
P K A (pmol/min/mg protein) 594+36 (n=6) 440+71 (n=6) 

Glycogen synthase (% I) 41.7+0.7 (n=5) 35.3+2.0 (n=5) 
Glycogen phosphorylase (% a) 10.9+2.5 (n=4) 10.4+0.7 (n=3) 

Glycogen (pmol/g dry wt) 91.9+4.3 (n=4) 91.0+5.5 (n=6) 
Net Glycogen Synthesis (pmol/g dry wt) 10.5+0.8 (n=5) 10.7+0.9 (n=6) 

Values are mean+S.E.M. 



108 

DISCUSSION 

In this study, I demonstrate that myocardial A M P K is activated by A I C A R in 

isolated working rat hearts in a dose-dependent manner. Under the conditions used in 

these investigations, increased A M P K activity was not accompanied by changes in the 

activities of glycogen synthase or glycogen phosphorylase, or by changes in glycogen 

content. 

The values of A M P K activity observed in this study correspond well with 

previously reported values of A M P K activity measured in isolated, perfused rat hearts 

(23, 101, 158, 175). Measurable activity of A M P K , which is a reflection of 

phosphorylation of the kinase (103), was significantly increased only in the presence o f 

1.2mM A I C A R (Figure 6-2), a concentration in keeping with that causing activation of 

A M P K in rat heart in vivo (113). Other investigators have shown that lower 

concentrations o f A I C A R (0.2mM) can activate A M P K in isolated hearts from newborn 

rabbits (167). This finding suggests that species and/or age-related differences exist in 

the regulation of the phosphorylation state of A M P K . O f importance, the magnitude o f 

the increase in A M P K activity measured in the presence o f 1.2mM A I C A R in this study 

is in line with (101), or slightly less than (23), increases seen in isolated working rat 

hearts exposed to ischemia or ischemia followed by reperfusion. Thus, pharmacological 

activation o f A M P K by A I C A R is comparable to the activation seen in the isolated hearts 

exposed to physiologic stimuli. Interestingly, the increase in A M P K activity in hearts 

exposed to 1.2mM A I C A R is not seen in the presence o f insulin. These results are in 

agreement of those reported by Gamble et al (158), in which reduced A M P K activity was 
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measured in the presence of an increased perfusate insulin concentration. However, 

A I C A R may stimulate A M P K both covalently (by phosphorylation) and allosterically 

(24, 172), while only the covalent modifications w i l l be reflected in our measurements 

(97). Thus, A M P K activity is significantly increased in the presence of 1.2mM A I C A R 

in the absence o f insulin, and although A M P K activity is not measurably increased in the 

presence of both A I C A R and insulin, some allosteric effects of A I C A R may be acting. 

The mechanism(s) by which insulin reduces A I C A R activation of A M P K or by which 

increased insulin levels dephosphorylate and inhibit A M P K (158) have yet to be 

determined. 

Values measured for glycogen synthase correspond well with those previously 

reported (53, 175). A s expected from the phosphorylation pattern of purified glycogen 

synthase in vitro (81), glycogen synthase I decreased (Table 6-1) in hearts exposed to 

0 .4mM A I C A R . However, this decrease in activity did not persist when the glycogen 

synthase activity was expressed as %I. In addition, glycogen synthase activity was not 

decreased in the presence of higher (0.8mM and 1.2mM) A I C A R concentrations. Thus, 

under the conditions examined in this study, A M P K activation by A I C A R does not 

inhibit glycogen synthase activity. 

In fact, A I C A R may promote the activation of glycogen synthase by increasing 

the intracellular concentration of glucose-6-phosphate. In preliminary experiments, I 

have measured a significant increase in glucose 6-phosphate in isolated hearts perfused in 

the presence of 2.OmM A I C A R (1.5±0.08 vs 1.0±0.04), results which are in agreement 

with studies reported by our laboratory in palmitate-perfused hearts (176). Because 

AMPK-st imula ted uptake of glucose 6-phosphate levels had not been reported at the time 
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of these experiments, glucose 6-phosphate levels were not measured. Glucose 6-

phosphate is degraded in frozen tissue and thus can no longer be measured in hearts 

perfused for this study. In addition to its allosteric activation of glycogen synthase, 

glucose 6-phosphate can promote activation via dephosphorylation (52). Thus, A I C A R 

may stimulate both the inhibition of glycogen synthase via phosphorylation by A M P K as 

well as the activation of glycogen synthase by increasing glucose 6-phosphate levels. 

Although not statistically significant, insulin promotes an increase, as expected, in 

glycogen synthase activity. The absence of an increase in glycogen synthase activity in 

the presence o f insulin when 1.2mM A I C A R is present in the perfusate provides further 

support for an inhibitory role of A M P K on glycogen synthase. 

Glycogen phosphorylase values correspond well with those previously reported in 

heart (177-179). N o significant differences were measured among any o f the groups 

(Table 6-1). Therefore, increases in A M P K activity in the presence of A I C A R do not 

result in activation of glycogen phosphorylase in isolated hearts under the conditions 

studied. From the results of previous reports (81) (84), it may be reasoned that A I C A R 

promotes the phosphorylation and activation of glycogen phosphorylase via the 

stimulation of A M P K . However, results of the present study do not support a role for 

A M P K in the activation of myocardial glycogen phosphorylase under these conditions. 

Discrepancies between these studies may arise from differences existing between skeletal 

and cardiac muscle or as a result of differing experimental preparations. 

Total myocardial glycogen did not differ significantly among groups, except in 

hearts perfused in the presence of both A I C A R and insulin, in which it was increased 

relative to hearts perfused in the absence of insulin and A I C A R (Table 6-2). This finding 
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is consistent with that of Russell et al (113) who found no change in glycogen content in 

rat ventricular papillary muscles exposed to I m M A I C A R . However, this finding 

contrasts with that of others who found that exposure of isolated soleus muscle to A I C A R 

resulted in activation o f glycogen phosphorylase and stimulation of glycogenolysis (84). 

These discrepant findings may be a reflection of differing sensitivities of the adult rat 

heart and skeletal muscle to the effects of A I C A R . Alternatively, they may result from 

differences in the relative importance of phosphorylation and allosteric control of 

glycogen metabolism between cardiac and skeletal muscle. Among hearts perfused 

without A I C A R , the reason for a lack of a significant increase in glycogen content in 

hearts perfused with insulin is not immediately apparent. That the glycogen content o f 

hearts perfused in the presence of both insulin and A I C A R is significantly elevated l ikely 

results from an increase in intracellular glucose 6-phosphate levels; a view supported by 

preliminary data obtained by others in our laboratory (176). 

It is important to recognize that determination of total glycogen content alone is 

insufficient to accurately assess myocardial glycogen metabolism because it fails to 

account for simultaneous synthesis and degradation of glycogen (i.e. glycogen turnover). 

Although we did not directly measure glycogen turnover in these experiments, we did 

determine net glycogen synthesis by measuring the extent of incorporation of 

radiolabeled glucose in the perfusate into glycogen. A s with total glycogen content, net 

synthesis of glycogen did not differ significantly among groups (Table 6-2), except in 

hearts perfused in the presence of insulin. When insulin was added to the perfusate, 

hearts tended to synthesize more glycogen, as expected, although this increase was 

statistically significant only in hearts perfused without A I C A R . 
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Control of the enzymes of glycogen synthesis and degradation and, thereby, 

regulation of overall glycogen metabolism is complex. Myocardial glycogen content at 

any given time is a reflection of a balance between the effects of the phosphorylation 

state of relevant enzymes and key allosteric mediators which include 5 ' A M P , A T P , 

inorganic phosphate, and glucose-6-phosphate (5, 8). Unfortunately, these allosteric 

mediators were not measured in the current experiments. However, it has been shown 

that A I C A R does not significantly alter 5 ' A M P levels in skeletal muscle (103) or in wel l -

perfused hearts (170). O f further relevance to the findings in the current study, is the now 

well-recognized effect of A M P K activation to cause translocation of glucose transporters 

to the plasma membrane and enhance glucose uptake in heart and skeletal muscle (107, 

108, 111, 113). Glucose-6-phosphate has a number o f regulatory effects on glycogen 

metabolism (5, 8). These include an inhibition of unphosphorylated and partially 

phosphorylated forms of glycogen phosphorylase and stimulation of glycogen synthase 

(8, 52). B y way o f these effects, glycogen levels typically increase when glucoses-

phosphate is high and decrease when glucose-6-phosphate is low. Thus, the increase in 

glucose 6-phosphate levels promoted by exposure to A I C A R may obscure any 

glycogenolytic effects stimulated by the activation of A M P K . 

In order to avoid the confounding effects of increasing long-chain fatty acid 

oxidation by A I C A R (see Chapter 5), the medium-chain fatty acid octanoate was used in 

these experiments. However, the use of a fatty acid that is not regulated at the level of 

mitochondrial transport, l ikely resulted in high fatty acid oxidation rates. Elevated fatty 

acid oxidation rates may promote glycogen synthesis by inhibiting glycolysis (via 

inhibition of phosphofructokinase by increased citrate) and increasing levels of glucose 
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6-phosphate. Thus, studies using lower exogenous fatty acid concentrations may provide 

further insight into the role of A M P K in cardiac glycogen metabolism. 
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SUMMARY 

On the basis of these experiments, several important and novel conclusions may 

be made regarding myocardial glycogen metabolism. In non-ischemic, normoxic, 

isolated, working rat hearts perfused with insulin and physiologic concentrations of fatty 

acid, net glycogenolysis occurs and glycogen contributes significantly to overall 

myocardial glucose utilization, accounting for 41% of the A T P produced from glucose 

metabolism. Under these conditions, glucose from myocardial glycogen is also oxidized 

preferentially compared with exogenous glucose, consistent with the concept that 

myocardial carbohydrate metabolism is compartmentalized, see Figure 7-1. Furthermore, 

substantial glycogen turnover (i.e., simultaneous synthesis and degradation) occurs in the 

aerobic heart in the presence of net glycogenolysis. However, during periods o f net 

glycogen synthesis, glycogen turnover does not persist, as no glycogen degradation 

occurs. In addition, my data support the concept that myocardial glycogen is degraded in 

a random as opposed to an ordered manner. 

Studies reported in this thesis also provide evidence to support new and important 

roles for A M P K in myocardial metabolism. In this study, we show that A I C A R , a cell 

permeable activator o f A M P K , stimulates oxidation of palmitate but not octanoate. 

Despite a failure to demonstrate measurable changes in the in vitro activity of A M P K and 

A C C , alterations in myocardial C o A esters indicate that A C C activity was indeed 

reduced in the presence of A I C A R , presumably as a consequence of the allosteric 

activation o f A M P K by Z M P . Thus, my data show for the first time that pharmacological 

activation of A M P K selectively stimulates long-chain fatty acid oxidation in the isolated 

working rat heart. 
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Figure 7-1: Preferential oxidation o f glycogen-derived glucose 6-phosphate. 

Arrow thickness represents ratios of rates within each pathway (i.e., glucose-lactate/TCA 
cycle or glycogen-lactate/TCA cycle). 
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Further, and as predicted, A M P K activity tends to increase with increasing 

workloads and tends to decrease with increasing exogenous fatty acid concentrations in 

the absence of AMPK-st imula t ing agents. Activation of A M P K by A I C A R in the 

isolated working rat heart does not alter glycogen content or glycogen phosphorylase or 

glycogen synthase activities under the conditions examined. However, further study is 

required for the complete characterization of the role of A M P K in cardiac glycogen 

metabolism (see Future Directions). 

F U T U R E DIRECTIONS 

Myocardial glycogen metabolism and its regulation 

Unti l recently it was assumed, but not confirmed by experimental evidence, that 

glucose from myocardial glycogen is metabolized in the same manner as exogenous 

glucose. Our data indicate that, in fact, glucose from glycogen is preferentially oxidized 

compared with exogenous glucose. This finding is entirely in keeping with observations 

in vascular smooth muscle (77, 78). Our data suggest that energy metabolism is also 

compartmentalized within cardiac myocytes, a view consistent with more recent reports 

by our laboratory (72, 140) and by others (141, 142). Glycogen-derived glucose and 

exogenous glucose may be treated differently in the heart as a result of: 1) functional 

compartmentation, as proposed in vascular smooth muscle (78), in which glycogen-

derived glucose is streamed through the oxidative pathway to support contractile 

function, whereas exogenous glucose is metabolized to a greater extent by glycolysis, or 

2) different cell populations which have different preferences for energy sources o f A T P 
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production. Both the details and the mechanism of preferential oxidation in the heart 

remain to be characterized and may provide insight into strategies for manipulating 

glucose and glycogen metabolism. 

Because the metabolism of glycogen through oxidation generally produces one 

less H + ion than the oxidation of glucose, and because increased levels o f H + ion have 

been implicated in reduced recovery following ischemia (49), it may be that promoting 

glycogen use during periods of ischemia w i l l result in better functional recovery. The 

effects of stimulating glycogen metabolism on H + ion production and on recovery 

following ischemia have yet to be characterized. If stimulation of cardiac glycogen 

metabolism proves beneficial, further studies in the structure o f glycogen may be very 

important. In heart, proglycogen exists in great excess over macroglycogen, 25:1, on a 

molar basis (68), suggesting that the heart may actually possess a large, untapped, 

glycogen storage capacity (67). Thus, the combination of elevating cardiac glycogen 

capacity as well as stimulating its use may offer protective effects during periods of 

metabolic stress. 

AMPK effects on myocardial metabolism 

In the studies presented in this thesis, palmitate oxidation was increased in hearts 

exposed to A I C A R . These data support the previously reported hypothesis that A M P K 

stimulates long-chain fatty acid oxidation by relieving the inhibition o f malonyl C o A on 

CPT-1 through the phosphorylation and inactivation of acetyl C o A carboxylase (23, 101). 

However, additional investigations are required in order to verify the mechanism of 

action of A M P K on fatty acid oxidation. Interestingly, in the studies presented in this 
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thesis, a trend of decreasing A M P K activity with increasing perfusate fat concentrations 

is reported. These results provide evidence for the existence of another branch o f a fatty 

acid ox ida t ion-AMPK regulatory loop; elevated fatty acid oxidation, promoted by 

increased exogenous fatty acid concentration may inhibit the phosphorylation and 

activation o f A M P K . However, further studies are required in order to characterize the 

regulatory relationships between fatty acid oxidation and A M P K . 

Under the conditions examined in this thesis, increased A M P K activity was not 

accompanied by changes in the activities of glycogen synthase or glycogen 

phosphorylase, or by changes in glycogen content. The medium-chain fatty acid, 

octanoate, was used in these studies rather than palmitate, in order to eliminate the 

stimulation of long-chain fatty acid oxidation by A M P K . However, rates of fatty acid 

oxidation are high in the presence of octanoate (see Chapter 5), presumably as a result of 

the lack of regulation in mitochondrial transport. High levels of fatty acid oxidation 

promote glycogen synthesis, and thus may have blunted the predicted glycogenolytic 

effects of A M P K . Studies in which myocardial fatty acid oxidation is reduced (by 

reducing exogenous fatty acid concentration and/or by using a long-chain fatty acid such 

as palmitate) may provide further insight into the role of A M P K in glycogen metabolism. 

A t present, studies investigating the role of A M P K in the heart are limited by the 

lack of specific inhibitors of A M P K in addition to the lack of alternative activators. 

Stimulation o f A M P K by periods of stress such as ischemia or elevated workload likely 

alter many aspects o f cardiac metabolism and thereby contribute confounding factors. 

Studies using techniques involving isolated myocytes or transgenic and knockout animals 

provide approaches that may allow the manipulation of A M P K activity without other 
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potential confounding effects and may provide much insight into the metabolic effects of 

A M P K . 
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