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Preface

This special issue ofMolecular and Cellular Biochemistry
contains original research papers as well as invited reviews
focused in the field ofcardiac metabolism and its regulation
under normal and disease conditions. These papers cover
many areas under intensive and rapid development such as
regulation of fatty acid oxidation in the heart, role ofcardiac
glycogen during ischemia, role of CPT I isoenzymes,
pathophysiology of diabetic cardiomyopathy, cardiac pro
tection through regulation ofenergy production, role of fatty
acid binding protein under normal and pathological con
ditions and several other important topics in this area of
research. We hope that this special issue of Molecular and
Cellular Biochemistry provides an up-to-date source of
information for scientists and clinicians interested in the
mechanism by which cardiac metabolism is regulated in

health and disease and mechanistic relationship between
disturbance in cardiac metabolism and genesis of cardio
vascular diseases.
The editors would like to express their gratitude to the
Editor-in-Chief, Naranjan S. Dhalla, for publishing this
focused issue. The editors are also grateful to Dr. RobertW.
Anderson, Chairman of Surgery Department, Duke Uni
versity Medical Center, for his support and encouragement.

SALAH ABDEL-ALEEM and JAMES E. LOWE
Department of Surgery

Duke University Medical Center
Box 3954

Durham, NC 27710
USA
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Glucose and glycogen utilisation in myocardial
ischemia - Changes in metabolism and
consequences for the myocyte

L.M. King and L. H. Opie
MRCIUCT lschaemic Heart Disease Research Unit, UCT Medical School, Anzio Road, Observatory, Cape Town, South
Africa

Abstract

Experimentally, enhanced glycolytic flux has been shown to confer many benefits to the ischemic heart, including maintenance
of membrane activity, inhibition of contracture, reduced arrhythmias, and improved functional recovery. While at moderate
low coronary flows, the benefits of glycolysis appear extensive, the controversy arises at very low flow rates, in the absence
of flow; or when glycolytic substrate may be present in excess, such that high glucose concentrations with or without insulin
overload the cell with deleterious metabolites. Under conditions of total global ischemia, glycogen is the only substrate for
glycolytic flux. Glycogenolysis may only be protective until the accumulation of metabolites (lactate, H+, NADH, sugar
phosphates and Pi ) outweighs the benefit of the ATP produced.
The possible deleterious effects associated with increased glycolysis cannot be ignored, and may explain some of the

controversial findings reported in the literature. However, an optimal balance between the rate ofATP production and rate of
accumulation of metabolites (determined by the glycolytic flux rate and the rate of coronary washout), may ensure optimal
recovery. In addition, the effects of glucose utilisation must be distinguished from those of glycogen, differences which may
be explained by functional compartmentation within the cell. (Moll Cell Biochem 180: 3-26, 1998)

Key words: glycolysis, glycogenolysis, high energy phosphate stores, glycolytic flux, cardiomyocytes, myocardial ischemia

Introduction

Increased provision of glucose is usually beneficial to the
ischemic myocardium, as anaerobic glycolysis may be the
sole source ofenergy. The 'glucose hypothesis' [I] suggests
that the benefits of enhanced glucose provision include
increased energy production, reduced loss of K+ ions and
attenuated arrhythmias, inhibition of changes in the trans
membrane action potential, altered extracellular volume, and
decreased circulating free fatty acids whose intermediates
may be toxic to the ischemic heart. These mechanisms result
in reduced incidence of arrhythmias, reduced ischemic
contracture, and improved recovery of function.
Despite many studies showing benefits of enhanced
glucose utilisation [2-11], there are several important
exceptions. These include (I) a trial published by the British

Medical Research Council in the Lancet, which did not find
a beneficial effect associated with glucose-insulin-potassium
(G1K) treatment ofpatients with infarction [12], (2) a report
showing that addition of glucose in cardioplegic solutions
was detrimental to the myocardium [13], (3) a finding that
reduction in glycogen levels may be beneficial to the globally
ischemic rat heart [14] and (4) the benefits ascribed to
preconditioning (one or more briefepisodes ofischemia and
reperfusion protect against a subsequent sustained ischemic
episode [15]), which are associated with reduced glyco
genolysis [16, 17].
These studies have led to a controversy over the therapeutic

use of glucose provision, with the resultant discontinuance
of GIK therapy for patients with myocardial infarction.
However, the adverse findings described above may largely
be attributed to incorrect dosage of glucose and impaired

Addressfor offprints: L. King, MRCIUCT Ischaemic Heart Disease Research Unit, UCT Medical School,Anzio Road, Observatory 7925, CapeTown, South
Africa



4

removal of metabolites, as well as lack of differentiation
between glycogen and glucose utilisation. We suggest that
glucose provision is beneficial at an optimal concentration,
but that increased glycolysis may indeed be deleterious by
increased metabolite accumulation. Removal of the meta
bolites by increased residual flow should result in increased
recovery with higher glucose concentrations. The basis for
this relationship relies on an understanding of the utilisation
of glucose in ischemia. The regulation of glucose (and
glycogen) metabolism is discussed briefly (for fuller dis
cussions see refs e.g. [18-20]). The perturbations in meta
bolism induced by ischemia are discussed, together with the
implications for the ischemic myocardium. Finally, the
implications of differences in glycogen vs. glucose meta
bolism for the ischemic myocardium are reviewed.

Glucose uptake

The primary determinant of glucose utilisation is the rate of
uptake into the cell, which is mediated by facilitated diffusion
through specific glucose transporters. The rate of uptake is
determined by the concentration gradient, the number of
pores available in the membrane, and the affinity of the
carriers. Once taken up into a cell, glucose is rapidly phos
phorylated, preventing efflux and providing a constant
gradient for glucose uptake.
Two types of facilitated glucose uptake mechanisms are

found in animals. The Na+-dependent co-transport ofglucose,
driven by the Na+ gradient, does not occur in heart cells [21].
Up to six isoforms ofthe facilitative transporters, designated
GLUT, are found, the distributions ofwhich are determined
by the glucose requirements ofthe individual tissue types [21,
22J. GLUT 1 is particularly abundant in red blood cells, and
is also found in myocytes, both within the sarcolemmal and
intracellular vesicle membranes. The insulin-sensitive
glucose transporter, designated GLUT 4 [23], is also distri
buted between vesicles in the cytosolic pool, and the plasma
membrane. Insulin acutely stimulates glucose transport in
muscle and fat by recruiting up to about 40% of cytosolic
GLUT 4 to the plasmamembrane, compared to a normal level
of I%. Glucose uptake can thus be increased by 10-40 fold.
GLUT I translocation may also be triggered by insulin [24].
A recent finding using a transgenic mouse model is that
ablation of the GLUT 4 gene results in cardiac hypertrophy
[25], suggesting that this mechanism ofmetabolic regulation
is an important determinant of cell growth.
GLUT I has a lower affinity (about 5-10 ruM [22]), but a

high capacity for glucose, while GLUT 4 has a low capacity
but a higher affinity (4.3 ruM [26]). However, the relative
numbers of transporters in the cell indicate that GLUT 4 is
largely responsible for insulin-stimulated glucose uptake, and
is far more efficient [26].

Insulin is a major regulatory hormone of carbohydrate
metabolism in the heart [27]. Insulin promotes glucose entry
and stimulates glycolysis, enhances synthesis ofglycogen, fatty
acids and proteins, and inhibits glycogen and fat utilisation.
Insulin receptor activation promotes an intrinsic tyrosine kinase
activity which leads to insulin receptor substrate I (IRS-I)
phosphorylation. IRS-I binds with Src homology 2 proteins
(SH2-phosphotyrosine binding sites), including phospho
inositide 3-kinase (PI 3-kinase), Ras GTPase-activating
protein, phospholipase C and others [28]. PI 3-kinase phos
phorylates phosphoinositides, and is involved in growth factor
stimulation. In addition, PI 3-kinase may mediate GLUT 4
translocation to the membrane [28] and increase glycogen
synthesis. The insulin receptor in tum can be phosphorylated
by protein kinase Ca [29]. The subsequent effects are not clear,
but this finding suggests that insulin activity is affected by
mechanisms which regulate intracellular Ca2+ (e.g. inositol
polyphosphates [30]), and may thus be altered in ischemia.
In transgenic mice, increased expression of GLUT I in

creases glucose uptake and glycogen storage, implying that
glucose transport is the rate-limiting step ofglucose utilisation.
Most factors which increase glucose utilisation act via in
creased recruitment oftransporters to the membrane, including
cAMP following ~ adrenergic stimulation [31, 32], hypoxia
[33],and also possibly ischemia [34, 35]. In addition, the
function ofGLUT 4 transporters within the sarcolemma may
be upregulated, by correct orientation within the membrane
[36--39]. For example, adenosine, an important regulator of
glucose utilisation, may enhance only insulin-stimulated
glucose uptake [35], without any measurable change in
sarcolemmal GLUT 4 density. Changes in transporter orien
tation may also be important in modulating glucose uptake in
ischemic tissue. Cyclic guanosine monophosphate (cGMP)
may also stimulate glucose transport by a direct action on the
transporters [40], although the mechanism is unclear, and has
been disputed [41].
The rate of glucose uptake is also determined by the

metabolic requirements of the cell, dietary state, oxygen
availability, hormones other than insulin (glucagon, cate
cholamines, thyroid), and the relative availability of the
different substrates [27, 42]. In a perfused rat heart, glucose
uptake increases linearly in the range of 1.25-5 ruM glucose,
but is saturated at concentrations above 10-12 mM [43].
Glucose uptake is increased with glycogen depletion [44],
increased work rate [45] or exercise [46] in direct response to
increased energy requirements. In an isolated heart, the
majority ofglucose taken up is oxidised, although some may
go to glycogen synthesis (about 5-10% [47, 48]) and to lactate
formation, depending on the availability of oxygen. In the
presence of other substrates and insulin, the distribution to
glycogen may increase.
Fatty acids compete with glucose as the substrate ofchoice

[45], and limit entry ofglucose when present in high concen-
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trations - the 'glucose-sparing' effect [49]. In vivo, when
blood free fatly acids are elevated, glucose is directed to the
liver for storage as glycogen.

Glucose utilisation within the cell

acids, as well as fatty acid synthesislbreakdown. These cycles
in turn are regulated by substrate balance, hormones (insulin,
adrenaline, glucagon), ions (Mg2+, Ca2+, H+), and the energy
status of the cell (levels ofhigh energy phosphate metabolites
and the cytosolic phosphorylation potential).

Glucose utilisation involves several integrated major path
ways, including glycolysis, glycogen synthesislbreakdown,
the tricarboxylic acid (TCA) cycle, and oxidative phos
phorylation. Intersecting pathways include mechanisms to
reduce the redox potential (the malate-aspartate and the a
glycerophosphate shuttles), anaplerotic pathways to replenish
the TCA cycle, and the contribution of a number of amino

Glycogen

Glycogen is the storage form ofglucose, and is found mainly
in large macroparticles, consisting of 10000--30000 glucose
molecules bound with either a-l,4 (majority of bonds 
straight bond) or a-I,6 linkages (branch points). The macro
molecules have a molecular mass of 104 kDa, and constitute

(SYNTHESIS) (DEGRADATION)

GLUCOSE GLYCOGEN :

PI

1
Glucose 6-phosphate

1
p ••••••••••••••••••••••· ., .· .
: GLYCOLYSIS :
· .· .

Phosphoglucomutase

8
............ phosph~ase G~

....3> phosphatase ,

+ AMP (f) ~e~
:~ - - ~ phos~ase b Phosphorylase a

~~
- -> phosph~al.e bkinese

<:B :~ Glucose 1-phosphatec.

protein kinase A

hi
I
I
I

GLYCOGEN

.... ····iti·~~·~~~-----Insulin

~ (±)
Glucose 6-phosphate

I Phosphogluco'f mutase
Glucose 1-phosphate

h UTP ::t~;:t::~ase
H,OyPPI v cAMP

U P synthase

\ ~;~ UjOP_0-9Iucose~ !
~ UDP Glycogen synthase I 0 :

.................:~?.. cAMP<: .. •· Ca~echolamines

Fig. 1. Glycogen synthesis and degradation. Glycogen synthesis - Glycogen is synthesised from uridine diphosphate glucose (UOP-glucose), an activated
fonn of glucose derived from glucose I-phosphate (G IP) and uridine triphosphate (UTP). Pyrophosphate (PPi) is fonned, and then hydrolysed to 2 Pi, an
essentially irreversible reaction which drives glycogen synthesis. The UOP is then cleaved from the glucose by glycogen synthase and the glucose moiety is
attached to the non-reducing end of a glycogen branch. Synthase phosphatase activates glycogen synthase from an inactive phosphorylated (b or 0) to an
active dephosphorylated fonn (a or I) (0 - dependent on; 1- independent ofG6P). PKA phosphorylates and thus inhibits glycogen synthase. G6P is a potent
stimulator of glycogen synthase activity (from [19, 235]). Glycogen degradation - Phosphorylase is the main enzyme of glycogen breakdown, cleaving
glucose moieties at a-I,4 bonds from a non-reducing end ofa glycogen branch, and phosphorylating these with Pi. However, phosphorylase stops cleaving
when there are 4 tenninal residues from the a-I,6 branch point. A transferase is required to transfer the remaining a·l,4 residues to the linear branch. The
remaining a-I,6 bond is cleaved by amylo-I ,6-glucosidase, which results in a glucose molecule, not GIP. Phosphorylase is upregulated by phosphorylation
(from b - inactive to a - active) by a Ca" -depcndent phosphorylase b kinase. Thus a close co-operation between contraction and glycogen breakdown exists,
regulated by Ca". This kinase is activated by cAMP-dependent protein kinase A following ~-stimulation. PKA simultaneously inhibits glycogen synthesis.
Phosphorylase phosphatase inhibits phosphorylase a by dephosphorylation [20, 51]. Inactive phosphorylase b can be directly stimulated by increases in
AMP, and decreases in G6P and ATP. Phosphorylase a is inhibited by high concentrations of glucose.
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I% ofmuscle mass. Recently, a new acid-precipitable 'form'
of glycogen, or proglycogen, has been described [50]. This
400 kDa molecule has a high protein content (10 vs. 0.35%
in macromolecular form) accounting for its response to acid.
Proglycogen constitutes about 3-50% of total glycogen,
depending on the tissue type (as much as 50% in heart muscle
[19]). Proglycogen is an efficient receptor ofglucose residues
from UDP-glucose and may be an intermediate in the syn
thesis and degradation ofglycogen [19]. Glycogenin, a self
glycosylating protein, thought to be the primer, or backbone
ofglycogen synthesis, has also been described. Glycogenin
forms proglycogen and finally becomes part of the macro
glycogen molecule (for in-depth discussion, see [19]).
Glycogen synthesis is stimulated by insulin, and increased
glucose or glucose 6-phosphate (G6P) levels, while glyco
genolysis is enhanced by cyclic adenosine monophosphate
(cAMP), increased energy requirements and decreased
glucose availability. There are two distinct pathways for
glycogen synthesis and breakdown, each regulated by
hormones which stimulate one pathway, while inhibiting the
other (Fig. I). Glycogen synthesis and utilisation was thought
to follow the 'last on, first off principle, whereby the last
carbon molecule to be attached is the first to be cleaved off,
but this has recently been disputed [47].
Glycogen synthase is the most important enzyme in

glycogen synthesis (Fig. I). Two forms ofglycogen synthase,
one acting on proglycogen and another on macromolecular
glycogen, have been identified [19], possibly accounting for
different rates ofsynthesis ofthe different forms ofglycogen.
Insulin stimulates glycogen synthesis by enhanced glycogen
synthase dephosphorylation via a number ofprotein kinases
(Fig. I) [51]. Insulin also promotes dephosphorylation, and
thus inactivation, of phosphorylase, the primary enzyme in
glycogen breakdown (Fig. I). Insulin also greatly increases
glucose uptake, increasing substrate levels for glycogen
synthesis. Fasting (short term) increases glycogen deposition
by enhanced fatty acid oxidation, and inhibition ofglycolysis
in the absence of insulin [52]. Transient ischemia also
activates glycogen synthase, possibly via G6P-mediated
activation ofphosphatase [53]. This effect appears contrary
to the normal concept of ischemia-induced glycogen break
down, but may be involved in preconditioning and in isch
emia with a residual coronary flow (or hibernation, a chronic
moderate reduction in coronary flow [54]).
About 9 protein kinases phosphorylate/dephosphorylate

glycogen synthase [51], the most important being cAMP
dependent protein kinase A (PKA) [20]. PKA phosphory
lation inhibits glycogen synthase and thus glycogen synthesis
(Fig. I) [55]. Protein kinase C and phosphorylase kinase also
inhibit the enzyme. These factors in tum stimulate glycogen
breakdown.
Glycogen breakdown follows a simple pathway (Fig. I).

A glucose moiety bound by an a-l,4 (straight) bond is

cleaved from the large macromolecule and phosphorylated
by phosphorylaseawith Pi. This occurs without the expend
iture of an ATP molecule, and prevents diffusion out of the
cell. G IP is converted to G6P by phosphoglucomutase, an
enzyme which favours the formation of G6P, unless G6P is
in high concentrations. G6P then enters the glycolytic
pathway. The complete oxidation of G IP (or G6P) yields
about 37ATP, while storage consumes slightly more than one
ATP (although these values are now disputed [56]). The
equilibrium favours glycogen breakdown, thus the energy
yield is very efficient, at about 97%. Glycogenolysis is
stimulated by hypoxia, ischemia, glucagon, and epinephrine.
The rates ofbreakdown ofthe different forms ofglycogen

appear to be very different [57]. Acid-extractable glycogen
reflects changes in ischemia more closely, representing a
subtraction of glycogen more responsive to degradation i.e.
macromolecular glycogen. Glycogen in perchloric precipi
tate, i.e. proglycogen, remained unchanged during ischemia
[57,58].

The glycolytic pathway
The glycolytic pathway is shown in Fig. 2. For the purposes
of the present discussion, glycolysis is defined as the break
down of G6P to pyruvate. G6P is the entry point for both
glucose and glycogen. Glucose is phosphorylated by hexo
kinase (HK) with the hydrolysis of ATP, an essentially
irreversible reaction. An additional ATP is consumed, but 4
ATP are then produced ifglycolysis goes through to pyruvate,
together with 2 (NADH + W). The netATPproduction is thus
2 ATP. If glycogen is broken down, the net production is 3
ATP, because Pi is utilised in the initial phosphorylation step,
rather than ATP. The final product of glycosis is pyruvate,
which can then follow a number of pathways, which deter
mines the total amount of ATP derived from a glucose
molecule. Anaeroic glycolysis implies that pyruvate is
converted to lactate.

Levels ofregulation ofglycolysis
Glucose utilisation is regulated at several points along the
glycolytic pathway as well as by factors governing glucose
transport and glycogenolysis. However, the significance of
regulation at each of these points is still controversial (see
below). In addition, there is much controversy over whether
the control ofglycolysis exists at certain defined points [59
61] or regulation is distributed along the entire length of the
pathway [62-64]. Recent evidence suggests that, under
control conditions with sufficient substrate, the control of
glycolysis rests largely at the level of glucose transport and
hexokinase (58%), and that only 25% ofcontrol is mediated
at steps below phosphoglucoismerase (see Fig. 2) [63]
(remainder - glycogen synthesis). While these proportions
may alter in the presence ofinsulin and other substrates, as well
as ischemia, the fundamental concept is that regulation occurs
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Fig. 2. The glycolytic pathway. Hexokinase phosphorylates glucose on entering the cell. G6P then undergoes a fully reversible conformational change to
fructose 6-phosphate (F6P). Concentrations ofG6P are generally 10 fold higher than ofF6P. F6P is phosphorylated to fructose 1,6-bisphosphate (FI,6-BP)
by phosphofructokinase-l (PFK-I). Because this reaction uses the energy ofATP hydrolysis, the equilibrium greatly favours FI,6-BP. Glucose utilisation
has thus consumed two ATP molecules by this stage, whereas glycogenolysis has consumed only one ATP per glucose residue, and a Pi. The above
compounds are all hexose sugars. However, with 2 phosphate groups attached, the 6-C chain can be symmetrically broken down to two phosphorylated 3-C
chains. Two distinct molecules are formed - glyceraldehyde 3-phosphate (GAP), and dihydroxyacetone phosphate (DHAP). DHAP is either converted to
GAP by triose phosphate isomerase, or to a-glycerophosphate (aGP) (see Fig. 3). To continue glycolysis, GAP is simultaneously oxidised and phosphorylated
with Pi to I,3-bisphosphoglycerate by glyceraldehyde 3-phosphate dehydrogenase (GAPDH). One phosphate group on each 3-C molecule is subsequently
cleaved offto form ATP, when 1,3-bisphosphoglycerate is converted to 3-phosphoglycerate (3PG) by phosphoglycerate kinase. 3PG undergoes a conformational
change to 2-phosphoglycerate, which is dehydrated with the formation of an enol group, to phosphoenolpyruvate (PEP). The high phosphoryl-transfer
potential of PEP allows the transfer of the remaining high energy phosphate group to ADP+W, with the end products ofpyruvate and ATP. This reaction,
catalysed by pyruvate kinase (PK), is virtually irreversible. The net ATP production from the breakdown ofglucose to pyruvate is 2 ATP; from glycogen, 3
ATP are produced.

at multiple steps, and the importance ofthe classical points of
regulation, specifically PFK and GAPDH, is reduced [63).
The concept of 'channel1ing' [65] implies cel1ular local
isation of enzymes to al10w efficient transfer of products of
one enzyme reaction to the next [65). The enzymes ofa given
pathway thus form a 'metabolon' or efficient set of linked
pathways [62, 66], which suggests tight regulation of sub
strate utilisation. Glycogen metabolism is an example of a
metabolon, with discrete particles containing both substrate
and enzymes for efficient synthesis and breakdown. Gly
colysis (breakdown of glucose) may also be viewed as a
'metabolon', with the enzymes functionally grouped together,

in particular near the sarcolemma and sarcoplasmic reticulum
(SR). These concepts imply that entry ofa substrate into the
pathway ensures complete breakdown under nonnal con
ditions, and thus that overall regulation at any single point
(or enzyme) is unlikely. In addition, in 'nonnal' conditions
when substrate is in excess, the point ofregulation may differ
greatly from that in ischemia, when reduced substrate supply
may be the main limiting factor. Regulation ofglycolysis in
low flow ishcemia, whether by substrate supply or enzyme
inhibition, is particularly controversial.
Within these limitations, the following steps are thought to
be the main sites of glycolytic regulation.



8

Hexokinase (HK) is stimulated by increased cytosolic glucose
levels, and inhibited by increasedG6P. As extracellular glucose
levels increase, the intracellular G6P concentration reaches a
plateau, which does not change with glucose concentrations
greater than 2 mM. The estimated intracellular glucose
concentration at this point is about 300 ~M. HK is then
saturated with glucose, and any further increase in glycolysis
is prevented. If HK is inhibited, the glucose can pass out of
the cell again; ifthe extracellular concentration is high, glucose
can accumulate intracellulariy, and affect cell osmolarity. If
G6P accumulates, glycogen can be synthesised; alternatively,
increased glycogen breakdown will increase G6P levels. G6P
levels and HK activity are thus major determinants ofglucose
utilisation in muscle in the presence of physiological
concentrations of glucose and insulin i.e. adequate supply of
substrate [63, 67].

Phosphofructokinase (PFK-l) is inhibited by a high ATP
content, an effect enhanced by citrate (from the TCA cycle 
although the mitochondial carrier for citrate may not be very
active in myoctes [68]) and reversed by AMP. The reaction
catalysed by this enzyme is virtually irreversible because of
ATP hydrolysis, which suggests that this is an important step
in the control of glycolysis [69]. The rate of glucose break
down is thus signalled by the need for ATP as determined by
the ATP/AMP ratio. The reaction catalysed by adenylate
kinase (ATP+AMP H ADP) amplifies the signal. IfATP falls
by 15%, ADP levels increase 2 fold, with a greater than 5 fold
increase in AMP. Thus a relatively small decrease in ATP
levels markedly stimulates gycolysis.
PFK-I is also strongly inhibited by an increased [W]; [69],
an effect which may prevent excessive lactate and H+ accum
ulation. However, fructose 2,6-bisphosphate (F2,6-BP) may
be the most potent stimulator ofPFK-I, with a feed forward
effect [70, 71]. F2,6-BP is formed from F6P by hydrolysis of
ATP, catalysed by an enzyme called PFK-2 (to distinguish from
PFKI) [71]. This reaction is stimulated by F6P. Dephos
phorylation of F2,6-BP to F6P allows continued glycolysis
from F6P (Fig. 3).
In ischemia, regulation of glycolysis is thought to occur

mainly at GAPDH [59] (although this is open to question-see
later). However, if cytosolic glycolytic substrate is in excess,
e.g. with the addition of insulin, G6P and F6P levels rise
substantially [72], suggesting that under these conditions, PFK
I may be inhibited (by a low pHi), and thus this step becomes
more important in overall control ofthe rate ofglycolytic flux.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is
inhibited by an accumulation ofNADH and lactate [73, 74],
and was thought to be the major regulatory step ofglycolysis
in ischemia [59-61, 73, 74]. The product of the reaction, 1,3
bisphosphoglycerate, is also a potent inhibitor of the enzyme.
Breakdown products ofATP (ADP, AMP and Pi) may stimu-

late the enzyme. GAPDH is especially implicated as the control
step in ischemia [59]. However, in hypoxia when glycolysis
is stimulated, NADH levels rise substantially, which con
tradicts the findings in ischemia. Inhibition ofglycolysis at this
step in ischemia by the end products is thus open to question
(see below).

Pyruvate kinase (PK) may also be regulated, with inhibition
by ATP, and stimulation by fructose 1,6-bisphosphate (FI,6
BP). However, the contribution of other glycolytic enzymes,
and the major role of pyruvate dehydrogenase (see below),
render this regulatory step less significant [63].

Alternatefates ofmetabolites ofglycolysis

Glucose 6-phosphate is a main branch point of carbohydrate
metabolism (see Fig. 3). G6P is the precursor of glycogen
synthesis, as well as the entry point of glycogen breakdown
into glycolysis. G6P can also be used to restore levels of
NADPH and D-ribose 5-phosphate by the pentose shunt (see
Fig. 3).

Glyceraldehyde 3-phosphate (GAP) and dihydroxyacetone
phosphate (DHAP) are interconverted by triose phosphate
isomerase. GAP can be converted directly to glycerol, and then
to glycerol 3-phosphate (also called a-glycerophosphate 
aGP) but the more usual reaction is the conversion ofDHAP
to aGP, which can then be incorporated into triglycerides (Fig.
3). aGP accumulates in ischemia as an end product of gly
colysis, and is also involved in regulation ofthe redox potential
(see below).

Pyruvate is the major end-product of glycolysis. From this
point a number of options are available, dependent on the
energy status ofthe cell (see Fig. 4). Under normal conditions,
pyruvate is converted to acetyl Co A by pyruvate dehydro
genase (PDH), the irreversible step to glucose oxidation. This
enzyme is regulated closely by ratios of substrate and product
(see Fig. 4), and its activity can be modified by many other
factors, including importantly fatty acid oxidation. This step
determines whether pyruvate from glycolysis will be converted
to acetyl CoA or to lactate, and thus whether the energy from
glucose will be efficiently extracted. Acetyl CoA may then
enter the TCA cycle by combining with oxaloacetate to form
citrate, or can elongate fatty acids. Pyruvate can also be
exported from the cell, together with a W [75].
Under anaerobic conditions, or with extreme exercise, the

TCA cycle is inhibited by accumulated NADH from inhibition
of oxidative phosphorylation. Pyruvate is then converted to
lactate by lactate dehydrogenase (LDH), to allow regeneration
ofNAD+ and continuation of glycolysis (Fig. 4). Lactate is a
'dead end', its only possible fate is re-conversion to pyruvate,
or export from the cell (also with a W [75]). When sufficient
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Fig. 3. Branch points from glycolysis. 06P is a junction for the formation and breakdown of glycogen, as well as the pentose shunt. In the pentose shunt,
06P is converted to D-6-P glucono-&-lactone by glucose 6-phosphate dehydrogenase (06PDH), which uses NADP. This compound is hydrolysed to 6
phosphogluconate which is converted to D-ribose 5-phosphate, with an additional NADP utilised. 2 molecules ofNADPH are thus regenerated. D-ribose 5
phosphate can then be converted to F6P or OAP, re-entering the glycolytic pathway. The proportions which flow along the pathways are dependent on the
requirement of the cell for D-ribose 5-phosphate, NADPH, or continued glycolysis. nOP shuttle - conversion of DHAP to nOP is catalysed by n
glycerophosphate dehydrogenase. nOP, readily permeable to the mitochondrial membrane, can subsequently be re-oxidised to DHAP by nOP oxidase, a
transmembrane mitochondrial protein linked to FAD, with the consumption ofa molecule of 0, and production ofH20. This system allows transport of
NADH into the mitochondria against a high concentration gradient, altbough the cost is an ATP molecule, given that only 2 ATP are produced per FADH"
rather than 3 per NADH. However, the level of exGP oxidase is low in muscle, and this mechanism may not be important. exGP is required in the fnrmation
of triglycerides, and levels increase significantly during ischemia. Other glycolytic metabolites contribute to various pathways as shown. These are not
considered important in ischemia. For fates ofpyruvate see Fig. 4.

oxygen is available, lactate can be oxidised to pyruvate and
NADH will be regenerated. NADH can then be transported
into the mitochondria, and utilised by oxidative phosphory
lation (Fig. 5). Ifglycolysis continues in the absence ofoxygen,
H+ accumulate from a reduced turnover ofATP [76] together

with lactate. Most of the deleterious effects associated with
enhanced glycolysis in ischemia are attributed to these
products.
Pyruvate is also amajor anaplerotic substrate (mechanisms

which 'top up' theTeA cycle intermediates), supplying u-
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Fig. 4. Fates ofpyruvate. Pyruvate is converted to acetyl Co A by pyruvate dehydrogenase (PDH) in the presence ofsufficient oxygen, and reduced free fatty
acid levels. PDH is a complex ofthree enzymes which require a number ofcofactors. The enzyme complex is tightly regulated by the ratios ofNADHlNAD+,
acetyl Co A/Co A, and ATP/AMP ratios (end product inhibition), as well as phosphorylation (inactivation - by PDH kinase) and dephosphorylation
(activation - by PDH phosphate phosphatase). Under anaerobic conditions, pyruvate is converted to lactate to allow regeneration ofNAD+, and continuation
of glycolysis. Pyruvate can also be converted to alanine, with the concomitant transamination of glutamate, and the formation of a-ketoglutarate. Pyruvate
can also be converted to oxaloacetate by pyruvate carboxylase, and then to malate, or directly to malate by malate dehydrogenase. These are important
anaplerotic mechanisms, and are involved in the malate-aspartate shuttle (Fig. 5).



ketoglutarate and oxaloacetate to the TCA cycle. Pyruvate
is converted to oxaloacetate in the mitochondria by pyruvate
carboxylase (Fig. 4). While activity of this enzyme may be
low in heart muscle, some evidence for the activity of this
pathway in heart tissue has been found [77].
Other anaplerotic pathways include conversion of

phosphoenolpyruvate to oxaloacetate in the cytosol by
pyruvate carboxylase, and the contribution ofalanine (Fig.
4). Alanine is a major product of glycolysis, and accumu
lates during ischemia [78]. Alanine can also contribute to
amino acid synthesis from glucose. The formation ofalanine
from pyruvate, with the concomitant transamination of
glutamate to a-ketoglutarate, replenishes the latter, in an
important anaplerotic mechanism.

Sequential pathways and alternate substrates

Tricarboxylic acid cycle and oxidative phosphorylation
The TCA cycle is the meeting point ofsubstrate metabolism,
whereby reducing equivalents for the subsequent generation
ofATP by the respiratory chain are produced. Acetyl CoA is
the entry point ofmost substrates into the TCA cycle, while
NADH and FADHz are the end products, which enter oxi
dative phosphorylation for the formation of high energy
phosphates. The TCA cycle is the most important generator
of ATP of each substrate, such that after oxidative phos
phorylation, an additional 36 ATP can be produced from
glucose breakdown (as well as 2 ATP from glycolysis), and
from a fatty acid such as palmitate (16 C), 129 ATP can be
formed (although the exact number ofATPs produced from
this process has been questioned, such that a maximum of31
ATP from glucose and 104 ATP from palmitate can be
produced [56]).

Regulation ofNADH/NAD+, glycolysis and the TeA cycle
Under conditions where acetyl Co A accumulates - when
there is insufficient oxygen, or when NADH accumulates
- NAD+ must be regenerated, both to ensure continued gly
colysis at the levels of PFK and GAPDH, and maintain
turnover ofthe TCA cycle. The former is cytosolic, the latter
mitochondrial.

Lactate dehydrogenase oxidises cytosolic NADH to NAD+,
converting pyruvate to lactate (Fig. 4). As mentioned above,
this is a temporary mechanism to allow continued glycolysis.

aGP dehydrogenase also lowers cytosolic NADH levels
with the reduction ofDHAP to aGP (Fig. 3). However, the
importance of this shuttle in the heart has been disputed
[79], given the low activity ofaGP dehydrogenase in heart
muscle [80]. In addition, under normal conditions, the level
of aGP is far below the Km for aGP oxidase. In ischemia,

II

however, aGP levels increase significantly [59] and this
shuttle mechanism may become important under these
conditions [79, 81]. aGP forms the backbone of triacyl
glycerol synthesis, but the effects ofan accumulation ofthis
metabolite in ischemia have not been elucidated.
The malate-tlspartate shuttle is perhaps the most important
mechanism whereby the cytosolic and mitochondrial levels
of NADH are regulated [79] (Fig. 5). There is an overall
shift of malate into the mitochondria, and aspartate out of
the organelle, although the shuttle is readily reversible. Its
direction is determined by the cytosolic to mitochondrial
NADH/NAD+, such that a higher cytosolic ratio drives
NADH transport into the mitochondria. This transfer does
not utilise energy, but allows production of 3 ATP per
NADH by oxidative phosphorylation (although this value
is questioned [56]). If oxygen is limiting, NADH accum
ulates in the mitochondria, and then in the cytosol. This may
affect redox-dependent reactions including glycolysis. The
malate-aspartate shuttle can be reversed ifNADH levels rise
in the mitochondria, with the formation of malate. Malate
is then transported out of the mitochondria, and converted
to pyruvate by NADP-dependent malic enzyme, or to
oxaloacetate by MDH (Figs 4 and 5).

Free fatty acids
It has long been known that free fatty acids are the major
fuel of the normoxic heart, providing over 60% of the total
ATP synthesised. As originally proposed, in terms of the
'glucose-fatty acid cycle' [82], an increased availability of
lipid fuels such as in fasting, fat feeding or diabetes leads
to decreased carbohydrate utilisation and impairment of
insulin action. Possible mechanisms have been extensively
documented involving inhibition of carbohydrate metab
olism at at least 3 key control sites i.e. glucose entry,
hexokinase/PFK and in particular PDH [61,83,84].
Although key regulatory sites have not been clearly

pinpointed, there is considerable evidence that the interplay
between fatty acids and carbohydrates is not entirely one
way i.e. under appropriate conditions, carbohydrate fuels
can decrease fatty acid availability [82]. There is now con
siderable evidence that the carnitine palmitoyltransferase
system required to transport activated fatty acids into the
mitochondria is a major regulatory site offuel utilisation in
the heart [85-87], with inhibition by malonyl CoA.
Triglycerides are formed from acyl CoA and aGP, and

can be synthesised during ischemia (Fig. 3). For each mol
produced, 3 mol H+ are formed, which increases the proton
load in ischemia [88]. Endogenous lipids are not normally
used as an energy source, given sufficient external substrate,
but may be used e.g. in a perfused heart with limited external
substrate [18].
Fatty acids have a higher requirement for oxygen than

other substrates, but also yield a higher ATP per molecule.
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Fig. 5. The malate-aspartate shuttle. Cytosolic accumulation ofNADH (e.g. with increased glycolysis) shifts the activity ofmalate dehydrogenase (MDH)
in the direction ofmalate formation from oxaloacetate. Malate crosses the mitochondrial membrane in exchange for a-ketoglutarate, and is reconverted to
oxaloacetate by mitochondrial MDH. NADH is thus regenerated in the mitochondria and can enter the respiratory chain. In addition, oxaloacetate replenishes
the TCA cycle, combining with acetyl Co A to form citrate. Oxaloacetate can also combine with glutamate to form a-ketoglutarate and aspartate. a
ketoglutarate drives the entry ofmalate, as aspartate exits the cell in exchange for glutamate. In the cytosol, the a-ketoglutarate and aspartate recombine to
form oxaloacetate and glutamate. There is thus an overall shift of malate into the mitochondria, and aspartate out of the organelle when cytosolic NADH
increases. The whole shuttle can reverse, such that malate is transported out of the mitochondria, converted to oxaloacetate, and then to pyruvate. Pyruvate
can also contribute to oxaloacetate formation via pyruvate carboxylase, or to malate by malic enzyme. These mechanisms, and the malate-aspartate shuttle,
result in the anaplerotic contributions of pyruvate.

Fatty acids are therefore useful when oxygenation is high,
but can be 'oxygen-wasting'. In conditions of ischemia,
fatty acids and their metabolites exert a toxic effect, as well
as consuming available oxygen rapidly. The breakdown
products of fatty acids (acyl CoA, acyl carnitine, and
lysophosphoglycerides) may be involved in many of the
deleterious effects in ischemia, particularly arrhythmo
genesis [18]. Fatty acids inhibit glucose oxidation; in turn,
glucose provision attenuates many ofthe deleterious effects
associated with fatty acids in ischemia. Thus the relative
concentrations of fatty acids and glucose are of major
importance in determining the tolerance of a heart to
ischemia. However, this topic is largely beyond the scope
of this review (see [27, 89-91]).

Myocardial ischemia

Glucose metabolism in ischemia
Hypoxia with maintained coronary flow stimulates glucose
utilisation by reversal of the Pasteur effect, with a 20 fold
increase in glycolytic flux in dogs in vivo [92], and a 3 fold
increase in isolated rat hearts perfused with II mM glucose
[93]. Glycolytic inhibition at the level ofPFK-1 by citrate
andATP is removed [94], and glucose uptake is stimulated
by increased GLUT 4 translocation [33). If hypoxia is
severe, heart function declines slowly, from insufficient
ATP. If glycolysis is inhibited, developed tension dissi
pates more rapidly and completely [95]. Contracture may
develop following ATP depletion [96, 97], an effect



counteracted by glucose provision.
In total ischemia (complete global cessation of flow and
absence ofoxygen), glycolysis is the sole source ofATP and
may be stimulated initially following a reduction in oxygen.
While ATP utilisation is reduced by mechanisms including
membrane depolarisation and reduction in contractile func
tion, the ATP demands of the myocardium rapidly exceed
supply, such that netATP decreases and Pi increases. Lactate
accumulates with reduced washout, which may be deleter
ious. The metabolic changes occurring with ischemia thus
include cessation ofaerobic metabolism, onset of anaerobic
glycolysis, depletion ofcreatine phosphate (CP), and accumu
lation of glycolytic products (lactate, aGP, adenine nucleo
tide breakdown) [98]. However, after a brief period, the
glycolytic flux rate is reduced.

Differing concepts ofrate-limiting steps in glycolysis in
ischemia
Kubler and Spieckermann [92] found that when p02 becomes
critical (less than 5 mmHg) in ischemic myocardium in dogs
in vivo, glycolysis is initially stimulated by reversal of the
Pasteur effect, as described above. A build-up of lactate then
follows. The subsequent decline in glycolysis was attributed
to the limiting effect of increased [W]i and reduced ATP for
the PFK-l step, i.e. the conversion ofF6P to FI,6-BP. The
level ofATP in the tissue at this point (3.5 Ilmol/g wet wt)
was said to be critical, with ischemic injury occurring at lower
values.
This concept ofglycolytic inhibition was revised by Neely
and Rovetto [59, 93, 99, 100] who proposed that glycolytic
flux in ischemia was inhibited at GAPDH by an accumulation
of end products, specifically lactate, W, and NADH. This
concept was based on work using an isolated working rat
heart. A 60% reduction in coronary flow (from 15 mllmin to
6 ml/min) reduced oxygen consumption and accelerated
glucose utilisation by 100%. Using a low flow rate of0.6 mil
min, glucose utilisation was less than in control conditions
(about 50%). After 16 min oflow flow ischemia, the hearts
were clamped and levels of metabolites assessed. Lactate
values were high, suggesting that NADH was increased,
because of the equilibrium of the LDH reaction. Increased
NADH would, in turn, inhibit GAPDH, which is regulated
by the NADH/NAD+ ratio [74]. GAPDH inhibition was
shown by an increase in DHAP levels [59] and application
of the crossover theorem [101]. To date, it has been widely
accepted that glycolytic enzymes are inhibited in ischemia
by a build-up of glycolytic metabolites, and glycolytic flux
is thus inhibited. However, further analysis ofglucose uptake
in severe low flow ischemia indicates that this interpretation,
is not strictly correct [7, 102]; rather, glycolysis may be
limited primarily by substrate supply [103] which in turn is
determined by the arterial glucose concentration and the
uptake ability ofthe membrane (i.e. insulin status, GLUT 4
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availability etc.). Some modulation by enzyme inhibition is
not excluded.
Extraction of glucose (calculated as absolute glucose

uptake expressed as a percentage of glucose delivered (=
glucose concentration * coronary flow)) from that which is
available to the cel1 increases to about 30% as coronary flow
rates fal1 below about I ml/g wet wt/min (in an isolated
perfused rat heart) [102], compared to an extraction ofabout
1% in normal conditions. Absolute uptake does fal1 signi
ficantly in these conditions. Tn vivo experiments show similar
findings, with a maintained glucose uptake as flow fal1s
(normal in vivo coronary flows 1-2 ml/g wet wt/min; is
chemia 0.07--0.15 ml/g wet wt/min) and thus an increased
extraction [104]. We did not find evidence ofGAP or DHAP
accumulation after 15 or 30 min zero flow or low flow (0.2
ml/g wet wt/min) ischemia [72]. These findings indicate
firstly, that glycolysis is not necessarily inhibited in ischemia
at the level of GAPDH (although there may be some inhib
ition at PFK-I as the sugar phosphates, G6P and F6P,
accumulate especially with increased cytosolic substrate in
the presence of insulin [72, 105]- some inhibition ofGAPDH
is not excluded, but its role as the rate-limiting step is
questioned) but is limited by availability of substrate;
secondly, that the ischemic tissue has the capacity to up
regulate its ability to take up glucose, either by translocation
of glucose transporters to the membrane [34], or by re
orientation of the transporters within the sarcolemma [35];
and thirdly, this concept explains observations of 'mismatch'
with Positron Emission Tomography (PET), using 18fluoro
deoxyglucose i.e. increased glucose uptake in 'hibernating'
segments of the heart, which have a moderately impaired
coronary flow [106-109]. Support for the concept that
ischemia induces upregulation ofglucose uptake comes from
studies of preconditioning (short periods of ischemia and
reperfusion) fol1owed by sustained low flow ischemia, during
which glucose uptake is markedly increased [110, Ill].
The fate ofglucose within the cell may vary with changes

in coronary flow, which in tum alters oxygen availability
[112]. However, in severe low flow, the availability ofoxygen
is greatly limited, such that the majority of ATP is derived
from glycolysis [7, 11].

Role ofglucose utilisation in ischemic myocardium

Specific role ofglycolytic AT?
Despite a limitation on the rate ofglycolytic flux in ischemia
(a reduction in absolute glucose uptake), cel1 viability may
largely be determined by the residual rate ofglycolytic flux
and the amount of ATP produced [113]. In conditions of
metabolic stress - e.g. hypoxia, ischemia - glycolytic ATP
appears to have a preferentially effective role as opposed to
ATP derived from oxidative phosphorylation [114]. Much
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indirect evidence suggests thatATP production within the cell
is spatially compartmented [114-116], accounting for differ
ences in the effectiveness of alternate sources of ATP. In
ischemia, the processes for transport ofATP within the cell
may break down. Thus provision ofATP near to the sites of
utilisation becomes a crucial determinant ofits effectiveness.
A basal level of glycolytic activity is required to prevent
irreversible injury [117], with control ofcytosolic Ca2+during
ischemia [118] and on reperfusion [119], prevention of
ischemic contracture [II, 120], inhibition ofenzyme release
[121], and inhibition offree radical activity [122]. Glycolytic
ATP is thought to act in several ways at the membranes:
blocking theATP-dependent K+(K

ATP
) channel [123], main

taining the activity of the Na+/K+ ATPase pumps in the
sarcolemma [124], sustaining membrane integrity [II4, 125],
and maintaining Ca2+homeostasis by the SR Ca2+ATPase
pumps [116]. These cellular effects modify functional
responses to ischemia, with reduced diastolic tension during
ischemia [2, 11, 120, 126], and improved functional recovery
on reperfusion [2, 127-129].
The beneficial role ofglycolytically-derivedATP therefore

appears clear-cut. However, during the breakdown ofglucose
and glycogen, a number of metabolites accumulate which
may contribute to some ofthe deleterious effects ofischemia.
The benefit of glycogen availability in particular has been
questioned in this regard, especially given the interest
generated in the recently described phenomenon of pre
conditioning. A reduction in glycogen levels is postulated as
one of the mechanisms whereby preconditioning may exert
its beneficial effects [16].
Thus a crucial balance exists between rates of ATP pro

duction and rates of metabolite washout. This balance is
determined by the rate of residual coronary flow and the
glucose concentration, as well as the level of the endogenous
glycolytic substrate, glycogen [2, 7, II, 72, 127].

Membrane integrity
Glucose utilisation is closely involved in maintaining the
integrity of the cell membrane. In isolated rat hearts made
hypoxic [121, 130] or perfused with high concentrations of
free fatty acids [131], enzyme release, a marker of cell
damage, is attenuated by glucose provision. In normoxic
isolated rat hearts, iodoacetate (glycolytic inhibitor) increases
enzyme release, while cyanide (mitochondrial inhibitor) has
no effect [132]. In low flow ischemia, provision of glucose
rather than pyruvate, reduces LDH release, despite similar
ATP levels [114].
Glucose utilisation may maintain membrane integrity in

several ways. Provision of glucose limits phospholipase C
degradation of membranes of isolated myocytes [125], and
increased phosphorylation with increased ATP availability
may also enhance the stability ofthe phospholipid membrane
[132]. Energy is also required for membrane repair. Glucose-

derived ATP may maintain the phosphatidic acid cycle,
thereby preventing Iysophospholipid accumulation which
leads to membrane breakdown [133]. The osmotic effects of
glucose provision and reduced cell swelling [98], together
with reduction ofcontracture by glycolyticATP, will limit cell
rupture from stretching.

Membrane pump and channel activity
Glycolytic ATP appears to playa major role in ion homeo
stasis. A large efflux of K+ occurs in ischemia, which
depolarises the membrane and renders the cell inexcitable.
This local 'cardioplegic' effect is beneficial in that the ATP
demand is reduced. However, the excess extracellular K+ can
precipitate arrhythmias [134, 135]. The ATP-dependent K+
(K

ATP
) channel, one of the major channels involved in the

efflux of K+ in ischemia [136, 137], is blocked by ATP.
However, the experimental levels to which ATP must fall to
allow channel opening in excised patches [136] are well
below those in ischemic tissue with a noted K+ efflux [136].
K+ efflux through this channel despite relatively small
changes in ATP levels can be explained, firstly, by the high
density of channels present such that a small change in
maximal conductance can result in a large change in action
potential shortening and K+ loss [138]; secondly, by a
localised fall in ATP near the membrane allowing for indi
vidual channel opening; and thirdly, by a rise in adenosine,
lactate, and ADP, which relieve the inhibition by ATP [136,
139, 140]. Glucose-derived ATP, as opposed to that from
oxidative phosphorylation, preferentially maintains closure
ofthe K

ATP
channel, suggesting that thisATP is localised near

the membrane [123, 141]. Sarcolemmal-associated glycolytic
enzymes may specifically maintain the ratio ofATP/ADP in
the vicinity of the K

ATP
channel [138].

Maintenance ofNa+/K+ATPase function may be one ofthe
main mechanisms of protection by glycolytic ATP, as Na+/
K+ ATPase pump inhibition by ouabain abolishes protection
ofischemic hearts by glucose provision [124,142]. Impaired
Na+/K+ ATPase function increases osmolarity and cell
swelling, as well as precipitating intracellular Ca2+overload
from an increased [Na+]i [142]. Glycolytic enzymes are also
functionally coupled to SR Ca2+transport mechanisms [116],
as are glycogenolytic enzymes [143]. A preferential role for
glycolyticATP in preserving Ca2+homeostasis by maintained
Ca2+re-uptake is thus postulated. In addition, glycolysis is
central in maintaining Ca2+ homeostasis on reperfusion,
possibly by activation of the SR Ca2+ATPase pump [119],
the activity ofwhich is affected in stunned hearts [144, 145].

Arrhythmias andfree fatty acids
Ventricular arrhythmias generated during ischemia or on
reperfusion are complex in origin. Changes in cell membrane
integrity, ionic fluxes across the membrane, increases in
cytosolic Ca2+, and impairment ofconduction, all potentiate



arrhythmogenesis [146]. Glucose provision can combat many
ofthese effects. The vulnerability of the dog heart to arrhyth
mias is reduced when glucose is administered intravenously
[147]. Glucose provision also protects against arrhythmias
in a model of regional ischemia in the isolated perfused rat
heart [3] while reperfusion arrhythmias are attenuated
compared to hearts perfused with acetate or palmitate [114].
Provision ofglucose may reduce the arrhythmogenicity of

ischemic tissue in several ways, including maintenance of
membrane integrity, and pump and channel activity, as
discussed above. Glucose provision maintains action poten
tial duration in the isolated perfused rat heart [148], pre
sumably by blocking the K

ATP
channel, thereby limiting K+

loss [123]. GlycolyticATP also reduces cAMPaccumulation,
inhibits the release of noradrenaline from nerve terminals
[149] and lowers LDH release, effects associated with
reduced arrhythmias on reperfusion [114]. In addition,
maintained glycolysis reduces cytosolic Ca2+accumulation
on reperfusion [119], a precipitating factor in reperfusion
arrhythmias [150, 151]. Preserved Na+/K+ ATPase function
[124, 142] would attenuate the increase in [Na+]i, which in
turn would reduce [Ca2+]i, the major causative agent in
arrhythmias [152]. Glucose may also have a free radical
scavenging effect [153], important especially on reperfusion
in maintaining membrane integrity and reducing arrhythmias
[154].
A recent review highlighted the benefit of glucose and
insulin in lowering the levels of circulating free fatty acids
[ISS]. Excess free fatty acids are toxic to ischemic hearts, and
lead to increased arrhythmias [ISS], possibly by accum
ulation of intracellular acylcarnitine and acyl CoA, which
may promote intracellular Ca2+overload [155-157]. Lyso
phospholipids from the breakdown of lipids are arrhyth
mogenic, with a detergent effect on the membranes [158].
Lipid compounds may also inhibit Ca2+re-uptake mechan
isms and activate Ca2+channels [155-157]. Glucose pro
vision counters many of the deleterious effects including
arrhythmias associated with free fatty acids in ischemia, by
reducing excess circulating free fatty acids, as well as
combating the deleterious effects offree fatty acids on Ca2+
overload in the cell [155].

Ischemic contracture
Provision of glucose during low flow ischemia reduces
ischemic contracture [11]. While there is some controversy
over whether or not ischemic contracture is an index of
irreversible injury [159, 160], increased contracture is
generally considered to reflect increased cell damage [41,
161], and may potentiate injury, further impairing functional
recovery.
The ATP level was originally thought to be a major

determinant of the time to onset of contracture [161]. In
general, a depletion inATP levels reduces the time to onset;

IS

increased ATP availability delays contracture. The onset of
contracture has also been linked to cessation of glycolysis,
as measured by a levelling-off in the drop in intracellular pH
[162]. These studies were performed in hearts exposed to total
global ischemia, where the glycolytic flux rate is determined
solely by the level of endogenous glycogen. With low flow
ischemia (0.5 ml/g wet wt/min), a minimum rate ofglycolytic
ATP production of at least 2llmol/min/g wet wt is required
to prevent contracture [II]. A graded response to increased
glucose concentrations was seen [II]. Therefore the onset of
contracture is not associated so much with cessation of
glycolysis, as with a fall in glycolytic flux rate below a
threshold. Similar or larger rates of ATP production from
utilisation ofglycogen or non-glycolytic substrates were not
effective in delaying contracture [II, 120, 126]. Other
mechanisms which increase glycolysis, including glycogen
loading [161, 163], inosine (increases pyruvate-to-alanine
conversion, and removes glycolytic inhibition by lactate)
[164], adenosine [165] and reduced circulating free fatty
acids [129] delay the onset of contracture.
The exact mechanism ofglycolyticATP protection against

ischemic contracture is thus as yet unclear. Contracture is
triggered by the formation ofrigor complexes (actin-myosin),
which in experimental conditions, bond only at very lowATP
concentrations «100 IlM [166]). However, total tissue ATP
levels at the onset of contracture are much higher (about 3
Ilmol/g wet wt). Individual cells can have very low totalATP
levels without contracting as long as glycolysis (from
glycogen utilisation) is maintained [167]. A drop in ATP to
less than ISO IlM in isolated myocytes will, however,
precipitate contracture [168]. These findings can be resolved
by the concept of localised depletion ofATP within the cell
(cf. K

ATP
channel opening), as well as heterogeneous falls in

ATP in different myocytes, resulting in dispersed foci of
contracture in the muscle [169].
Glycolytic ATP may be essential for direct relaxation of

the actin-myosin complexes, reversing the formation ofrigor
complexes, the so-called 'plasticising' effect [170]. However,
some difficulties are associated with this concept, namely that
glycolytic i.e. glucose-derivedATP, appears to be function
ally associated with the sarcolemma and SR rather than the
myofibrils [123]. Only under conditions of high glycolytic
flux rates, may sufficient glycolytic ATP diffuse to the
myofibrils to increase the rate of relaxation and prevent
rigor formation. However, this could theoretically occur
only under conditions of relatively unimpaired function i.e.
a fairly high residual flow rate, and a high glucose concen
tration, ensuring a large intracellular ATP production [2,
127]. Glycolytic ATP may therefore be more important in
maintaining ion homeostasis (as described above) and
attenuating intracellular Ca2+ accumulation, rather than
ensuring direct relaxation of the cross-bridges by binding
to myosin. In addition, glucose utilisation attenuates the
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deleterious effects oflong-chain acyl carnitine (LCAC) on
contracture [171], possibly by counteracting LCAC-induced
disruption ofCa2+homeostasis [155, 171]. While Eberli et
al. [172] propose that Ca2+ is not involved in ischemic
diastolic dysfunction, in a low flow model with maintained
developed pressure, these results do not translate directly
to the ischemic heart with severely impaired or no flow, and
no developed pressure.
There is also evidence to suggest that pre-ischemic glyco

gen levels (and thus the rate of glycogenolysis during
ischemia) primarily determine the time to onset of con
tracture (glycogen depletion with acetate [7] or precon
ditioning [105,173,174] hasten contracture; glycogen
loading [7] delays contracture), while glucose-derivedATP
attenuates overall contracture. The effects of the different
glycolytic substrates on contracture may be attributed to
compartmentation within the cell.

Mechanical junction on reperjusion
Recovery of mechanical function is determined by the
degree of ischemic injury, and the conditions on reperfusion
[175]. At each point, substrate provision can be altered,
affecting eventual recovery. While sufficient levels ofATP
are essential for complete restoration of function, there is
no direct correlation i e. no 'critical' level ofATP. Increased
glucose provision during low flow ischemia increases the
functional recovery of hearts [2, 114, 127, 129], mainly by
reducing diastolic pressure on reperfusion, a consequence
of reduced contracture during ischemia and improved
relaxation on reperfusion [170]. Optimal recovery on
reperfusion requires the presence of several compounds,
one of which should be glucose [8, 176-178]. Glycolysis
in early reperfusion appears to be essential in preventing
energetic and contractile collapse, and specifically to
facilitate Ca2+homeostasis [119, 128]. Excess free radicals,
one of the possible causes of stunning and arrhythmias on
reperfusion, inhibit glycolysis, and thus further impair Ca2+
homeostasis [179]. Inhibition of glycolysis, despite the
presence of pyruvate and oxygen, depresses functional
recovery severely, with a persistent Ca2+overload [119,
128].
Glycolytic ATP may be required to reduce [Na+]i by

maintaining the activity of the Na+/K+ ATPase, thereby
resulting in reduced Ca2+overload via the Na+/Ca2+ex
change which predisposes to reperfusion injury [128]. Na+1
K+ ATPase inhibition during ischemia removes the pro
tective effect ofglucose on functional recovery [124, 142].
ATP derived from glycolysis is also functionally associated
with the sarcoplasmic reticulum [116], thereby providing a
means of restoring Ca2+overload on reperfusion by en
hanced SR Ca2+ATPase function.
Palmitate is the preferred substrate on reperfusion,

accounting for over 90% ofATP from exogenous substrates.

High levels of fatty acids on reperfusion limit glucose
utilisation by competitive inhibition [180], primarily by
inhibition ofglucose oxidation and not ofglycolysis [181].
Inhibition of palmitate oxidation with increased glucose
oxidation improves functional recovery [177], possibly
because stimulation ofglucose oxidation speeds the initial
rate of return to total oxidative metabolism. A faster
repletion of high energy phosphates is then sustained by
fatty acid or pyruvate oxidation [182]. Secondly, a reduced
intracellular acidosis from improved coupling of glucose
oxidation with glycolysis may be beneficial by reducing
intracellular Ca2+overload [181, 182]. Increased rates of
glycolysis and glucose oxidation with improved coupling
of these two pathways, together with reduced fatty acid
oxidation, may enhance recovery.

Preconditioning
Glycolytic flux is stimulated in preconditioned hearts sub
jected to low flow ischemia, and may exert its positive
effects by this mechanism [110]. However, additional
evidence to support this hypothesis is lacking, given that
preconditioning does not seem to be effective when a
sustained low residual flow [111, 183] or hypoxia [184] is
used as the 'test', despite an increase in glucose uptake. This
effect may be attributed either to an excess glycolytic flux
in the presence of preconditioning (following increased
translocation of GLUT 4 transporters to the membrane,
resulting in stimulated uptake at the onset of the 'test'
period), with excess metabolite accumulation; or it may be
that preconditioning is ineffective when glycolysis is
maintained. Preconditioning (with total global ischemia, the
usual model investigated) is associated with a reduced tissue
glycogen level prior to sustained ischemia. If, however,
glycolysis is maintained during low flow ischemia, opening
of the K

ATP
channels [185] and release of adenosine [186],

two of the major proposed triggers ofpreconditioning, may
be attenuated. This phenomenon adds to the controversy
over the roles of glycogen utilisation and glycolysis in
ischemia.

Deleterious effects associated with increased glycolysis

Benefits associated with depleted glycogen levels
Much evidence suggests thatATP derived from glycolysis is
beneficial to the ischemic myocardium. However, accumu
lation of deleterious end products may partly outweigh, or
overcome, the benefit. Much controversy arose from a
frequently-quoted paper published in 1984 by Neely and
Grotyohann [14]. Following glycogen depletion by a brief
period of anoxia (10 min) prior to sustained total global
ischemia, a greatly improved recovery offunction was found
on reperfusion. The improved recovery was correlated with



a reduced lactate content at the end of ischemia. It was
hypothesised that increased glycolysis is associated with a
detrimental effect due to an increase in lactate and other end
products. The concept then arose that provision of glucose
should be detrimental.
Several other studies have linked beneficial effects to

reduced glycogen levels. For example, 2 h perfusion with
pyruvate depleted tissue glycogen by 40-50%, and resulted
in a significant improvement in functional recovery after 25
min total global ischemia. This result was attributed to
reduced [W]i accumulation despite lowerATP levels during
ischemia [187]. Glycogen-depleted hearts did show a reduced
time to onset of contracture although peak contracture was
similar to control glucose-perfused hearts. In addition,
glycogen reduction by hypoxic perfusion, followed by 25 min
total global ischemia, reduced lactate accumulation and
improved functional recovery [188].
The possible benefits ofglycogen depletion may also apply

to preconditioning, as the briefepisode(s) ofischemia deplete
tissue glycogen prior to the sustained ischemic period. An
increased duration ofintervening perfusion was correlated with
repletion ofglycogen stores, but loss ofrecovery [189]. Amore
complex study found that recovery of function was improved
in preconditioned and pyruvate glycogen-depleted hearts, but
only if glucose was not provided to the latter. Glycogen
depletion per se was not sufficient to explain the beneficial
effects of preconditioning, but interventions which limited
glycolysis and thusW accumulation were beneficial [190].We
have, however, found no correlation between pre-ischemic
glycogen levels (modified by acetate or glucose+insulin
perfusion) and protection with preconditioning [105].

Proposed beneficial mechanisms ofglycogen depletion

Protons
While intracellular pH always falls in ischemic hearts, the
extent of the drop can be modified by changes in the amount
of glycogen in the tissue at the onset of ischemia, such that
glycogen-depleted hearts show reduced acidosis [191].
Increased [W]i increases [Na+]i, and in tum increases [Ca2+]i
via the Na+/W and Na+/Ca2+exchange mechanisms [152].
Glycogen depletion is associated with reduced [Na+]i accumu
lation, linked to reducedW accumulation [192].
Recovery of function is improved, with reduced cytosolic

Ca2+overload. However, while some reports have correlated
intracellular pH with ischemic injury [193], others have
dissociated these effects [191,194]. The relationship between
increased acidosis and increased ischemic injury is not clear.

Lactate
The cellular role of lactate in ischemic damage is unclear.
Intracellular lactate accumulation is thought to be deleterious,
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both directly, and by inhibiting GAPDH following NADH
accumulation [14, 73, 74], thereby inhibiting glycolysis.
Increased extracellular lactate may be deleterious by inhib
iting the lactate-/H+ co-transporter and increasing H+
accumulation [195]. Thus a Na+/W exchange inhibitor on re
perfusion reversed the deleterious effects of pre-ischemic
lactate perfusion on functional recovery, presumably by
reducing final Ca2+overload [195]. However, Cross et al.
found no change in intracellular pH with increased extra
cellularlactate [194], contrary to the previous findings [195].
In this model oflow flow ischemia (0.5 ml/g wet wt/min) the
effects oflactate/W transport inhibition may not be as marked
because of the maintained washout. The deleterious effects
of lactate were attributed to the inhibition of glycolysis by
NADH accumulation, which could account for the attenuated
fall in pHi. Lactate may also activate K

ATP
channels [196],

thereby shortening the action potential and predisposing to
arrhythmias. However, in a myocyte model of anoxia and
reoxygenation, Geisbuhleret al. [197] reported no deleterious
effect of high concentrations of lactate (10 and 50 mM) on
anoxic myocytes. Damage was found, however, if pH was
lowered. In addition, alterations in pre-ischemic glycogen do
not result in a correlation between end-ischemic tissue lactate
and functional recovery [198,199].

Sugar phosphates
Glycolytic inhibition increases diastolic dysfunction in
normally perfused hearts [200], attributed to increased sugar
phosphates which may impair Ca2+homeostasis. Phos
phomonoester resonance, which measures phosphorylated
compounds including G6P, F6P, a-GP and AMP, increases
during ischemia and has been correlated with reduced
recovery [201, 202]. However, glycolytic ATP is linked to
Ca2+homeostasis by functional coupling with SR Ca2+
ATPase reuptake [116]. A decreased cytosolic Ca2+should
thus reduce diastolic impairment. Therefore the relative rates
of sugar phosphate accumulation vs.ATP production may he
crucial in determining the efficacy of glucose provision.
Increased G6P production would also lower ATP levels, as
this step (from glucose) consumes anATP. Ifglycolysis were
inhibited at points just below this reaction, this step would
be detrimental as no replacementATP would be provided [3].
While much of the focus of the deleterious effects of in
creased glycolysis has been on lactate and protons, more
evidence is now available to suggest that sugar phosphate
accumulation may be an important factor [105, 190,200,
201]. We found that with the addition of insulin to hearts
perfused with II mM glucose, the levels ofG6P and F6P rose
considerably, and recovery of function was not improved
[105, Ill]. These factors may account for any detrimental
effects of a high glucose concentration, and for some of the
controversy surrounding the roles of glucose and glycogen
utilisation in ischemia.
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Evidence contradicting benefit ofglycogen depletion
Taegtmeyer et al. [198, 199] have tried to replicate the
findings ofNeely and Grotyohann [14], with little success.
A period of anoxia or substrate-free perfusion prior to 30
min total global ischemia reduced tissue glycogen, but did
not improve recovery of function on reperfusion; rather,
function was significantly impaired [198]. Interestingly, the
anoxic hearts did not show a reduction in tissue lactate
despite a 60% decrease in glycogen levels. This lactate
could be accounted for by the residual glucose remaining
in the tissue following cessation of flow. In substrate-free
hearts with no residual glucose, lactate levels decreased
substantially. A later publication by the same group [199]
found similar results with a shorter period of ischemia (15
min). There was no correlation of lactate build-up with
functional recovery, but a depletion of glycogen was
detrimental. Postischemic glycogen availability and func
tional recovery were well correlated. We have also found
no reduction in tissue lactate in preconditioned hearts with
depleted glycogen, attributed to utilisation of the residual
glucose at the onset of ischemia [lOS].
In addition, several reports show that glycogen loading can

benefit hearts exposed to ischemia. Preoperative administration
ofGIK increased tissue glycogen levels, which were associated
with a lower incidence ofpostoperative hypotension, reduced
arrhythmias and fewer complications [203]. Glycogen loading
with insulin greatly improves the tolerance of isolated rabbit
hearts to ischemia, while glycogen depletion by epinephrine
infusion severely impairs ischemic tolerance [204]. Fasting,
which increases glycogen content, also increases the resistance
ofhearts to an ischemic episode [52], with improved recovery
of function, reduced membrane damage and reduced loss of
adenine nucleotides. Increased glycogen levels following
palmitate addition to the perfusate of isolated rabbit hearts
significantly improved recovery of function [205] while
glycogen loading and lactate perfusion mimicked the pro
tective effects of preconditioning, improving tolerance to
ischemia [206].
A recent paper purports to explain the controversy over

glycogen utilisation in ischemia suggesting that while glycogen
is being utilised, the ATP provided supplies necessary energy
[207]. Reperfusion at this relatively early stage results in good
recoveries. However, once the glycogen has been used up (in
the absence of glucose, in an ischemic model of relatively
'high' coronary flow, 0.5 mUmin/g wet wt), the accumulation
of intracellular metabolites outweighs the advantages con
veyed by ATP, with impaired functional recovery. A Na+IW
exchange inhibitor on reperfusion after extended ischemia
improves functional recovery, suggesting that the [H+]i was
high following glycogen depletion [207]. However, at a lower
flow rate, when the rates of ATP demand and metabolite
accumulation are very different, the findings might be different.

Glucose vs. glycogen utilisation in ischemia

Major concerns with studies purporting to show deleterious
effects ofglycolysis are (I) glycogen is confused with glucose
as the source ofglycolyticATP and (2) most studies have been
done using models of total global ischemia, where glycolytic
flux is limited by substrate and may also be inhibited by
metabolite build-up. Glucose is therefore not present through
out the ischemic period. Ifglycogen loading were detrimental,
increased glucose utilisation would not necessarily be detri
mental; alternatively, ifglycogen depletion is beneficial, glucose
should not necessarily be removed. In addition, many of the
early studies using briefperiods ofanoxia to deplete glycogen,
with subsequent beneficial effects, can now be said to mimic
preconditioning [208-211] whichmay act by different pathways
excluding glycolytic involvement. We have attempted to
correlate changes induced by preconditioning with changes
in glycolysis (both glucose and glycogen) and find no sig
nificant relationship [105, III]. Studies implicating a deleterious
effect ofglucose must thus be considered carefully in terms of
the experimental model, and the source ofglycolytic substrate.
Thus the residual flow rate and glucose concentration, as well
as the functional compartmentation ofATP production within
the cell, are major determinants of the response to glycolysis.

Role ofresidual coronary flow and glucose concentration

The rate of residual coronary flow, together with an optimal
glucose concentration, are crucial determinants of the extent
ofischemic injury, and the recovery offunction [7]. Provision
of glucose in rat models of low flow ischemia (0.5 ml/min/g
wet wt or 0.06ml/min/g wet wt) maintains diastolic function,
and improves recovery ofmechanical function on reperfusion
[2,127]. With a low flow of0.4-0.5 ml/g wet wtlmin, the rate
ofglycolysis during ischemia is directly related to the degree
of ischemic injury i.e. contracture, and functional recovery
[129].
At a low residual flow rate (0.2 mUg wet wtlmin), a high

glucose concentration (22 roM) with or without insulin may
be deleterious [7] with an excess accumulation ofend products
[7, 105]. A higher coronary flow removes many of the dele
terious effects associated with a high glucose concentration [2,
7, 127]. However, in the absence ofglucose, even ifan alternate
substrate such as acetate is present, function is impaired with
a higher residual flow [7, II]. In addition, it must be noted that
at no flow rate is the absence ofglucose better than the presence
of glucose, despite accumulation of glycolytic end products.
Thus an optimal glucose concentration (II roM in the absence
of insulin) [7] with the highest possible residual flow rate
results in optimal recovery. If insulin is present, a lower
concentration ofglucose (about 5 roM) is optimal (unpublished
data), in accordance with physiological values in blood.



Compartmentation ofAT?

Cellular compartmentation
Many cell components are compartmented- e.g. intracellular
Ca2+ is highly compartmented in the myocyte, distributed
among the SR, the Ca2+-binding proteins and the cytosol. The
adenine nucleotides including ATP are also strictly compart
mented, which becomes especially evident in ischemia [212].
An extensive review also recounted the evidence for the
compartmentation of glycolysis, with 'microenvironments'
within the cell [213].Ahigh degree offunctional organisation
ofthe glycolytic enzymes, particularly in muscle cells, would
allow for efficient 'channelling' of the substrate through its
catabolic pathway [65]. Evidence of glycolytic vs. oxidative
ATP compartmentation has been found in different cell types
e.g. liver [214], vascular smooth muscle [215], and myo
metrium [216]. Glucose and glycogen metabolism also form
two functionally exclusive compartments in the cytoplasm of
vascular smooth muscle [217, 218]. This arrangement maxi
mises the efficiency and response time ofenergy transduction
within the smooth muscle cell. In the myocyte, the distances
are greater because the cell is much larger, and the demands
on energy are also increased with the much greater contractile
component of the cell. Thus compartmentation within the
myocyte is plausible given the requirement for sustained
efficiency of contraction.
Two pools ofATPhave been identified in hepatocytes-one
cytosolic, and one near the membrane [214], on the basis of
ATP utilisation by membrane (Na+/K.+ ATPase) and cytosolic
(ATP-sulfurylase) enzymes. Differences in the mechanisms
resulting inATP depletion indicate that the different elements
are not exposed to the same ATP level. Intracellular in
homogeneities of ATP can be attributed to different rates of
ATP-producing andATP-consuming sites, such thatATP pro
duced in large amounts from the mitochondria supply the
cytosolic elements. These elements reduce the amount ofATP
at the membrane because of rapid utilisation ofATP diffusing
from the mitochondria, such that at further distances the ATP
is depleted. Thus mitochondrial ATP utilisation by the mem
brane components appears to be limited by diffusion and
steepness ofgradients within the cell. This may certainly apply
to the large, metabolically active myocyte, although this has
not been shown directly.
While compartmentation is difficult to prove (ATP is a

ubiquitous compound), this concept explains many obser
vations and has been invoked by several authors to explain
observations in the heart ell, 114, 123, 141,219]. Oxidative
phosphorylation and glycogen breakdown (which supplies
substrate for the oxidative pathway) may supply ATP largely
for contraction, while glycolysis (glucose) may be required for
sarcolemmal pump function and membrane integrity [141]. A
localisation of energy-producing pathways near energy
consuming processes thereby ensures efficient supply and
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utilisation of energy. When ATP supply is plentiful, the
different systems may overlap. However, if energy supply is
limited, the source ofenergy becomes crucial. In ischemia, the
different effects of glycogen-derived, glucose-derived and
oxidativeATP on contracture and on functional recovery may
be explained by these differences.

Location ofenzymes within the cell- basis for
compartmentation theory

Oxidativephosphorylation occurs in the mitochondria, which
are localised near the myofibrils [220], the primary energy
consumers in the myocyte. Inhibition ofoxidative phosphory
lation has a major depressant effect on tension [95,123,221],
an effect slowed down by the presence of glucose. Con
versely, inhibition of glycolysis with maintained oxidative
phosphorylation has a much lesser effect on reduction in
tension [123]. These findings and others [10] suggest that
ATP from oxidative phosphorylation is used preferentially by
the contractile apparatus.
The ATP produced in the mitochondria needs to be trans

ported to the sites of utilisation, a process mediated by the
creatine kinase shuttle [222, 223], which maintains a local
ratio of ATP/ADP around the myofibrils [224-226], and
sustains contraction. In ischemia, CP levels fall and mito
chondrial activity is inhibited. ATP becomes trapped in the
mitochondria [212], which in turn become major sites ofATP
utilisation as the mitochondrial ATP synthase reverses, and
becomes anATPase [227] (this mechanism is not thought to
be important in the rat [228]). ATP availability to the myo
fibrils is thus reduced.

Utilisation ofglucose may be localised within the cell. In
vascular smooth muscle, an unexpectedly high proportion of
glucose is converted to lactate under fully oxygenated
conditions. This may be due to a preferential utilisation of
glycolytic ATP by the Na+/K+ ATPase membrane pump in
these cells [115, 215]. Following Na+/K+ ATPase inhibition
by ouabain, glycolysis (in terms of lactate production) is
reduced, with no change in force development. When Na+/
K+ ATPase activity is stimulated, lactate production is
increased [215]. While this mechanism requires a feedback
regulation of ATP utilisation on glycolytic flux which is
difficult to understand, the evidence for the association of
glycolytic enzymes with the membrane is fairly convincing.
The enzymes and substrates of glycolysis were initially
thought to be freely dispersed in the aqueous medium of the
cytoplasm [213]. However, subsequent studies have found
that the glycolytic enzymes are at specific locations within
the cell [213]. The glycolytic enzymes, GAPDH and PK, bind
to sarcolemma and SR membranes, possibly to charged
phospholipids which are more prevalent in the former
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membranes and thus show greater binding affinity for the
enzymes [229]. Further evidence for physical compart
mentation comes from excised inside-out patches of sarco
lemmal membrane (with no cytosol present). Addition of
substrates for the ATP-producing steps of glycolysis (pho
phoglycerokinase and pyruvate kinase) block the K

ATP

channel [123], which can only occur by a localised pro
duction of ATP. This finding substantiates the concept that
key glycolytic enzymes are located in or near the sarcolemma.
In addition, if glycolysis is inhibited in myocytes with
maintained oxidative phosphorylation, a large efflux of K+
is found, with little change in tension [123]. However, if
oxidative phosphorylation is inhibited, tension is depressed,
but K+ efflux is much lower. The enzymes of the glycolytic
cascade also appear to be associated with the plasma mem
brane in smooth muscle, allowing isolated vesicles to produce
ATP and maintain Ca2+pump function [230], an effect which
can be blocked by iodoacetate. Glycolytic enzymes are also
functionally coupled to the SR, maintaining Ca2+homeostasis
[116], which in tum greatly modifies contraction.
While glycolytic ATP therefore appears to be closely

involved with regulating K+ efflux and Ca2+homeostasis,
glycolyticATP is not necessarily distributed to the contractile
apparatus. The mechanisms ofATP transport may be limited
in conditions ofmetabolic impairment such as hypoxia and
ischemia. Glycolytic enzymes are not found near myofibrils
in any great quantity [213], suggesting that glycolytic ATP
is not synthesised in these regions, and thus is of less
importance than oxidatively derived ATP for the contractile
apparatus.
Glycogen particles are located along the mitochondrial

columns between myofibrils, and are also present in the
perinuclear sarcoplasm and the SR including the sub-sarco
lemmal cisterns [220]. The enzymes for glycogen breakdown
(phosphorylases etc.) are also found near the SR in cardiac
muscle [143], and form 'metabolons' for the efficient
metabolism of glycogen [62).
The substrate supply from glycogen utilisation is co

ordinated with mitochondrial substrate utilisation whereas
glucose utilisation correlates with Na+/K+ATPase activity in
smooth muscle cells [215). Glycogenolysis may be linked to
the contractile and cytosolic elements in vascular smooth
muscles, rather than membrane functions [230]. This may
explain the role ofglycogen utilisation as a major determinant
of the onset of contracture [7,105,161).

Conclusions

The ischemic myocardium can upregulate its ability to extract
glucose from that made available to the tissue, which is
contrary to previous conceptions that glycolysis is inhibited
in ischemia. Thus provision is made to enhance the numerous

protective effects of glucose in the ischemic cell. However,
excess glycolysis can be detrimental. A balance between
substrate supply andATP production, and metabolite accum
ulation, must be maintained. In terms ofclinical applications,
despite the original report showing that administration ofGIK
had no benefit [12], many subsequent studies argue for a re
investigation ofthis therapy [231-234], with a great potential
for protection in patients with myocardial infarction.
Glucose seems to exert a beneficial effect mainly at the

membranes, regulating intracellular ion homeostasis, while
glycogen-derivedATP is present mainly at the myofibrils, and
possibly at the SR, thereby attenuating ischemic contracture.
The functional distinction between these two glycolytic
substrates and the compartmentation within the cell clarifies
many controversial issues regarding the benefit or detriment
associated with increased glycolysis during ischemia.
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Abstract

Camitine palmitoyltransferase-I (CPT-I) plays a crucial role in regulating cardiac fatty acid oxidation which provides the primary
source of energy for cardiac muscle contraction. CPT-I catalyzes the transfer of long chain fatty acids into mitochondria and
is recognized as the primary rate controlling step in fatty acid oxidation. Molecular cloning techniques have demonstrated that
two CPT-I isoforms exist as genes encoding the 'muscle' and 'liver' enzymes. Regulation offatty acid oxidation rates depends
on both short-term regulation ofenzyme activity and long-term regulation ofenzyme synthesis. Most early investigations into
metabolic control offatty acid oxidation at the CPT-I step concentrated on the hepatic enzyme which can be inhibited by malonyl
CoA and can undergo dramatic amplification or reduction of its sensitivity to inhibition by malonyl-CoA. The muscle CPT-I
is inherently more sensitive to malonyl-CoA inhibition but has not been found to undergo any alteration of its sensitivity. Short
term control of activity of muscle CPT-I is apparently regulated by malonyl-CoA concentration in response to fuel supply
(glucose, lactate, pyruvate and ketone bodies). The liver isoform is the only CPT-I enzyme present in the mitochondria ofliver,
kidney, brain and most other tissues while muscle CPT-I is the sole isoform expressed in skeletal muscle as well as white and
brown adipocytes. The heart is unique in that it contains both muscle and liver isoforms. Liver CPT-I is highly expressed in the
fetal heart, but at birth its activity begins to decline whereas the muscle isoform, which is very low at birth, becomes the
predominant enzyme during postnatal development. In this paper, the differential regulation of the two CPT-I isoforms at the
protein and the gene level will be discussed. (Mol Cell Biochem 180: 27-32,1998)

Key words: CPT isoforms, fatty acid oxidation, mitochondrial metabolism

Introduction

Mitochondrial fatty acid oxidation has long been known to be
required for production of energy needed for the contraction
ofcardiac muscle, and extensive research has shown that the
oxidation of fatty acids is the preferred energy producing
pathway [I]. Evidence has been presented more recently that
indicates the importance of the mitochondrial enzyme
camitine palmitoyltransferase-I (CPT-I) as well as its physio
logical inhibitor malonyl-CoA, an intermediate in the fatty
acid biosynthetic pathway, in regulating rates ofmyocardial
fatty acid oxidation (for review, see [ID.Although the heart
is not a tissue in which there is abundant fatty acid synthesis,
acetyl-CoA carboxylase is known to function as a producer
ofmalonyl-CoA in the heart, possibly for the primary purpose

of regulating CPT-I and thus fatty acid oxidation.
The camitine palmitoyltransferase enzyme system (Fig. I)

consists of two enzymes, CPT-I and CPT-II, that are required
for transport oflong chain fatty acids into the mitochondrial
matrix forp-oxidation [2]. Following activation offatty acids
by acyl-CoA synthetase on the outside of the mitochondrial
outer membrane to produce acyl-CoA thioesters, CPT-I, also
located in the outer membrane, catalyzes the transfer ofacyl
groups from coenzyme A to carnitine to produce acyl
camitine. Cytoplasmic acylcamitine is exchanged for free
carnitine in the mitochondrial matrix by a specific mito
chondrial antiport protein called carnitine-acylcarnitine
translocase. CPT-II, located inside the mitochondrial matrix,
then regenerates acyl-CoA for p-oxidation by catalyzing a
reaction that is the reverse of the CPT-I reaction.
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Fig. 1. Fatty acid oxidation pathway in mitochondria. This figure illustrates
the pathway of long-chain fatty acid oxidation in mitochondria including
locations of the enzymes involved. The dark-shaded unlabeled protein in
this figure is camitine--acylcamitine translocase. Orientation and membrane
location of the enzymes is based partly on studies of partial proteolytic
digestion of intact mitochondria [3,6--8].

Regulation offatty acid oxidation in the heart
While CPT-I in the liver has been widely recognized to
regulate fatty acid oxidation in response to a variety ofdietary
and hormonal influences by altering its sensitivity to inhi
bition by malonyl-CoA, CPT-I in the adult heart has not been
extensively studied. Before it was known that a different

by changes of 10 fold or more in K; values of hepatic CPT
I for malonyl-CoA that occur with no change in K

m
for the

substrates [15]. The ability ofmalonyl-CoA to inhibit CPT
I is practically eliminated in the ketotic diabetic state which
results in a change in K; for malonyl-CoA that can be reversed
by insulin [16]. Diabetes also modestly increases the activity
of the hepatic CPT-I, and insulin administered to streptozo
tocin-diabetic rats or BB-Wistar diabetic rats reverses these
effects [16]. Insulin therefore acts in a coordinated manner to
inhibit release of fatty acids from the adipose tissue and to
inhibit oxidation offatty acids in the liver. Extensive research
into the mechanism by which insulin changes the sensitivity
ofCPT-I has failed to produce a precise mechanism, but it has
been found that the inhibitory sensitivity of the hepatic CPT
I can be greatly altered by membrane phospholipids, possibly
by changing membrane fluidity [17-19]. The phospholipid
cardiolipin is the most effective at decreasing malonyl-CoA
sensitivity and also produces increased CPT-I activity [17].
This finding may have important implications for the fatty acid
oxidation pathway since CPT-II, acyl-CoA synthetase and
carnitine-acylcarnitine translocase are also activated by
cardiolipin. The rat CPT-Il has been produced in bacterial and
yeast expression systems free ofother CPT enzymes [20-22].
These CPT-II enzymes are not inhibited by malonyl-CoA
[20-21] and cannot be made inhibitable using cardiolipin
[20]; however, the bacterially expressed enzyme is activated
by cardiolipin [20], and by detergents [22].

Mitochondrial
Matrix

Cytosol
OUTER
MEMBRA E

IN ER
MEMBRANE

The orientation of CPT-I in the mitochondrial outer
membrane as shown in Fig. I is based on experiments with
liver and heart mitochondria in which proteases have been
used to hydrolyze mitochondrial proteins partially, resulting
in an active CPT-I that is no longer sensitive to inhibition by
malonyl-CoA [3]. These experiments suggest that the active
site of the enzyme is located within the protective outer
membrane barrier, but that a portion of the enzyme to which
malonyl-CoA binds projects into the cytosol. Comparison of
the amino acid sequences of CPT-I [4] and CPT-II [5]
indicates that CPT-I possesses an additional sequence on the
N-terminal end that is not found in CPT-II. The deduced
protein sequence of CPT-I also suggests that amino acids
103-122 form a membrane-spanning domain [4]. Partial
proteolysis of hepatic CPT-I in intact mitochondria has
indicated that most drugs that inhibit CPT-I bind to the protein
domain located between the mitochondrial outer and inner
membranes, but malonyl-CoA binds to the protein domain
that extends into the cytosol outside the mitochondrial
membrane [6-8]. Proteolysis of CPT-I can be prevented by
preincubating mitochondria with malonyl-CoA [9]. Proteo
lytic removal ofthe cytoplasmic domain ofthe hepatic CPT
I can completely eliminate malonyl-CoA binding to the
enzyme as well as removing inhibition, but proteolysis does
not appear to be the mechanism by which malonyl-CoA
sensitivity is altered in insulin-dependent diabetes [10]. The
malonyl-CoA binding site on the cytosolic domain ofCPT
I is highly specific for the two carbonyl groups of malonyl
CoA; acetyl-CoA inhibits the enzyme, but does so by binding
at the active site not the malonyl-CoA site [7-8].

Metabolic control at the CPT-I step in the fatty acid
oxidation pathway

Studies ofthe hepatic fatty acid oxidation pathway
The earliest studies of the role of CPT-I in regulating fatty
acid oxidation concentrated on rat liver where dramatic
changes in rates of fatty acid oxidation occur during the
feeding-fasting cycle. Amajor factor in the control ofhepatic
mitochondrial fatty acid oxidation is the inhibition of CPT
I by malonyl-CoA [2], an important intermediate in the fatty
acid synthetic pathway. Shortly after it was discovered that
malonyl-CoA was an inhibitor of hepatic CPT-I, we dis
covered that the fatty acid oxidation pathway in mitochondria
from fed rats was extremely sensitive to inhibition by
malonyl-CoA in contrast to fasting rats where inhibitory
sensitivity was greatly diminished [II]. This regulatory
mechanism has become well established by several labora
tories that have demonstrated dramatic alterations in hepatic
CPT-I during the feeding-fasting cycle [12-14]. These
differences in inhibition ofCPT-I by malonyl-CoAare caused



isoform of CPT-I was expressed in the adult heart, we
proposed that CPT-I in the adult cardiac muscle was con
trolled by a different mechanism than the hepatic enzyme
because we found that the cardiac CPT-I did not alter its
sensitivity to inhibition by malonyl-CoA during fasting [23].
We also discovered that CPT-I of the adult heart did not
demonstrate a malonyl-CoA-induced shift to sigmoid kinetics
as the liver CPT-I did and that cardiac CPT-I was charac
terized by partial inhibition unless mitochondrial outer
membranes were purified [24]. The partial inhibition seen
with most heart mitochondrial preparations can be dis
tinguished from the physiologically reduced sensitivity seen
in the liver by using kinetic analyses [23]. These differing
kinetic characteristics in various preparations of heart
mitochondria have complicated the study of CPT-I in the
heart and led to erroneous conclusions that the heart CPT-I
was identical to that expressed in liver. It has also been found
that the adult cardiac CPT-I was much more sensitive to
malonyl-CoA inhibition than the liver enzyme and had
somewhat different acyl-CoAspecificity [24]. Regulation of
fatty acid oxidation in the adult heart apparently responds to
large changes in malonyl-CoA concentrations produced by
changes in fuel supply (glucose, fatty acids, lactate/pyruvate
and ketone bodies) [I]. It is not yet known whether this may
also be true of the heart during the perinatal period.

Identification a/two tissue-specific iso/arms o/CPT-I

Cardiac muscle expresses two iso/arms 0/CPT-I
Based on studies with inhibitors ofthe CPT-1enzyme and by
eDNA cloning, two isoforms ofCPT-I have been identified
[4,25-27]. The muscle CPT-I isoform (M-CPT-I) was
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recently discovered during differential screening of eDNA
libraries from brown and white adipose tissue [25]. Northern
analyses ofRNA from tissues and isolated cells have led to
the discovery that this new isoform was found in skeletal and
cardiac muscle [25, 27] as well as both white and brown
adipocytes [28]. The non-adipocytes ofbrown adipose tissue
contain an abundance ofthe liver isoform [28]. The cDNAs
for L-CPT-land CPT-II have been cloned from rat and human
libraries [4, 29], and the cDNAs for rat and human M-CPT
[have been cloned [25-27]. There is a difference ofonly one
amino acid in the size ofthe liver and muscle CPT-I isoforms,
but there are numerous differences in the amino acid se
quence. Figure 2 illustrates that these isoforms are not the
product ofalternate splicing ofmRNA but are derived from
different genes. The first 18 N-terminal amino acids are
identical in the two isoforms, but their nucleotide sequences
demonstrate the use ofalternate codons in both rat and human
species. Similar, though less striking, results are found
throughout the protein coding sequences. The greatest
differences appear to occur near the membrane spanning
region of each molecule. The 5' and 3' flanking sequences
of the two cDNAs are different in size and sequence homol
ogy. The liver isoform (L-CPT-I) is expressed in the liver and
heart, but not in skeletal muscle [27, 30]. Both liver and
muscle isoforms exist in cardiac muscle cells since both L
CPT-I andM-CPT-I proteins [30] andmRNAs [31] are found
in isolated cardiac myocytes. During the perinatal develop
mental period, a switching of isoforms occurs in the heart as
L-CPT-I decreases very slowly from birth until weaning and
decreases more rapidly after weaning on a high carbohydrate
diet [32]. Conversely, M-CPT-I increases from birth to
weaning and remains highly expressed thereafter [32]. There
is considerable evidence for the presence of additional CPT

rL-CPT-I
MetAlaGluAlaHisGlnAlaValAlaPheGlnPheThrValTheProAspGlyIleAspLeuArgLeuSer
ATGGCAGAGGCTCACCAAGCTGTGGCCTTCCAGTTCACCGTCACCCCCGATGGCATTGACCTCCGCCTGAGC

hL-CPT-I
* * * * * * * * * * * * * * * * * * * * * * * *
--------A--------------------T--------G-----T--G--C--G--------G--G------

rM-CPT-I
* * * * * * * * * * * * * * * * * * Val * Phe * * *
-----G--A--A-----G--A--A--T-----------T--G-----A--C--GG-C---T----G--T--T

hM-CPT-I
* * * * * * * * * * * * * * * * * * Val * Phe * * *
-----G--A--------G--C-----------------G--G-----A--C--GG-C---T----G--C--T

Fig. 1. N-Tenninal sequences ofcurrently known CPT-l proteins and cDNAs. Deduced amino acid sequences of the N-terminal regions of rat and human
CPT-Is and their respective nucleotide sequences are compared. A dash (-) indicates a nucleotide identical with rL-CPT-I, and an asterisk (*) indicates an
amino acid identical with rL-CPT-i. Sequences for rL-CPT-I are from [4], for hL-CPT-I are from [29], for rM-CPT-I are from [25] and for hM-CPT-I are
from [27].
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isoforms in liver peroxisomes and microsomes based on
cDNA cloning, protein purification and antibody studies [23,
33-34], but the presence of these isoforms has not been
demonstrated in the heart.

Regulation ofthe L-CPT-I and M-CPT-I genes

Developmental regulation ofthe L-CPT-I gene in the liver
L-CPT-I mRNA and protein levels are very low prior to birth,
but L-CPT-I mRNA and enzyme activity in the liver increase
5 fold in the first day of life [35]. The activity of L-CPT-I
remains high throughout the suckling period [35]. The
enzyme activity and mRNA abundance continue to be
elevated if the rats are weaned to a high fat diet, but weaning
to a high carbohydrate diet markedly suppresses L-CPT-I
mRNA levels [35]. The CPT-II gene is expressed in the liver
early in fetal life and remains constant throughout. Dietary
manipulations do not affect the abundance of CPT-II [35].
These observations suggest that developmental expression of
CPT-I is regulated by changes in the glucagon/insulin ratio
that occur at birth and by the abundance of long-chain fatty
acids. Using the nuclear run on assay, it was found that the
rate of transcription ofthe L-CPT-I gene was elevated in the
livers of rats on high fat diets and decreased in the livers of
rats on high carbohydrate diets [36]. Insulin inhibits trans
cription of the L-CPT-I gene in isolated hepatocytes, and
cAMP stimulates transcription [36]. In isolated hepatocytes
the peroxisome proliferator, clofibrate, and fatty acids
stimulate L-CPT-I gene expression. The transcriptional
effects of clofibrate are mediated through the peroxisomal
proliferatorreceptor (PPAR) [37]. Recently it has been shown
that long chain fatty acids can also stimulate transcription via
PPAR [37]. Insulin inhibits fatty acid induction ofthe L-CPT
I gene but does not affect the induction by clofibrate [36].
While long-chain fatty acids and clofibrate appear to utilize
the same receptor, this differential response to insulin
suggests they do not function in an identical manner [36].

Hormonal regulation ofL-CPT-I expression in the liver
Only a few direct studies have been conducted on the
regulation of L-CPT-I mRNA levels by hormones. In our
studies, it was found that L-CPT-I activity, sensitivity to
malonyl-CoA and mRNA levels were altered by thyroid
hormone [38]. In hyperthyroid rats, there was a 5 fold increase
in L-CPT-I mRNA abundance in the liver while L-CPT-I
mRNA levels decreased by a factor of 5 in hypothyroidism
[38]. L-CPT-I activity was increased in hyperthyroid rat liver
while it was decreased in the hypothyroid animal [38]. T3 has
profound effects on development and metabolism. The
actions ofT3 are mediated through nuclear T

3
receptors (TR)

ofwhich there are two isoforms - a and ~ [39]. The TRs are
part of a family of related nuclear receptors encompassing

the retinoic acid (RAR), vitamin D (VDR) and peroxisomal
proliferator receptors (PPAR) [40]. TheTR binds to a loosely
conserved AGGTCA motif. The TR forms high affinity
heterodimers with members ofthe retinoid X receptor (RXR)
family [40]. RXRs appear to be expressed in all tissues and
also form heterodimers with RAR, VDR and PPARs [40].
Non-steroid hormone receptors may have an important role
in regulation of CPT-I transcription by modulating the
transcriptional stimulation by long chain fatty acids, T

3
and

peroxisomal proliferators. The role ofthese receptors in CPT
expression will be addressed as the promoters ofthe L-CPT
I and M-CPT-I genes are analyzed.
We recently examined L-CPT-I enzyme activities and

mRNA levels in livers of normal, fasting and insulin
dependent diabetic rats. L-CPT-I activity increased 2 fold
during fasting and 3 fold with diabetes. The K; ofthe enzyme
for inhibition by malonyl-CoA was increased (increased K;
for malonyl-CoA = decreased sensitivity to inhibition) 20 fold
by fasting and 50 fold in diabetes [41]. L-CPT-I mRNA
abundance was increased 7 fold by fasting and 14 fold in the
diabetic state [41]. To determine if insulin directly affected
L-CPT-I mRNA levels, experiments were conducted in
H4IIE rat hepatoma cells. H4IIE cells were treated with either
dexamethasone or dexamethasone plus 100 nM insulin.
Insulin depressed L-CPT-I mRNA abundance by a factor of
10 over 8 h in culture. Actinomycin D was added to H4IIE
cells to assess the half-life of the CPT-I mRNA. Following
the inhibition oftranscription by the addition ofactinomycin
D, a half-life of3.5 h was determined. The rate ofL-CPT-1
mRNA disappearance was the same in cells treated with
actinomycin D or actinomycin D plus insulin, suggesting that
insulin did not destabilize L-CPT-I mRNA [41].

Regulation ofthe expression ofL-CPT-I gene in the heart
Very little has been published on the L-CPT-I genes in tissues
other than liver, but two papers describing expression in the
small intestine and the heart are notable [42--43]. L-CPT-I and
CPT-II are expressed in the intestine, where they follow the
pattern shown in the liver in which the L-CPT-I is expressed
in response to fatty acid delivery to mucosal cells by way of
the mother's milk and CPT-II remains unchanged throughout
development [42]. L-CPT-I and CPT-II are also believed to
be expressed to some extent in smooth muscle cells of the
intestine [42]. CPT-I (probably L-CPT-I (see ref. [32])) and
CPT-II activities have been reported to increase (para
doxically) in neonatal rat cardiac myocytes in response to
insulin, and CPT-II mRNA was also found to increase [43].
These responses to insulin are exactly opposite to those seen
in liver and are thought to be cell-growth related [43]. These
observations raise the possibility that mRNA abundance of
the L-CPT-I isoform may be differentially regulated by
hormones or diet in a tissue-specific manner. Precedents do
exist for this type of differential action of hormones in



different tissues.As an example, the expression ofthe PEPCK
gene is stimulated by glucocorticoids in liver, kidney and
small intestine, but depressed by glucocorticoids in white
adipose tissue [44]. The differential tissue-specific regulation
ofL-CPT-1 expression will be an exciting new area of study.
CPT-I genes and proteins remain a fascinating model for

developmental regulation, hormonal regulation and substrate
control of fatty acid metabolism in the heart. Many questions
remain regarding the regulation of the CPT-I system. Some
ofthese issues include determining the mechanism by which
malonyl-CoA differentially regulates the CPT-I isoforms and
defining the factors controlling the hormonal regulation of
CPT-I gene expression. The recent cloning of the CPT-I
cDNAs and genes has provided new avenues for addressing
these questions.
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Carnitine deficiency-induced cardiomyopathy

Dennis 1. Paulson
Department ofPhysiology, Midwestern University, Downers Grove, Illinois, USA

Abstract

The results ofclinical and animal studies suggest that a short term period ofmoderate secondary camitine deficiency, in and of
itself, does not have a major effect on the cardiac contractile function, although substrate oxidation may be altered. However,
with longer durations of camitine deficiency, alterations occur within the heart that may result in impaired contractile
performance, particularly at high workloads.At this point, the mechanisms responsible for the cardiac depression are uncertain.
We hypothesize that the alterations in substrate metabolism produced by the camitine deficient state results in inadequateATP
production under high workload conditions which result in impaired cardiac contractile performance. Camitine deficiency may
also induce a number of changes in gene expression of key enzymes required for normal cardiac contractile function and
metabolism. (Mol Cell Biochem 180: 33-41, 1998)

Key words: mitochondrial metabolism, long chain fatty acids, acyl camitine derivitives

Introduction

L-Camitine (~-hydroxY-'Y-trimethylaminobutyricacid) is an
essential component in the transport ofiong chain fatty acids
into mitochondria, where they undergo ~-oxidation [1] (Fig.
1). Camitine serves two roles in this process. First, through
the enzyme camitine palmityl transferase (CPT-I), camitine
reacts with long chain fatty acids to make long chain acyl
carnitine esters. The second role ofcamitine is to shuttle free
carnitine and long chain acyl carnitine across the inner
mitochondrial membrane. Inside the mitochondrial matrix,
long chain acyl camitine is converted back to free camitine
and long chain fatty acids via CPT-II. Since, the normal heart
obtains approximately 60% of its total energy production
from fatty acid oxidation [2], this function of carnitine is
thought to be ofmajor importance. Another role ofcamitine
is to aid in the removal of excess acyl groups from mito
chondria [3]. Via this mechanism, carnitine may also be
important in the regulation ofglucose oxidation through the
mitochondrial enzyme camitine acetyl transferase [4,5]. By
buffering fluctuations in the acetyl CoA to free CoA ratio,
camitine may indirectly regulate the activity of pyruvate
dehydrogenase. Because of these functions of camitine and
since a number ofcase reports have shown that some patients
with camitine deficiency will exhibit cardiomyopathy [7-9],
it is believed that adequate levels ofcamitine are required for

normal energy metabolism and contractile function of the
heart [6]. However, not all patients with camitine deficiency
have cardiac alterations. The explanation for the fact that
some camitine deficient patients do exhibit cardiac alterations
while others do not is uncertain, but may be related to the
degree ofcamitine deficiency and how cardiac performance
was assessed. The purpose of this review is to examine the
clinical and experimental evidence that carnitine deficiency
adversely affects cardiac metabolism and contractile function.

Metabolic consequence of carnitine deficiency

Although it is assumed that inadequate myocardial
camitine content will impair the ability of the heart to oxidize
fatty acids, there is little direct evidence to support this
hypothesis. It has been suggested that camitine levels are not
in excess but rather at appropriate levels for normal substrate
metabolism. This concept has previously been investigated
by Long et al. [10]. They found that the concentrations of
camitine required for maximal fatty acid oxidation in tissue
homogenates were not constant in various tissues. Rather, the
amount of camitine required for maximal rates of beta
oxidation paralleled the endogenous content of this com
pound in various tissues. Tissues with low levels ofcarnitine
exhibited low rates offatty acid oxidation and those with high

AddressforofJprints: OJ. Paulson, Department of Physiology, Midwestern University, 555 31st Street, Downers Grove, IL605l5, USA



Table J. Carnitine content, CPT! K
m
and the predominant isoforms of

CPT I in tissues

Tissue Carnitine content CPT-I: Km CPT-! isofonns
(I1moleslg) (11M)

such as modulating glucose oxidation. An interesting issue
that has not yet been addressed is whether carnitine de
ficiency will alter the expression of the CPT I isoforms,
particularly in the heart where both the L- and M-isoforms
are present.

It is expected that glucose oxidation would be increased
in a camitine deficient heart in order to compensate for the
decrease in fatty acid oxidation. However, it is uncertain
whether the increase in glucose oxidation would completely
compensate for the decrease in fatty acid oxidation, such that
total ATP production by the heart would be maintained.
Another mechanism that may account for the deleterious
effects ofcamitine deficiency is that the impaired fatty acid
transport into mitochondria may lead to the cytosolic accum
ulation oflipid intermediates such as long chain acyl camitine
and acyl CoA, which have been shown to inhibit a number
ofkey enzymes. For example, long chain acyl CoA has been

34

levels offatty acid contained higher levels ofcamitine. How
ever, studies by Bieber et at. [II] on palmitoyl transferase
indicate that the K

m
for camitine is much lower than the in

vivo concentration in the heart. Van Hinsbergh et al. [12]
showed that maximal stimulation of fatty acid oxidation by
isolated rat skeletal muscle mitochondria was obtained with
0.4 mM carnitine. This concentration corresponds to a
cytosolic camitine content of 1.2 mmole/g tissue, which is
much lower than normal muscle levels. Increasing camitine
concentration had no further effect on fatty acid oxidation.
If tissue camitine levels are well above the in vivo K

m
, it is

possible that a mild to moderate deficiency oftissue carnitine
may have no effect on fatty acid oxidation.

It has now been shown that there are at least two isoforms
ofCPT I each with unique physiologic and kinetic properties
[13-15]. The liver contains predominately the L-isoform
which has a lower K

m
of approximately 30 mM. This Km

corresponds to the relatively low camitine content found in
the liver (Table I). In skeletal muscle, the predominant form
is M-CPT I which has a high K

m
, 500 mM. The content of

camitine in skeletal muscle is much higher than liver. The
heart which contains both L- and M-CPT I isoforms has an
intermediate K , but the tissue levels of camitine are even
higher than that found in skeletal muscle. The higher levels
of camitine in the heart may be required for other functions

Liver 301
Skeletal muscle 859
Hean 1289
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Fig. J. Role of carnitine in fatty acid and glucose oxidation in the heart. FFA - free fatty acids; cam - carnitine; FA - fatty acyl; CPT - carnitine palmitoyl
transferase-I; CAT - carnitine acetyltransferase; PDH - pyruvate dehydrogenase.



shown to inhibit the adenine nucleotide translocator of
mitochondria, the suggested rate-limiting step in oxidative
phosphorylation [16]. Long chain acyl camitine reportedly
inhibits sarcolemmal Na+, K+-ATPase [17].
Carnitine deficiency and the resulting alteration in sub

strate metabolism may also be harmful because of changes
in the gene expression of key enzymes required for normal
cardiac contractile function and metabolism. A number of
studies have shown that gene expression is regulated by
specific nutrients. These studies have shown that specific
nutritional states can alter gene transcription, mRNA pro
cessing, mRNA stability and mRNA translation of specific
genes [18]. For example, it has been suggested that enhanced
lipid utilization and impaired glucose oxidation ofthe diabetic
heart is responsible for the shift in myosin isoform com
position from VI towards the slower V

3
isoform [19]. Rupp

et al. [20, 21], showed that the activity of sarcoplasmic
reticulum ATPase may be depressed by intermittent fasting
of rats. Sucrose supplementation prevented this depression.
It has also been demonstrated that the substrates utilized by
tissues will affect the genes coding for glucose and fatty acid
metabolism [22]. For example, Gulick et al. showed that
administration ofa CPT I inhibitor to mice or rats resulted in
an upregulation ofmedium-chain acyl-CoA dehydrogenase
an enzyme in the p-oxidative pathway [23]. There is also
evidence for a functional coupling between cardiac per
formance and altered gene expression ofenzymes associated
with energy metabolism. During cardiac hypertrophy and in
the failing heart, fatty acid utilization is decreased and glucose
utilization is increased [24]. Sacket at. showed expression of
genes encoding cardiac fatty acid oxidation were coordinately
repressed in the failing heart [25].

Clinical carnitine deficiency syndromes

Deficiencies of camitine are classified as either primary or
secondary [6, 26-30]. Primary carnitine deficiencies may
arise from a genetic disorder resulting in one or more of the
following: (I) a defect in carnitine synthesis; (2) abnormal
renal handling ofcamitine; (3) alterations in cellular mechan
isms for carnitine transport affecting uptake and/or release
of carnitine from tissues; (4) excessive degradation of
carnitine; or (5) defective intestinal absorption of carnitine.
A number of case reports have established that primary
camitine deficiency is associated with cardiomyopathy [31
33]. This cardiomyopathy is not present at birth, but usually
takes 3-4 years to develop [34]. Since, L-camitine therapy
has been shown to prevent and reverse this cardiac dys
function [7, 8, 35-37], the term symptomatic carnitine
deficiency has been used to describe this condition [34]. This
form ofcarnitine deficiency is relatively severe with muscle
and plasma carnitine being reported as low as 10% ofnormal
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values. The cardiac depression is also severe and will result
in death unless carnitine supplementation is initiated. How
ever, this condition is relatively rare [33].
Secondary carnitine deficiencies are much more common

and arise from a large number of genetic diseases that are
associated with defects in acyl CoAmetabolism [26-28, 38].
These include genetically-induced metabolic errors, such as
short-, medium- [39], or long chain acyl CoA dehydrogenase
deficiencies [40], isovaleric acidemia [41, 42], propionic
acidemia [43, 44], methylmalonic aciduria, hydroxymethyl
glutaryl-CoA lyase deficiency [45], glutaryl-CoA dehydro
genase deficiency, and beta-ketothiolase deficiency. Carnitine
deficiency can also be found in patients with carnitinel
acylcamitine translocase deficiency [34]. In these cases of
secondary carnitine deficiency, tissue carnitine levels are
reduced to about 25-50% of normal. It has been suggested
that the build up ofexcess organic acids leads to the formation
of acylcarnitine derivatives which are excreted from the
tissues and body faster than carnitine can be replaced by
dietary sources or synthesis [40, 46]. However, this hypo
thesis is controversial since not all patients with secondary
carnitine deficiencies have abnormal acylcarnitine excretion,
particularly those with medium chain acyl CoA dehydro
genase deficiency. In these patients, the impaired renal
conservation offree carnitine may be involved [39]. Whether
carnitine supplementation will be effective in all of these
conditions is unclear at this point, since there is some
controversy in the literature [34]. In patients with long chain
or short chain acyl-CoA dehydrogenase deficiency [26, 27]
a depression in cardiac contractile performance has been
found. In the other cases, no alteration in cardiac performance
has been noticed, but it should be pointed out that few studies
actually examine contractile performance of the heart, and
those that do only assess cardiac contractile performance at
rest.
Carnitine deficiency can also be acquired as the result of

liver disease, renal disease (Fanconi syndrome, renal tubular
acidosis), premature birth, and dietary insufficiency (chronic
TPN, malabsorption, soybean based infant formula) [47-51].
Tissue and plasma carnitine levels are also affected by Reye's
syndrome, diabetes mellitus, infections and heart failure [52
55]. Many of these examples of secondary carnitine defic
iency are often associated with cardiomyopathy [33, 55].
Secondary carnitine deficiency may also arise as the result
ofdrug therapy such as valproate acid and pivampiciUin [56
62]. These patients typically also have plasma and tissue total
carnitine concentrations that are 10-50% of normal and an
increased ratio of plasma acylcarnitine to total carnitine.
Pivampicillin is an antibiotic which is used in several
countries for the treatment of infections of the urinary and
respiratory tracts. The pivalic acid moiety is used in this drug
preparation to promote absorption ofampicillin. Pivalic acid
is liberated during absorption, esterified with carnitine, and
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consequently lost in the urine as the pivaloylcarnitine ester.
In humans, both acute and long-term treatment with pivalic
acid has been shown to impair ketone-body production [60,
62]. Whether these conditions in humans will induce al
terations in myocardial performance is uncertain, but recent
evidence in animals treated with pivalate suggest that cardiac
depression may result (see below).
The reported incidence of secondary carnitine deficiency

is increasing as more and more physicians become aware that
this condition is associated with a variety ofdiseases. Those
physicians who screened for carnitine deficiency found the
number ofcases to be surprisingly large. For example,Winter
and colleagues [63] have found 643 patients with diverse
conditions associated with carnitine deficiency. The medical
conditions included 109 cases ofmetabolic disease, 128 cases
ofvalproic acid therapy, 77 newborn and premature infants,
92 cases of dietary deficiency, 10 cases of renal tubular
dysfunction, 5 cases of malabsorption and 4 patients being
treated by the oncology service. The etiology ofthe carnitine
deficiency in the other 218 patients was uncertain.
While the reported incidence of secondary carnitine

deficiency is rising, the biological and medical consequences
of this disease are uncertain. The symptoms associated with
carnitine deficiency include myopathy, lipid accumulation,
hypotonia, cardiomyopathy, encephalopathy, hypoglycemia
and metabolic acidosis. However, not every patient with
carnitine deficiency exhibits all of these symptoms. Because
of this broad range of symptoms associated with carnitine
deficiency, it has been difficult to distinguish whether the
symptoms are due to carnitine deficiency or to the underlying
genetic metabolic disorder.
Based upon these clinical observations it appears that there

is a clear and strong association between primary carnitine
deficiency syndrome and the development of cardiomyo
pathy. However, the effects ofsecondary carnitine deficiency
on the heart are less certain. The camitine deficiency in these
patients is moderate and does not usually result in severe
cardiomyopathy. In addition, in patients with secondary
carnitine deficiency, it is difficult to differentiate between the
effects ofcamitine deficiency and those which are due to the
primary metabolic disorder. Thus, it has been difficult to
demonstrate a cause and effect relationship between the
secondary camitine deficiencies and cardiac alterations.
Another problem stems from the lack of comprehensive
cardiac assessments in most patients with secondary carnitine
deficiency. When cardiac performance was assessed, it was
measured only under resting conditions. It is conceivable that
with secondary carnitine deficiency that if cardiac per
formance is impaired, it may only be manifested at high
workloads where the metabolic needs of the heart are
increased. A carnitine deficient heart may not be able to meet
the increased metabolic demands during exercise or increased
exertion.

Animal models ofcarnitine deficiency

Part of the difficulty in determining the metabolic and
functional consequences ofcamitine deficiency stems from
the lack of adequate experimental models of carnitine
deficiency. Deficiencies of carnitine have been induced in
rats by dietary depletion, intraperitoneal injection of D
carnitine [64], uremia, and administration of oral sodium
pivalate [65, 66]. Only a few ofthese studies have addressed
the cardiovascular consequences of camitine deficiency in
these models.
In experimental animals, it has been shown that carnitine

levels are depressed in the diabetic [55], pressure and
volume overloaded [67] and Syrian hamster cardiomyo
pathic [68] heart. Cardiac contractile function is depressed
in all of these hearts, however, the role of the carnitine
deficiency in this cardiac depression is uncertain. None
theless, carnitine therapy has been demonstrated to be
beneficial in all three models. Camitine deficiency has also
been induced in rats by intraperitoneal injection of D
camitine, the inactive isomer, resulting in depressed cardiac
contractile function [68]. This model ofcarnitine deficiency
was shown to induce an enhancement ofenzymes associated
with fatty acid metabolism in the liver [69]. EI-Alaoui-Talibi
et al. [67] showed, in volume overloaded rat hearts, that
myocardial carnitine content was decreased by 30%. In this
case, the deficiency ofmyocardial carnitine was associated
with similar decreases in fatty acid oxidation of isolated
perfused hearts. However, when mitochondrial respiration
was measured in carnitine deficient hearts, respiratory rates
remained depressed when palmitate and carnitine were used
as substrates. These findings suggest that simply a lack of
camitine in the carnitine-acylcarnitine translocase system
may not be the primary defect, but rather a defect in the
enzymes associated with the fatty acid oxidative pathway
may also be involved. Keene et al. [70] reported that in an
18 month old male boxer dog exhibited dilated cardio
myopathy, elevated plasma carnitine, but severely low
myocardial camitine levels. L-camitine supplementation
produced a marked improvement in cardiac performance.
In the mouse with juvenile visceral steatosis (JVS mouse),
it has been recently shown that this animal model will
develop systemic carnitine deficiency which results in
cardiac hypertrophy [71] and a number of mitochondrial
abnormalities [72]. There is also an increased expression of
the CPT I gene in these animals, presumably as a compen
sation for the deficiency ofcamitine [73]. Interestingly, the
increase in CPT I mRNA was thought to be primarily the
L- isoform which has a lower K

m
[13-15]. Carnitine therapy

to these animals was shown to prevent the cardiac hyper
trophy and decrease CPT I mRNA levels to normal.
There have only been a few studies on animal models of

moderate secondary carnitine deficiency. Heinonen and
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Fig. 2. Effects of 12 weeks carnitine deficiency on the ability of hearts to
recover from a 60 min period of low flow ischemia followed by 30 min of
reperfusion. CO -cardiac output; SLVP - systolic left ventricular pressure;
+ and - DP/dt - rate ofpressure development and relaxation. All values are
mean ± S.E.M. for n = 7-12.

This duration of sodium pivalate treatment also resulted in
a similar reduction in total myocardial carnitine content
compared to control hearts. In this case, the reduction in
myocardial carnitine content was associated with a de
pression in cardiac performance and decreased rate offatty
acid oxidation. However, the magnitude ofthese alterations
were dependent upon the level ofexternal work. Mechanical
performance parameters, cardiac output, and positive- and
negative- dP/dt in response to increases in left atrial filling
pressures, were depressed in sodium pivalate hearts com
pared to control hearts. Another series of hearts were used
to ascertain whether carnitine depletion would alter myo
cardial substrate use. At low work load conditions, there
were no differences in mechanical function and fatty acid
oxidation between normal and carnitine deficient hearts.
However, at high work loads, palmitate oxidation, as
determined by production of '4C-C0

2
from the oxidation of

[U- '4C]-palmitate, was decreased in carnitine deficient
hearts as compared to control hearts (Table 2). Glucose
oxidation rates were increased compared to control hearts.
Under a high workload condition, overall myocardial steady
state ATP production from these substrates was depressed
in the carnitine deficient hearts. Thus a 50% reduction in
myocardial carnitine content for a period of 24 weeks
significantly depressed mechanical function and palmitate
oxidation at high workloads.

·dP/dt+dP/dtSLVPcoo

20

Takala [74] demonstrated that serum, skeletal muscle and
liver carnitine contents were reduced by 50% after 7 weeks
of oral feeding of carnitine-free parenteral nutrition sol
utions in rats. Presumably, in this model of carnitine
deficiency, the endogenous synthesis of carnitine is in
sufficient for maintenance of normal tissue camitine levels.
The reduced tissue camitine concentration had no effects
on in vivo fatty acid oxidation, exercise capacity or nitrogen
balance. Bianchi and Davis were able to induce a secondary
camitine deficiency in young rats by oral administration of
sodium pivalate and these animals exhibited impaired
ketogenesis.
We have used the pivalate-induced model of secondary

carnitine deficiency to examine the long term effects on
myocardial metabolism and contractile function [76-79]. In
this model, sodium pivalate (20 mM) was added to the
drinking water of young male rats. After 11-12 weeks, we
showed that the pivalate treatment significantly decreased
total myocardial camitine levels by 50-60% [76]. Despite
this deficiency of myocardial carnitine, there were no
significant differences in left ventricular pressure, rate of
pressure development or aortic flow as compared to control
hearts. '4C-Glucose oxidation rates of isolated perfused
working hearts were elevated in camitine deficient hearts,
presumably, because fatty acid oxidation was depressed in
these hearts. Since cardiac performance was not depressed
the increase in glucose oxidation was able to compensate
such that overall ATP production was not significantly
altered.
We also measured the activity of some of the enzymes
involved in glucose and fatty acid metabolism [76]. The
activity of citrate synthase was not affected by camitine
deficiency. However, the activity of hexokinase was in
creased and 3-hydroxyacyl CoA dehydrogenase (HAD) was
decreased. These findings indicate that a 50-60% myo
cardial deficiency ofL-camitine for 11-12 weeks does not
adversely affect myocardial function but does alter myo
cardial substrate utilization. There was a reduction in HAD,
an enzyme found in the p-oxidative pathway, while the
activity ofhexokinase, an enzyme found in glycolysis, was
elevated. Consistent with the data on contractile per
formance, the myosin isoenzyme distribution was not
altered. We also found that the ability of II week camitine
deficient hearts to recover from a period of ischemia and
reperfusion was also not altered relative to control hearts
(Fig. 2).
Since 11-12 weeks of camitine deficiency did not appa
rently alter cardiac contractile function, but changed the
oxidative rate ofglucose and alter the activities ofenzymes
associated with glucose and fatty acid oxidation, we next
determined whether a longer duration of carnitine defic
iency would affect myocardial performance. To test this
hypothesis, rats were treated for a 24-26 week period [77].
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All values are mean ± S.E.M. *p< 0.05 significantly different from control;
ND: not determined.

Table 2. Effects of pivalate-induced secondary carnitine deficiency on
myocardial glucose and palmitate oxidation by isolated perfused hearts

These results raise an interesting question. How does a
heart with a 50% decrease in carnitine content maintain
normal rates of fatty acid oxidation at a low workload and
only exhibits a 40% decrease in fatty acid oxidation at a
higher workload? One possibility is that the heart com
pensated for the loss of L-carnitine by increasing the ex
pression of the L-isoform of CPT I. Since this isoform has
a lower K

m
, the heart may be able to maintain fatty acid

oxidation. Interestingly, an increase in the L-isoform ofCPT
I was found in the NS carnitine deficient mouse [73].
In another study, we examined whether acute addition of

carnitine to the perfusion medium of hearts isolated from 24
week sodium pivalate-treated rats would restore both cardiac

Group

High workload
Control
Carnitine deficient
Low workload
Control
Carnitine deficient

Glucose oxidation
(nmoles/g dry wt/min)

315 ± 83
666± 175

ND
ND

Palmitate oxidation
(nmoles/g dry wt/min)

882 ± 87
544 ± 37*

526 ± 69*
404 ± 47*

contractile performance and fatty acid oxidation [79]. Isolated
working rat hearts from control and sodium pivalate-treated
animals were perfused with 11 mM glucose and 0.4 mM [U
14C]-palmitate at 15 cm Hp left atrial filling pressure and 100
cm Hp aortic afterload for a 60 min period. Carnitine, when
used, was added to the perfusate at a concentration of 5mM.
Camitine deficiency was associated with a depression in aortic
flow and steady state rates ofpalmitate oxidation as compared
to control hearts. Acute treatment with carnitine increased total
myocardial carnitine content in both control and sodium
pivalate-treated hearts. In the carnitine deficient hearts, aortic
flow was significantly increased by L-camitine administration,
but had no significant effect in the control hearts.
By restoring total carnitine content in pivalate-treated hearts,

we were expecting to observe a concomitant increase in
palmitate oxidation. In contrast, the addition ofcarnitine to the
perfusionmedium resulted in no significant changes in palmitate
oxidation. Ifanything, the mean rate ofpalmitate oxidation was
depressed by the addition ofcarnitine to the perfusion medium.
A similar effect was also observed in control camitine-treated
hearts. It has been suggested that carnitine may remove the
inhibition on the pyruvate dehydrogenase complex by de
creasing the intramitochondrial acetyl CoAlCoA ratio via the
enzyme carnitine acetyl transferase [5], (Fig. 3). As a result,
glucose oxidation was subsequently enhanced. Furthermore, it
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Fig. 3. Mechanism for camitine inhibition of fatty acid oxidation. FFA-free fatty acids; carn-carnitine; FA-fatty acyl; CPT-<:arnitine palmitoyl transferase
I; CAT-<:arnitine acetyltransferase; PDH-pyruvate dehydrogenase; ACC-acetyl CoA carboxylase.



has been hypothesized that the increased production of
acetylcarnitine led to elevated levels of malonyl CoA which,
in turn, inhibited palmitoyl carnitine transferase, and, therefore,
prevented fatty acid oxidation from being increased. Fatty acid
oxidation may not have been stimulated by carnitine because
the activities of the enzymes associated with ~-oxidation are
decreased, as shown in the previous study. Thus, the beneficial
effects ofcarnitine, in this case, may have been due to an acute
stimulation ofglucose oxidation rather than a correction ofthe
metabolic and functional alterations associated with camitine
deficiency. To test this hypothesis, these experiments were
repeated on another set ofrats, only this time glucose oxidation
was measured. Camitine addition to the perfusion medium
stimulated glucose oxidation in both control and camitine
deficient hearts. These findings suggest that the improved
cardiac contractile performance in camitine supplemented
hearts may be due to an acute stimulation ofglucose oxidation.
The cardiac depression found in this animal model of

secondary camitine deficiency provides good evidence that
myocardial contractile function is depressed with time.
Whether a similar depression in cardiac contractile per
formance will be seen in patients with secondary camitine
deficiency remains uncertain. Holme et al. [80] showed that
1-3 years ofpivalate treatment to children produced a 5-10%
reduction in plasma camitine with no evidence of cardiac
alterations. However, in follow up studies of these patients, it
was found that many of the patients complained of tiredness
and irritability, symptoms that improved with carnitine
administration. Impaired ketogenesis was also found in these
patients. It is important to note that cardiac performance was
assessed only under resting conditions and not in response to
a stress such as exercise. As suggested from our experimental
studies, the cardiac contractile depression associated with
moderate secondary camitine deficiency may only occur at
high workloads. Recently there has been a clinical study
indicating that the camitine deficiency induced by pivalate
treatment induces alterations in fatty acid metabolism and
cardiac structure in humans [81]. In this study, 7 healthy
volunteers were given pivrnecillinam for 7....!8 weeks and then
followed for 15 months. Total muscle camitine was reduced
by 46%. The median diastolic interventricular septum and
median thickness decreased by 14% and the left ventricular
mass by 10%. Fifteen months after treatment with L-camitine,
these parameters had increased but not to pretreatment
values. Thus extended pivalic acid treatment caused carnitine
deficiency and changes in cardiac structure.
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Fatty acid-binding proteins in the heart
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Abstract

Long-chain fatty acids are important fuel molecules for the heart, their oxidation in mitochondria providing the bulk ofenergy
required for cardiac functioning. The low solubility of fatty acids in aqueous solutions impairs their cellular transport. However,
cardiac tissue contains several proteins capable ofbinding fatty acids non-covalently. These fatty acid-binding proteins (FABPs)
are thought to facilitate both cellular uptake and intracellular transport of fatty acids. The majority of fatty acids taken up by
the heart seems to pass the sarcolemma through a carrier-mediated translocation mechanism consisting of one or more
membrane-associated FABPs. Intracellular transport of fatty acids towards sites of metabolic conversion is most likely
accomplished by cytoplasmic FABPs. In this review, the roles of membrane-associated and cytoplasmic FABPs in cardiac
fatty acid metabolism under (patho)physiological circumstances are discussed. (Mol Cell Biochem 180: 43-51, 1998)

Key words: myocardium, fatty acid metabolism, fatty acid uptake, fatty acid-binding protein

Introduction

To fuel its continuous contractions, heart muscle is able to
oxidize a variety of substrates including fatty acids, glucose,
pyruvate, lactate, ketone bodies, and several amino acids.
Under normal workload conditions the energy requirement
of the heart is primarily met by oxidation oflong-chain fatty
acids (FAs). Cardiomyocytes have limited capacity for FA
storage in triacylglycerols and, therefore, depend on a
continuous supply ofFAs from the circulation [I].
FAs are obtained from the diet, de novo synthesized by the

liver or released from adipose tissue. In the intestine, dietary
FAs are esterified with glycerol and incorporated into chylo
microns which are subsequently secreted into the blood
stream. In the liver, newly synthesized FAs or FAs released
by hepatic lipolysis of chylomicrons, are incorporated into
the triacylglycerol core of very-low density lipoproteins
(VLDLs). Unesterified FAs, released by lipolytic processes
in adipose tissue, are bound to albumin which has several high
affinity binding sites for FAs. The low solubility of FAs in
aqueous environments necessitates the presence of transport
proteins (e.g. albumin) or transport vehicles (e.g. VLDLs) to
allow their supply to tissues in sufficient quantities. FAs
transported in the esterified form are available after lipolytic
action of lipoprotein lipase (LPL) on the triacylglycerol

core ofthese transport vehicles. LPL is an enzyme associated
with the glycocalyx on the luminal surface ofheart capillary
endothelium [I].
Cardiac muscle is very efficient in extracting FAs from

the vascular fluid, 50-70% of circulating FA can be taken
up during a single capillary passage [I]. Similar extraction
ratios are observed for lactate, whereas only a relatively
minor proportion of glucose is taken up at first passage [I].
Current insight suggests that a number of (non-enzymatic)
proteins participate in the uptake of FAs (see Table I).
Among these proteins are membrane-associated and cyto
plasmic fatty acid-binding proteins (FABPs).

In this review, the current knowledge on the functions of
FABPs in myocardial FA uptake and metabolism is dis
cussed. Because cytoplasmic heart-type FABP has been
studied most extensively, the role of this protein in cardiac
FA metabolism, under both normal and pathophysiological
conditions, will be considered in more detail.

Uptake o//atty acids by the heart

A schematic representation of myocardial FA uptake is
shown in Fig. I. Transendothelial FA translocation is poorly
understood and might involve albumin-binding proteins
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Table I. Non-enzymatic proteins presumably involved in myocardial FA uprake and metabolism

Molecular mass (Putative) Localization (Putative) Function References
(kDa)

Extracellular
Albumin 68 circulation. interstitium plasma FA transporter [I]

Plasma membrane-associated
ABP 18,31,60 endothelium, cardiomyocyte plasmalemmal albumin receptor [2,10]
FABPpm 43 endothelium, cardiomyocyte plasmalemmal FA transport [4,13]
FAR 60 cardiomyocyte sarcolemmal FA rransport [18]
FAT 88 cardiomyocyte (transmembrane) sarcolemmal FA transport [19,20,21]

FATP 63 cardiomyocyte (transmembrane) sarcolemmal FA transport [23]

Intracellular
E-FABP 15 vascular endothelium intracellular FA transporter [13]
H-FABP 14.5 vascular endothelium, cardiomyocyte intracellular FA transporter [13,57]
ACBP 10 cardiomyocyte intracellular acyl-CoA transporter [44]

Abbreviations: ABP- albumin-binding protein; FABP
pm
- plasmalemmal fatty acid-binding protein; FAR - fatty acid receptor; FAT- fatty acid translocase;

FATP - fatty acid-transport protcin; FABP - fatty acid-binding protein; ACBP - acyl-CoA binding protein.

(ABPs) which have been identified on the surface ofcapillary
endothelial cells [2]. ABPs might facilitate transendocytosis
of albumin-FA complexes and/or enhance the dissociation of
FAs from albumin. The movement ofalbumin-FA complexes
through endothelial clefts is impeded by the size of albumin
and by tethering of glycocalyx lining endothelial clefts [3].
Lateral diffusion ofFAs within the plasmalemmalleaflets

may relocate FAs from the luminal side to the abluminal side
of the endothelium. Alternatively, FAs may be translocated
across the endothelial plasmamembrane by a protein
mediated mechanism or via movement ofFAs from the outer

to the inner membrane leaflet (flip-flop). Protein-mediated
FA uptake might involve plasmalemmal FABP (FABPpm)' a
peripheral membrane protein which has been implicated in
the transfer of FAs across the endothelial cell layer [4].
Passive diffusion ofFAs via flip-flop was shown to be rapid
in model membranes [5], but it is not known how well this
proposed FA translocation mechanism translates to bio
logical membranes [6, 7].
Once internalized, cytoplasmic FABPs could be involved

in shuttling FAs from the luminal to the abluminal plasma
membrane of the endothelial cell. Two types ofFABP have

Vascular
space

InterstitiaI
space Cytoplasm

Mitochondrion

B oxldalion - acyl CoA

TG and PL

FA

8

FA

Se
FA/ '\e BP
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FA/

(3
'ABP

Endothelium Cardiomyocyte

Fig. I. Model for myocardial FA uptake and intracellular FA metabolism. Abbreviations: ALB -albumin; ABP -albumin binding protein; ACS-acyl-CoA
synthetase; CARN - carnitine shuttle; FA - long-chain fatty acid; FABP - fatty acid-binding protein; LPL - lipoprotein lipase; PL - pbospholipid;
TG - triacylglycerol. Question marks denote unresolved mechanisms for FA translocation. Modified from reference [21], with permission.



been identified in endothelial cells, epidennal-type FABP
(E-FABP) and heart-type FABP (H-FABP). Expression levels
of these proteins are relatively low and theoretical con
siderations indicate that in these cells an intracellular FA
carrier is dispensable [I, 8]. Though the physiological
relevance of E-FABP/H-FABP in transcytoplasmic FA
transport in endothelial cells is questioned, the high-affinity
binding of arachidonic acid and certain eicosanoids ob
served for E-FABP [9] suggest a possible involvement ofthis
protein in the arachidonic acid cascade.
ln the interstitial space, albumin is presumed to desorb

FAs from the abluminal plasmamembrane and deliver the
FAs to ABPs on the surface of cardiomyocytes [10]. The
existence of ABPs is supported by observations that in
creasing albumin concentrations, at a fixed albumin:palmitate
ratio, resulted in saturable uptake of palmitate by isolated
rat cardiomyocytes [II]. The molecular mechanism of FA
transport across the sarcolemma is still a matter of debate.
Traditionally, it was assumed that FAs traverse the phospho
lipid bilayer by a simple, non-saturable diffusion mechan
ism [5, 12]. However, evidence is accumulating that
myocardial FA uptake involves mainly a carrier-mediated,
saturable uptake system [11, 12]. ln resting rat cardio
myocytes this protein-mediated component accounts for
80% of the palmitate uptake [II]. Several membrane
proteins thought to be involved in cellular FA uptake have
been identified in the heart [7, 13, 14]. These so-called
membrane-associated FABPs will be discussed in the
following section.
After translocation across the sarcolemma, FAs are bound
to H-FABP and delivered to sites of metabolic conversion.
Prior to further metabolism FAs are activated by esterifica
tion with CoA, a reaction catalyzed by membrane-associated
acyl-CoA synthetases (ACS). FAs destined for oxidation are
activated by ACS on the outer mitochondrial membrane. The
carnitine shuttle promotes subsequent entry of the acyl
moiety ofacyl-CoA esters into the mitochondrial matrix where
poxidation takes place. ln the heart, peroxisomalpoxidation
fonns a quantitatively minor pathway for FA degradation
[I]. An endoplasmic reticulum-bound ACS activates FAs
destined for triacylglycerol or phospholipid synthesis. The
various functions proposed for H-FABP in myocardial FA
metabolism will be discussed later.

Membrane-associated FABPs

Early indications for the involvement ofmembrane-associated
proteins in FA uptake included the observation of saturable
uptake kinetics and inhibition ofuptake by treating cells with
trypsin or phloretin (an aspecific inhibitor of membrane
transport proteins). Subsequently, several candidate FA
transporters were identified by diverse methods such as
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labelling of proteins with (photo)reactive FA analogues,
expression cloning and affinity chromatography [7, 13, 14].
Most of the proteins thus found were initially isolated from
adipose tissue or liver. Those proteins with known expression
in the heart are listed in Table I.
Plasmalemmal FABP (FABP

pm
)' a 43 kDa peripheral

membrane protein with possible identity to the mito
chondrial isofonn of aspartate aminotransferase (mtAAT)
[15], has been identified in numerous cell types including
hepatocytes, adipocytes and cardiomyocytes. Antibodies
directed against this protein diminished oleate uptake by
isolated rat cardiomyocytes with 40% but had no effect on
glucose uptake [16]. Moreover, 3T3 fibroblasts transfected
with mtAAT cDNAdisplayed saturable uptake ofFAwhich
was several-fold higher than uptake in mock-transfected
cells [17].
A 60 kDa protein isolated from rat heart sarcolemmal

membranes was shown to bind palmitate with high affinity
(K

d
I liM) [18]. Unfortunately, no functional data on this

protein, which was tentatively called FA receptor (FAR), are
available.
lncubation of rat adipocytes with a reactive FA derivative

resulted in labelling of an 88 kDa membrane protein and a
concomitant 75% decrease in FA uptake [19]. A cDNA
encoding this protein, which was designated Fatty Acid
Translocase (FAT), showed high homology with mouse and
human CD36 [19]. Expression of FAT cDNA in Ob17PY
fibroblasts resulted in enhancement of FA uptake [20].
Northern blot analysis [21, 22] and immunochemistry [Van
Nieuwenhoven, personal communication] revealed FAT
expression in rat cardiomyocytes. Moreover, developmental
regulation ofFAT expression correlated well with the increase
in cardiac FAoxidation capacity during development [21,22].
A murine 3T3-Ll adipocyte cDNA library was expressed
in COS7 cells to identify cDNAs which could augment
uptake of a fluorescent FA analogue [23]. Using this
functional approach a cDNA encoding a 63 kDa integral
membrane protein named Fatty Acid-Transport Protein
(FATP) was identified. Northern blot analysis revealed FATP
expression in various tissues with high FA fluxes, including
the heart [23].
As indicated above, the involvement of membrane

associated FABPs in cellular FA uptake is supported by
several lines ofevidence ofwhich the transfection experiments
are most convincing. However in spite of this, little is known
about tissue contents of the various proteins, the contribution
of each to myocardial FA uptake and whether the proteins
interact and/or cooperate. It will be interesting to learn if an
interaction occurs between membrane-associated FABPs and
proteins that facilitate the final part of the myocardial FA
uptake chain, the cytoplasmic FABPs. In vitro experiments
with CD36 (FAT) and FABP isolated from bovine mammary
gland, suggest that such an interaction indeed occurs [24].
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Cytoplasmic FABPs

Following their initial discovery in the early 70s [25],
cytoplasmic FABPs are now known to comprise a family of
proteins showing high-affinity binding oflipophilic ligands
[13,26,27]. This so-called lipid binding protein (LBP)
family belongs to a larger family of ligand binding proteins
with similar protein architecture, the calycins [28]. Other
protein families belonging to this superfamily are the
lipocalins, a group of small extracellular transport proteins
having diverse functions, and the avidins, a group of biotin
binding proteins [28].
In mammals, the LBP family currently consists of one

bile acid-binding protein, two retinol-binding proteins, two
retinoic acid-binding proteins (CRABPs) and eight 'true'
FABPs [13]. LBPs consist of 126-137 amino acids (MW
14-16 kDa) and, in the mouse, their homology ranges
between 14-66%. Although LBPs were named after the
initial source of isolation, this does not necessarily mean
that expression is restricted to that particular tissue.
In cardiac tissue, two types ofFABP have been identified

(Table I), heart-type FABP (H-FABP) and epidermal-type
FABP (E-FABP) [13,29]. The presence ofFABP in myo
cardium and other tissues was already established in 1972
[25]. Subsequently, FABP was isolated from rat heart and its
FA binding characteristics were determined [30]. Only in
1984 it became apparent that cytoplasmic FABPs from heart
(H-FABP) and liver (L-FABP) were related, but distinct
proteins [31,32]; reviewed in [33].

Structure ofH-FABP and binding characteristics
H-FABP, which appears to be identical to mammary-derived
growth inhibitor (MDGI) [34] and is also known as FABP3
or muscle-FABP, consists of 132 amino acid residues and
has a molecularmass of 14.5 kDa. It has been fully character
ized in cattle, man, rat, and mouse. Interestingly, apparently
homologous FABPs have been identified in flight muscle of
desert and migratory locusts [35] and in skeletal muscle of
the antarctic icefish [36]. In bovine heart, two H-FABP
isoforms (Asp98 and Asn98) are encoded by distinct mRNAs
[37] which might result from transcription of different
alleles.
H-FABP is post-translationally modified by acetylation
of its N-terminus and is a stable protein with a half-life of
2\1, days, as measured in cultured neonatal cardiomyocytes
[38]. A minute amount of the H-FABP pool in isolated rat
cardiomyocytes was found to be phosphorylated on Tyrl9
upon stimulation with near-physiological insulin levels [39].
The physiological significance of this finding is unknown,
although it was speculated that phosphorylated H-FABP
might modulate the insulin signal transduction pathway in
the presence of FAs [39].
Crystal structures have been determined for bovine H-

FABP at intermediate resolution and for recombinant
human H-FABP complexed with various saturated and
(poly)unsaturated fatty acids at high resolution (1.4-2.1
Angstroms) [40,41]. The protein structure consists of 10
antiparalJel ~ strands (~A-~J) and two short a-hel ices
arranged into two more or less orthogonal ~ sheets (Fig. 2).
The FA is bound in an internal binding cavity where its
negatively charged carboxylate group forms a hydrogen
bond network with ArglO6 (via a water molecule), Argl26
and Tyr128. Mutation of any of these residues is likely to
affect FA binding affinity, e.g. an Arg 126Gln substitution
completely abolishes FA binding activity [42]. A detailed
description of the various structural aspects of H-FABP and
other LBPs can be found in reference [40].
Several methods have been employed in the past to

determine kinetic parameters of FA/H-FABP interaction
[13]. Recent methodological improvements revealed
equilibrium dissociation constants in the nanomolar range
and a binding stoichiometry of one mole FA per mole of
protein [43]. Both saturated and (poly)unsaturated FAs are
bound to H-FABP with high-affinity (K

d
2--{j0 nM). As

apparent from the interactions between the FA and residues
in the binding cavity [40], the binding ofFAs to H-FABP is
pH-dependent. In the neutral and basic pH range, FAs are
bound whereas they dissociate at pH values below 4.5, the

Fig. 2. Ribbon diagram sbowing tbe tertiary structure of a cytoplasmic
FABP with bound fatty acid (balls and sticks). The J} strands are numbered
A-J. The structure shown is for intestinal-type FABP. The structure of
heart-type FABP is similar with the difference that in H-FABP the fairy acid
is bound in a U-shaped conformation. Reproduced from reference
[59], with permission.



pK offree FA.Acyl-CoAesters, acyl-carnitine esters and long
chain fatty alcohols do not bind to H-FABP. Acyl-CoA esters
are bound with high affinity by acyl-CoA binding protein
(ACBP), a protein expressed in most - if not all- cell types
[44].

Regulation ofH-FABP expression
The gene encoding H-FABP consists of four exons and has
been mapped to human chromosome Ip32-35 [27,45].
Apart from the expressed H-FABP gene on chromosome 4,
several intronless pseudogenes located on different chromo
somes have been identified in the mouse [46]. The human
H-FABP/MDGI gene is a candidate tumor suppressor gene,
its locus lying in a region commonly found to be lost in
sporadic breast cancers [45]. However, a detailed genetic
analysis suggested that mutations in the H-FABP/MDGI
coding region are uncommon in breast tumorigenesis [45].
These studies revealed a rare polymorphism in the H-FABP
gene resulting in a Lys54 to Arg54 transition.
Because H-FABP is a stable protein and the factors
influencing H-FABP levels generally result in mild and
gradual changes, expression seems to be regulated primarily
at the transcriptional level. Several putative transcription
factor binding sites have been identified in the promoter/
enhancer regions of the mouse H-FABP gene [46], but no
experimental evidence is available about involvement of
these sites and transcription factors binding to them in
controlling H-FABP levels. Typical mRNA destabilizing
elements, such as those commonly found in the 3' un
translated regions of growth factor mRNAs [47], are not
present in H-FABP mRNAs.
H-FABP is abundantly expressed in the cytoplasm of

cardiomyocytes. In rat heart, H-FABP accounts for 3% of
the cytoplasmic proteins (0.74 mg/g wet weight) [48]. Using
immunochemistry, small amounts of H-FABP were also
detected inside the nucleus and in the mitochondrial matrix
[13]. Moreover, H-FABP was found to be associated with
myofibrils. Because H-FABP lacks nuclear localization
signals and it is generally assumed that small proteins can
pass nuclear pores unrestricted, the presence of H-FABP in
the nucleus probably reflects equilibration with the cyto
plasmic fraction.
Besides cardiomyocytes, the presence ofH-FABP has been

demonstrated in other heart cells albeit in less abundance [49].
Heart capillary endothelium, cultured endothelial cells from
bovine aortic tissue [38], cardiac fibroblasts and vascular
smooth muscle cells [50] contain low levels of H-FABP.
Outside the heart, relatively high-level expression ofH-FABP
has been detected in red skeletal muscles, renal cortex, testis,
and brain [13, 51].
Testosterone-treatment, endurance training [52], circadian
rhythm [31], nutritional state and pharmacological inter
vention [53] have been shown to influence the myocardial

47

H-FABP content. Moreover, H-FABP expression is altered
in certain pathophysiological conditions. Tn general,
metabolic situations that tend to increase fatty acid oxidation
result in elevated H-FABP levels. Interestingly, FAs
stimulate H-FABP and FAT expression in isolated neonatal
rat cardiomyocytes (DeVries, personal communication). The
regulation ofH-FABP expression in heart muscle in relation
to proposed functions is discussed in the ensuing sections.

Functions ofcytoplasmic FABPs in the heart

Throughout prenatal development, H-FABP is present at
constant levels in rat heart [51]. Around birth there is a
marked increase in H-FABP protein and mRNA levels which
reach a maximum after one month [22, 51]. A parallel
increase in oxidative capacity of heart tissue is found during
development. When comparing H-FABP content and oxida
tive capacity in different skeletal muscle types similar
observations were made [48]. Both the levels ofH-FABP and
oxidative capacity increased in the order: fast-twitch white
muscle« slow-twitch red muscle < heart muscle. Likewise,
H-FABP concentrations correlated with palmitate oxidation
measured in homogenates of various heart cell types such
as cardiomyocytes, endothelial cells and fibroblasts [49].
Together these findings suggest that cellular H-FABP
levels are directly linked to the tissues' capacity for FA
oxidation. Therefore, the major postulated functions pertain
to a role for H-FABP in FA metabolism. H-FABP is thought
to (I) stimulate the cellular uptake of FAs and (2) enlarge
the cytoplasmic FA-flux. Protection against detergent-like
effects of FAs [13] and modulation of signal transduction
pathways [54] have been proposed as additional functions of
H-FABP.

Enhancement of cellular FA uptake
By intracellular binding of FAs and, thus, maintaining a
gradient between the extracellular and intracellular compart
ments, H-FABP might increase the influx of FAs into the
cell. Proof for such a function was obtained for liver-type
FABP; expression of its cDNA in transfected L-fibroblasts
resulted in elevated FA uptake [55]. Similar observations
were made for other LBPs [13]. However, H-FABP cDNA
expression in COS7 cells did not affect FA uptake [23]. The
latter observation does not exclude a role for H-FABP in
cardiac FA uptake, as simultaneous expression ofmembrane
associated FABPs may be a prerequisite for H-FABP in order
to stimulate FA uptake.

Enhancement of cytoplasmic diffusion
In contrast to short-chain FAs, the physiologically important
long-chain FAs (C

16
and CIS) are virtually insoluble in

aqueous environments. While it seems obvious that H-FABP
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increases the solubility of FAs and, accordingly, enhances
the intracellular FA flux, experimental proof for this function
in vivo is scarce.

In vitro, H-FABP was shown to transfer FAs between a
variety of model membranes [13]. Moreover, when added
to a cytosolic preparation lacking endogenous FABP, H
FABP enhanced the diffusion ofoleate in this system several
fold [56]. Inside the cardiomyocyte the majority of FAs are
associated with phospholipid bilayers [57]. Theoretical
calculations indicated that H-FABP raises aqueous phase
FA levels from about 3 nM to 311M, thereby potentially
stimulating intracellular FA-fluxes several fold [13, 57].
The mechanism by which FA are transferred from H-FABP

to synthetic phospholipid membranes is believed to proceed
through collisional transfer [58]. This process requires an
interaction between FABPand the acceptor membrane. Using
a fluorescence resonance energy transfer assay, it was shown
that FA transfer from H-FABP to model membranes depends
on the composition and structure ofmembrane phospholipids,
and the ionic strength [58]. Acidic phospholipid bilayers were
most efficient in accepting FAs from H-FABP, suggesting an
interaction between positively charged residues on the surface
of H-FABP and the negatively charged phospholipids in the
membrane. In H-FABP the portal region, which is formed by
the two a-helices (Fig. 2) and probably forms a flexible
structure which caps the internal binding cavity [40, 59],
contains several positively charged residues. Mutation of
these residues, e.g. Lys22 to I1e22, did not affect FA binding
affinity but did result in diminished FA transfer from H-FABP
to model phospholipid membranes [60].
These latter findings suggest that positively charged

residues in the portal region are involved in the collisional
transfer of FAs between H-FABP and membranes. Inter
estingly, the outer mitochondrial membrane of cardio
myocytes contains large amounts of negatively charged
phospholipids (e.g. cardiolipin) which could possibly
interact with these positively charged residues. Moreover,
in the vicinity of actively respirating (W pumping) mito
chondria the FA binding affinity of H-FABP, which is pH
dependent, could be lowered. These speculations imply a
possible mechanism for enhanced transfer of FAs from
cytoplasmic H-FABP to mitochondrial membranes.

Extracellular functions proposed for H-FABP
Several extracellular functions have been postulated for H
FABP (MDGI). This protein is thought to be involved in
growth-regulation and differentiation ofmammary epithelial
cells [61, 62]. Recently it was shown that MDGI is in fact a
mixture of adipocyte-FABP and H-FABP, but its anti-pro
liferative activity resides apparently in H-FABP [34]. For
exerting its extracellular function, MDGI, which is syn
thesized by lactatingmammary epithelial cells, is probably co
secreted with other constituents of milk fat droplets.

A possible involvement of H-FABP in development of
cardiac hypertrophy has been reported [63]. In neonatal
cardiomyocytes, low extracellular concentrations of H
FABP were found to induce expression of proto-oncogenes
and cause an increase in cellular surface area. As H-FABP
normally has an intracellular localization, the physiological
relevance of these findings remains to be established.

Pathophysiological disturbances of myocardial FA
metabolism

In the healthy heart oxidation ofFAs supplies up to 70% of
the overall energy requirement [1]. Under certain conditions,
such as fasting and diabetes, the contribution of FA
oxidation to total ATP production may even exceed 90% [I,
64]. A number ofpathophysiological conditions which affect
the workload of the heart, such as chronic hypertension and
hypertrophy, cause alterations in myocardial FAmetabolism
[1,64]. A possible involvement of H-FABP in metabolic
adaptation under (patho)physiological conditions is dis
cussed.

Diabetes and fasting
Circulating FA levels are elevated in diabetes mellitus and
during fasting. In diabetic hearts, the uptake and utilization
ofglucose is impaired and the heart becomes almost entirely
dependent on FA oxidation to fulfil its energy needs. The
increased FA utilization by the diabetic heart may be
accompanied by enhanced uptake and/or intracellular
transport of FAs. Both, FAT [14] and H-FABP mRNA [65]
contents were found to be slightly increased in hearts from
diabetic rats. In red skeletal muscle of rat, the mechanism
by which H-FABP mRNA levels are raised appear to be on
the transcriptional level in fasted animals whereas an
increased mRNA stability is implied in the streptozotocin
induced diabetic animals [66]. The close relationship between
FABP content and oxidative capacity is strengthened by the
observation that both parameters decrease in liver and adipose
tissue of diabetic animals [13].

Hypoxia and myocardial ischemia
It was shown that in rats exposed for 3 weeks to hypoxic
conditions the myocardial FABP content had decreased by
20% [53]. Moreover, hearts from these rats had somewhat
reduced capacity to oxidize FAs [53]. Apparently, H-FABP
is a determinant of FA oxidation fluxes or FA oxidation
capacity influences H-FABP content.
The reduced oxygen supply in ischemic heart severely

impairs mitochondrial oxidation ofFAs [I]. Under ischemic
conditions, residual FAs extracted from the extracellular
compartment are mainly incorporated into triacylglycerols
[I]. Moreover, accumulation of acyl-CoA and acyl-carnitine



esters is readily (within 5 min) observed in low-flow ischemic
heart. Intracellular FA levels are significantly raised 20-45
min following onset of ischemia [I]. Due to their amphiphilic
nature, FAs can have detergent-like effects on cell membranes
and influence the activity ofproteins. For instance, FAs were
shown to be weak uncouplers of mitochondria [67] and alter
the activity of several enzymes and ion channels [13]. In the
ischemic heart, tissue accumulation of FAs and their deriva
tives has been associated with arrhythmias, increased myo
cardial infarct size and depressed myocardial contractility [I].
Under ischemic conditions, H-FABP may be crucial to
sequester accumulating FAs and thus prevent tissue damage.
Prolonged ischemic periods or severe coronary occlusion

may result in myocardial infarction. Following myocardial
infarction or skeletal muscle injury, H-FABP is released into
the bloodstream by damaged myocytes and is rapidly cleared
from the blood by renal filtration. The development of rapid
and sensitive assays for quantification ofH-FABP in plasma,
makes this protein an ideal marker for diagnosis of acute
myocardial infarction. The ratio of blood myoglobin/H
FABP levels allows discrimination between skeletal muscle
damage and acute myocardial infarction [68].

Hypertensive and hypertrophied heart
The heart muscle adapts to prolonged periods of enhanced
workload, e.g. chronic hypertension, by structural remodel
ling. The enlargement ofventricular size, which is observed
in hypertrophied heart, forms a serious risk for development
of congestive heart failure. Among the metabolic changes
observed in hypertrophied heart, a decrease in FA oxidation
is evident [64]. It is thought that the lowered FA oxidation
capacity, which still accounts for 55% oftheATP produced,
results from a decreased myocardial carnitine content.
Oxidation ofshort-chain FAs, which do not rely on camitine
for entering the mitochondrial matrix, is not impaired in the
hypertrophied heart [64]. Alternatively, a reduced H-FABP
content may account for the lowered FA oxidation rate. In
spontaneously hypertensive rats, which develop mild
ventricular hypertrophy, H-FABP levels tended to be lower
than in normotensive rats [69).

Future prospects

Research in the field of cellular FA uptake is rapidly
progressing as evidenced by the identification of several
putative FA transporters in a short time-span. The growing
number ofproteins apparently involved in FA uptake raises
several questions concerning their structural organization.
Perhaps these proteins are assembled into a multimeric FA
transport complex in which individual proteins participate
in different steps of the translocation process, e.g. binding
ofFAs, transmembrane movement ofFAs and transfer ofFAs
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to cytoplasmic FABPs. Post-translational modification (e.g.
tyrosine phosphorylation) of membrane-associated FABPs
could modulate the FA translocation process. Hence, future
research is required to learn about the functions of, and
interactions between membrane-associated FABPs. More
over, the regulation oftheir expression/activity under diverse
(patho)physiological conditions needs to be established. Use
of sophisticated techniques, such as gene replacement
(knock-in) and gene disruption (knock-out), which allows
study of protein function in living animals, could help in
resolving these issues.
The latter approach was already used to study the function
ofcytoplasmic FABPs. Recently, mice lacking bothA-FABP
alleles were shown to be developmentally and metabolically
normal [70). Interestingly, in adipose tissue of these mice
an elevated expression of E-FABP was observed which
probably compensated for the deficiency in A-FABP [70).
Moreover, double mutant mice lacking both CRABPs were
found to be essentially normal [71]. Presumably, alternative
cellular binding sites exist for retinoic acid, a vitamin A
derivative which is essential for embryonic development.
The eventual development of mice lacking membrane

associated FABPs and/or cytoplasmic H-FABP, could
probably resolve several unanswered questions on the roles
of these proteins in myocardial FA uptake and metabolism,
and in cardiac pathophysiology.
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Abstract

It has been established that diabetes results in a cardiomyopathy, and increasing evidence suggests that an altered substrate
supply and utilization by cardiac myocytes could be the primary injury in the pathogenesis of this specific heart muscle disease.
For example, in diabetes, glucose utilization is insignificant, and energy production is shifted almost exclusively towards ~
oxidation of free fatty acids (FFA). FFA's are supplied to cardiac cells from two sources: lipolysis of endogenous cardiac
triglyceride (TG) stores, or from exogenous sources in the blood (as free acid bound to albumin or as TG in lipoproteins). The
approximate contribution of FFA from exogenous or endogenous sources towards ~-oxidation in the diabetic heart is unknown.
In an insulin-deficient state, adipose tissue lipolysis is enhanced, resulting in an elevated circulating FFA. In addition, hydrolysis
of the augmented myocardial TG stores could also lead to high tissue FFA.Whatever the source ofFFA, their increased utilization
may have deleterious effects on myocardial function and includes the abnormally high oxygen requirement during FFA
metabolism, the intracellular accumulation of potentially toxic intermediates of FFA, a FFA-induced inhibition of glucose
oxidation, and severe morphological changes. Therapies that target these metabolic aberrations in the heart during the early
stages ofdiabetes could potentially delay or impede the progression ofmore permanent sequelae that could ensue from otherwise
uncontrolled derangements in cardiac metabolism. (Mol Cell Biochem 180: 53-57, 1998)

Key words: diabetes, cardiomyopathy, lipids, lipoprotein lipase, calcium

Introduction

Clinical and epidemiological reports have confirmed that
cardiovascular disease is the major cause of death in diabetic
patients [I, 2]. The mechanisms behind the high incidence of
diabetic cardiac dysfunction remain relatively obscure and may
involve atherosclerosis or a combination of microangiopathy,
macroangiopathy, autonomic neuropathy and other factors
which produce structural, functional and biochemical alterations
in the heart [3]. However, cardiac problems associated with
diabetes are not always implicated with the above factors [4, 5].
Thus, a specific cardiomyopathy may be a significant causal
factor in the enhanced mortality and morbidity of diabetes.
Chemically-induced diabetes also results in cardiac abnor
malities in animal models [6-8]. In most animal studies,
depressed contractility was not accompanied by alterations in
oxygenation, coronary flow or the presence of major vessel
disease. Thus, similar to the human condition, there may be
factors unrelated to vascular disease which could contribute to
the pathogenesis ofdiabetic cardiomyopathy in rodent models.

Etiology ofdiabetic cardiomyopathy

The etiology of diabetic cardiomyopathy is complex and a
number of factors have been implicated in the pathogenic
process. In the acute diabetic heart, metabolic derangements
in both fuel supply and utilization by heart tissue could serve
as the biochemical lesion initiating disease [9]. Over a chronic
period, a number of subsequent vascular and cardiac com
pications develop, and involve an abnormal vascular sen
sitivity and reactivity to various ligands, depressed autonomic
function, increased stiffness of the ventricular wall, and
abnormalities ofvarious proteins that control ion movements,
particularly intracellular calcium [10].

Lipid metabolism during diabetes

Plasma triglycerides
Hypertriglyceridemia (Fig. IB) characteristic of insulin
dependent diabetes mellitus results from an increased
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Wistar Kyoto diabetic rats, heart function was severely
reduced in these animals [18]. Taken together, these findings
suggest that in the diabetic rat, circulating triglyceride levels
may not be an important determinant of cardiomyopathy.

Plasma free fatty acids (FFA)
In the heart, the source ofcellular energy in the form ofATP
is obtained via the oxidation ofvarious substrates including
FFA, glucose, lactate and ketone bodies, with FFA being the
principal substrate utilized by the heart. Indeed in rats, the
heart muscle accounts for a disproportionately large con
sumption ofFFA with respect to body weight. The heart has
a limited potential to synthesize FFA. Hence, fatty acids are
supplied to cardiac cells from several sources: through
lipolysis ofendogenous cardiac TG stores, or from exogenous
sources in the blood (as free acid bound to albumin or as TG
in lipoproteins). During insulin deficiency, there is a marked
increase in adipose tissue lipolysis with a subsequent outflow
of FFA, which become greatly elevated in diabetic plasma
(Fig. 1A). When the rate of FFA uptake exceeds the rate of
disposal, myocardial triglyceride content is increased, as has
been observed in perfused hearts [19] and in cardiac
myocytes [20] obtained from diabetic rats. Subsequent
hydrolysis of this expanded intracellular store oftriglyceride
could eventually lead to high tissue FFA levels in the diabetic
heart [21, 21]. Circulating and cellular FFA levels if suffi
ciently large, may have adverse electrophysiological, bio
chemical and mechanical effects on the heart (for review see
[9]).

Lipoprotein lipase
LPL is the enzyme that catalyzes the breakdown of the TG
component oflipoproteins. Vascular endothelial-bound LPL
determines the rate of plasma TG clearance and partially
regulates FFA supply to the tissues; hence, it is also called
'functional' LPL [22]. Since endothelial cells cannot syn
thesize LPL, the enzyme is synthesized by the parenchymal
cells of a variety of extrahepatic tissues, including adipose,
heart, skeletal muscle, brain, and ovary. In the adult heart,
LPL is synthesized and processed in myocytes and is trans
located onto heparan sulfate proteoglycan (HSPGs) binding
sites on the luminal surface ofendothelial cells [23] where it
actively metabolizes lipoproteins. Chylomicrons and VLDL
bind transiently to endothelium binding lipolysis sites where
functional endothelial LPL hydrolyzes the TG core to FFA
and 2-monoacylglycerol [24], which are then transported into
the heart for numerous metabolic and structural tasks.
The approximate contribution ofFFA from exogenous or

endogenous sources towards ~-oxidation in the diabetic heart
is not known. During diabetes, enhanced adipose tissue
lipolysis together with an increased hydrolysis of the aug
mented intracellular cardiac TG store could lead to high
circulating and tissue FFA levels. This serves to guarantee
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Fig. 1. Plasma free fatty acids (FFA), triglycerides and cholesterol in Wistar
rats made diabetic with increasing doses of streptozotocin (SrZ, i.v. 0.9%
saline). After 4 days, blood samples were obtained from the tail vein prior
to sacrifice. Data is mean ± S.E.M. 'Significantly different from basal, p <
0.05.
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secretion ofvery low density lipoprotein triglyceride (VLDL
TG) from the liver [11], and a reduced clearance ofTG-rich
lipoprotein as a result of depressed lipoprotein lipase (LPL)
activity [12] and/or compositional changes in circulating
lipoproteins [13]. Human and animals studies have attempted
to correlate myocardial changes during diabetes with changes
in plasma lipids. In the Framingham and WHO studies, serum
triglyceride levels were a strong risk factor for cardiovascular
disease among diabetics [14, 15]. Furthermore, in strepto
zotocin (STZ)-diabetic rats, treatments that lowered plasma
lipids such as L-camitine [16] and hydralazine [17] effec
tively prevented cardiac dysfunction. More recently however.
several agents such as clofibrate, prazosin and enalapril,
which produced triglyceride-lowering effects in STZ-diabetic
rats were ineffective in preserving myocardial function [12].
Furthermore, despite the lack of hypertriglyceridemia in
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Fig. 2. Plasma insulin and glucose levels in Wistar rats made diabetic with
increasing doses ofSTZ. After 4 days, blood samples were obtained from
the tail vein priorto sacrifice. Data is mean ± S.E.M.•Significantly different
from basal, p < 0.05.

FFA supply to the diabetic heart to compensate for the
diminished contribution of glucose as an energy source.
Considering these mechanisms that enhance cardiac FFA
levels, the relative contribution ofcardiac LPL activity to the
delivery of FFA to the diabetic heart is unknown. An addi
tional caveat is that available information on the influence
ofdiabetes on heart LPL is inconclusive. Thus LPL immuno
reactive protein or activity has been reported to be unchanged
[25, 26], increased [27, 28] or decreased [29-31] in the
diabetic rat heart. In part, this variabiIi ty between different
studies could be due to the diversity in the rat strains used,
the dosage of streptozotocin (STZ) used to induce diabetes
(resulting in diabetes of varying intensities, Fig. 2), and the
duration ofthe diabetic state. In addition, many of the above
investigations utilized procedures which did not distinguish
between functional (i.e. heparin-releasable component
localized on capillary endothelial cells that is implicated in
the hydrolysis of circulating TG) and cellular (i.e. non
heparin-releasable pool that represents a storage form of the
functional enzyme) pools of cardiac LPL as cellular LPL
activity or protein levels have largely been obtained using
whole heart homogenates.
To examine the contribution of the severity and duration
of diabetes on heparin-releasable cardiac LPL activity, we
induced diabetes inWistar rats with a high (100 mg/kg; D100)
ormoderate (55 mg/kg; D55) dose ofSTZ and examined LPL
activity at various times after diabetes induction. Severe
diabetes in DIOO rats resulted in a reduction in heparin
releasable LPL activity at one week of diabetes. However,
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in D55 rat hearts, peak heparin-releasable LPL activity was
higher than control animals at 2 and 12 weeks after STZ
injection (unpublished observations). The increased enzyme
activity could lead to an accelerated hydrolysis oflipoprotein
TG, providing an additional source ofFFAwhich could have
deleterious effects in the diabetic heart. However, as compo
sitional changes in circulating lipoproteins have also been
reported during diabetes, making them poorer substrates for
the enzyme [32], the role ofan enhanced cardiac LPL in FFA
supply to the diabetic heart is still unclear. The pathological
role of an abnormally high LPL activity could also involve
the modulation ofLDL flux through the vascular tissue [33,
34]. As circulating LDL-cholesterol is elevated in diabetic
rats [35], and can alter Ca2+ homeostasis in cardiomyoctes
[36]. This could provide an additional mechanism for the
development of cardiomyopathy in this model.

Carbohydrate metabolism during diabetes
Intracellular glucose disposal occurs through several major
pathways. Nonoxidative glucose disposal primarily reflects
the conversion to glycogen [37], whereas the oxidative
pathway involves either the complete oxidation of glucose
derived carbon atoms to carbon dioxide or the conversion to
fatty acids in lipogenic tissues. Whereas glycolysis, or the
breakdown of glucose or glycogen to pyruvate provides a
limited amount ofATP, it is the subsequent entry ofpyruvate
into the mitochondria and its oxidation that provides the
majority ofenergy obtained from glucose. Insulin affects all
areas ofcarbohydrate metabolism chiefly by controlling the
transport of glucose. In insulin-responsive tissues (i.e.
muscle, fat and heart), it has been shown that insulin can
induce a rapid reversible translocation ofglucose transporter
proteins from a latent intracellular pool to the plasma
membrane and a possible enhancement in the intrinsic
activity of the transporters [38, 39]. Activation of glucose
transport by insulin is followed by intracellular processes
which are also further enhanced by insulin:glycogen syn
thesis, glycolysis and glucose oxidation. Hence, in the
hypoinsulinemic condition, there is a significant reduction in
the basal myocardial glucose utilization, as observed in
isolated diabetic cardiomyocytes [40]. The major restriction
to glucose utilization in the diabetic heart is the slow rate of
glucose transport across the sarcolemmal membrane into the
myocardium, which probably results from the cellular
depletion of glucose transporters (GLUT 4) [41, 42]. The
impaired glucose oxidation in the diabetic heart can also
result from a decreased rate of phosphorylation of glucose
which can subsequently limit the entry of glucose into the
cell. The reduced phosphorylation has been proposed to result
from the increased metabolism of FFA. An excessive FFA
oxidation is at least partly responsible for the insulin resist
ance and depression of cardiac glucose oxidation, a notion
introduced by the classic studies ofRandle et ai. [43]. They
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suggested that an increased availability ofFFAcan stimulate
the TCA cycle and increase citrate levels. The citrate formed
inhibits phosphofructokinase, thereby reducing the rate of
glycolysis which leads to a decrease in glucose uptake and
oxidation. Furthermore, the reduction in substrate flow
through the glycolytic pathway results in an eventual buildup
in the tissue levels of glucose-6-phosphate which activates
glycogen synthase and inhibits phosphorylase. These changes
in enzyme activity appear to account for glycogen accum
ulation as the small amount of glucose that is transported is
diverted toward glycogen production [44]. Another ex
planation for the reduced oxidation ofglucose by the diabetic
heart is that elevated FFAoxidation increases the acetyl CoA
to CoA ratio which activates the pyruvate dehydrogenase
kinase to phosphorylate and inactivate the pyruvate dehy
drogenase complex (PDH) [45]. The end result is a dimin
ished oxidation ofpyruvate. Inhibition of glucose oxidation
in the diabetic heart could also be due to a direct alteration
in PDH activity [46].

Summary

The incidence of mortality from cardiovascular diseases is
higher in diabetic patients. The cause of this accelerated
cardiovascular disease is multifactorial and although athero
sclerotic cardiovascular disease in association with well
defined risk factors has an influence on morbidity and
mortality in diabetics, myocardial cell dysfunction inde
pendent of vascular defects have also been defined. We
postulate that these adverse cardiac effects could presumably
result as a consequence ofthe following sequence ofevents.
Major abnormalities in myocardial lipid and carbohydrate
metabolism occur as a result of insulin deficiency. These
changes are closely linked to the accumulation ofvarious acyl
carnitine and coenzyme derivatives. Over time, chronic
abnormalities such as reduced myosin ATPase activity,
decreased ability of the sarcoplasmic reticulum to take up
calcium as well as depression of other membrane enzymes
such as Na+-K+ ATPase and Ca2+-ATPase leads to changes in
calcium homeostasis and eventually to cardiac dysfunction.
From the point of view of pharmacological intervention,
during the initial stages, acute disturbances in both the
glucose and FFA oxidative pathways may provide the initial
biochemical lesion from which further events ensue. Thus
therapies which target these metabolic aberrations in the heart
during the early stages of diabetes, in effect, can potentially
delay or impede the progression ofmore permanent sequelae
which could ensue from otherwise uncontrolled derange
ments in cardiac metabolism. Given the supportive data so
far, the complex relationship between glucose and tri
glyceride breakdown and utilization requires more detailed
examination. However, there is little dispute that a more

rigorous attempt should be made to decrease the abnormally
high rates of FFA oxidation and overcome the fatty acid
inhibition ofmyocardial glucose utilization.
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Abstract

Cardiovascular complications are the most common causes of morbidity and mortality in diabetic patients. Coronary
atherosclerosis is enhanced in diabetics, whereas myocardial infarction represents 20% of deaths of diabetic subjects.
Furthermore, re-infarction and heart failure are more common in the diabetics. Diabetic cardiomyopathy is characterized by an
early diastolic dysfunction and a later systolic one, with intracellular retention of calcium and sodium and loss of potassium.
In addition, diabetes mellitus accelerates the development ofleft ventricular hypertrophy in hypertensive patients and increases
cardiovascular mortality and morbidity. Treating the cardiovascular problems in diabetics must be undertaken with caution.
Special consideration must be given with respect to the ionic and metabolic changes associated with diabetes. For example,
although ACE inhibitors and calcium channel blockers are suitable agents, potassium channel openers cause myocardial
preconditioning and decrease the infarct size in animal models, but they inhibit the insulin release after glucose administration
in healthy subjects. Furthermore, potassium channel blockers abolish myocardial preconditioning and increase infarct size in
animal models, but they protect the heart from the fatal arrhytmias induced by ischemia and reperfusion which may be important
in diabetes. For example, diabetic peripheral neuropathy usually presents with silent ischemia and infarction. Mechanistically,
parasympathetic cardiac nerve dysfunction, expressed as increased resting heart rate and decreased respiratory variation in
heart rate, is more frequent than the sympathetic cardiac nerve dysfunction expressed as a decrease in the heart rate rise during
standing. (Mol Cell Biochem 180: 59-64, 1998)

Key words: heart function, metabolic changes in the heart, diabetic cardiomyopathy

Introduction

Diabetes mellitus (DM) is a generalized metabolic disorder
characterized by certain abnormalities in carbohydrate, fat,
electrolyte and protein metabolism which ultimately lead to
several acute and chronic complications. DM is classically
classified into Insulin Dependent (IDDM) or (type I) and
Non-Insulin dependent (NIDDM) or (type II). Predictors of
diverse complications ofDM could be listed as follows: the
duration of the disease, previous use of insulin (negative
correlation), glycemia, alcoholism, smoking habit, and intake
of legumes (beans). Peripheral neuropathy, amputations,
renal impairment, albuminuria, myocardial infarction,
cataract, and amaurosis fugax are strongly associated with
the duration ofdiabetes rather than with the age ofthe patient
or the age at the diagnosis. In contrast, hypertension, and
impotence are associated more with the age ofthe patient [I].

The purpose of this review is to summarize the cardiac
complications associated with DM and to indicate means of
cardiac protection. Cardiovascular complications are the most
common causes of morbidity and mortality in the diabetic
patients. The acceleration ofatherogenesis occurs in all types
of DM and culminates in such fatal complications as myo
cardial infarction, stroke and gangrene. Subjects with
NIDDM exhibit 3--4 times higher rate of cardiovascular
mortality than non-diabetic persons. Various hypothesis have
been introduced to explain the relationship between DM and
the cardiac diseases, for example, elevation ofblood pressure,
changes in lipid metabolism, hypo-insulinemia, abnormal
hemostasis, and abnormal kidney function [2]. In this review,
we will discuss three aspects ofcardiac complications in the
diabetic patients. These aspects are coronary atherosclerosis,
diabetic cardiomyopathy and autonomic neuropathy.
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Coronary atherosclerosis

Many studies demonstrate that the prevalence of coronary
artery disease (CAD) is increased among diabetic patients.
CAD is the most common cause ofdeath in type II DM, but
it also contributes to mortality in type I diabetic patients. The
incidence of CAD increases in female patients [3]. Myo
cardial infarction is the cause of death in about 20% of
diabetic patients, with an increased incidence of compli
cations such as congestive heart failure, cardiogenic shock,
arrhythmias, and ventricular rupture. Letho et al. [6] reported
that the infarct size in patient hearts, measured as maximal
levels of serum cardiac enzymes and QRS score, are not
significantly different between diabetic and nondiabetic
patients. However, post-infarction mortality rate is higher in
the diabetic patients because diabetic subjects have increased
liability of complications as re-infarction and heart failure.
Silent myocardial infarction is a common feature ofCAD in
diabetics as an indicator of neuropathy [4]. In diabetic
patients, the heart shows a decrease in the maximal coronary
vasodilator response to papaverine and adenosine therapy.
This is accompanied by attenuation ofthe decreased coronary
vascular resistance in response to the increasing myocardial
metabolic demands as in the use of inotropic stimulation or
rapid atrial pacing. These findings suggest structural and
functional abnormalities in the coronary microcirculation in
diabetic patients as they are not related to differences in drug
therapy, resting hemodynamic or an incidence of hyper
tension [5].

Ionic hemostasis and ventricular arrhythmias

The ion shift in the form ofintra-cellular sodium and calcium
retention and potassium loss occurs in the ventricular
myocyte in diabetic animals. This ion shift is pronounced
when the heart is subjected to ischemia/reperfusion in
creasing the risk of ventricular tachycardia and fibrillation.
These fatal ventricular arrhythmias are accentuated by KATP

channel openers and blocked by K
ATP
channel blockers.

Glibenclamide is a K
ATP
channel blocker commonly used as

an oral hypoglycemic drug in NIDDM. This drug decreases
the fatal ventricular arrhythmias mediated by ischemia
reperfusion but not the spontaneous arrhythmias [7]. In the
ischemic rat heart, the pH rise during reperfusion continues
even with the blockade ofNa+IW exchange by, amilioride.
Recovery of pH occurs more rapidly in diabetic hearts re
ceiving HEPES buffered solution than in those receiving
bicarbonate buffered solution suggesting that the bicarbonate
dependent mechanism ofpH regulation may be depressed in
diabetes [8]. Reduction ofthe risk ofCAD in diabetics could
be achieved mainly by the control of obesity, correction of
hypertension, elimination ofcigarette smoking and improve-

ment ofLDLlHDL cholesterol level. Tight metabolic control
and insulin infusion in early post-infarction do not have
immediate beneficial effect. However, the long termmortality
which is associated with re-infarction and heart failure is
decreased with metabolic management [6].
Coronary artery bypass graft (CABG) is usually considered

in the management of diabetic patients with CAD. Diabetic
CAD patients usually present with an angiographically triple
vessel disease with no predominant single vessel affected [9].
The complications during and after CABG operation increase
in the diabetic patients, amd especially include sternotomy
complications, renal insufficiency, and cerebral stroke [10].

Diabetic cardiomyopathy

While it had been thought that atherosclerotic vascular
disease was responsible for all the adverse effects ofDM on
the heart, recent studies support the notion that one of the
major adverse complications of DM is the development of
diabetic cardiomyopathy. Diabetic cardiomyopathy is charac
terized by early diastolic dysfunction and late systolic
impairment. Contributing to the development of the cardio
myopathy is a shift ofmyosin isoenzyme content in favor of
the least active V3form. The main ionic defect in diabetic
cardiomyopathic cell is a defect in the regulation ofcalcium
hemostasis during transport of calcium by the sarcolemma
and sarcoplasmic reticulum. Calcium pumps are minimally
affected by non-insulin dependent diabetes. Significant
impairment occurs in sarcolemmal sodium-calcium ex
changer activity. This defect limits the ability of the diabetic
heart to extrude calcium, contributing to an elevation in
intracellular calcium.The decrease in Na+/K+ATPase activity
increases intracellular calcium retention secondary to in
creased sodium; in addition, calcium influx via the calcium
channel is stimulated. Although the molecular mechanisms
underlying these abnormalities are presently unknown, the
possibility that they may be related to aberrations in glucose
and lipid metabolism are considered. Evidence suggests that
classical theories ofglucose toxicity, such as excessive polyol
production or glycosylation appear to be insignificant factors
in heart. Also defects in lipid metabolism leading to the
accumulation of toxic lipid amphiphiles or tri-acylglycerol
appear insignificant. Rather, the major defects seem to
involve changes in membrane structure, such as phos
phatidyl-ethanolamine N-methylation and protein phos
phorylation which can be attributed to the state of insulin
resistance [11].
To study the abnormalities in the myocardium energy

metabolism in the diabetic animals, by using I3C-NMR
spectroscopy, glucose metabolism in the isolated diabetic
perfused rat heart was studied. In the control hearts, the
labelled form ('3C)glucose was incorporated into lactate and



glutamate through the glycolysis and the Kreb's cycle
respectively. Lactate and glutamate were not formed in the
diabetic hearts.Addition ofinsulin (0.05 unit/ml) to the buffer
of the diabetic heart resulted in the appearance of (3-13 C)
lactate, whereas addition of insulin and dichloroacetate (2
mM) resulted in the appearance of glutamate indicating
glucose entry into glycolysis and tricarboxylic acid cycle
respectively [12]. Stimulation of glucose oxidation by L
carnitine improves mechanical recovery of ischemic hearts
from non-diabetic rats perfused with high levels offatty acids.
It also increases glucose oxidation and improves mechanical
function following ischemia in diabetic rat hearts. Thus,
carnitine improves recovery of function of ischemic non
diabetic rats by stimulating glucose oxidation during re
perfusion whereas it is beneficial in diabetic rat hearts by
stimulating both glycolysis during ischemia and glucose
oxidation during reperfusion [13]. The diastolic dysfunction
in the perfused hearts of the streptozatocin-diabetic rats is
related to the amount ofinterstitial glycogen deposition in the
sub-endocardium, largely attributable to diminished de
gradation, which increases the left ventricular stiffness [14].
In a rat model of DM, streptozotocin (55-65 mglkg body
weight) causes hyperlipidemia and hypothyroidism and
decreased myocardial sensitivity to isoproterenol and beta
adrenoreceptor stimulants [15].
To study the abnormalities of fatty acid metabolism in the

myocardium ofdiabetic patients, Shinmura et al. [16], studied
123I-beta-methyl-iodophenyl-pentadecanoic acid (BMIPP)
myocardial scintigraphy in 15 diabetic patients. They ex
cluded patients with CAD according to patient history, EKG,
treadmill exercise testing, echocardiography, and resting
20ln scintigraphy and also excluded patients with markedly
impaired left ventricular systolic function (FS<30G/c).
BMIPP uptake scores as the ratio ofHeart/mediastinum (HI
M) and liver/mediastinum (LIM) at 20 min after injection.
These scores were analyzed and compared with clinical
profile, serum parameters, and LV parameters obtained from
echocardiography and study of the sympathetic nerve func
tion by 123I-metaiodobenzyl-guanidine (MIBG). Five of the
15 patients showed abnormal BMIPP uptake, 2 patients
showed decreased uptake in the inferior segments, while 3
showed a diffuse decrease in BMIPP uptake. Body mass
index, fasting blood sugar, and left ventricular end diastolic
dimension (LVEDD) were higher with impaired 123I_MIBG
uptake in these 5 patients group with abnormal BMIPP
findings. These results suggest that diabetic patients without
CAD show abnormal BMIFP imaging when their general
glucose utility and 123I_MIBG uptake are severely impaired
(progression of insulin resistance and sympathetic nerve
involvement). The authors of this study concluded that
BMIPP scintigraphy may be useful in investigating the
pathogenesis and subclinical abnormality of diabetic heart
[16].
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The addition ofascorbic acid to the diet of the diabetic rats
caused decrease in the hyperlipidemia with the correlation of
polydipsia, hyperphagia and myocardial dysfunction, how
ever, the decreased body weight gain, hypoinsulinemia, and
hyperglycemia were not affected [17].
Impaired myocardial function was observed after 8 weeks

following treatment with streptozotocin in a rat model ofDM.
Salt loading with 0.9% saline solution improved the impaired
myocardial function with significant reduction in hyper
phagia and hyperlipidemia and early decrease in the blood
glucose level with no significant change in blood pressure or
plasma insulin level [18]. The hypothesized atherogenic role
ofendogenous insulin is based on a series ofepidemiological
studies. Several large scale prospective studies showed that
hyperinsulinemia, while fasting or after glucose stimulation,
constitutes a risk factor for fatal myocardial infarction as
excessive endogenous insulin precipitates hypertension and
subsequent myocardial infarction [19].
Pathological studies of diabetic cardiomyopathy have

shown myocardial hypertrophy and interstitial fibrosis.
Considerable controversy exists regarding the presence and
significance of small vessel disease involving intramural
coronary arteries, arterioles and capillaries. Capillary micro
aneurysms have been demonstrated in the diabetic heart,
earlier studies demonstrated cardiomyopathy without hyper
tension and post-mortem studies revealed cellular hyper
trophy and interstitial and myco-cytolytic necrosis with
replacement fibrosis [20]. In the experimental animals, the
presence ofhypertension with diabetes changes its relatively
benign course. In rats, inducing hypertension by renal artery
stenosis after the induction ofdiabetes by streptozocin, causes
a severe and often fatal cardiomyopathy with congestive heart
failure and marked abnormalities in myocardial function.
Pathological changes demonstrate micro-vascular abnor
malities with focal myo-cellular necrosis and interstitial
fibrosis [21].
Hemodynamic studies in patients with congestive heart

failure have shown evidence ofeither congestive or restrictive
cardiomyopathy. Non-invasive studies have permitted eval
uation of ventricular function in large groups of diabetic
patients. Systolic time intervals (STIs) are frequently normal,
reflecting decreased contractility andlor a reduction in the
preload. Patients with micro-angiopathy are particularly,
likely to have abnormal STis [22]. The diastolic function of
the left ventricle is early impaired in diabetic patients while
the systolic function, especially if the subject is normotensive,
is less commonly affected. In a study including 157 young
type I asymptomatic subjects (mean age is 26.6 years), by the
use ofM-mode echocardiography, the diastolic dysfunction
(slope ofanterior mitralleatlet in early diastole, isovolurnic
relaxation time, and left atrium emptying index) was twice
as common as the systolic dysfunction (Fractional shortening,
mean velocity of circumference fiber shortening and stroke
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index) [23]. The most typical feature of diabetic cardio
myopathy is the abnormal filling pattern of the left ventricle,
suggesting reduced compliance or prolonged relaxation [24).
In dogs, when DM is induced, the heart shows decreased

left ventricular compliance and increased interstitial con
nective tissue. In experimentally induced diabetes in rats,
isolated left ventricular papillary muscle demonstrated
marked slowing and prolonged contraction with delayed
relaxation, despite the fact that developed tension was
maintained and compliance was un-altered. Insulin reverses
these findings. The explanation of this findings is that with
the development ofdiabetes in rats, myosinATPase, the rate
limiting enzyme for force and shortening of contractile
proteins is decreased with a shift in the isoenzyme form of
myosin from the faster V I to the slower VJ form, the delayed
and slowed relaxation also correlates with a reduction in the
calcium binding of isolated sarcoplasmic reticulum [25).
Diabetes mellitus accelerates the development of left

ventricular hypertrophy in hypertensive patients. By using the
Devereux criteria for recognition of left ventricular hyper
trophy (LV index above 134 gmlm2 in men and above 110
gmlm2 in women), echocardiographic studies showed the
increased inter-ventricular septum and posterior wall thick
ness than in non-diabetic hypertensive patients. Therefore,
left ventricular mass index was greater in patients with
hypertension and DM than those without DM, this increases
the incidence of cardiovascular mortality and morbidity in
patients with hypertension with diabetes mellitus [26).

Drug interaction in diabetes and cardiovascular disorders

Treating hypertension in diabetic patients with drugs must be
taken cautiously. Calcium channel blockers and angiotensin
converting enzyme (ACE) inhibitors are suitable agents. The
ACE inhibitor Captopril prevents the increase in diastolic
pressure, coronary perfusion pressure and vascular resistance
and partially prevent the development ofcardiac dysfunction.
These observations suggest that increased release of angio
tensin II plays a significant role in the change from reduced
adaptability to irreversible damage. The effect of calcium
blockers on glucose hemostasis, lipid metabolism and renal
function support their routine use as alternations to ACE
inhibitors [27).
The K

ATP
channel openers as pinacidil causes myocardial

preconditioning against myocardial infarction and decreases
the infarct size in different animal models with anti-hyper
tensive properties [28]. Lawton et al.[28], described the
cardioprotection of pinacidil as effective as the St. Thomas
potassium cardioplegic solution in the isolated rabbit heart.
Potassium openers are under investigation for the treatment
ofessential hypertension and angina pectoris. Pro-arrhythmic
effect of potassium channel openers have been observed at

high doses [29]. The effect of potassium channel openers on
the pancreas is still not well established. Some investigators
described the absence of a negative effect of K-channel
openers on insulin secretion in vivo [30). Others described
the potassium channel openers' inhibitory effect on the
insulin release after glucose administration in healthy patients
[29]. On the other hand, the sulfonylurea derivative
glibenclamide which is used in the control of type II DM,
exerts its insulinotropic effect by closing the K

ATP
channels

of the pancreatic beta cells. Potassium channel blockers
abolish myocardial preconditioning by their membrane
depolarizing effect. However, claims that treating NIDDM
with these agents increases cardiovascular mortality are not
supported by sound evidence. Glibenclamide, even, protects
the heart from fatal arrhythmias caused by ischemia and
reperfusion, but not the spontaneous ones [30).

Autonomic neuropathy

Heart rate variability with respiration and standing are
decreased in diabetic patients especially those with evidence
of peripheral or autonomic neuropathy. Defects in para
sympathetic innervation (expressed as an increased resting
heart rate and a decreased respiratory variation in heart rate)
are more frequent and occur relatively early in diabetic
patients. Defects in sympathetic innervation (expressed as a
decrease in the heart rate rise during standing) are less
frequent and tend to occur in diabetic patients. With respect
to clinical significance, a prospective study of diabetic
patients with or without diabetic neuropathy revealed a
markedly diminished survival in the former group, with a
substantial number of sudden death. An increased tendency
to ventricular arrhythmias leading to sudden death may reflect
QT prolongation. A recent study revealed a high incidence
ofQT prolongation (at rest and especially after the exercise)
in diabetic patients with autonomic neuropathy, possibly
reflecting autonomic imbalance. Postural hypotension
commonly causes symptoms in diabetic individuals with
autonomic neuropathy especially after bed rest and use of
diuretics or other anti-hypertensive medications. Silent
myocardial infarction can occur with or without autonomic
dysfunction, but its incidence is greater in the diabetic patient.
Cardiac imaging using 12JI-metaiodobenzylguanine (MIBG)
reflects sympathetic myocardial innervation; in diabetic
patients MIBG shows sympathetic myocardial dysinner
vation, and that subclinical LV dysfunction is related to the
dysfunction of the adrenergic cardiac innervation [31).
The clinical assessment ofcardiac involvement in diabetic

autonomic neuropathy has been limited to cardiovascular
reflex testing. With the recent introduction of radio-labeled
catecholamines such as IIC-hydroxyephedrine, the sympa
thetic innervation of the heart can be specifically visualized



with Positron Emission Tomographic (PET) imaging. The
rest of the myocardial blood flow imaging with nitrogen 13
ammonia. In cases of autonomic neuropathy, the relative
tracer retention is reduced in the apical, inferior, and lateral
segments. The extent of the abnormality correlated with the
severity ofconventional markers ofautonomic dysfunction.
Absolute myocardial tracer retention index measurements
show a decrease in distal compared with proximal myocardial
segment in autonomic neuropathy [31]. Autonomic cardiac
neuropathy affects the myocardial function, diabetic patients
suffer from sub-clinical ventricular diastolic dysfunction
frequently at rest and sympathetic over-activity [32]. Diabetic
somatic neuropathy (by measuring the motor conduction
velocities of the peroneal and tibial nerves and the sensory
conduction velocity of the sural nerve) was found to be
independent on the cardiosympathetic neuropathy assessed
by myocardial scintigraphy in patients with non-insulin
dependent DM [33].

Summary

Cardiovascular complications are the most common causes
ofmorbidity and mortality in the diabetic patients. Coronary
atherosclerosis is enhanced in diabetics, and myocardial
infarction represents 20% ofdeaths ofdiabetic subjects. Re
infarction and heart failure are more common in the diabetic.
Diabetic cardiomyopathy is characterized by an early dia
stolic dysfunction and a later systolic one, with intracellular
retention ofcalcium and sodium and loss ofpotassium. DM
accelerates the development of left ventricular hypertrophy
in the hypertensive patients and thus, increases the cardio
vascular mortality and morbidity.
Treating the cardiovascular problems in the diabetics must

be done with caution, considering the ionic and metabolic
changes occurring with diabetes. As a result, ACE inhibitors
and calcium channel blockers are often suitable agents.
Potassium channels are found in many body tissues. Po
tassium channel openers cause myocardial preconditioning
and decrease infarct size in animal models, but they inhibit
the insulin release after glucose administration in healthy
subjects. Potassium channel blockers abolish myocardial
preconditioning and increase the infarct size in the animal
model, but they protect the heart from the fatal arrhythmias
induced by ischemia and reperfusion. Potassium channel
blockers are used (as oral hypoglycemic agents) to induce
insulin production from the beta cells of the pancreas.
Diabetic neuropathy affects the peripheral as well as the

autonomic nerves, peripheral neuropathy usually presents
with silent (painless) infarction. Parasympathetic cardiac
nerve dysfunction, expressed as increased resting heart rate
and decreased respiratory variation in heart rate, is more
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frequent than the sympathetic cardiac nerve dysfunction
expressed as a decrease in the heart rate rise during standing.

Acknowledgement

Supported in part by National Institute ofHealth Grant HL
5-9010 (ASA) and HL-07537. Cardiology Training Grant
(Michael Hess, PI).

References

I. Manual-Malacara J, Eugenia Davalos L, Cervantes F, Castillo J,
Velasco E: Risk factors of the complications of diabetes mellitus. J
Rev Invest Clin 43: 3-9,1991

2. Krankenhaus, Munchen-Schwabing: Epidemiology and risk factors
ofmacrovascular disease in diabetes mellitus. J Horm Metab Res Suppl
22: 8--11, 1990

3. Knowles HD Jr: Long term juvenile diabetes treated with un-measured
diet. J Trans Assoc Am Physicians 84: 95, 1971

4. Partamian JO, Bradley RF: Acute myocardial infarction in 258 cases
ofdiabetes: Immediate mortality and five year survival. N Engl J Med
273: 455, 1965

5. Nahser PJ Jr, Brown RE, Oskarsson H, Winniford MD, Rossen JD:
Maximal coronary flow reserve and metabolic coronary vasodilation
in patients with diabetes mellitus. Circulation 91: 635-640, 1995

6. Lehto S, Pyorala K, Miettinen H, Ronnemaa T, Palomaki P,
Tuomilehto J, Lakso M: Myocardial infarct size and mortality in
patients with non-insulin dependent diabetes mellitus. J Intern Med
236: 291-297,1994

7. Tosaki A, Engelman DT, Engekrnan RM, Das DK: Diabetes andATP
sensitive potassium channel openers and blockers in isolated ischemicl
reperfuscd hearts. J Pharm Exp Ther 275: 1115--1123, 1995

8. Khandoudi N, Bernard M, Cozzen P, Fenvary D: Mechanism of
intracellular pH regulatinn during pnstischemic reperfusion ofdiabetic
rat hearts. J Diabetes 44: 196--202, 1995

9. Carl FV Jr, Roberts WC: The extramural and intramural coronary
arteries in juvenile diabetes mellitus: Analysis ofnine necropsy patients
aged 19 to 38 years with the onset of diabetes before age 15 years.
Amer J Med 64: 221,1978

10. Salomon NW, Page US, Okies JE, Stephens J, Krause AH, Bigelow
JC: Diabetes mellitus and coronary artery bypass: Short term risk and
long term prognosis. J Thor Cardiovasc Surg 85: 264, 1983

II. Weishaar RE, Simpson RU: Vitamin D3 and cardiovascular function
in rats. J Clin Invest 79: 1706,1987

12. Catham J C, Forder JR: A 13C-NMR study ofglucose oxidation in the
intact functioning rat heart following diabetes-induced cardio
myopathy. J Mol Cell Cardiol25: 1203-1213, 1993

13. Broderick TL, Quinney HA, Lopaschuk GD: L-carnitine increases
glucose metabolism and mechanical function following ischemia in
diabetic rat heart. J Cardiovasc Res 29: 373-378, 1995

14. Higochi M, Miyagi K, Nakasone J, Sakunashi M: Role nf high
glycogen in underperfused diabetic rat hearts with added nore
pinephrine. J Cardiovasc Phannacol 26: 899--907, 1995

IS. FeinF: Diabetic cardiomyopathy. J DiabetesCare 13: 1169--1179,1990
16. Shinmura K, Tani M, Suganuma Y. Hasegawa H, Kawamura M,
Nakamura Y, Hashimoto J, Kuho A: 1231-beta-methyl-iodophenyl
pentadecanoic acid myocardial scintigraphy in diabetic patients withnut
overt ischemic heart disease. J Cardiol26: 23-32,1995



64

17. Dai S, Me Neill JH: Ascorbic acid supplementation prevents hyper
lipidemia andimproves myocardial performance in streptozotocin
diabetic rats. J Diab Res Clin Pract 27: 11-18,1995

18. Dai S, Fraser H, Yuen VG, Me Neill JH: Improvement in cardiac

function in streptozotocin-diabetic rats by sail loading. Can J Physiol
Pharmacol72: 1288-1293, 1994

19. Valensi P: Pathological role ofhyperinsulin in macroangiopathy. J Press
Med21: 1307-1311, 1992

20. Regan TJ, Lyons MM, Ahmed SS, Levinson GE, Oldewurtel HA,
Ahmed MR, Haider B: Evidence of cardiomyopathy in familial
diabetes mellitus. J Clin Invest 60: 885, 1997

21. Fein FS, Capasso JM, Aronson RS, Cho S, Nordin C, Miller GB,
Sonnenblick EH, Factor SM: Combined renovascular hypertension
and diabetes in rats: a new preparation ofcongestive cardiomyopathy.
Circulation 70: 318, 1984

22. Uusittupa M, Siitonen 0, Aro A, Korhonen T, Pyorala K: Effect of
correlation ofhyperglycemia on left ventricular function in non-insulin
dependent diabetics. Acta Med Scand 23: 213--363, 1983

23. Raev DC: Which left ventricular function is impaired earlier in the
evolution ofdiabetic cardiomyopathy? J DiabetesCare 17: 633--639, 1994

24. Uusitupa MI, Mustonen IN, Airaksinen KE: Diabetic heart muscle
disease. J Ann Med 22: 377-386, 1990

25. Penpargkul S, Fein F, Sonnenblick EH, Scheuer J: Depressed cardiac
sarcoplasmic reticulum function in diabetic rats. J Mol Cell Cardiol
13: 303, 1981

26. Grossman E, Shemesh J, Shamiss A, Thaler M, Carroll J, Rosenthal
T: Left ventricular mass in diabetes-hypertension. J Arch Intern Med
152: 1001-1004, 1992

27. Rosen P, Pogasta G, Tschope D, Addicks K, Reinauer H: Diabetic
cardiomyopathy. Pathophysiological concepts and therapeutic app
roaches J Klin Wochen 69: 3--15, 1992

28. Lawton JS, Sepic JD, Allen CT, Hsia PW, Domiano RJ: Myocardial
protection with potassium channel openers is as effective as StThomas'
solution in the rabbit heart. J Ann Thorac Surg 62: 31-39, 1996

29. LinksTP, SmitAJ, ReitsmaWD: Potassium channel modulation; effect
of pinacidiI on insulin release in healthy volunteers. J Clin Pharm 35:
291-294,1995

30. Lingenherg JJ, Van-Haeften TW, Links TP, Smit AJ, Reitsma WD:
Clinical relevance ofATP dependent potassium channels. Neth J Med
47: 241-251,1995

3 I. Allman KC, Stevens MJ, Wieland DM, Hutchins GD, Wolfe ER
Jr, Greene DA, Schwaiger M: Non invasive assessment of cardiac
diabetic neuropathy by carbon II hydroxyephedrine and positron
emission tomography. J Am Coli Cardiol 22: 1425~1432, 1993

32. Erbas T, Erbas B, Gedik 0, Biberoglu S, Bekdik CF: Scintigraphic
evaluation of left ventricular function and correlation with autonomic
cardiac neuropathy in diabetic patients. J Cardiology 8 I: 14-24, 1992

33. Khan JK, Sisson JC, Vinik AL: QT interval prolongation and sudden
cardiac death in diabetic autonomic neuropathy. J Clin Endocr Metabol
64: 751-764, 1987



Molecular and Cellular Biochemistry [SO: 65-73, 1998.
© 1998 Kluwer Academic Publishers.

Phospholipase A
2
-mediated hydrolysis ofcardiac

phospholipids: The use ofmolecular and transgenic
techniques

Leon 1. De Windt, Robert S. Reneman, Ger 1. Van der Vusse and
Marc Van Bilsen
Department ofPhysiology, Cardiovascular Research Institute Maastricht, Maastricht University, The Netherlands

Abstract

Under pathophysiological conditions, like myocardial ischemia and reperfusion, cardiac phospholipid homeostasis is severely
disturbed, resulting in a net degradation of phospholipids and the accumulation of degradation products, such as
Iysophospholipids and (non-esterified) fatty acids. The derangements in phospholipid metabolism are thought to be involved
in the sequence of events leading to irreversible myocardial injury. The net degradation of phospholipids as observed during
myocardial ischemia may result from increased hydrolysis and/or reduced resynthesis, while during reperfusion hydrolysis
is likely to prevail in this net degradation. Several studies indicate that the activation ofphospholipases~ plays an important
role in the hydrolysis ofphospholipids. In this review current knowledge regarding the potential role of the different types of
phospholipases A

2
in ischemia and reperfusion-induced damage is being evaluated. Furthermore, it is indicated how recent

advances in molecular biological techniques could be helpful in determining whether disturbances in phospholipid metabolism
indeed playa crucial role in the transition from reversible to irreversible myocardial ischemia and reperfusion-induced injury,
the knowledge ofwhich could be ofgreat therapeutic relevance. (Mol Cell Biochem180: 65-73, 1998)

Key words: myocardial ischemia, ischemia-reperfusion, phospholipid metabolism

Introduction

All living cells are surrounded by membranes, consisting of
phospholipids, cholesterol and proteins. The cell membrane
(plasmalemma) serves as a selective barrier to create and
maintain an internal environment to allow the cell to fulfil its
specific functions. In addition to its function as physical
barrier, the plasmalemma is also an important source of
phospholipid-derived bioactive lipids, like Iysophospholipids
and fatty acids, such as arachidonic acid [I]. Arachidonic acid
can subsequently serve as a substrate for the production of
auto/paracrine factors, including prostaglandins and throm
boxanes [2,3].
The integrity ofthe membrane is a prerequisite for proper

functioning of the cell. Therefore, the major constituents
of the plasmalemma, the phospholipids, are subjected to a

continuous turnover process to enable the cell to synthesize
any required phospholipid and to regulate the fatty acyl
composition ofthe phospholipids [I]. In this way, the cellular
membrane adjusts its physico-chemical properties in
response to changes in the extracellular environment. The
turnover of phospholipids requires the liberation of fatty
acids from phospholipids (deacylation), as well as the
reincorporation of fatty acyl moieties into the phospholipid
pool (reacylation). These phospholipid turnover cycles are
also operative in cardiomyocytes [I].
During myocardial ischemia/reperfusion a net phospho

lipid degradation has been observed, either caused by
increased activity of phospholipid hydrolyzing enzymes,
such as phospholipase A2, or caused by an impairment of
the resynthesis of phospholipids [I, 4-6]. Therefore,
detailed knowledge of cardiac phospholipid homeostasis
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and derangements therein under pathophysiological con
ditions can be of great therapeutic value, as ischemic heart
diseases as a result of the occlusion of a coronary artery are
still by far the most common cause of death in western
industrialized countries.
In this review we will focus on cardiac phospholipase ~

mediated phospholipid hydrolysis and its possible role in the
derangements in phospholipid homeostasis as a crucial event
in the transition from reversible to irreversible cell damage
as a result ofmyocardial ischemia and reperfusion. Although
not the subject of this review, it is important to note that
derangements in the resynthesis of phospholipids may also
be involved, especially under energy-deprived conditions
like ischemia. In addition, the usefulness of sophisticated
molecular biological techniques in combination with an
appropriate murine heart model in the assessment of the role
of phospholipases A

2
during myocardial ischemia and

reperfusion will be discussed.

Cardiac phospholipids

Myocardial membranes consist of a variety ofphospholipid
species, differing in chemical composition of the hydro
phylic alcoholic headgroup, or of the hydrophobic tail that
is composed of two long-chain fatty acyl residues connected
to the glycerol backbone. The phospholipid subtypes are
classified by their hydrophylic alcohol headgroup. The
hydrophylic alcohol is attached to the third (sn-3) carbon
atom of the glycerol moiety via an inorganic phosphate
(Fig. I). The hydrophobic part of phospholipids is formed
by the fatty acyl chains bound to the fust (sn-l) and second
(sn-2) carbon atom of the glycerol backbone (Fig. I). The
sn-l and sn-2 fatty acyl residues are generally a saturated
and (poly-)unsaturated fatty acid, respectively. The number
of carbon atoms of the long-chain fatty acyl residues
commonly ranges from 14-24. The number of unsaturated
bonds ofthesn-2 fatty acyl chain may vary between zero and
six [I].
The fatty acyl residues at the sn-l and sn-2 position are

generally O-acyl-residues, i.e. they are connected to the
glycerol backbone via an ester linkage. In membrane phos
pholipids, however, a certain proportion of the fatty acyl
residues at the sn-l position is connected to the sn-l carbon
atom of glycerol via a vinyl ether linkage (O-[I-alkenyl]
residues). These phospholipids are commonly referred to
as plasmalogens. The plasmalogen content in membranes is
tissue-dependent and varies between cardiac membranes of
different animal species, ranging from -5% in the rat heart
to -40% in the rabbit heart [7].
Because of their shape and amphipathic nature, phospho

lipids readily form lipid bilayers in an aqueous environment.
In case of the sarcolemma, the hydrophilic headgroups of

~or?LD'-CH;z
o I

~ J-"'fH

r +0" CH2-~O-lj-O-CH2-CHz-NH2
o

PLC
PLA2

Fig. 1. Chemical structure of I-palmitoyl, 2-arachidonoyl phoshatidyl
ethanolamine and the cleavage site ofdifferent phospholipases. The arrows
point to the covalent bond hydrolyzed by phospholipase A, (PLA,),
phospholipase A, (PLA,), phospholipase C (PLC) aod phospholipase 0
(PLD).

the inner leaflet point towards the intracellular space and
those of the outer leaflet towards the extracellular space.
The fatty acid tails are buried in the inner part of the bilayer.
The various phospholipid classes in the sarcolemmal
bilayer are asymmetrically distributed. The outer leaflet is
relatively enriched with phosphatidylcholine and sphingo
myelin, while the negatively charged phosphatidylserine,
phosphatidylethanolamine and phosphatidylinositol are
located almost exclusively in the cytoplasmic leaflet. This
phenomenon results in a more negatively charged inner
leaflet as compared to the outer sarcolemmal leaflet. To
compensate for differences in fluidity between the leaflets,
the cholesterol/phospholipid ratio is higher in the outer
leaflet of the sarcolemma [8].

Phospholipid homeostasis in the normoxic situation

Under normoxic conditions the amount ofintracellular (non
esterified) fatty acids is very small, indicating that the pool
size of these fatty acids is well controlled [I]. Apparently a
strict balance exists between the activity of enzymes that
control the liberation of fatty acyl moieties from phospho
lipid molecules and that of enzymes that control the rate of
incorporation of fatty acyl residues into the phospholipid
pool.
The cardiomyocyte is equipped with a set of enzymes
required for the resynthesizing part ofphospholipid turnover
as well as for the hydrolytic part ofthe phospholipid turnover
cycle. De novo synthesis ofphospholipids takes place in the
sarcoplasmic reticulum. Newly synthesized phospholipids
are transported to the sarcolemma through the cytosol [I].
For de novo synthesis of phoshatidylcholine the condensa
tion of 1,2-diacylglycerol and CDP-choline is achieved by
the action of choline-phosphotransferase. When the sub-



strate is a Iysophoshatidylcholine, the incorporation of the
second fatty acyl moiety is dependent on the activity of the
enzymes acyl-CoA synthetase and Iysophosphatidylcholine
acyltransferase (Fig. 2).
Among the enzymes involved in the hydrolytic part of

the phospholipid turnover process are phospholipase AI
(PLA

1
) and phospholipase Az (PLAz), which hydrolyze the

ester bond between the fatty acyl unit at the sn-l and sn-2
carbon atom of glycerol, respectively. In case of a plas
malogen, a plasmalogen-specific type PLAzis present in the
cardiomyocyte to remove fatty acyl chains from the sn-2
position [9]. The vinyl ether bond at the sn-l position is
hydrolyzed by a specific plasmalogenase [10). Phos
pholipase C (PLC) breaks the covalent bond between the
polar headgroup and the carbon atom at the sn-3 position
of glycerol and phospholipase D (PLD) the bond between
phosphate and the alcohol unit that together form the polar
headgroup (Fig. I). The final products ofphospholipase AI
and Azactivity are lysophospholipids and fatty acids. In tum,
the remaining fatty acyl chain of Iysophospholipids can be
removed by lysophospholipase. It has been hypothesized
that in cardiac cells the balance between the activities of
Iysophospholipid acyltransferase and phospholipase A z
determines the actual level ofunesterified arachidonic acid
[I, 11).

3
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Studies with radio labelled substrates show that the
cardiomyocyte is able to change the polar headgroup as
well as the fatty acyl units of the membrane phospholipids
[I]. Detailed knowledge about phospholipid turnover rate in
cardiomyocytes, however, is still lacking. In vitro measure
ments revealed a maximal myocardial total phospholipase
activity of about 3 Ilmo1 phosholipid . h-1 • g-l tissue in rat
heart [12). Based on the presence ofapproximately 30 Ilmol
total phospholipid. g-I tissue and assuming that degradation
of phospholipids keeps pace with resynthesis, complete
turnover of all sarcolemmal phospholipids could be accom
plished in about 10 h. However, it cannot be excluded that
phospholipid species in different subcellular compartments
are subjected to different turnover rates [13, 14].
The heart contains at least three different types of phos
pholipasesAz.Recently, a member ofthe secretory or group
II PLAzwas cloned in our laboratory [IS]. All mammalian
group II PLAzs are small molecular weight acylhydrolases
of about 14 kD with a slight preference for phosphatidyl
serine and phosphatidylethanolamine over phosphatidyl
choline, but they have no specificity for the type offatty acyl
moiety at thesn-2 position. Group II PL~s have been found
to be associated with membranes .like the plasmalemma of
guinea pig spermatozoa [16], the outer contact sites and the
inner membrane of mitochondria [17], or the matrix of (J.-

palmitic
acid

phosphatidyl- -L__

choline

7

Iysophosphatidyl- _--<..1__ glycero-
choline 4 phosphoryl-

choline

diacylglycerol __--'-J__ glycerol
85

II

COP-choline

~CTP
phosphoryl
choline

phoSPhatidyl- LJ__

choline

arachidonic acid
palmitic acid

Fig. 2. Synthesis and degradation ofphosphatidylcholine. Pathway I (upper panel) describes the deacylation-reacylation pathway for this phospholipid. In
Ihis example I-palmitoyl, 2-arachidonoyl phosphatidylcholine is depicted. Pathway II (lower panel) depicts the turnover of the hydrophylic headgroup of
phosphatidylcholine. Numbers refer to the enzymes that are involved in the pathways: (I) phospholipase A" (2) fatty acyl-CoA synthetase, (3)
Iysophosphatidylcholine acyltransferase, (4) Iysophospholipase, (5) phospholipase C, (6) CTP:phosphocholine cytidylyltransferase, (7) phosphocholine
transferase, (8) diacylglycerol +monoacylglycerollipases. (Reprinted with pennission from Van der Vusseet al. [42)).
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granules in platelets [18]. Furthermore, group 11 PLA
2
can

be secreted from rat platelets upon stimulation, due to the
presence of a putative eukaryotic signal sequence for
secretion at the N-terminal end ofthe enzyme [19]. Whether
in cardiomyocytes group II PL~ is present in a membrane
associated form or can be secreted remains to be elucid
ated. Circumstantial evidence for a membrane-associated
localization of group II PLA

2
in cardiomyocytes was

provided by a cytochemical study by Kriegsmann and
coworkers, in which they showed that a monoclonal antibody
against bee venom group II PLA

2
bound to antigens at the

level of the sarcolemma [20].
The knowledge ofmechanisms involved in the regulation
of group II PLA

2
activity is gradually increasing; mechan

isms of short-term regulation of the enzyme activity and
those involved in long-term regulation of enzyme content
can be distinguished [6]. Short-term regulation is based on
the requirement of (sub)millimolar calcium concentrations
for maximal activity of the enzyme. This raises questions
about the probability of its intracellular activity under
normoxic conditions, as in the cardiomyocyte the overall
intracellular calcium concentration oscillates from 0.15 11M
during diastole to 2.0 11M during systole. However, Langer
and colleagues [21 ] have demonstrated that in specific
regions close to the sarcolemma calcium concentrations up
to 600 11M may be reached during systole, postulating the
existence of multiple compartments with different calcium
concentrations within the cytosol. Accordingly, the cal
cium concentration in the subsarcolemmal space might be
sufficient to allow intracellular activity of group II phos
pholipase ~ under physiological conditions.
As far as the short-term regulation ofextracellular activity

is concerned evidence has been provided that group II PLA
2

activity can be modulated by the association of the enzyme
via its putative C-terminal heparin-binding domain to the
proteoglycans of the extracellular matrix. The association
of group II PLA

2
with the sulfated polysaccharides results

in changes of enzyme activity on membrane phospholipids
[22]. This mechanism of regulation could be of importance
for the heart, if cardiac group II PLA

2
is associated with the

extracellular part of the sarcolemma, where calcium con
centrations are no longer a limiting factor for the activity
ofthe enzyme. Finally, it appears that group 11 PL~ activity
can be modulated by accessory proteins, like phospholipase
A
2
-activating protein (pLAP) which has a stimulatory effect,

or uteroglobins and annexins which are putative inhibitors of
group II PL~ activity. The exact mechanism of action and
the physiological significance of these accessory proteins
on group II PLA

2
activity are still a matter of debate [6, 23].

Long-term regulation of group II PLA
2
activity is acc

omplished by adjusting the level of gene transcription. In
several cell types group II PLA2 expression is induced by
inflammatory cytokines like IL-l, IL-6, and TNFa, or by

cAMP-elevating substances like forskolin [24-26]. These
observations were substantiated by the demonstration ofthe
presence of cAMP and cytokine responsive elements in the
5'-flanking region ofthe group II PL~ gene [27]. In contrast,
the expression of this enzyme is downregulated by a variety
of substances like glucocorticoids, TGF~, aspirin, and
tetranactin [24, 28-30]. Recently it was shown that activation
of the nuclear transcription factor NF-1Cl3 is an essential
component of the cytokine signalling pathway responsible
for group II PLA

2
gene regulation [28]. That this mechanism

of regulation is also operative in cardiac cells is supported
by the observation that group 11 PLA2mRNA levels increase
in cultured rat neonatal cardiomyocytes upon stimulation
with TNFa [15].
The recent discovery of a high-molecular mass phos

pholipase A2 (85-110 kD) or cytosolic PL~ (cPLA2) led to
a different view of the activation of sn-2 acylhydrolysis
through receptor mediated signal transduction [31]. This
enzyme selectively cleaves arachidonoyl residues at the sn
2 position of membrane phospholipids. cPLA

2
is equally

active against ethanolamine- and choline containing phos
pholipids, and hydrolyzes both l-acyl-2-arachidonoyl phos
pholipids, and l-alkenyl-2-arachidonoyl phospholipids.
cPL~ has a predominantly cytosolic localization and requires
Ca2+ in the micromolar range for translocation to its site of
action, the phospholipid bilayer. Because of these features,
the high molecular mass cytosolic phospholipase~ is a likely
candidate for the acute liberation of arachidonic acid from
membrane phospholipids in cardiac cells under physiological
conditions, e.g. by alterations in the cellular Ca2+ con
centration as a result of ligand-receptor interactions. This
notion is substantiated by the observation that cPLA

2
itself is

a substrate for mitogen-activated protein kineses (MAPK),
which serve as important mediators for a variety of receptor
mediated signal transduction pathways [32].
The third type of phospholipase A2 present in the myo
cardium was first reported in 1985 by Gross and co
workers [33]. It has a molecular mass of -40 kD and was
shown to be Ca2+-independent for its activity. Although it
has a preference forsn-2-arachidonoyl plasmalogens, it is also
capable ofhydrolyzing diacyl-phospholipids or plasmalogens
with other fatty acids at thesn-2 position, albeit at lower rate
[34]. Ca2+-independent, plasmalogen specific PLA

2
is

localized in the cytosol and can translocate to the cell
membrane by interacting with the glycolytic enzyme phos
phofructokinase (PFK), forming a large 400 kD protein
complex, indirectly regulating the activity of PLA

2
via

allosteric modulation of PFK by cytosolic ATP levels [35].
Recently a novel regulatory mechanism was identified
whereby the Ca2+-independent phospholipase~ is modulated
indirectly by calcium ions, i.e. through alterations in the
interaction of the phospholipase complex with calmodulin
[36].



To summarize, at least three different types of phospho
lipase ~ activities have been identified in the heart: a 14 kD
Caz+-dependent group II PLAz, a plasmalogen-specific, Ca

z+
independent PLAz and a high molecular mass, cytosolic
PLAz (cPLA2). Recently, Chen and colleagues cloned
another low molecular mass Ca2+-dependent phospholipase
A2 from rat heart that showed only limited homology to
group II phospholipase Az [37]. Dennis and coworkers
demonstrated that group II PL~, cytosolic PL~ and Caz+
independent PL~ were involved in the release ofarachidonic
acid following stimulation of P388D, macrophages [38].
Interestingly, group II PLA

2
was accountable for 60-70 %

of the AA release in this particular model system. As far as
cardiomyocytes are concerned the contribution of the
different PLA

2
types in the ligand-receptor-induced hydro

lysis of phospholipids remains to be established.

Effect of ischemia and reperfusion on cardiac
phospholipids

Ischemic heart diseases are predominantly caused by
impaired coronary perfusion. If the ischemic period has a
limited duration, structural and functional recovery of the
myocardium is possible by timely restoration of blood
flow. If the ischemic period is prolonged, however, injury
becomes irreversible, eventually leading to cell death and
cardiac dysfunction. During myocardial ischemia phos
pholipid homeostasis is disturbed. The net degradation of
phospholipids results in an increase of their degradation
products, mainly fatty acids and lysophospholipids [5, 39
41]. The sarcolemma appears to be the primary target for
accelerated phospholipid degradation in oxygen and energy
depleted cardiomyocytes [I]. Although timely restoration
of blood flow is required to save the myocardium from
irreversible damage, an even more dramatic rise in the
tissue levels of lysophospholipids and fatty acids has been
observed during the reperfusion phase. Whether this
reperfusion-induced injury is a manifestation ofcell damage
which was already present during ischemia or is a caused by
the re-introduction of blood flow per se to the previously
ischemic myocardium, is still a matter of debate [41,42].
Currently there are two hypotheses concerning the mechan

ism involved in the increased phospholipid degradation ofthe
sarcolemma during ischemia and reperfusion [41-43]. The
first hypothesis implies that the integrity of the sarcolemma
is lost due to physical forces, before the phospholipids are
hydrolysed. Mechanical stress will be imposed on the
sarcolemma of energy-deprived cells by adjacent non
ischemic, contracting myocytes or by hypercontracture of
the ischemic cells themselves. In addition, low-molecular
weight substances such as lactate, protons and inorganic
phosphate, will accumulate inside ischemic myocytes. This
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will lead to a shift of water from the extracellular to the
intracellular space, imposing an increased osmotic force
on the cell membrane. Together with weakening of the
anchoring of the cytoskeleton to the sarcolemma, this
might result in enhanced membrane fragility. When the
sarcolemma is unable to withstand the physical forces
anymore the sarcolemma will rupture, after which intra
cellular structures will become accessible to the extra
cellular fluid. This will lead to the activation of, amongst
others, Ca2+-dependent proteases and phospholipases, which
will start to digest cellular components. According to the
'physical forces' hypothesis, degradation of phospholipids
is merely an epiphenomenon, reflecting post-mortem auto
lysis of cardiac cells [41, 43].
In the second hypothesis, the loss of integrity is explained,

among others, by a imbalance between hydrolysis and
resynthesis of the membrane phospholipids. As indicated
before, this may result from increased activity ofhydrolyzing
enzymes, like phospholipases, or impaired resynthesis due
to loss of catalytic activity of the enzymes involved. Acyl
CoA synthetase, an enzyme involved in phospholipid re
synthesis, requiresATP as cofactor and is inhibited by AMP
and adenosine. Therefore, the ischemia-induced decrease in
cellularATP and elevated levels ofAMP and adenosine might
lead to impairment of resynthesis [5]. In this light it is also
of interest to note that the activity of Iysophosphatidyl
acyltransferase was found to be compromized in the
ischemic pig heart [44] while in several studies PLA

2
activity

was found to be increased in the ischemic and reperfused
heart [I]. The latter hypothesis implies that the increased
degradation ofmembrane phospholipids plays a pivotal role
in the transition to irreversible injury of cardiomyocytes
during myocardial ischemia [1, 45].

Role of PLA, in ischemia/reperfusion induced
phospholipid hydrolysis

Several studies indicate that the activation of especially
PLA

2
plays an important role in the transition from revers

ible to irreversible ischemic myocardial injury. First, in
ischemic myocardium various phospholipid degradation
products accumulate, including arachidonic acid and Iyso
phospholipids. As arachidonic acid is predominantly (99%)
located in the esterified form at the sn-2 position in phos
pholipids, its liberation is conceivably due to PL~ activity
[I]. Second, chemical inhibitors ofPL~ have been reported
to protect the cardiomyocytes against ischemia, anoxia, or
energy-deprivation [46,47].
Earlier attempts to identify the PL~ type involved in the

enhanced phospholipid hydrolysis duringmyocardial ischemia
and reperfusion have focused on the plasmalogen-specific,
Ca2+-independent PL~. Hazen and coworkers reported that



70

in the rabbit heart the activity of the plasmalogen-specific
PLA

2
is greatly enhanced already 2 min after the onset of

ischemia [9]. Moreover, halo-enol-lactone suicide substrate
(HELSS), a specific inhibitor ofplasmalogen-specific, Ca2+
independent PLA

2
was found to reduce cell death in cultured

neonatal cardiomyocytes exposed to chemical anoxia [47].
However, several other observations raise questions as to
whether cardiac plasmalogen-specific, Ca2+-independent
PLA

2
plays an important role in the ischemia/reperfusion

induced phospholipid degradation. First, in cardiac homo
genates the diacyl-form of phosphatidylethanolamine is
hydrolyzed rather than the plasmalogen-form of phos
phatidylethanolamine [48]. In line with the latter finding
Davies and coworkers observed that the levels of Iyso
plasmenylcholine and Iysoplasmenylethanolamine did not
significantly increase in isolated rat hearts subjected to
ischemia [49]. Second, the time course of arachidonic acid
accumulation during reperfusion does not coincide with that
ofplasmalogen-specific, Ca2+-independent PLA

2
activation.

The enzyme activity quickly goes down to normal levels
after ischemia, whereas arachidonic acid continues to
accumulate [I, 9]. Thirdly, Vesterqvist and colleagues
reported a marked decrease in the activity ofplasmalogen
specific, Ca2+-independent PLA

2
in isolated rabbit hearts

subjected to a prolonged period of global ischemia [50].
In their study they used intact isolated sarcolemmal mem
branes as substrate to measure enzyme activity, while
Hazen and colleagues used exogenously added phospho
lipid substrates [9].
In our opinion group II PLA2 is a likely candidate to be

involved in ischemia/reperfusion-induced degradation of
membrane phospholipids, because not only arachidonic acid,
but also other (un)saturated fatty acids accumulate during
prolongedmyocardial ischemia (Fig. 3). This argues in favor
of the involvement of an aspecific PLA

2
rather than an

arachidonoyl-, plasmalogen-specificPL~ [43,45]. Secondly,
the observation that cardiac fatty acid levels, including
arachidonic acid, continue to rise in the reperfusion phase
points toward a role for group II PLA2 in the process.
Reperfusion is known to be accompanied by a substantial
increase in intracellular calcium concentration, so that the
activation of calcium-dependent phospholipases can be
anticipated. Furthermore, during reperfusion peroxidation
ofmembrane phospholipids, as a result ofenhanced oxygen
free radical production, has been demonstrated [I]. It is of
interest to note that peroxidation-damaged phospholipids are
more vulnerable for group II PLA

2
attack [51]. Furthermore,

in a study by Prasad and colleagues it was shown that
pretreatment of isolated hearts with antibodies raised against
a snake venom group II PLA

2
effectively blocked the degrad

ation ofmembrane phospholipids and mitigated the release
of cytoplasmic proteins in the acute reperfusion phase [52].
Anti-group II PLA

2
antibodies were also found to decrease

the phospholipid degradation in homogenates of rat hearts
that had been previously subjected to a period ofhypoxia and
reoxygenation [48]. Finally, increased expression levels of
group II PLA

2
have been found in rat brain after severe

forebrain ischemia [53] and in rat small intestinal mucosa
after ischemia and revascularization [54]. On the basis ofthe
above, it is tempting to speculate that cardiac group II PLA2
expression levels will also increase during myocardial
ischemia and/or reperfusion.
Alternatively, the observation that group II PLA

2
activity

can be greatly enhanced by members of the inflammatory
cytokine family, might be of relevance to the process of
ischemic injury. First of all it has been shown that serum
levels of inflammatory cytokines, like IL-l, IL-6 and TNFa,
are increased in various pathophysiological conditions,
includingmyocardial ischemia [55, 56]. Moreover, for other
cell types it has been shown that cytokine stimulation caused
a very rapid (within 5min) increase ofgroup II PL~ activity
[57]. Finally, it has been demonstrated that cardiomyocytes
can produce TNFa under hypoxic stress [58], and that
stimulation of cultured rat neonatal cardiomyocytes with
TNFa resulted in increased group II PL~ mRNA levels [15].
Therefore, it can be hypothesized that cytokines secreted by
cardiomyocytes could indirectly influence sarcolemmal
stability, by increasing the cellular level ofgroup II PLA2 in
an autocrine manner.

Future directions: The use of molecular and transgenic
techniques

As indicated above, no definitive proof has been provided
that enhanced phospholipid hydrolysis and the induction of
irreversible cell damage are causally related. It is also
uncertain which type ofPLA2 would be accountable for the
ischemia and reperfusion-induced hydrolysis ofmembrane
phospholipids. Studies performed with phospholipase
inhibitors lack specificity, which hampers an unequivocal
interpretation of the results obtained. For example, in an
isolated rat heart preparation subjected to a period ofglobal
ischemia followed by reperfusion, the phospholipase
inhibitor mepacrine was able to reduce the phospholipid
degradation, but also was shown to exert a negative inotropic
effect [5] and to interfere with transsarcolemmal calcium
fluxes [59]. Accordingly, current conventional pharmaco
logical and/or physiological approaches do not provide
conclusive answers as to the role of PLA

2
in ischemia/

reperfusion injury.
The advent ofmolecular biological techniques and trans

genic technology allows the generation of mice with either
an overexpression ('gain of function') or the absence ('loss
of function') of specific genes. By using transgene tech
nology it has been possible to study the role of a specific
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Fig. 2. Effects of ischemia and reperfusion of isolated rat hearts on the tissue content of individual fatty acid species. Values are given in nmol.lf' dry weight
and represent the means of6-10 experiments. C16:0 refers to palmitic acid, C18:0 to stearic acid, C18: 1to oleic acid, C18:2 to linoleic acid, C20:4 to arachidonic
acid, and C22:6 to docosahexaenoic acid. (Adapted from: Van Bilsen ef at. [67]).

gene of interest and to dissect complex cardiovascular
phenotypes involving several gene products. This approach
has been demonstrated to be effective in creating murine
models resembling human myocardial diseases, such as
cardiac hypertrophy/failure, congenital heart diseases, and
hypertension, just to mention a few (see for some reviews
[60, 61D. The transgene technology has also been success
fully applied in studies related to ischemia and reperfusion
damage. For example, the contribution ofoxygen free radicals
to ischemia/reperfusion damage was confirmed by the sub
jecting the hearts of transgenic mice overexpressing super
oxide dismutase to transient ischemia [62]. In addition,
transgenic mice overexpressing HSP70 were found to be
less vulnerable against ischemic injury, clearly indicating the
protective effect of HSP70 in this setting [63, 64].
In our laboratories we are currently applying transgene
technology in order to modulate group II PLA

2
activity in

the heart. With this approach mechanisms underlying
disturbances in phospholipid homeostasis as a result of
cardiac ischemia and reperfusion will be studied. To achieve
this, transgenic mice have been generated that harbor the
recently cloned cDNA ofrat heart group II PL~ downstream
to the proximal fragment (250 bp) of the promoter of the
myosin light chain-2 (MLC-2) gene. Recent studies indicate
that this part ofthe promoter is sufficient to mediate cardiac-

specific expression [65]. In this way, several lines of
transgenic mice, differing in copy number and, hence, in the
level ofcardiac group II PLA2 activity, will become available
for analysis.
The hearts oftransgenic and control mice will be subjected

to ischemia and reperfusion ex vivo to assess the causal
relationship, if any, between the level of group II PLA2 and
the extent of phospolipid hydrolysis on the one hand and
cellular damage and functional recovery on the other. We
are currently scaling down the technique of isolated rat heart
perfusion, according to the so called 'assisted mode
perfusion', to the level of the mouse [66]. This model will
allow us to study functional recovery by parameters like
the recovery of the left ventricular developed pressure and
cardiac output. The development of this isolated left
ventricular ejecting mouse heart model will not only be of
interest for this particular problem, but will be ofgreat value
for future studies to evaluate cardiac function of transgenic
mice, whatever the type of transgene they are harboring.
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The role ofglucose metabolism in a pig heart model
of short-term hibernation
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Abstract

Previously, we reported, alterations in glucose metabolism in a 4 day model ofchronic coronary stenosis similar to those described
in patients with hibernating hearts. The purpose ofthis study was 2 fold: (I) to identify whether an acute model ofmild, sustained
ischemia could effect similar changes, and (2) to determine the effects ofpharmacological inhibition of glycolysis. In the first
group, extracorporeally perfused, intact pig hearts were subjected to 85 min of a 40% reduction in left anterior descending
(LAD) coronary arterial blood flow. A second group was subjected to the same protocol, except after 40 min ofLAD regional
ischemia, iodoacetate (IAA) was administered to block glycolysis. Ischemia reduced MV0

2
by 10% in both groups with a further

20% reduction noted following IAA treatment. Regional systolic shortening was reduced nearly 50% by ischemia and decreased
an additional 40% following treatment with IAA. Glycolysis was increased by over 700% with ischemia in the first group.
IAA caused a 3 fold reduction in glycolysis as compared to the preceding ischemic period and inhibited lactate production.
Fatty acid metabolism was significantly reduced by ischemia in the first group, but was not reduced in the IAA group. Activity
ofcreatine kinase associated with myofibrils was reduced and may have contributed to the contractile dysfunction. In conclusion,
this acute model of short-term hibernation demonstrates several metabolic changes previously reported in chronic hibernation
and may prove useful in determining mechanisms ofsubstrate utilization in simulated conditions ofchronic coronary stenosis
and hibernation. (Mol Cell Biochem 180: 75-83, 1998)

Key words: creatine kinase, glucose metabolism, mild sustained ischemia

Introduction

Animal modeling has become a central issue in helping defme
the experimental conditions sufficient to identify the mech
anisms operative in chronic ischemia and to explain the
clinical entity of hibernating myocardium. The factors
determining hibernation are still a source of controversy. It
has yet to be determined whether sustained hypoperfusion or
repetitive, intermittent ischemia best clarifies and predicts the
mechanical down-regulation in this condition [1-4] and to
what level of ischemia (mild or severe) is necessary to affect
these changes. Several chronic animal preparations ofpartial
coronary stenosis have been developed in an attempt to
resolve these differences [3,5-7]. Moreover, it has now been
shown that certain acute models ofpartial, sustained coronary

hypoperfusion [8-13] or intermittent ischemia [14, 15] also
are adaptive in down-regulating energy needs to sustain tissue
viability. Schulz et al. [13], who coined the term 'short-term
myocardial hibernation', found that 85 min of a moderate
restriction in coronary perfusion caused a decrease in regional
contractile function, regeneration of phosphocreatine,
depressed levels of ATP, and a leveling off of lactate pro
duction. Other investigators have noted similar changes [8
12]. Although these acute models have appeal in terms of
their ease of preparation and more controlled experimental
conditions, in order to fulfill complete criteria as models of
'short-term hibernation' [16], other alterations in inter
mediary metabolism, in addition to changes in energy
metabolism, must be documented. These alterations have not
yet been described.
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Early clinical studies using positron computed tomography
suggested that certain subsets of patients with advanced
coronary artery disease were compensated metabolically by
the accelerated, exogenous utilization of glucose, e.g. 'the
flow-metabolic mismatch' [17-20]. Recently, Vanover
schelde and workers [4] showed in patients with hibernating,
collateral-dependent myocardium that glycolytic flux was
increased despite nearly normal resting coronary blood flows.
We showed in a chronic animal model ofrestricted coronary
reserve that during hibernation and reperfusion following
hibernation, aerobic metabolism was also mainly preserved
based on only modest reductions in oxygen consumption and
normal resting coronary blood flows [7,21]. In these models,
glycolysis was also enhanced.Although the amount ofenergy
produced by glycolysis is considered small, it has previously
been deemed vitally important in several other models of
ischemic heart disease [22, 23]. The purpose of the present
studies was thus 2 fold: (1) to characterize the metabolism
of acutely altered myocardium and, in particular, to detail
substrate utilization in an acute preparation of sustained
hypoperfusion previously proposed as a model of short-term
hibernation [13], and (2) to determine the importance of
glucose utilization in this model by inhibiting glycolysis using
treatment with iodoacetic acid (IAA). We hypothesized that
this model simulates metabolic trends previously reported in
chronically hypoperfused hearts and that accelerated gly
colysis is imperative for maintenance of residual contractile
function and viability. In addition to describing metabolic
rates ofoxygen consumption, glucose and fatty acid utiliza
tion, observations on the activity ofthe creatine kinase shuttle
system are reported.

Materials and methods

Experimental model

Fourteen adolescent swine weighing between 37-48 kg were
studied under general anesthesia induced with pentobarbital
(35 mg/kg). A tracheotomy was performed and the animals
were placed on controlled positive pressure ventilation using
oxygen-supplemented room air to maintain blood gases in the
normal range (P0

2
> 100 mm Hg, PC0

2
35-45 mm Hg, and

pH 7.35-7.45). Additional pentobarbital was given as needed.
Lidocaine HCI (2-3 ml Lv.) was also given if needed to
prevent arrhythmias. Hearts were exposed with a sternotomy
and bilateral rib resections to achieve the open chest, extra
corporeal perfusion preparation previously described [24].
Briefly, the animals were heparinized with an i.v. bolus of
20,000 U heparin followed by additional boluses of 10,000
U/h. The coronary arteries were cannulated and perfused
separately via an arterioarterial shunt connected extra-

corporeally. Blood was withdrawn from the right femoral
artery and divided into three independently controlled
perfusion pumps, passed through blood filters (40 Ilm), and
infused into the right (RCA), main left, (basically perfusing
the circumflex (CFX) artery) and left anterior descending
(LAD) coronary arteries. Blood was passed through a 50 ml
mixing chamber in the LAD circuit that served as a mixing
reservoir for radioactive substrates and indocyanine green.
A venous sampling catheter was inserted in the left anterior
interventricular vein, which drains the perfusion territory of
the LAD coronary artery. The anterior interventricular vein
eflluent was allowed to drain into the chest cavity. Blood from
the chest cavity was continuously pumped into a reservoir,
and reinfused into the right femoral vein. This completed the
extracorporeal perfusion circuit. A high-fidelity, dual
manometer-tipped pressure device (Millar) was placed in the
left ventricular chamber to measure left ventricular pressure
and aortic pressure. The coronary perfusion pressures were
measured using fluid-filled transducers attached to each
perfusion line. The pump speeds were adjusted so that the
coronary venous oxygen saturation averaged 46 ± 1.5% in
both groups and the mean coronary artery pressures matched
mean aortic pressure. To maintain a condition ofnear constant
myocardial oxygen demand in all hearts, systemic blood
volumes were replenished with 6% dextran in saline so that
the systemic pressures were held at 94.5 ± 3 mm Hg. Serum
glucose levels were monitored and maintained at 7.75 ± 0.65
Ilmol/ml. Additional dextrose was given as needed. Plasma
concentrations offatty acids were also monitored throughout
the studies and the combined average for both groups was
0.61 ± 0.08 Ilmol/ml. Ultrasonic crystals were placed at mid
myocardial depth in the LAD perfusion bed to monitor
changes in segment shortening, which was used to estimate
regional contractile function.

Protocol

Group I
The first group (n = 8) weighing 41.3 ± 1.1 kg (mean ± S.E.M.)
underwent a sustained 40% reduction in LAD blood flow for
85 min based on the hibernation model published by Schulz
et al. [13]. At time zero, i.e. 30 min prior to ischemia, radio
active [U_14C] palmitate was infused into the LAD mixing
chamber at a rate of 1.02 x 106 dpm/min during the aerobic
period and then reduced by 40% to 0.61 x 106 dpm/min for
the ischemic interval. Simultaneously, [5-3H] glucose was
also infused into the mixing chamber in the LAD perfusion
line at a rate of2.35 x 106 dpm/min during the aerobic interval
and reduced to 1.41 x 106 dpm/min during the ischemic
period. The 30 min aerobic period was used for equilibrium
labeling ofpalmitate and glucose and for baseline measure
ments. The total experimental time was 115 min.



lAA treatment
A second group, which was treated with iodoacetate (IAA),
was also studied in separate non-randomized perfusion trials
to evaluate the importance ofglucose metabolism in hiber
nation. This IAA treated group (n = 6), weighing 44.9 ± 0.8
kg, also underwent a 40% reduction in LAD blood flow for
85 min. At time zero, each animal received a continuous
infusion of radioactive [U_14C] palmitate at 1.0 I x 106 dpm/
min and [VH] glucose at 2.32 x 106 dpm/min. Ischemia
again was induced at time 30 min by reducing the flow to
the LAD perfusion bed by 40%. The infusion of radioactive
[U_ 14C] palmitate and [5- lH] glucose was reduced to 0.61
x 106 dpm/min and 1.39 x 106 dpm/min, respectively, to
compensate for the reduced blood flow. After 70 min oftotal
elapsed time which corresponded to 40 min of ischemia,
IAA at a dose of approximately 1.0 j.lmol/g of LAD bed
weight was injected as a bolus into the LAD perfusion
system to inhibit glycolysis.
For both groups, coronary blood flow to the right and

circumflex arteries was held at aerobic levels throughout the
study. Mechanical and metabolic data were collected every
10 min throughout the study. Blood samples were with
drawn from the LAD coronary arterial perfusion line and
the anterior interventricular vein for metabolic and blood
gas measurements. Indocyanine green dye was administered
in accordance with earlier studies to estimate venous cross
contamination and dilution in the LAD circulation [25].
Samples ofarterial and venous blood from the LAD perfusion
circuit were collected during infusion of indocyanine green
dye after the dye had been infused for 5 min. These samples
were obtained during the aerobic and ischemic periods in both
groups to measure for any unlabeled coronary blood entering
the venous system of the LAD perfusion circuit. The mean
dilution factors (K) obtained in this study to estimate for this
contamination were 0.87 ± 0.03 and 0.77 ± 0.08 for the
aerobic and ischemic periods, respectively, for the first group
and 0.89 ± 0.03 and 0.81 ± 0.04 for the aerobic and ischemic
periods, respectively, for the IAA treated group. The K-factor,
was then used in the calculations of exogenous glucose
utilization [26] and CO, production from labeled fatty acids
as previously described [27].
At the end of the study, a section of myocardium was

rapidly removed from the center ofeach ofthe LAD and CFX
perfusion areas. These tissue samples were immediately
clamped between tongs cooled in liquid nitrogen and stored
at -70°C for later analysis. A second set oftissue samples was
removed from Group I hearts and used at once for isolation
of mitochondria and myofibrils. In both groups, the LAD
perfusion region was then dyed with India Ink (injected via
the LAD cannula) to demarcate the LAD from the CFX and
RCA perfusion beds, which were then dissected free and
weighed. The weight of the LAD perfusion bed was used to
normalize the blood flow and metabolic data.
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Analytical methods

Estimates ofmechanical performance as well as arterial and
venous samples for metabolic measurements were collected
every 10 min during the experiments. A blood gas analyzer
(Radiometer ABU) was used to determine pH, PCO, and
PO,. The hemoglobin concentration and oxygen saturation
were measured on a hemoximeter (Radiometer OM I).
Regional myocardial oxygen consumption (MVO,) was
calculated according to the formula previously reported and
expressed in mmol x h-I x g dry wr l [28]. Serum glucose
levels and fatty acid concentrations were also obtained
every 10 min. Serum glucose was measured using a Gluco
meter II and glucose stix, while free fatty levels were
determined using a kit fromWako. Blood samples from the
LAD artery and vein were immediately deproteinized in ice
cold 7% perchloric acid (1:2 vol:vol), weighed, centrifuged
and analyzed for lactate using previously described en
zymatic methods [29]. From these measurements, lactate
extraction/production from or into the coronary perfusate
was calculated as described previously [26]. Plasma samples
from artery and vein were analyzed for tritiated water
released from labeled glucose according to the procedures
of Rovetto et al. [30] using a Dowex-I borate column. The
tritiated water was eluted from the column with water and
counted for radioactivity. The radioactive counts of the
tritiated water were used to calculate glucose utilization as
described previously [26]. Labeled CO, from fatty acid
oxidation was determined by adding I ml of blood in
triplicate from the LAD artery and vein to sealed Erlen
meyer flasks containing sulfuric acid and a disposable
centerwell with a CO, absorber, which was removed and
counted for radioactivity. The CO, produced from labeled
palmitate was then used to estimate fatty acid oxidation as
described previously [27].
Frozen tissue from both beds in all animals was extracted

with 6% perchloric acid and neutralized. Lactate was deter
mined enzymatically from the neutralized extract [29]. The
adenine nucleotides and phosphocreatine were measured
from the neutralized extract by HPLC with a j.lBondapak Cl8
column (Waters). The compounds were eluted by varying a
linear gradient consisting ofmobile phase A (50 mMKH,P04
and 2 mMTetrabutylammoniumphosphate) and mobile phase
B (5 mM KH,P04 and acetonitrile, 2: I) from 5-75% of
mobile phase B [31]. The adenine nucleotides were detected
at 260 nm while phosphocreatine was detected at 210 nm on
a multichannel UV detector.
Glycogen was enzymatically digested to obtain free

glucose from tissue in both LAD and circumflex perfusion
beds in all animals according to Bradley and Kaslow [32].
The glucose concentration was measured using a glucose kit
from Sigma. Total lipids were extracted from powdered,
frozen tissue by a mixture ofwater:chloroform:methanol in
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a 0.8: 1:2 ratio by the methods of Bligh and Dyer [33]. The
triglyceride content was measured spectrophotometrically
using a commercially available kit (Sigma).
To examine the mechanisms behind the contractile dys

function and preservation of high energy phosphates found
in the short-term hibernation model [13], creatine kinase in
isolated myofibrils and mitochondria was measured. Purified
myofibrils were prepared as described by Solaro et al. [34].
Freshly harvested tissue from both perfusion beds was
washed with 0.9% NaCI and minced. The minced tissue was
homogenized in 0.3 M sucrose and 10 mM imidazole buffer
(pH 7.0) and centrifuged. The myofibrils were further washed
in a buffer containing 60 mM KCI, 30 mM imidazole and 2
mM MgCI

2
• The washed myofibrils were treated with Triton

X-100 to remove all additional membranes. Mitochondria
were also isolated from fresh tissue as previously described
[31] using homogenization media containing 20 mM Tris
buffer (pH 7.4) and 0.25 M sucrose. Protein for both mito
chondria and myofibrils was determined by the method of
Bradford [35]. Creatine kinase activity in the isolated
mitochondria and myofibrils was measured using spectro
photometric methods with a commercially available kit
(Sigma).

Statistics

All data are reported as mean ± S.E.M.. Statistical compari
sons were performed between the average of the data points
obtained during the aerobic period and the average ofthe data
points obtained during the second halfofthe ischemic period
(time 80, 90, 100, 110, 115 min) with a paired Student's t
test. Apaired Student's t-test was also employed to compare
differences between the aerobic CFX bed and the treated
LAD bed in the same group. Statistical significance was
defined for probability values ofp < 0.05.

Results

Group 1

Mechanical junctions
The first 40 min of the 85 min ischemic period was used for
stabilization and adaption commensurate with the previous
protocol used for short-term hibernation [13]. Contractile
function was expressed as percent systolic shortening (% SS)
and normalized to the value at the start of the experiment
(Fig. I, panel A). Regional contractile function in Group I
fell from 95 ± 4% during aerobic perfusion (t = 0-20 min) to
50 ± 17%during the last 45 minofischemia(t= 70-115 min),
a 47.4% reduction in performance (p < 0.04 compared to
the aerobic value).

Metabolic functions
Myocardial oxygen consumption (MV0

2
) dropped from its

initial aerobic value of 1.01 ±0.06 mmol xh-' xgdrywr-
1 to

0.77 ± 0.04 mmol x h-' x g dry wt-
I during the last half of

ischemia (p < 0.0004) (Fig. I, panel B).
Glucose utilization increased on average over 7 fold during

the last 45 min ofischemia in Group I hearts (p < 0.002) (Fig.
I, panel C), which is similar to that seen in chronic hiber
nation. Tissue glycogen levels were significantly lower in the
ischemic LAD bed as compared with the aerobic CFX bed
(103 ± 18 vs. 182 ± 20 in ~mol/g dry; p < 0.001 in Group 1
hearts).
There was net lactate consumption during the initial

aerobic period, which reversed to lactate production at the
onset of ischemia. (Fig. I, panel D). Lactate production did
not increase further despite the continuing ischemia during
the later times ofthe perfusion trials, but leveled off similar to
what was noted in the Schulz model ofhibernation [13]. The
lactate production caused a relative accumulation of lactate
in the tissue of the ischemic LAD perfusion bed (25.6 ± 2.2
~mol/g dry) at end-ischemia compared to the aerobic CFX bed
(14.1 ± 1.6~mol/gdry)(P<0.OOI).

Ischemia caused an anticipated decrease in fatty acid
oxidation as estimated by CO2 production from infusion of
exogenously labeled palmitate.After equilibration, fatty acid
oxidation fell significantly from an aerobic value of26.69 ±
6.54 ~mol x h-' x g dl)" to 17.81 ± 3.34 ~mol x h-' x g dl)'
I (p < 0.05) in the last 45 min of ischemia. Tissue content of
triglycerides were not different between perfusion beds
despite the lower fatty acid oxidation due to ischemia
(Table 1).

Group 1, n = 8; lAA group, n = 6. All values are expressed as means ±
S.E.M. ns = not significantly different.

Table 1. Tissue content of triglycerides in IImolig dry taken from left
anterior descending coronary artery (LAD) perfusion bed and tissue from
the aerobic circumflex artery (CFX) perfusion bed at the end of the studies

Heart rate averaged 128 ± 5 beats/min and was stable over
the course of the experiments. Reducing the blood flow by
40% in these studies caused no significant changes in peak
left ventricular systolic pressure during the entire perfusion
period (98 ± 3 mmHg). Perfusate glucose (8.0 ± 0.69 ~mol/
ml) sampled every 10 min throughout the studies was near
constant. The concentration of fatty acids in the blood was
also sampled every 10 min during the protocol and found to
be stable at 0.58 ± 0.09 ~mol/ml throughout the perfusion
trials.

Triglycerides

Group 1
IAA

LAD

3.66 ± 0.58
4.83 ± 1.03

CFX

3.18 ± 0.73
4.46 ± 1.07

p-value

ns
ns
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Fig. 1. Group I - Panel A: Changes in regional systolic shortening (% SS) over the course of the perfusion trials, which were nonnalized to the initial
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x h-' x g dry wr' and plotted vs. time. All data is expressed as mean ± S.E.M., n = 8.

Another marker of myocardial adaption previously used
in confirming hibernation was preserved high energy phos
phates. In Group 1 hearts, there was no change in phospho
creatine content between the two perfusion beds. A fall in the
tissue content ofATP in the LAD perfusion bed as compared
to the aerobic CFX perfusion bed was observed. These are
the same changes previously reported in the model by Schulz
et al. [13] (Table 2).

LAD bed was not significantly different from the aerobic
CFX bed (Table 3). However, the maximal activity of the
creatine kinase associated with the m-Iine of the myofibrils
in the LAD bed was significantly reduced as compared to the
untreated CFX bed (Table 3). This incomplete utilization of
PCr at the myofibrils may partially explain the mechanism
of contractile dysfunction.

Creatine kinase activity
A reduction in creatine kinase activity may in part explain
the contractile dysfunction in hibernating myocardium. The
activity of mitochondrial creatine kinase from the treated

1AA treated group

As explained above, this group was prepared to specifically
address the significance of increased glucose utilization in
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All values are expressed as means ± S.E.M. in l'mol/g dry (Group I, n = 8;
IAA group, n=6). ns = not significantly different.

Table 3. Creatine kinase activities ofGroup 1from the ischemic len anterior
descending coronary artery perfusion bed (LAD) and the aerobic circumflex
bed (CFX)

One unit (U) ofactivity is the amount ofenzyme which produces one l'mole
ofNAD or NADH per min under the assay conditions. Mean ± S.E.M, n =
8. Mito-CK = mitochondrial creatine kinase; MM-CK = myofibrillar
creatine kinase; ns = not significantly different.

Table 2. Tissue from the ischemic len anterior descending coronary artery
(LAD) perfusion bed and tissue from the aerobic circumflex artery (CFX)
perfusion bed was taken at the end of the experiments to determine the
content ofphosphocreatine (PCr), adenosine tripbosphate (ATP), adenosine
diphosphate (ADP), and adenosine monophosphate (AMP)

Metabolic functions
In the lAA treated group, aerobicMV0

2
(0.70 ± 0.03 mrnol x h

IX g dry wr-I) was significantly reduced by the combined effects
of ischemia and lAA to 0.48 ± 0.04 mrnol x h-' x g dry wr-I (p
< 0.0025 compared to the aerobic value) (Fig. 2, panel B).
In the lAA group, treatment strikingly decreased glucose

utilization from the first halfofischemia, although, the modest
level ofglycolysis at end reperfusion was still twice that of the
preischemic values (p < 0.003) (Fig. 2, panel C). Tissue
glycogen levels were significantly lower in the ischemic LAD
bed as compared with the aerobic CFX bed (113 ± II vs. 199
± 38 in I!illol/g dry; p < 0.Q3 in IAA treated hearts).
Induction of ischemia caused lactate consumption to

reverse to lactate production. As anticipated, IAA treatment
effectively inhibited glycolysis, which prevented lactate
production and thus accounted for the lactate extraction seen
after IAA treatment (Fig. 2, panel D). Since lactate extraction
was re-established late in ischemia, it followed that there
would be no accumulation in tissue lactate between the two
beds at end ischemia and such was the case (40.8 ± 4.4 LAD
vs. 36.7 ± 16.7 CFX; in IImol/g dry).
Fatty acid oxidation slightly fell throughout the perfusion

trials in the IAA treated group, but never reached significance
verses the initial conditions (12.58 ± 2.53 in the aerobic
period vs. 9.09 ± 1.03 during the IAA treated period in IImol
x h-' x g dry-I). There was also no change in the tissue levels
of triglycerides between perfusion beds (Table I).
The IAA treatment did little to affect the levels of high

energy phosphates despite the presumed decrease in energy
supply by the inhibition of glycolysis (Table 2). Phospho
creatine was unchanged and ATP was depressed.

ns
0.04

p-valueCFX BED

4.60 ± 0.67
1.20 ± 0.25

Mito-CK (U/mgprotein) 4.44 ± 0.75
MM-CK (U/mg protein) 0.78 ± 0.15

LAD BED

LAD CFX p-value

ATP
Group I 18.50 ± 0.96 27.00 ± 1.22 0.001
IAA 10.09 ± 0.90 20.68 ± 3.52 0.024

ADP
Group I 4.64 ± 0.20 5.65 ± 0.26 0.01
lAA 3.31 ± 0.22 4.06 ± 0.43 ns

AMP
Group I 0.65 ± 0.06 0.59 ± 0.05 ns
IAA 0.22 ± 0.033 0.068 ± 0.018 0.011

PCr
Group I 43.22 ± 4.01 44.30 ± 4.27 ns
IAA 56.76 ± 4.80 59.72 ±9.07 ns

hibernating hearts. In the IAA group, heart rate ( 13 I ± 4 beats!
min), peak left ventricular systolic pressure (9 I ± 3 mmHg),
perfusate glucose (7.5 ± 0.61 IImol/ml) and perfusate fatty
acids (0.63 ± 0.07 IImol/ml) were all stable throughout the
perfusion trials.

Mechanical functions
Once again the first 40 min of the 85 min ischemic period
was used for stabilization and adaptation [13). After 40 min
of ischemia, IAA was injected into the LAD coronary circu
lation to inhibit regional glycolysis. Data were collected for
the next 45 min, averaged and compared to the initial aerobic
conditions.
Contractile function was expressed as percent systolic

shortening (% SS) and normalized to the value at the start of
the experiment (Fig. 2, panel A). Regional contractile
function fell from 101 ± 7% during aerobic perfusion to 8 ±
9% following the IAA injection, a 92% reduction (p <
0.0004 compared to the aerobic value).

Discussion

The results of this study demonstrate that myocardium
subjected to an acute bout of mild ischemia, e.g. short-term
hibernation, simulates trends previously reported in chroni
cally hypoperfused hearts. In particular, the mild ischemia
caused a decrease in regional contractile function, an increase
in glucose utilization, a leveling offoflactate production, and
a partial preservation ofhigh energy phosphates. In addition,
for the first time in this model of short-term hibernation, it
was demonstrated that myofibrillar creatine kinase activity
is reduced and that glycolysis as illustrated in the IAA group
is necessary to maintain contractile function.

Limitations ofexperimental approach

A bolus oflAA was use to inhibit glycolysis as described by
Jennings [36). IAA is a sulfhydryl-oxidizing agent and will
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Fig. 2. lAA Group - Panel A: Changes in regional systolic shortening (% SS) over the course of the perfusion trials, which were normalized to the initial
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x h-' x g dry wt-1 and plotted vs. time. All data is expressed as mean ± S.E.M., n = 6.

inhibit enzymes containing sulfhydryl groups such as glycer
aldehyde 3-phosphate dehydrogenase. Several studies have
shown that the primary effect of lAA is on this enzyme and
does not influence oxidative myocardial function [37]. It has
also been shown that IAAdoes not directly affect sarcolemma
or sarcoplasmic reticulum function or influence excitation
contraction coupling [38]. However, lAA was effective in
reducing lactic acid production and tissue accumulation of
lactate, which may have ameliorated the acidosis that nor
mally occurs with ischemia. Although tissue pH was not
measured, it is possible that it was higher in the lAA group
than in Group 1 hearts. This diminished acidosis would
probably improve function and lessen acidotic tissue injury

rather than cause more deleterious effects. This would support
the argument that accelerated glycolysis despite the effect on
pH is more important in maintaining contractile function than
the negative inotropic effect oflactic acidosis due to ischemia.
The increased glycolysis in the setting of otherwise near
normal aerobic behavior in this model of short-term hiber
nation is similar to the data reported in a recent clinical study
which also showed accelerated glycolysis in hibernating
myocardium ofpatients [4]. Examination oftissue specimens
from these patients showed that cells from the hibernating
hearts have an accumulation of glycogen such that the
contractile filaments are diminished in volume [4]. However,
it would appear that these hibernating cells are still viable and
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will resume contracting after some time upon normalization
of blood flow. Although the production ofATP from glyco
lysis probably only accounts for 3-8% of the energy needs
during low-flow ischemia [37], it is qualitatively important.
ATP from glycolysis is more beneficial in delaying or
preventing ischemic contracture than the same amount of
ATPproduced by oxidative phosphorylation [23]. In addition,
protocols that preserved glycolysis during ischemia with high
glucose and insulin had higher ATP levels and contractile
function during ischemia and improved recovery after
ischemia [39, 40]. The present study confirms that glycolysis
from exogenous glucose is necessary to maintain contractile
function. AlthoughATP content falls during the course ofthe
study, it is thought that compartmentation ofthe glycolytically
producedATPmaintains either membrane and/or contractile
function. This compartmentation becomes more important
when one considers that the breakdown of the phospho
creatine energy shuttle, as seen in this study, may exaggerate
the cytosolic ATP compartmentation further, resulting in an
increased dependence on ATP produced near the contractile
apparatus.
The myofibrills are dependent on the production ofATP

from creatine phosphate via creatine kinase for contraction.
This creatine kinase is localized and tightly bound at the
myofibrillar M-band, where the creatine kinase is func
tionally coupled to the myofibrillar actin-activated Mg
ATPase. The reduction in activity found in this study of this
M-band bound creatine kinase (MM-CK) would lead to a
reduction inATP production for utilization by the myofibrils
and perhaps contractile dysfunction. This reduction in MM
CK activity is in concordance with the findings ofGreenfield
and Swain [41] even though their dog model had a more
severe ischemic insult (total occlusion for 15 min). In
addition, Greenfield and Swain calculated the free ADP
content to be below the Km ofADP for the MM-CK. There
fore they suggested two mechanisms for contractile dys
function; lack of substrate and loss ofenzyme activity [41].
In isolated rat hearts, specific inhibition ofCK decreased the
contractile reserve in hearts stressed with norepinephrine
infusion, or under hypercalcemic or hypoxic conditions [42].
They speculated that an alteration in the functional coupling
of CK and the myofibrillar ATPase within the micro com
partment of the myofibrillar bundle could alter contractile
performance.
In summary, these experiments indicate that the pig model
of short-term hibernation described in this report may be
suitable for simulating trends seen in clinical myocardial
hibernation that exists for weeks to months. In addition, the
data support the argument that glycolysis is necessary for
maintenance of contractile function and that the reduction
observed in contractile function may be linked to the decrease
in activity ofmyofibril bound creatine kinase.
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Glucose metabolism, H+ production and Na+/H+
exchanger mRNA levels in ischemic hearts from
diabetic rats

Jason R.B. Dyck and Gary D. Lopaschuk
Cardiovascular Research Group, Lipid and Lipoprotein Research Group, Departments of Pediatrics and
Pharmacology, Faculty ofMedicine, University ofAlberta, Canada

Abstract

Glycolysis uncoupled from glucose oxidation is a major reason for the intracellular acidosis that occurs during severe
myocardial ischemia. The imbalance between glycolysis and glucose oxidation, and the resultant H+ produced from
glycolytically derived ATP hydrolysis in the diabetic rat heart is the focus of this study. Isolated working hearts from 6 week
streptozotocin diabetic rat hearts were perfused with II mM glucose and 1.2 mM palmitate and subjected to a 25 min period
of global ischemia. A second series of experiments were also performed in which hearts from control, diabetic, and islet
transplanted diabetic rats were subjected to a 30 min aerobic perfusion, followed by a 60 min period of low-flow ischemia
(coronary flow = 0.5 ml/min) and 30 min of aerobic reperfusion. H+ production from glucose metabolism was measured
throughout the two protocols by simultaneous measurement of glycolysis and glucose oxidation using perfusate labelled
with [5-3H/U-14C]-glucose. Rates ofW production were calculated by measuring the difference between glycolysis and glucose
oxidation. The H+ production throughout the perfusion was generally lower in diabetic rat hearts compared to control hearts,
while islet-transplantation ofdiabetic rats increasedW production to rates similar to those seen in control hearts. This occurred
primarily due to a dramatic increase in the rates of glycolysis. Despite the difference in H+ production between control,
diabetic and islet-transplanted diabetic rat hearts, no difference in mRNA levels of the cardiac Na+fW-exchanger (NHE-I)
was seen. This suggests that alterations in the source of protons (i.e. glucose metabolism) are as important as alterations in
the fate of protons, when considering diabetes-induced changes in cellular pH. Furthermore, our data suggests that alterations
in Na+fH+-exchange activity in the diabetic rat heart occur at a post-translational level, possibly due to direct alterations in
the sarcolemmal membranes. (Mol Cell BiochemJ80: 85-93, 1998)

Key words: Na+fH+-exchanger, NHE-I, glycolysis, glucose oxidation, ischemia

Introduction

In the myocardium, accelerated Na+fH+-exchange activity
during and following myocardial ischemia can lead to
accumulation of intracellular Na+, and has been implicated
in the pathogenesis of ischemic injury [I, 2]. Na+ accumu
lation via the Na+fH+-exchanger during ischemia can exchange
with Ca2+via the Na+fCa2+-exchanger leading to Ca2+overload
during reperfusion. In the diabetic rat heart, studies in both
isolated sarcolemmal (SL) membranes [3] and in the intact
heart [4] have shown that a decrease in the Na+fH+
exchanger activity occurs. This defect has been suggested

to convey some protection to the severely ischemic diabetic
rat heart secondary to a decrease in Na+ accumulation both
during ischemia and during reperfusion following ischemia.
Consistent with a defect in the Na+fH+-exchanger, recovery
of heart function following ischemia is significantly better
in the diabetic rat hearts following severe no flow or very
low flow ischemia [4-6]. Furthermore, recovery of pH
following ischemia is slower in diabetic rat hearts compared
to control hearts [4], and follows a time course similar to
hearts perfused in the presence ofamiloride, an inhibitor of
the myocardial amiloride-sensitive Na+fH+ exchanger (NHE
I). To date, the reason why Na+fH+-exchange activity is
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decreased in the diabetic rat heart has not been determined.
A major source ofacidosis during ischemia originates from

glucose metabolism [7]. In aerobic hearts, if glycolysis is
coupled to glucose oxidation the H+ production from glucose
metabolism is zero [7]. During ischemia, however, acceleration
of glycolysis and a decrease in glucose oxidation creates an
imbalance between these two pathways. This results in an
overall increase in H+ derived from hydrolysis of ATP
originating from anaerobic glycolysis. However, regardless
ofthe acidosis that occurs during ischemia myocardial levels
of NHE-I mRNA do not change dramatically during short
episodes of ischemia [8]. In diabetes, myocardial glycolytic
rates are depressed even in the absence ofischemia, secondary
to a decrease in insulin-dependent glucose uptake and an
increase in circulating fatty acid levels [9-11]. As a result, the
potential for H+ production from glycolytically derivedATP
hydrolysis is chronically decreased in the diabetic rat heart.
This raises the possibility that depressed Na+IW-exchange
activity in diabetic rat hearts is due to a decreased expression
of NHE- I mRNA secondary to decreased glycolytic ATP
production.
Recently, rnRNA levels of NHE-I have been shown to

increase in response to various extracellular and intracellular
stimuli [12-15]. Rao et al. [16] have demonstrated increases
in NHE-I mRNA levels as high as 25 fold in vascular smooth
muscle cells treated with serum growth factors, platelet
derived growth factors and fibroblast growth factors. Moe et
al. [17] have also shown that acid preincubation of mouse
renal cortical tubule cells causes Na+/H+-exchanger rnRNA
levels to increase.
In the present study we determined H+ production from

glucose metabolism by directly measuring glycolysis and
glucose oxidation in isolated working hearts from control
and diabetic rats. H+ production was determined during an
aerobic perfusion, as well as during an extended period of
severe ischemia and during aerobic reperfusion following
ischemia. We also determined, using a rabbit myocardial
cDNA clone [18], if the decrease in Na+/H+-exchanger
activity observed in the diabetic rat heart can be explained
by a decrease in the expression of the mRNA for NHE-l.

Material and methods

Materials

D-[U- '4C] glucose and D-[VH(N)] glucose were purchased
from New England Nuclear, Boston, Massachusetts, USA.
Bovine serum albumin (fraction V) was obtained from
Boehringer Mannheim, West Germany. Hyamine hydroxide
(methylbenzethonium; I M in methanol solution) was
obtained from New England Nuclear Research Products

(Boston, MA, USA). Dowex I-X4 anion exchange resin (200
400 mesh chloride form) was obtained from Bio-Rad
Laboratories (Richmond, CA). ACS Aqueous counting
scintillant was purchased from Amersham Canada (Oakville,
Ontario, Canada). All other chemicals were reagent grade.

Experimental animals

Male Sprague-Dawley (protocol I) or Wistar-Furth rats
(protocol 2) ranging in weight from 250-275 g body weight
were injected with a single i.v. injection of streptozotocin
(55 mglkg) dissolved in a citrate buffer solution (pH 4.5).
In the first series of experiments (protocol I) animals were
used 6 weeks following the onset of diabetes. In the second
series of experiments (protocol 2) the diabetic animals were
divided into two groups. The first group were untreated
diabetic controls. The second, experimental groups were
diabetic rats that were transplanted with 1200 syngeneic
islets ofLangerhans. Islet transplantation was carried out by
the laboratory ofDr. Ray Rajotte (Surgical Medical Research
Institute, University of Alberta, Canada), as described in
detail previously [19]. Control and both diabetic groups
were then kept for an additional 8 week period prior to
experimentation.

Heart perJusions

Hearts from sodium pentobarbital anesthetized rats were
excised, the aorta cannulated, and a retrograde perfusion
with Kreb's-Henseleit buffer (pH 7.4, gassed with 95% 02
5% CO

2
) initiated, as previously described [20]. During

this initial perfusion the hearts were trimmed of excess
tissue, the pulmonary artery cut, and the opening to the left
atrium cannulated. Hearts were then switched to the
working mode and perfused at an 11.5 rom Hg left atrial
filling pressure and 80 mm Hg hydrostatic aortic afterload
with buffer containing II mM glucose, 1.2 mM palmitate,
and 100 llU/ml insulin. Palmitate was prebound to 3%
bovine serum albumin. Heart rate, peak systolic pressure
development (PSP), and developed pressure (L'1P) were
monitored throughout the perfusion using a Spectramed P
23XL pressure transducer (Oxnard, CA, USA) in the aortic
afterload line. Signals were recorded with a Gould RS-3600
physiograph (Cleveland, Ohio, USA).

Protocol J

Hearts from control and 6 week streptozotocin diabetic rats
were perfused for a 15 min aerobic perfusion, after which
time a global no-flow ischemia was produced by clamping off



both left atrial inflow and aortic outflow lines. Following a 25
min period of ischemia, flow was re-initiated and hearts
perfused under aerobic conditions for a further 60 min
period. This type ofperfusion protocol has been previously
shown by us to produce only slight changes in the 5 kb
NHE-I message in hearts [8].
At the end of the reperfusion period, hearts were quickly

frozen with Wollenberger tongs cooled to the temperature
of liquid N2.

Protocol 2

In this series of perfusions, glycolysis and glucose oxida
tion were measured simultaneously in hearts from control,
diabetic, and islet-transplanted diabetic rats. Hearts were
perfused with Krebs'-Henseleit buffer containing II roM [5
3H/U-14C] glucose and 1.2 roM palmitate and 100 JlU/ml
insulin. Hearts were initially perfused for a 40 min period
under aerobic conditions, during which time glycolysis and
glucose oxidation were measured. In this protocol hearts
were paced throughout the procedure at 280 beats/min
Following this, hearts were switched to the Langendorffmode
and perfused with the same recirculating buffer at a coronary
flow of0.5 mllmin for a further 60 min period. At the end of
this low-flow ischemia, hearts were switched back to the
working mode and perfused under aerobic conditions for a
further 30 min period. Hearts were then quickly frozen with
Wollenberger tongs cooled to the temperature ofliquid Nz.

Measurement ojglycolysis and glucose oxidation

Glucose oxidation and glycolysis were measured in
hearts perfused in protocol 2 by simultaneous measure
ment of 14COZ (glucose oxidation) and 3Hp (glycolysis)
production. 14COZ and 3H20 production were measured at
10 min intervals prior to ischemia, at 20 min intervals
during the 60 min period of low flow ischemia, and at 10
min intervals during aerobic reperfusion. Steady state
oxidative rates of glucose were determined as described
previously [20, 21]. After the retrograde drip-out per
fusion, hearts were perfused in a closed system that
allowed quantitative collection of both gaseous and
perfusate 14C02. Glucose oxidation rates were expressed
as nanomoles glucose oxidized per min per g dry weight.
Steady state glycolytic rates were determined as prev
iously described [20]. Glycolytic rates were expressed
as nanomoles of glucose metabolized per minute per g
dry weight.
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Tissue workup

Frozen ventricular tissue from perfused hearts was weighed
and powdered in a mortar and pestle cooled to the tem
perature ofliquid Nr A portion of the powdered tissue was
used to determine the dry-to-wet weight ratio of the
ventricles. The atrial tissue remaining on the cannula was
removed, dried in an oven for 12 h at 100°C, and weighed.
With the dried atrial tissue, total frozen ventricular weight,
and the ventricular dry-to-wet weight ratio, the total dry
weight of the heart was determined.

RNA isolation and analysis

Poly (A+) RNA was prepared from isolated heart tissue
using a modified procedure similar to that described
earlier [8]. Ten Jlg of Poly (A+) RNA was separated on
1.5% Formaldehyde gels and the mRNA was transferred
to Immobilon-N transfer membranes and probed with [32P]
labelled random primed cDNA . The fragment ofDNA used
as the probe originated from the first 688 base pairs
(coding region) of the rabbit cardiac cDNA clone [8]. To
confirm that the mRNA samples were of the same quantity
and quality, all Northern blots were stripped and reprobed
with a cDNA probe encoding for actin and/or ribosomal
28S subunit. Hybridization and washes were as described
earlier, with blots being routinely washed with I x SSC at
58°C for a total of I h.

Statistical analysis

The unpaired t-test was used for the determination of
statistical difference of two group means. For groups of
three, analysis of variance followed by the Neuman-Keuls
test was used. A value ofp < 0.05 was considered significant.
All data are presented as mean ± S.E.M.

Results

Protocol I

Characteristics oj control and diabetic rats
In the first experimental protocol rats were injected with a
60 mglkg i.v. dose ofstreptozotocin. Within 24 h this resulted
in the characteristic symptoms of diabetes (glucosuria,
polyphagia, polydypsia, polyuria, and weight loss). At
sacrifice, blood glucose levels were 23.5 ± 5.6 roM, compared
to 6.3 ± 1.4 roM in control hearts. Animals were used 6 weeks
following the onset ofdiabetes, since this is a time period in
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Table 1. Recovery of mechanical function in diabetic rat hearts following
25 min ofglobal no flow ischemia

Heartratc Peak systolic prcssure HRxPSP
(beats/min) (mmHg) (x 10-3)

Pre-ischemia
--<:ontrol 173± 10 115.2 ±2.7 19.91 ± 1.23
--{iiabetic 150±11 110.5 ±3.3 16.73± 1.50

Post-ischemia
--<:ontrol 177± 9 94.9 ±6.1' 16.70± 1.35'
--{iiabetic 166± 10 102.5±5.6 18.24± 1.39

-Values are the mcan ± S.E.M. of 22 control and 10 diabetic rat hcarts.
Ischemia was induced by clamping off both left atrial inflow and aortic
outflow. Mechanical function in diabetic rat hearts was measured 30 min
after reperfusion was restored. HR- heart rate; PSP - peak systolic pressurc.
'Significantly different than pre-ischemic function.
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which the changes in cardiac Na+/H+-exchange occur. Table I
shows the mechanical function observed in isolated working
hearts perfused at a 11.5 rom Hg left atrial preload and a 80 rom
Hg aortic afterload. A slight decrease in mechanical function
was observed in the heart rate-pressure product ofthe diabetic
rat hearts compared to control.

NHE-l mRNA levels in control and diabetic rat hearts

o 10 20 30 40 50 60 70 80 90 100

TIME (min)

Fig. 1. Effects ofa 25 min period ofglobal no-flow ischemia on reperfusion
recovery ofheart function in control and diabetic rat hearts. Values are the
mean ± S.E. of22 control and 10 diabetic rat hearts. Hearts were perfused as
described in Materials and methods.

Protocol 2

Fig. 2. NHE-I mRNA levels in control and diabetic rat hearts. Shown is a
representative Northern blot analysis, performed as in the Materials and
methods section, ofmRNA prepared from hearts obtained from control and
diabetic rat heart subjected to 30 min global ischemia and 60 min ofaerobic
reperfusion. The figure is an autoradiograph performed after probing with
"P-NHE-1.

H+ production in the cell is an important stimulus for both
Na+/H+-exchange activity and for Na+/H+-exchange express
ion. Glycolysis uncoupled from glucose oxidation is a major
source ofacidosis during ischemia in the heart, which occurs
secondary to glycolytically produced ATP hydrolysis.
However, using a no-flow ischemia (such as used in protocol
1) does not allow for the direct measurement of glycolysis
and glucose oxidation during ischemia. We therefore
modified the protocol to a low-flow ischemia that allows

We recently demonstrated that mRNA levels for NHE-I
from isolated hearts were not effected by short periods of
ischemia and reperfusion. In this study, isolated working
rats hearts were subjected to a 30 min period of global no
flow ischemia followed by a 60 min period of aerobic
reperfusion. As shown in Table I and Fig. I, a 109%
recovery of function following ischemia was seen in the
diabetic rat hearts, compared to a 83% recovery of function
in the control hearts. This better relative recovery of
function of diabetic rat hearts from a short period of no
flow ischemia parallels previous studies, and has been
attributed to a slower recovery of pH during reperfusion
due to a defect in Na+/H+-exchange activity.
At the end of the 60 min reperfusion period, hearts were

quick frozen and the mRNA isolated. Figure 2 shows a
Northern blot ofcontrol and diabetic rat heart rnRNA probed
with a fragment ofrabbit NHE-1 eDNA. Although a decrease
in myocardial Na+/H+-exchange activity in diabetic rat hearts
has previously been suggested, no significant difference in
rnRNA levels ofNHE-1 was observed. Attempts to measure
actual levels ofNHE-I in the heart tissue were not made in
this study due to the low amounts of NHE- 1 protein in the
cardiac sarcolemmal membrane, and the inability of our
existing antibodies to detect NHE-1 in whole heart tissue.

NHE·l
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for the measurement of glycolysis and glucose oxidation
during the actual ischemic period. Even in the absence of
ischemia, an imbalance between glycolysis and glucose
oxidation can occur in fatty acid perfused hearts, resulting
in a significant H+ production derived from glucose meta
bolism. Due to the marked alterations in glucose metabolism
seen in the diabetic rat hearts, we directly measured glucose
metabolism in control and diabetic rat hearts prior to, 
during, - and following an episode of severe ischemia. In
addition, a group of diabetic rats was studied in which
diabetes symptoms were normalized by transplantation of
1200 islets of Langerhans in the subrenal capsule. This was
done to determine if normalizing the symptoms of diabetes
could overcome the abnormalities in glucose metabolism
and/or NHE-l mRNA expression differences between the
control and the diabetic rats.
As with protocol I, administration of streptozotocin (55

mg/kg Lv.) resulted in the characteristic symptoms of
diabetes. Plasma glucose levels rose to 29.8 ± 1.9 mM in
the diabetic rats. Islet transplantation 3weeks after the onset
of diabetes resulted in a drop in both plasma glucose with
the animals returning to baseline (7.5 ± 0.2 roM) by 3weeks
post transplantation and remaining at this level throughout
the 8 weeks following this period.

Heart function in control, diabetic and islet
transplanted diabetic rats

Table 2 shows the mechanical function of hearts obtained
from control, diabetic, and islet-transplanted diabetic rats.
In this study, hearts were paced at 280 beats/min. As with
protocol I, a significant decrease in heart rate-pressure
product was observed in the diabetic rat heart compared to
control hearts. A significant decrease in the ~P was also
observed in the diabetic rat hearts. Islet transplantation
prevented the decrease in PSP, heart rate-pressure product,
andin~.

At the end ofa 30 min period of aerobic perfusion, hearts
were subjected to a 60 min period of ischemia. A low flow
ischemia was chosen so that glycolytic rates could be
measured during the actual ischemic period. During the 60
min period, heart function could not be measured. Figure 3A
and Table 2 show the recovery of heart function following
ischemia. In control hearts, the severity ofthe ischemic insult
resulted in a marked depression offunctional recovery during
reperfusion (Fig. 3A). This was reflected in both a decrease
in heart rate, peak systolic pressure, and DP compare to
preischemic rates (Table 2). It should be noted that even
though hearts were paced during the reperfusion period, a
rate of280 beats/min was not achieved in any of the experi
mental groups during reperfusion. The highvariability in heart
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rate seen in hearts during reperfusion can be explained by
the fact that a number ofhearts failed to recover, resulting in
a heart rate value of zero being assigned to these hearts.
Although functional recovery was also depressed in the
diabetic rat hearts, recovery of function was significantly
improved compared to control hearts. No significant difference
in functional recovery was seen between the diabetic and
islet-transplanted diabetic rat hearts.

Effects of H+ production from glucose metabolism in
diabetic rat hearts
Figure 3 shows the rates of glycolysis (Fig. 3B), glucose
oxidation (Fig. 3C), and W production from glucose meta
bolism (Fig. 3D) obtained at 10-20 min intervals throughout
the 120 min perfusion period. As expected, rates of glyco
lysis were significantly depressed in the diabetic rat hearts
compared to control hearts. In addition, a marked depression
in glucose oxidation rates was also observed in diabetic rat
hearts compared to control hearts. In the islet-transplanted
diabetic rat hearts, this decrease in glycolysis and glucose
oxidation did not occur.
Confirming our previous studies, in fatty acid perfused

control hearts most of the glucose that passed through
glycolysis to pyruvate was not oxidized. Calculated H+
produced from glucose metabolism is shown in Fig. 3D. The
amount ofW production derived from glycolytically derived
ATP hydrolysis in aerobically perfused control hearts was
similar to previously reported values [23]. Due to the lower
rates of glycolysis seen in aerobically perfused diabetic rat
hearts, H+ production rates from glucose metabolism was
significantly lower than rates seen in control hearts. This data
demonstrates that the W load derived from glucose meta
bolism in non-ischemic hearts is dramatically lower in
diabetic rat hearts. In islet transplanted hearts, glycolysis,
glucose oxidation, and H+ production from glucose meta
bolism were all increased compared to untreated diabetic
rat hearts, and were now similar to control.
During ischemia, glycolytic rates increased in all experi

mental groups, while glucose oxidation rates were abolished.
This resulted in an increase in H+ production rates from
glucose metabolism during ischemia in all experimental
groups, with the largest increase occurring in the islet
transplanted diabetic rat hearts. During reperfusion, glyco
lytic rates decreased and glucose oxidation rates increased
in all groups. This decreased the imbalance between glyco
lysis and glucose oxidation, resulting in a dramatic drop in
W production rates from glucose metabolism. During this
reperfusion period, very little difference in W production
rates from glucose metabolism were seen between the
experimental groups.
Table 3 shows the steady state rates ofW production rates

from glucose metabolism obtained during the aerobic,
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Fig. 3. Effect ofa 60 min period oflow flow ischemia on heart function, glycolysis, glucose oxidation, andH' production from glucose metabolism in control,
diabetic, and islet-transplanted diabetic rat hearts. Values are the mean ± S.E. of8 control, 7 diabetic, and 8 islet-transplanted diabetic rat hearts. Mechanical
function (3A), glycolysis (3B), glucose oxidation (3C), andH' production (3D) were measured as described in Materials and methods.

ischemic, and reperfusion periods. H+ production tended
to be lower in the diabetic rat hearts, compared to either
control or islet-transplanted diabetic rat hearts, especially
during the initial aerobic period. Of importance was that

H+ production from glucose metabolism was never higher
in the diabetic group than in the control of islet-transplanted
group during the 120 min perfusion period.
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Table 2. Recovery ofmechanical function ofhearts from control, diabetic, and islet transplanted rats subjected to 60 min oflow flow iscbemia

Perfusion
condition

Pre-ischemia

~ontrol

(n=8)

-diabetic
(n=7)
-islet-transplanted
diabetic
(n=8)

Heart rate Peak systolic Developed HRxPSP HRxllP

(beats/min) pressure pressure (IlP) (x 10-') (x 10-')

(mmHg) (mmHg)

280 (paced) 99.3 ± 3.4 453 ±4.6 28.1 ±4.4 12.8±2.3

280 (paced) 81.8 ± 3.3* 28.5 ±4.9* 22.9±0.9* 7.9± 1.4*

280 (paced) 98.5 ± 2.7' 38.0 ±4.5 27.6 ± 0.8' 10.6± 1.2

Post-ischemia

~ontrol

(n=8)
-diabetic
(n=7)
-islet-transplanted
diabetic
(n=8)

35±35'

140±53*'

105±5Jl

10 ± 10'

41.3 ± 15.7'

34.2 ± 16.7'

3.25 ±3.3t

10.5 ±43t

9.5 ±4.7'

2.8 ± 2.5'

11.5 ±4.4*'

9.6±4.7t

0.9±0.8'

2.9± 1.2'

2.7 ± 1.3'

-Values are the mean ± S.E.M. of the number of hearts shown in brackets. Hearts were perfused for 30 min under aerobic conditions before being subjected
to a 60 min period oflow flow ischemia (coronary flow = 0.5 mlImin) and a 30 min period ofaerobic reperfusion. Heart function was measured priOrlO low flow
ischemia or following 30 min ofaerobic reperfusion following low flow ischemia. Spontaneous heart rates prior to pacing were 223 ± 17, ISS ± 18, and 214 ± 22
beats/min in control, diabetic, and islet-transplanted diabetic rat hearts, respectively. *Significantly different than control hearts; 'significantly different than
comparable hearts prior to ischemia; 'significantly different than untreated diabetic rat hearts.

NHE-l mRNA levels in control, diabetic, and islet
transplanted diabetic rat hearts
At the end of the 40 min reperfusion period, hearts were
quick frozen with liquid Nz and used for mRNA isolation.
Figure 4 shows the Northern blots from the 3 experimental
groups when probed with the cDNA for NHE-l. No sig
llificant differences in mRNA levels were observed. The data
confirms our earlier results indicating that despite a con
sistently lower H+ production from glucose metabolism
during the extended perfusion protocol, the levels ofNHE
1 mRNA were not depressed in the diabetic rat hearts
compared to either control or islet-transplanted diabetic rat
hearts.

Discussion

It has long been recogllized that glycolytically derived ATP
hydrolysis is a major reason for the intracellular acidosis
that occurs during severe ischemia in the heart (see [10] for
review). However, it has only recently been recognized that
glycolytic rates can markedly exceed glucose oxidation rates
even in the absence of ischemia [20, 22, 23). In heart
perfused aerobically with high levels offatty acids, glucose
oxidation is inhibited to a much greater extent then glyco
lysis [20]. This is due to a marked inhibition of the mito
chondrial pyruvate dehydrogenase complex by fatty acids

Table 3. Steady state H' production from glucose in control, diabetic, and
islet-transplanted diabetic rat hearts

W production from glucose
(mmol H'/g dry wt.min)

Aerobic Ischemia Reperfusion
following ischemia

~ontrol 6131 ± 1252 7432± 1325 1617± 1617
(n=8)
-diabetic 1993 ± 397* 5273± 753 2638± 939
(n=7)
-islet-transplanted 5172± 1339' 11613 ± 1726' 2518± 1168
diabetic
(n=8)

-Values are the mean ± S.E.M. of the number ofhearts shown in brackets.
Note: only I control heart recovered glucose oxidation to the point where
the H' production could be determined during reperfusion. *Significantly
different than control hearts; 'significantly different than untreated diabetic
rat hearts.

[24]. In the presence of physiological levels of fatty acids,
glucose uptake and glycolysis can be 5 times higher than
glucose oxidation rates. At high levels of fatty acids (such
as can be seen in diabetes or during and following an acute
myocardial infarction in man) this difference can exceed 10
fold [20, 22]. As shown in Fig. 3 and Table 2, this can result
in a significant H+ production from ATP hydrolysis derived
from glycolysis. In contrast, H+ production derived from
glycolysis coupled to glucose oxidation is zero. This is
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Fig. 4. NHE-I mRNA levels in control, diabetic, and islet-transplanted
diabetic rat hearts. Shown is a representative Northern Blot analysis,
performed as in the Materials and methods section, ofmRNA prepared from
hearts obtained from control and diabetic rat heart subjected to a 60 min
period of low flow ischemia followed by 30 min ofaerobic reperfusion. The
figure is an autoradiograph performed after probing with "P-NHE-l.

because as many H+ are incorporated into ATP during
synthesis as are released during hydrolysis [7]. The im
balance between glycolysis and glucose oxidation, and the
resultant H+ produced from this imbalance, may be one of
the important reasons for Na+/H+-exchange activity in the
heart.
Although glucose oxidation rates were low in the diabetic

rat hearts compared to control hearts (Fig. 3), glycolytic
rates were also significantly lower. Since glycolytic rates
always far exceeded glucose oxidation rates in all hearts, the
result was a lower H+ production from glucose metabolism
in the diabetic rat heart. It is possible that this decrease
suggests that changes in SL membrane protein function in
diabetes may be occurring secondary to changes in the
membrane itself. As a result, decreased Na+/H+-exchange
activity in the diabetic rat heart may not result from altera
tions in protein expression, but rather from secondary
alterations in diabetes induced changes in the SL membrane.
It cannot be concluded from our studies, however, that a
post-translational modification of the exchanger may be
occurring in the diabetic rat hearts. The exact nature ofthese
alterations are not yet known. Further studies are needed to
clarify this in diabetes.
In conclusion, we demonstrate that when considering

diabetes-induced changes in cellular pH, alterations in the
protons derived from glucose metabolism are as important
as alterations in the fate of protons.
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Abstract

This study is designed to investigate whether substrate preference in the myocardium during the neonatal period and hypoxia
induced stress is controlled intracellularly or by extracellular substrate availability. To determine this, the effect ofexogenous
L-camitine on the regulation of carbohydrate and fatty acid metabolism was determined during cardiac stress (hypoxia) and
during the postnatal period. The effect ofL-camitine on long chain (palmitate) and medium chain (octonoate) fatty acid oxidation
was studied in cardiac myocytes isolated from less than 24 h old (new born; NB), 2 week old (2 week) and hypoxic 4 week old
(HY) piglets. Palmitate oxidation was severely decreased in NB cells compared to those from 2 week animals (0.456 ± 0.04 vs.
1.207 ± 0.52 nmol/mg proteinl30 min); surprisingly, cells from even older hypoxic animals appeared shifted toward the new
born state (0.695 ± 0.038 nmol/mg proteinl30 min). Addition ofL-camitine to the incubation medium, which stimulates camitine
palmitoyl-transferase I (CPT!) accelerated palmitate oxidation 3 fold in NB and approximately 2 fold in HY and 2 week cells.
In contrast, octanoate oxidation which was greater in new born myocytes than in 2 week cells, was decreased by L-camitine
suggesting a compensatory response. Furthermore, oxidation of carbohydrates (glucose, pyruvate, and lactate) was greatly
increased in new born myocytes compared to 2 week and HY cells and was accompanied by a parallel increase in pyruvate
dehydrogenase (PDH) activity. The concentration ofmalonyl-CoA, a potent inhibitor ofCPTl was significantly higher in new
born heart than at 2 weeks. These metabolic data taken together suggest that intracellular metabolic signals interact to shift
from carbohydrate to fatty acid utilization during development of the myocardium. The decreased oxidation of palmitate in
NB hearts probably reflects decreased intracellular L-camitine and increased malonyl-CoAconcentrations. Interestingly, these
data further suggest that the cells remain compliant so that under stressful conditions, such as hypoxia, they can revert toward
the neonatal state of increased glucose utilization. (Mol Cell Biochem 180: 95-103, 1998)

Key words: L-camitine, fatty acid oxidation, neonatal metabolism, glucose oxidation, hypoxia

Introduction

The utilization ofmetabolic substrates changes considerably
during the development of the heart. The myocardium of
neonatal animals has a great capacity to utilize glucose and
lactate, while that of adult animals utilizes fatty acids as its
major energy source. Non-esterified fatty acids provide 60
70% of ATP production in the normal adult heart under

aerobic conditions [1-3]. Metabolism of glucose produces
most of the remainder, with lactate and ketone body utiliza
tion contributing very little. In contrast, in I day old rabbit,
glycolysis provides 48% of ATP production in the myo
cardium whereas, palmitate oxidation provides as little as
13%, and lactate utilization provides 25% of the ATP pro
duction [4]. This marked difference between neonatal and
adult myocardial substrate utilization could be explained, at

Address for offprints: S. Abdel-aleem, Duke University Medical Center, Box 3954, Durham, NC 27710, USA
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least in part, by the huge difference in the levels ofcirculating
substrates during development ofthe heart. In fetal circulation
lactate concentration is extremely high reaching 10mM, while
free fatty acid levels are less than or equal to 0.025 mM [5, 6].
This could cause a reciprocal inhibition of fatty acid uptake
secondary to increased levels of lactate oxidation. Alter
natively, as indicated in several studies the mitochondrial
capacity for oxidizing substrates is also altered in the neonate
which could affect substrate usage [7, 8]. In addition, Tomec
and Hoppel [9] have found that the activity of carnitine
paImitoyltransferase I (CPT I), the enzyme responsible for the
mitochondrial transport of long chain fatty acids, is reduced
in neonatal hearts compared to adult hearts. Furthermore,
studies by Prip-Buss and coworkers [10] have suggested that
the sensitivity ofCPT I to malonyl-CoA is greater in new born
hearts than adult hearts, which could lead to inhibition ofCPT I
and decreased long chain fatty acid oxidation. Furthermore,
in neonatal cardiac tissue, expression ofthe liverCPT I isoform
(which has a K

m
for camitine of only 30 11M compared to a

value of500 11M for the muscle isoform) is increased; however,
gradually during the several weeks after birth, the muscle
isoform increases [II ]. Thus, whether the transition in substrate
utilization from neonate to adult, depends on changed substrate
availability or intracellular changes remains to be determined.
Several studies have shown that new born hearts are better

able to withstand hypoxia than mature hearts [12-15]. Greater
tolerance to hypoxia in new born hearts is probably due to the
marked ability of the myocardium to utilize glucose anaero
bically through glycolysis. Recent studies have demonstrated
the importance ofATP derived from glycolysis in protecting
cardiac function during ischemia [16, 17]. Thus, the cardiac
response to stress may be aided by altering substrate usage.
The present study is undertaken to investigate if the transi

tion in substrate utilization during the maturation of the
myocardium is controlled by intracellular metabolic signals
independent of levels of circulating substrates and whether
during periods ofcardiac stress exogenous L-camitine which
alters the balance between fatty acid oxidation and glycolysis
in the adult heart alters this relationship as it does during
development.

Materials and methods

Animals

Newborn piglets were obtained from Charles River Lab
oratory (Raleigh, NC, USA). Induction of anesthesia was
accomplished with Ketoset (22 mg/kg) and maintained with
IV Pentothal (2.5%). Once adequate anesthesia has been
attained, a median sternotomy was accomplished. The animal
was exsanguinated and the heart was removed. The animal

protocol was approved by Duke University's Institutional
Care and Animal Use Committee.

Hypoxic animals

Briefly, four newborn piglets were placed into custom-built
holding tanks in which the oxygen content was controlled at
12%. Animals were exposed to this environment for 1month.
A control series of six piglets exposed to the same routine
care at room air were used. At the end of this period, these
animals were sacrificed and cardiac myocytes were isolated
and used in these studies.

Materials

[U- 14C]-D-glucose, [1-14C]pyruvate, [2_ 14C]pyruvate, [1
14C]palmitate, [1-14C]octanoate, [6- 14C]glucose and [1
14C]lactate were purchased from New England Nuclear
(Boston, MA, USA). Sigma was the source ofbovine serum
albumin (BSA, essentially fatty acid free). Joklik essential
medium was purchased from Gibco Laboratories (NJ, USA).
Collagenase type II was purchased from Worthington (NJ,
USA).

Isolation ofmyocytes

Myocytes were isolated from newly born, 2 week old, and
hypoxic pigs using the published method ofFrangakis et al.
[18]. Myocytes were isolated with Joklik essential medium
containing 5.55 mM glucose, 25 mM NaHC0

1
, 1.2 mM

MgClzand 0.5 mM CaClz. The viability ofmyocytes isolated
by this procedure was 90-95% as determined by trypan blue
exclusion.

Metabolic studies using myocytes

Myocytes (2 mg cell protein) suspended in 0.9 ml of Joklik
medium, containing 25 mM NaHC0

1
, 5.55 mM glucose, 1.2

mM MgClz, 0.5 mM CaClz and 10 mM HEPES (pH 7.4),
were placed in a 25 ml Erlenmeyer flask. Cells were pre
incubated with or without L-carnitine (5 mM) for 10 min at
37°C. To this cell suspension was added 0.1 ml of a single
labelled metabolic substrate yielding a final concentration of
2 mM [I_14C]pyruvate (2 x 105 dpm), 2 mM [2_14C]pyruvate
(2 x 105 dpm), 5.55 mM [U-14C]-D-glucose (2 x 105 dpm),
0.2 mM [1-14C]-palmitic acid (2.2 x 105 dpm), 0.2 mM [1
14C]octanoate (2.5 x 105 dpm), 2 mM [1-14C]lactate (2.2 x 105

dpm), or 5.55 mM [6- 14C]-D-glucose (2 x 105 dpm). The
Erlenmeyer flask was then closed with a rubber septum
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containing a plastic center well. The incubation was con
tinued during shaking at 37°C for 30 min. An injection of0.4
ml of I M hyamine hydroxide was administered through the
septum into the center wells to absorb the released CO" and
the reaction was terminated by injecting 0.4 ml of 7%
perchloric acid through the septum into the incubation
medium. The flasks were then shaken continuously for 2 h
at 37°C, at which time the plastic center well was removed,
placed into a scintillation vial containing 10ml ofScinti Verse
BD, and counted in a liquid scintillation counter. Control
experiments with NaHI4C03 added to the cell suspension
showed that the release of 14CO, was complete 1 h after the
addition of perchloric acid.
Stock solutions ofsubstrates were prepared by dissolving

glucose, pyruvate, lactate, or octanoate in a myocyte suspen
sion buffer and by dissolving palmitic acid in a solution of
defatted serum albumin in the cell suspension buffer. The
molar ratio of palmitate to albumin was 2: I.
Protein concentration was determined by the Bio-Rad

protein assay (Bio-Rad, Richmond, VA).

Determination ofmalonyl-CoA levels

equipped with a liquid secondary ionization source and a
cesium ion gun was used for the analysis of acetylcarnitine.
This method ofanalysis is based on the detection ofa common
fragment ion of acetylcarnitine methyl esters produced by
collision-induced dissociation as previously described by
Millington et al. [20]. Approximately 2 ~I of sample matrix
was analyzed and the data recorded and processed as pre
viously described. The final spectra displayed the relative
intensities of ions corresponding to the molecular weights of
the individual acylcamitine methyl esters. The concentrations
ofacetylcamitine corresponding to m/z 218 were determined
based on their intensities relative to the internal standard,
labeled acetylcamitine, which corresponds to m/z 221.

Statistical analysis

Data are presented as the mean ± S.D. of 4 separate experi
ments. Statistical significance was determined by using paired
and unpaired t-test and analysis of variance. Neuman-Keuls
analysis was used to determine statistical difference between
groups (p < 0.05 was considered significant).

Results

Table I. Malonyl-CoA concentration in cardiac tissue from new born and
2 week old piglets (nmol/mg wet tissue)

Values are presented as the mean ± S.D. of five separate experiments.
""Indicate a p < 0.01 of2 week old vs. new born.

Figure IA shows the oxidation of palmitate in the presence
and absence of L-camitine in myocytes isolated from new
born, 2 week old, and hypoxic (4 weeks) pigs. Palmitate
oxidation was severely depressed in new born myocytes
when compared to 2 week old or hypoxic myocytes (0.456
± 0.04 vs. 1.207 ± 0.52 and 0.695 ± 0.038 nmol/mg protein!
30 min, respectively).
The addition of L-camitine to the incubation medium
accelerated palmitate oxidation 3 fold in new born and
approximately 2 fold in hypoxic cells and 2 week old cells
(Fig. IB).
Table I shows the level ofmalonyl-CoA, a potent inhibitor
ofCPT I, in cardiac tissue isolated from new born and 2 week
old piglets. Malonyl-CoA levels were significantly higher in
the new born group.
The oxidation of octanoate, a medium-chain fatty acid

which is independent of CPT I activity, was determined in
these myocytes to investigate if only CPT I-dependent fatty

Newborn

23.10"" ± 3.3816.11 ± 3.46

2 week old

Biopsies from the left ventricular free wall were quickly
removed, placed in liquid nitrogen and stored at -70°C.
Samples were extracted with 6% perchloric acid and super
natants were neutralized to a pH 3.0. Malonyl-CoA levels
were determined in these extracts using the HPLC method
ofTodd et al. [19].

Myocytes (2 mg cell protein) suspended in 0.9 ml of Joklik
medium, containing 25 roM NaHC0

3
, 5.55 roM glucose, 1.2

roM MgCI" and 0.5 roM CaCI, were preincubated with L
carnitine (5 roM), or L-camitine plus enoximone (0.5 roM) for
10 min at 37°C. Myocytes were then incubated for an addi
tional30 min at 37°C after the addition of2 roM pyruvate and
0.2 roM palmitate. At the end of this period, cell suspensions
were centrifuged for 2 min. To 0.1 ml aliquots of the super
natant, 20 pmol of ['H31acetylcarnitine was added as internal
standard. The mixture was extracted with 0.8 ml methanol,
centrifuged and clear supernatant was dried under nitrogen and
immediately prepared for analysis ofacetylcamitine. The dried
aliquots containing acetylcarnitine were incubated with I00 ~I

of3 M HCI in n-methanol at 50°C for 15 min in a capped 1ml
glass vial. The esterifying agent was removed by evaporation
under nitrogen and the derivatized sample was dissolved in 50
~I of methanol:glycerol (1: I; v/v) containing 1% octyl
sodium sulfate (matrix). A QUATTRO tandem quadrupole
mass spectrometer (Fisons-VG Instruments, Danvers, MA)

Analysis ofacetylcarnitine by tandem mass spectrometry
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Fig. 1. The oxidation of palmitate in absence (A) and presence of L-carnitine (B) in new born, 2 week old and hypoxic myocytes. For experimental details
see section under Materials and methods. Values are presented as the mean ± S.D. of at least 4 separate experiments. 'indicates a p < 0.05 of new born vs.
2 week old. The p value of new born + cam vs. new born at20 and 40 min was < 0.05.2 week + earn vs. 2 week at 20, 30 & 40 min (p < 0.01,0.05 and 0.0 I).

Hypox + cam vs. hypox at 10, 20, 30 & 40 min (p < 0.05).
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Fig. 2. The oxidation of octanoate in absence (A) and presence of L-caOOtine (B) in new born, 2 week old and hypoxic myocytes. For experimental details
see section under Materials and methods. Values are presented as the mean ± S.D. of at least 4 separate experiments. 'indicates a p < 0.05 of new born vs.
2 week old; p < 0.05 of new born vs. hypox. The p value of new born + earn vs. new born at 20, 30 and 40 min was < 0.05.2 week + cam vs. 2 week at 30
min (p < 0.05). Hypox + cam vs. 2 week + cam at 30 min (p < 0.05).

acid oxidation was decreased in new born myocytes. As
shown in Fig. 2A octanoate oxidation was not decreased in
new born myocytes. Instead, octanoate oxidation was signi
ficantly higher in new born myocytes at 30 and 40 min.
Octanoate oxidation was decreased in these groups by

addition of L-carnitine, particularly in the new born group
where this decrease was statistically significant at 20, 30 and
40 min (Fig. 2B).
Figure 3 shows the oxidation of [U-14C] glucose in the

presence and absence of L-camitine in myocytes isolated
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Fig. 3. The oxidation of [U-14C]glucose in absence (A) and presence of L-camitine (B) in new born, 2 week old and hypoxic myocytes. For cxperimental
details see section under Materials and methods. Values are presented as the mean ± S.D. of at least 4 separate experiments. "'indicate a p < 0.001 of new
born vs. 2 week old; "'p < 0.001 of new born vs. hypox (Fig. 3A). "indicate a p < 0.001 of new born + cam vs. 2 week; "p < 0.01 of new born + cam vs.
hypox (Fig. 3B).
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Fig. 4. The pyruvate dehydrogenase (PDH) activity in absence (A) and presence of L-camitine (B) in new born, 2 week old and hypoxic myocytes. For
experimental details see section under Materials and methods. Values are presented as the mean ± S.D. ofat least 4 separate experiments. "'indicate a p <
0.001 of new born vs. 2 week old; "'p < 0.001 ofnew born vs. hypox (Fig. 4A). ······indicate a p < 0.01 and 0.001 ofnew born + cam vs. 2 week, "p < 0.01
of new born + cam vs. hypox (Fig. 4B).

from new born, 2 week old, and hypoxic (4 weeks) pigs.
Glucose oxidation was greatly increased in new born myo
cytes when compared to 2 week old or hypoxic myocytes
(7.56 ± 1.01 vs. 2.5 ± 0.52 and 3.30 ± 1.22 nmol/mg protein!
30 min, respectively).

Glucose oxidation in hypoxic cells was intermediate
between new born and 2 week old (Fig. 3A). The addition of
L-camitine to the incubation medium resulted in decreased
glucose oxidation in both the new born and hypoxic groups
(Fig. 3B). However in the new born group glucose oxidation
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was still significantly higher than in the other groups.
The pyruvate dehydrogenase complex (PDH) activity was

determined in these myocytes to investigate if this enzyme
is responsible for increased rates ofglucose oxidation in new
born myocytes. The PDH activity was determined by quanti
tating the amount ofCO

2
released from ll-14C]pyruvate. The

PDH activity was remarkably higher in the new born group
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when compared with the 2 week or hypoxic groups. The PDH
activity of the 2 week and hypoxic cells were similar (Fig.
4A). The increase in PDH activity by L-carnitine was only
significant in the hypoxic cells (Fig. 4B).
The oxidation of [2_14C]pyruvate, an index of the acetyl

CoA flux through the Krebs cycle in these myocytes is shown
in Fig. 5. Pyruvate oxidation was much higher in new born
and hypoxic groups than the 2 week group. The addition of
L-camitine to incubation medium significantly decreased the
oxidation of pyruvate in these groups.
The effects ofL-carnitine on the oxidation of [6-14C]glu

cose was determined in only one group ofmyocytes (2 week).
As shown in Fig. 6, L-carnitine significantly decreased the
oxidation of [6-14C]glucose in these myocytes.
Figure 7 shows the oxidation oflactate in the presence and

absence ofL-camitine in myocytes isolated from new born,
2 week old, and hypoxic (4 weeks) pigs. Lactate oxidation
was greatly increased in new born myocytes relative to 2
week old myocytes, whereas hypoxic myocytes were inter
mediate (54.58 ± 25.65 vs. 7.99 ± 1.23 and 21.75 ± 5.66 and
nmol/mg protein/30 min, respectively). The addition of L
carnitine to the incubation medium resulted in the decrease
of lactate oxidation in the 2 week old and hypoxic groups.

Time (Min)

Fig. 6. The oxidation of[6- 14Cjglucose in myocytes from 2week old pigs
in presence and absence ofL-camitine. Values are presenled as Ihe mean ±
S.D. of allcast 4 separate experiments. *indicates a p < 0.05 of2 week vs.
2 week + cam.

Discussion

Results from the present study clearly showed the preference
ofnew born myocytes for utilizing glucose and lactate which
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Fig. 7. The oxidation ofJactate in absence (A) and presence ofL-camitine (B) in new born, 2 week old and hypoxic myocytes. For experimental details see
section under Materials and methods. Values are presented as the mean ± S.D. of at least 4 separate experiments. "indicate a p < 0.01 of new born vs. 2
week; 'p < 0.05 ofnew born vs. hypox (Fig. 6A). "indicate a p < 0.01 ofnew born + cam vs. 2 week + cam; "p < 0.01 ofnew born + cam vs. hypox + cam;
I\'M'I\AAp < 0.05, 0.01, 0.001 of hypox + cam vs. 2 week + cam (Fig. 5B).

shifts to palmitate oxidation by 2weeks after birth. This finding
is consistentwith several studies which documented the change
in substrate utilization during the postnatal development ofthe
heart [4-8]. In these studies, myocytes from new born animals
showed a greater capacity for utilizing glucose and lactate
despite the fact that they were incubated with the same
concentration of substrates as cells from 2 week old pigs.
The regulation of intermediary metabolism in the heart

depends on several factors: (I) levels ofcirculating substrates,
(2) hormonal regulation ofkey enzymes that control substrate
utilization, (3) work performed by the heart, (4) coronary flow
and oxygen delivery to the heart, and (5) intracellular
metabolic signals that coordinate the shift in substrate
utilization. Since isolated cardiac myocytes in the present
study were incubated with fixed concentration of substrates,
the marked difference in oxidation ofthese substrates during
the development ofthe myocardium is due to, at least in part,
alterations of intracellular metabolic signals that coordinate
carbohydrate and fatty acid utilization in the myocardium.
The marked decrease ofpalmitate oxidation in newly born

myocytes could occur: (I) secondary to a decrease of L
camitine and/or CPT I activity. L-camitine is an essential
cofactor for CPT I, a key enzyme for long chain fatty acid
oxidation [21]. (2) subsequent to an increase ofmalonyl-CoA
levels. Malonyl-CoA is a potent inhibitor ofCPT I and long
chain fatty acid oxidation [22], or (3) secondary to increased
carbohydrate derived acetyl-CoA in the mitochondria. This
acetyl-CoA could depress oxidation of fatty acid by in
activating 3-ketoacyl-CoA thiolase, the final enzyme of the

~-oxidation pathway. Acetyl-CoA has been shown to be a
potent inhibitor of3-ketoacyl-CoA thiolase purified from pig
heart tissue [23]. Findings from the present study are con
sistent with all these possibilities because the increase of
palmitate oxidation by L-camitine, and the lack of inhibition
of octanoate oxidation (whose oxidation is independent of
camitine or CPT I), support the first hypothesis. This finding
is also consistent with the lack of inhibition of palmitoyl
camitine in mitochondria from neonatal hearts [24]. The
oxidation of palmitoylcamitine, like that of octanoate, is
independent ofcamitine or CPT I.While increased malonyl
CoA levels, and increased carbohydrate-derived acetyl-CoA
in new born myocytes support the other two hypotheses.
L-carnitine could increase palmitate oxidation by two
independent mechanisms. First, by increasing the mito
chondrial uptake ofpalmitate which is controlled by CPT I.
Low levels of L-carnitine were found in neonatal myo
cardium [9], therefore addition ofL-carrutine could increase
palmitate oxidation by increasing its transport into the
mitochondria. A second hypothesis is that, stimulation of
palmitate oxidation by L-camitine could occur secondary to
decreasing the acetyl-CoA derived from carbohydrate
metabolism. Presumably, L-camitine reduces acetyl-CoA
levels by interacting with acetyl-CoA to produce acetyl
carnitine which is catalyzed by camitine:acetylcarnitine
transferase. Findings from the present study are consistent
with both hypotheses because the increase of palmitate
oxidation in new born and 2 week old myocytes by L
camitine was paralleled by the decrease of oxidation of
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acetyl-CoA derived from [2_14C]pyruvate and [6-14C]glucose.
In contrast to the depression ofpalmitate oxidation in new

born myocytes, octanoate oxidation was increased in these
cells. Since octanoate enters the mitochondria independent
of the CPT system, this would suggest an alteration of long
chain fatty acid oxidation in new born cells at extra site(s).
Octanoate oxidation was likely increased in new born cells
because of decreased utilization of endogenous long chain
fatty acid in these cells compared to 2 week old cells. The
increase of octanoate oxidation in the present study is
consistent with the earlier findings of Hoi [24], which
demonstrated the increase of palmitoylcarnitine in mito
chondria from neonatal hearts.
The increased glucose utilization in new born cells com

pared to that of2 week old and hypoxic cells is consistently
correlated with the PDH levels in these cells. The PDH
complex is a key enzyme in the pathway ofoxidative glucose
metabolism and increased levels of this enzyme could
increase glucose oxidation [25]. Surprisingly, L-carnitine
decreased glucose oxidation in the new born and hypoxic
groups and had no effect on that of2 week old. This could be
explained by examining the mechanism by which L-camitine
decreases acetyl-CoA oxidation. L-camitine decreases the
acetyl-CoA levels by interacting with this compound and
generating acetylcarnitine, thus preventing acetyl-CoA from
being oxidized through the Krebs cycle. To further examine
the effect ofL-carnitine on decreasing glucose oxidation, we
determined the effect of L-carnitine on the oxidation of [6
14C]glucose. The radiolabelled C02 in this case is released
only through the Krebs cycle, thus avoiding interference with
radiolabeled CO

2
produced from the PDH reaction as in case

of [U- 14C]glucose. Although, the decrease ofglucose oxida
tion by L-carnitine was insignificant with [U-14C]glucose, its
oxidation was significantly decreased when [6-14C]glucose
was used in the 2 week old cells. Previous studies in this
laboratory have demonstrated the decrease of glucose
oxidation by L-carnitine in adult rat myocytes [26]. These
findings disagree with the study by Broderick et ai. [27] who
reported an increase of glucose oxidation by L-carnitine.
Differences between the two studies could be due to the use
of different experimental conditions. As mentioned pre
viously, the study by Brodericketai. [27] have examined the
effect ofL-carnitine on glucose oxidation using [U-14C]glu
cose to investigate this process. Furthermore, their study was
performed using the isolated working heart where the affinity
of carbohydrate-derived acetyl-CoA for Krebs cycle could
be greater than that of isolated myocytes.
Lactate oxidation was markedly increased in the new born

myocytes and was also increased, but to a lesser extent, in the
hypoxic cells. High levels ofPDH complex in new born cells
may shift the equilibrium of lactate dehydrogenase towards
pyruvate production. However, this mechanism could not
account for the increase of lactate utilization in hypoxic cells

since the PDH levels were not different from those in 2 week
old cells. These findings argue against a previous study by
Rolph and Jones [28] which indicated that the mitochondria
of new born hearts have a limited oxidative capacity.
Since complete oxidation of metabolic substrates occurs

finally inside the mitochondria, increased utilization of
lactate, glucose, and octanoate in new born cells in the present
study strongly support the hypothesis that the oxidative
capacity of the mitochondria in these cells is not reduced as
previously suggested by Goodwin and coworkers [7] and
Glatz and Veerkamp [8].
In conclusion, these results demonstrated that the de

pression oflong chain fatty acid oxidation in new born hearts
may be due to over-reliance of the myocardium on glucose
utilization, decreased levels of intracellular L-carnitine, and
increased malonyl-CoA levels. These studies have also
demonstrated that the oxidative capacity ofthe mitochondria
is not reduced in new born hearts. Data from this study
indicated that hypoxia appears to revert substrate utilization
toward the neonatal state.

References

I. Neely JR, Morgan HE: Relationship between carbohydrate and lipid
metabolism and the energy balance ofheart muscle.Annu Rev Physiol
36: 413-459,1974

2. Saddik M, Lopaschuk GO: Myocardial triglyceride turnover and
contribution to energy substrate utilization in isolated working rat heart.
J Bioi Chern 266: 8162-8170, 1991

3. Paulson OJ, Grass MF: Endogenous triacylglycerol metabolism in
diabetic heart. Am J Physiol242: HI084-HI094, 1982

4. Lopaschuk GO, Spafford MA, Marsh DR: Glycolysis is predominant
source of myocardial ATP production immediately after birth. Am J
Physiol261: HI 698--1 705, 1991

5. Medina 1M: The role of lactates as energy substrate for brain during
the early neonatal period. Bioi Neonate 48: 237-244, 1985

6. Phelps RL, Metzger BE, Freinkel N: Carbohydrate metabolism in
pregnancy. x VII. Diurnal profiles of plasma glucose, insulin, free
fatty acids, triglycerides, cholesterol, and individual acids in the late
normal pregnancy. Am J Obstet Gynecol 140: 730-736, 1981

7. Goodwin CW, Mela L, Deutsch C, Forster RE, Miller LD, Delivoria
Papadopoulous M: Development and adaptation ofheart mitochondria
respiratory chain function in fetus and new born. Adv Exp Med Bioi
75: 713--719,1976

8. Glatz JFC, Veerkarnp JH: Postnatal development ofpalmitateoxidation
and mitochondrial enzyme activities in rat cardiac and skeletal muscle.
Biochim Biophys Acta 711: 327-335, 1982

9. Tomec RJ, Hoppel CL: Carnitine palmitoyltransferase in bovine fetal
heart mitochondria. Arch Biochem Biophys 170: 716--723, 1975

10. Prip-Buss C, Pegorier JP, Duee PH, Kohl C, Girard J: Evidence that
the sensitivity of carnitine palmitoyltransferase I to inhibition by
malonyl-CoA is an important site of regulation of hepatic fatly acid
oxidation in the fetal and new born heart. Biochem J 269: 409-415,
1990

II. Brown NF, Weis BC, Husti JE, Foster DW, McGarry JD: Mitochondrial
carnitine palmitoyltransferase I isoform switching in the developing
rat heart. J Bioi Chern 270: 8952-8957, 1995



12. Fisher OJ: Left ventricular oxygen consumption and function in
hypoxia in conscious lambs. Am J Physiol 244: H664-H67I , 1983

13. Genner G: Influence of hypoxia and glucose on contractility of
papillary muscles from adult and neonatal rabbits. Bioi Neonate 21:
90-106,1972

14. Jarmakani JM, Nakazawa M, Nagatomo T, Langer GA: Effect of
hypoxia on myocardial high energy phosphates in the neonatal
mammalian heart. Am J Physiol 235: H475-48 I, 1978

15. Su JY, Friedman WF: Comparison of the responsc of fetal and adult
cardiac muscle to hypoxia. Am J Physiol244: 1249-1253, 1973

16. Owen P, Dennis S, Opie LH: Glucose flux rate regulates onset of
ischemic contracture in globally underperfused rat hearts. Circ Res
66: 344-54, 1990

17. Jeremy RW, Ambrosia G, Pike MM, Jacobus WE, Becker LC: The
functional recovery ofpost-ischemic myocardium requires glycolysis
during early reperfusion. J Mol Cell Cardiol25: 261-276, 1993

18. Frangakis CJ, Bahl JJ, Me Daniel H, Bressler R: Tolerance to
physiological calcium by isolated myocytes from the adult rat heart:
An improved cellular preparation, Life Sci 27: 815-825, 1980

19. King MT, Reiss PO, Corncll NW. Determination of short-chain
coenzyme A compounds by reversed-phase high performance liquid
chromatography. Mcth Enzymol 166: 70-79, 1988

20. Millington OS, Kodo N, Terada N, Roe 0, Chase DH: The analysis of
diagnostic markers ofgenetic disorders in human blood and urine using

103

tandem mass spectrometry with liquid secondary ion mass spectro
metry. Int J Mass Spectrom Ion Proc III: 211-228, 1991

21. Fritz 18: Action of camitine on long chain fally acid oxidation by
liver. Am J Physiol 197: 297-304, 1959

22. McGarry JD, Woeltje KF, Kuwajima M, Foster OW: Regulation of
ketogenesis and the renaissance of camitine palmitoyl transferase.
Diabetes Metab Rev 5: 271-284,1989

23. Schulz H: In: DE Vance, JE Vance (eds). Biochemistry of Lipids and
Membranes. Benjamin-Cummings, Menlo Park, CA, 1985, pp 116-142

24. ltoi T: Metabolic changes in the developing heart muscle of mice 
the palmitate oxidation under physiological enviromenl. J Japan Pediatr
Soc 92: 1879-1888, 1988

25. Wieland OH: The mammalian pyruvate dehydrogenase complex:
structure and regulation. Rev Physiol Biochem Pharmacol 95: 123
170, 1983

26. Broderick TL, Quinney HA, Lopaschuk GO: Camitine stimulation of
glucose oxidation in the fally acid perfused isolated working heart. J
BioI Chem 267: 3758-3763,1992

27. Abdel-aleem S, Sayed-Ahmed M, NadaM, Hendrickson SC, St. Louis
J, Walthball HP, Lowe JE: Regulation of fatty acid oxidation by acetyl
CoA generated from glucose utilization in isolated myocytes. J Mol
Cell Cardiol 28: 825-833, 1996

28. Rolph TP, Jones CT. Regulation of glycolytic flux in the heart of the
fetal guinea-pig. J Dev Physiol 5831-5849, 1983



Molecular and Cel/ular Biochemistry 180: 105-110, 1998.
© 1998 Kluwer Academic Publishers.

Identification of nucleoside transport binding sites
in the human myocardium

Anwar-Saad A. Abd-Elfattah, JeffHoehner and Andrew S. Wechsler
Division ofCardiothoracic Surgery, Department ofSurgery, Medical College of Virginia, Virginia Commonwealth
University, Richmond, Virginia, USA

Abstract

The role of nucleoside transport in ischemia-reperfusion injury and arrhythmias has been well documented in various animal
models using selective blockers. However, clinical application of nucleoside transport inhibitors remains to be demonstrated
in humans. It is not known whether human heart has nucleoside transport similar to that ofanimals. The aim of this study is to
pharmacologically identify the presence ofnucleoside transport binding sites in the human myocardium compared to animals.
Myocardial tissue was obtained from guinea pig left and right ventricle, canine left ventricle, human intraoperative right

atrium and human cadaveric right atrium and right and left ventricles. Myocardial preparations were obtained from tissue samples
after homogenized and a differential centrifugation.
Equilibrium binding assays were performed using [lH]-p-nitrobenzylthioinosine (NBMPR) at room temperature in the

presence or absence of non-radioactive NBMPR or other nucleoside transport blockers such as p-nitrobenzylthioguanosine
dipyridamole, Iidoflazine, papaverin, adenosine and doxorubcine. From saturation curves and inhibition kinetics, we determined
the relative maximal binding (B

max
) and dissociation constant (K

d
) of [lH]-NBMPR binding ofhuman myocardial preparations.

Results demonstrated that the fresh human myocardial preparations have a specific binding site for NBMPR with a B
max
of

283 ± 32 fmol/mg protein and K
d
of0.56 ± 0.12 nM. These values are lower than those obtained from guinea pigs (Bmax = 1440

± 187 fmol/mg protein and K
d
=0.21 ± 0.03 nM) and canine atrium (B

max
594 ± 73 fmol/mg protein, and K

d
=1.12 ± 0.22 nM).

Displacement kinetics studies revealed the relative potencies (ofcertain unrelated drugs as follow: p-nitrobenzylthioguanosine
> dipyridamole> lidoflazine > pavaverine > Diltazam > adenosine> doxyrubicin. It is concluded that human myocardium
contains an active nucleoside transport site which may playa crucial role in post-ischemic reperfusion-mediated injury in a
wide spectrum of ischemic syndromes. (Mol Cell Biochem180: 105-110, 1998)

Key words: adenosine, atrium, cadaveric, coronary artery bypass grafting, cardiac surgery, diltiazam, dipyridamole, dogs,
doxyrubicin, guinea pig, Iidoflazine, paverine, ventricle

Introduction

The biological significance of endogenous and exogenous
nucleosides has long been of medical interest and research
continues to attempt to elucidate the role of these agents.
Many analogues of the physiological nucleobases and
nucleosides have been synthesized as potential therapeutic
agents. A major impetus in this area was provided by the
search for analogues with antineoplastic activity; more
recently the cardiovascular activity and anti-viral activity of
various synthetic nucleosides have become a focus ofmany
recent investigations [1-7].

The nucleoside adenosine plays a major role in the auto
regulation of coronary, cerebral, and renal blood flow. The
action of adenosine and its nucleoside analogues at extra
cellular receptor sites is terminated by either rapid uptake into
surrounding cells by a membrane located nucleoside trans
porter or dearnination by adenosine deaminase to inosine. The
nucleoside transporter is a membrane-bound, noncon
centrative, bidirectional nucleoside transport mechanism of
broad specificity [8, 9]. Inhibition ofnucleoside transporter,
which might be expected to potentiate the effects ofadenosine
and other nucleosides, has been proposed as the mechanism
responsible for the vasodilator effects of dipyridamole and

Address for offprints: A-S. A. Abd-Elfattah, Department of Surgery, Medical College ofVirginia, P.O. Box 98532, Richmond, VA 23298-0532, USA
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of the amnesic agent diazepam. Nucleoside transport inhi
bition has also been shown to decrease uptake of numerous
nucleoside-like chemotherapeutic agents into host cells [1Oj.
We have demonstrated that inhibition ofnucleoside transport
effectively traps adenosine and inosine within cardiac tissue
during ischemia and prevents free radical-mediated injury
caused by post-ischemic reperfusion [1-5].
Previously, nucleoside transporter was extensively charac

terized in human and animal erythrocytes and lymphoma cell
lines using either uptake of a penneant or a site specific
binding of the potent and selective nucleoside transport
inhibitorp-nitrobenzylthioinosine (NBMPR) [II, 12].Work
done with cardiac membranes in a variety of mammals
revealed a rather wide species variability in the maximal
binding capacity ofbovine, guinea pig, canine, rabbit, mouse
and rat tissue [13]. Species-related differences in nucleoside
transport rates and in the binding ofNBMPR to erythrocytes
has also been demonstrated [14].We also demonstrated age
related differences in the binding of[3H]-NBMPR to myocar
dial membrane preparations [15]. Work from our laboratory
has focused on characterization of the physiologic and
pathophysiologic role of myocardial nucleoside transporter
in vivo using small and large animal models and isolated
cardiomyocytes. Nucleoside trapping during ischemia or only
during early reperfusion have been shown to have anti
arrhythmic and anti-stunning cardioprotective actions [16
18]. However, nucleoside transport binding sites have not
been identified in the human heart. Therefore, the aim ofthis
study was to characterize the selective binding of NBMPR
to human cardiac membranes and compare binding kinetics
to tissue preparations from animals.

Materials and methods

Tissue sources and membrane preparations

Myocardial tissue was obtained from the following sources:
(I) guinea pig left and right ventricle, (2) canine left ventricle,
(3) human intraoperative right atrium, and (4) cadaveric
human right atrium, right ventricle, and left ventricle. Hearts
were excised from anesthetized guinea pigs and the left and
right ventricles and inter-ventricular septum were retained for
study. Mongrel dogs were anesthetized with intravenous
injection of sodium pentobarbital (35 mg/Kg), a left thora
cotomy was perfonned and the heart was excised. A trans
mural biopsy (approximately 3 g) of the left ventricle was
retained for each study. Intraoperative human right atrial
tissue was obtained from patients undergoing cardiac surgery
for either coronary artery bypass grafting or cardiac valve
replacement. After median sternotomy, an approximately

0.5-2 g biopsy ofthe right atrial appendage was taken during
venous cannulation for extracorboreal circulation
(cardiopulmonary bypass). Human cadaveric tissue was
obtained during post-mortem autopsies with acquisition of
transmural biopsies of the right atrium, left ventricle, and
right ventricle in each patient.
Biopsies (1-5 g) were immediately placed in ice-cold 0.34

M sucrose, deprived of associated fat and coronary vessels,
and weighed. Tissues were washed and homogenized on ice
in 10-20 vols (w/v) of ice cold 0.32 M sucrose. Polytron
homogenization (setting 6 for 10 sec) was followed by hand
homogenization until complete. The suspension was then
centrifuged at 1000 g for 10 min at 4°C. The supernatant was
aspirated exclusive of the pellet and recentrifuged at 22,000
g for 25 min at 4°C to obtain a crude membrane pellet. The
pellet was resuspended using vortex mixing in 20-50 volume
of 50 mM Tris-HCI buffer, pH 7.4, to a final protein con
centration of 0.5-1.0 mg/ml. Protein concentrations were
spectrophotometrically detennined using bovine serum
albumin as standard as described by Lowry [19].

[3H]-NBMPR binding assay

Equilibrium binding assays were perfonned at room tem
perature (23°C) by adding protein suspension (0.2 mg) to an
incubation medium (I ml) containing graded concentrations
of [3H]-NBMPR (0.01--4.0 nM) in a buffered medium con
taining 50 mMTris-HCl, pH 7.4.All samples were incubated
for 30 min at 23°C. The incubation was terminated by
filtration under vacuum through WhatmanGFIB filters. Each
filter was washed twice with 5 ml ofan ice cold buffer. [lH]_
NBMPR bound to membranes was counted by a liquid
scintillation counter. Non-specific NBMPR binding was
detennined by preincubating tissue preparations first with
cold NBMPR (10 uM) before the addition of [3H]-NBMPR.
The specific [3H]-NBMPR binding was calculated by

subtracting the non-specific binding from the total [lH]_
NBMPR binding. Dissociation constants (Ko) and maximal
binding capacities (B

m
,) for [lH]-NBMPR were detennined

from Scatchard analysis of the displacable binding com
ponent. The inhibitory effects ofseveral known selective and
non-selective nucleoside transport inhibitors and other
phannacologic agents on the [3H]-NBMPR binding to human
right atrial cardiac membranes similarly were studied.
Inhibition constants (K) were obtained through double
reciprocal and log-probit competition analysis of the site
specific binding component for various concentrations ofp
nitrobenzylthioguanosine (HNBTG), dipyridamole,
lidoflazine, papaverine, diltiazem, adenosine, and
doxorubicin.
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Fig. I. Nucleoside transport binding: The figure illustrates the saturation curves of the total and non-specific binding of ['H]-NBMPR binding in fresh
human myocardial preparations. Tissue preparations were incubated with varying concentrations of ['H]-NBMPR Thc specific binding was calculated from

the difference between the ['H]-NBMPR binding in the absence and presence of non-radioactive NBMPR (25 11M), respectively. Data presented as means
00....5 replicates from at least 3 different preparations.

Table I. Nucleoside transport binding in the human myocardium

• Results are presented as mean ± S.E.M., n = 3-5 preparations and at least
3 replicates in each preparation.

brane preparations of all tissues studied consisted of two
components (Fig. 1): one of which was site-specific and
saturable whereas the other (nonspecific binding) was
proportional to free [lH]-NBMPR concentration. Non
specific binding was similar when determined in the presence
ofeither cold NBMPR (10 IJM) or HNBTG (30 liM). Specific
binding was calculated by subtraction ofnon-specific bound
radioligand from the total [lH]-NBMPR bound at each
concentration ofradioligand. Figure I depicts a representative
of saturation curves obtained from fresh right atrial prep
arations. Analysis of the inhibitable binding component by
the method of Scatchard yielded straight line plots which
indicated the binding sites were ofa single type (Fig. 2). The
maximal binding capacity (B ) and the apparent dissociation
constant (~) of[lH]-NBMPRXat these sites is shown in Table
I. B

max
was greater in the guinea pig followed by canine,

intraoperative right atrium, and finally cadaveric chambers.

0.21 ± 0.03
1.12 ± 0.22
0.56 ± 0.12

1440 ± 187
594 ± 73
283 ± 32

['H]-NBMPR binding in animal and
human myocardium

Maximum binding' Dissociation constant'
BMAJ( (fmoVmg protein) ~(nM)

Guinea pig ventricle
Canine ventricle
Human ventricle
(cadaveric)

Results

Fig. 2. Scatchard plot demonstrating inhibition kinetics of ['H]-NBMPR
binding to human myocardial membranes. Data are presented as mean of
3-5 replicates of at least 3 different preparations.
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The site-specific binding of [3H]-NBMPR to cardiac mem
brane preparations in all tissues studied was proportional to
the protein concentration in the assay mixtures. Binding
occurred rapidly and equilibrium was attained by 12 min. The
total amount of [3H]-NBMPR associated with cardiac mem-
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Fig. 3. Scatchard plot demonstrating inhibition kinetics of ['H]-NBMPR
binding to human myocardial membranes by different concentrations of
the nucleoside transport blocker HNBTG or adenosine. Results are
presented as mean of3-5 replicates from at least 3 different preparations.

~ was seen to be highest in the canine species and lowest
in the guinea pig with human intermediate in value.
All tissue samples in the intraoperative and cadaveric

groups were obtained from patients who were receiving either
oral or intra-venous medication; however, due to the small
number of patients in each group, no trends or significance
in the variables determined could be attributed to the type or
quantity of medication. All experiments were performed
(otherwise stated) using freshly prepared membrane sus
pensions and each study was performed in 3-5 replicate per
each preparation with averaging of at least 3 different
preparations prior to Scatchard analysis. Each degree of
freedom represents a single biopsy specimen, as no tissue
pooling was required. Binding parameters were shown to be
unaffected by repeated washing of the tissue or membrane
suspension during preparation. Both boiling (lOO°C for 10

0.14± 0.024nM
19.3 ± 9.3 nM
81.3 ±21.7nM

28.7 ± 5.91lM
215.0 ±63.9IlM
272.7 ± 86.7 11M

5-400 11M

Ligand inhibition
K;*

HMBG
Dipyridamole
Lidoflazine
Papaverine
Diltazam
Adenosine
Doxyrubicin

Inhibitor

Discussion

min) and trypsin digestion (0.5 mg/ml) of the membrane
preparations resulted in complete elimination ofthe specific
binding component of [3H]-NBMPR.
Mass law analysis using the double reciprocal plot method
ofthe inhibition ofthe site-specific binding of[3Hl-NBMPR
to cardiac membranes of human intraoperative right atrial
tissue revealed that inhibition was apparently competitive
(plots of the reciprocals of bound NBMPR and the cor
responding equilibrium concentration of free NBMPR
intersected on the ordinate) for all agents studied. Rep
resentative examples for HNTGB and adenosine are shown
in Fig. 3.
The recognized nucleoside transport inhibitors HNBTG

and dipyridamole were potent inhibitors of the selective
binding of PH]NBMPR (Table 2). Similarly, lidoflazine,
papaverine, diltiazam and adenosine inhibited the binding of
PH1NBMPR in concentration dependent manner. Doxo
rubicin was incapable of displacing PH1NBMPR even at
concentrations up to 400 11M.

* Inhibition constant; results are presented as mean ± S.E.M., n = 3-5
preparations and at least 3 replicates in each preparation.

This study demonstrates that saturable high affinity binding
sites for the recognized nucleoside transport inhibitor
NBMPR exist on human myocardial membranes. Selective
binding of [lH1NBMPR occurred to a single class of sites,
was entirely eliminated by both denaturation and proteolytic
digestion, and could be inhibited in a competitive fashion by
other known nucleoside transport inhibitors and pharm
acologic agents. The data presented for canine and guinea pig
species are in concordance with that previously observed in
the literature with respect to maximal binding capacity and
binding affinity [20]. The rank order ofmagnitude of inhib
ition by pharmacologic agents demonstrated here in human
myocardium is also similar to that seen in other mammalian
species [21]. Therefore, we suggest that the humanmyocardial
nucleoside transport system, displayed characteristics similar
to that described in other human and mammalian tissues. In

Table 2. Inhibition constant of cenain inhibitors of ['H]-NBMPR binding
to human myocardial preparations

1510

llFree NBMPR (nM)

5

o

HNBTG o .8nM
60

a:
0.. 50:::;m_ .3nMz.5
.".!! 40c: 0" ~00.

~r 30
e~
.<10.
E-
O>

~ 20
OnM

10

0

5 10 15

llFree NBMPR (nM)

30
o 500llM

ADENOSINE
300IlM

25

a: l00IlM
0..
:::; 20m-
;~
c: e

0 °IlM50. 15
mo> •
0> E
c:'"
'" 0~ E 10Do.
E-
O)

~ 5



fresh human right atrial tissue the maximal binding capacity
(B

MAX
) was seen to 395 fmol/mg protein as the constant of

dissociation (K
d

) was 0.31 nM. This indicates a somewhat
lower concentration of binding sites but a slightly higher
affinity ofbinding in human right atrium when compared to
the canine species.
The ability to obtain fresh human right atrial tissue in the

present study is thought to be important. Freezing and
thawing of the myocardial membrane fraction or prolonged
storage of human erythrocytes was seen to diminish the
binding characteristics of high affinity ligands for the
nucleoside transport sites in previous studies. Our results
reveal a reduction in both maximal binding capacity and
affinity when comparing fresh right atrial to cadaveric right
atrial tissue as mean time to membrane preparation after death
was 8.5 h (range 5-16 h) in the latter. This prolonged time to
processing may explain the differences between the fresh and
cadaveric right atrial data. Binding capacity and affinity were
seen to differ slightly between the various cardiac chambers
but no statistical analysis was attempted to show differences.

It was not possible in this study to control patient med
ications, an obvious shortcoming. It might be predicted that
certain medications such as dipyridamole may and should
well alter the binding characteristics ofNBMPR. The num
bers in this study were not sufficient to make inferences
concerning this; however, results in two patients taking
dipyridamole and one patient taking diltiazem revealed
binding capacities and affinities within one standard deviation
ofthe mean.Additional more highly controlled patient studies
would be required to determine the effectiveness of com
monly used dosages to effect a change in binding character
istics. No attempts were made in this study to define the
specific site at which the transporter exists. Prior studies in
human erythrocytes reveal that it is a membrane associated
proteinaceous species. Our data are consistent with this
finding; however, we cannot conclude whether it lies on
endothelial, myocyte, sarcolemmal, or mitochondrial mem
branes or on any other component ofthe microsomal fraction.
Further membrane purification techniques may be helpful to
elucidate this important point.
Our results demonstrate that a nucleoside transport system

exists in the human myocardium. Therefore, specific efforts
should be directed to design and develop selective nucleoside
blockers that can modulate nucleoside uptake and release of
nucleosides of therapeutic potentials. Nucleoside trapping
before or after ischemia attenuated free radical production,
reperfusion-mediated arrhythmias and ventricular dysfunc
tion (stunning). Site specific trapping ofendogenous adeno
sine may also promote endogenous mechanisms ofprotection
via adenosine signaling and activation ofAI and A

3
-receptors

and K
ATP
channels. This property may be useful in trapping

nucleoside intracellularly to diminish depletion intracellular
nucleoside pool during post-ischemic reperfusion.
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Mutagenesis and characterization of specific
residues in fatty acid ethyl ester synthase:
A gene for alcohol-induced cardiomyopathy
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Abstract

Fatty acid ethyl ester synthase-III metabolizes both ethanol and carcinogens. Structure-function studies of the enzyme have
not been performed in relation to site specific mutagenesis. In this study, three residues (Gly 32, Cys 39 and His 72) have been
mutated to observe their role in enzyme activity. Gly to GIn, Cys to Trp and His to Ser mutations did not affect fatty acid ethyl
ester synthase activity, but His to Ser mutant had less than 9% of control glutathione S-transferase activity. The apparent loss
of transferase activity reflected a 28 fold weaker binding constant for glutathione. Thus, this study indicates that Gly and Cys
may not be important for synthase or transferase activities however, histidine may playa role in glutathione binding, but it is
not an essential catalytic residue of glutathione S-transferase or for fatty acid ethyl ester synthase activity. (Mol Cell Biochem
180: 111-115, 1998)

Key words: ethanol, catalysis, enzymes, carcinogens, mutations, cardiomyopathy

Abbreviations: FAEE-Fatty acid ethyl ester; FAEES-III - Fatty acid ethyl ester synthase-III; GST-Glutathione S-transferase;
SFFV-neo - Friend spleen focus-forming virus-neo; SDS-PAGE- Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Introduction

Alcohol-induced heart disease is common in the United States
and is similar to idiopathic cardiomyopathies, with the
defining difference being the chronic consumption ofethanol.
The disease is characterized by arrhythmias, cardiomegaly,
and congestive heart failure. The biochemical link between
ethanol ingestion and most of its acute and chronic effects
on the heart had not been clearly established until we reported
a new pathway for alcohol metabolism [1-3].
Fatty acid ethyl esters (FAEE), metabolic products of

ethanol, have been detected in concentrations as high as 115
uM in human hearts obtained at autopsy of individuals who
were either acutely intoxicated or were chronic ethanol
abusers [1-7]. Recently, we showed that fatty acid ethyl ester
synthase/glutathione S-transferase can also catalyze synthesis

offatty acid ethyl esters from hydrophobic carboxylic acids
and ethanol [1-7]. This observation not only expanded the
role ofthis enzyme in processing toxic xenobiotics, but it also
provided another catalytic reaction for monitoring structure
function studies. Because ofthis new kinetic finding, we have
begun a series of studies to determine if this synthetic reaction
(formation of ethyl esters) is catalyzed by the same amino
acid residues as those used in the transferase reaction or if
there are two separate reaction pathways.
The first insight into this question was provided by a

kinetic and structural comparison between FAEES-III and
GST1t-1 [7]. These two proteins contain 210 amino acids per
subunit and differ by only four residues in the total primary
structure. Despite this high degree ofhomology, GST1t-1 does
not catalyze the synthase reaction while FAEES-I1I can
catalyze both fatty acid ethyl ester synthesis and the

Address/or offprints: P. S. Bora, Division ofCardiology, Department of Internal Medicine, St. Louis University Health Sciences Center, 3635 Vista Avenue,
St. Louis, MO 63110, USA
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glutathione transferase reaction. This striking difference is
most easily explained by assuming that each reaction has a
different set of residues which are essential for catalysis.
The sequence ofFAEES-III cDNA, recently cloned in our

laboratory, contains Gly 32, Cys 39 and His 72 and is different
from GSTn-1. In this work, we have used site-directed
mutagenesis of FAEES-III to probe the effect of a single
amino acid substitution on both fatty acid ethyl ester synthase
and glutathione transferase.

Materials and methods

Materials

Mutagenesis reagents, the corresponding bacterial cells,
nitrocellulose paper, and electrophoresis reagents were
obtained from Bio-Rad. Restriction enzymes and T4 DNA
ligase were obtained from Promega. DEAE-dextran was
purchased from Pharmacia LKB Biotechnology, Inc. The
primers used in the study were provided by Midland Certified
Reagent Company (Midland, TX).

Site specific mutagenesis

Oligonucleotide-directed, site-specific mutagenesis was
performed according to Kunkel et al. [8]. The full length
human FAEES-III cDNA (7), containing the EcoRI re
striction sites at both ends of the cDNA, was subcloned into
the EcoRI site of bacteriophage Ml3 mpl8 [9]. The re
combinant DNA was used to transfect the dut- and ung- E.
coli CJ236 cells, allowing the incorporation of uracil into
DNA in place of thymidine. Single stranded DNA was then
isolated from these cells and used as a template for the
mutagenesis experiments.
Oligonucleotide primers were designed to substitute the

(codon CAA), a Gin in place ofGly (codon GGC), Trp (codon
TGG) in place ofCys (codon TGC) and a Ser residue (codon
AGC) in place ofhistidine (codon CAC) at residue 32, 39 and
72 respectively. The mutagenic oligonucleotide primers were
then used to hybridize with the single stranded MI3 DNA
template. In each experiment, heteroduplex plasmid was
formed by adding the KJenow fragment ofDNA polymerase
I and T4 DNA ligase and incubating for 2 h at 37 degrees C.
Aliquots of the reaction were then used to transform com
petent E. coli DH5aF' cells. The presence of uracil in the
parent strand resulted in its specific hydrolysis and the
selection ofthe non-uracil containing mutagenized daughter
strand. The resultant clones were further screened by di
gestion with EcoRI ofthe MI3 replicative form ofDNA. The
selected clones were propagated inE. coli cells, and the DNA

was analyzed further by complete nucleotide sequencing
[10]. The sequences revealed no additional mutations within
the FAEES-Ill cDNA.

Transfection and expression ofFAEES-III cDNA

The native or mutant forms of FAEES-II1 cDNA were
isolated as a 0.7 kb fragment by digestion with EcoRI. The
cDNA fragment containing the entire coding region was then
subcloned into a similarly digested SHV-neo plasmid for
propagation. Recombinant plasmid containing the FAEES
III cDNA was identified by sequencing and the orientation
of the cDNA in the plasmid was verified by restriction
mapping analysis. The plasmids containing the FAEES-III
cDNA in proper orientation were used to transfect COS-7
cells by the DEAE-Dextran method [11]. The transfected
cells were then lysed and the supernatant was analyzed for
FAEES-III activity [2J and GST activity [I].

Gel electrophoresis and immunoblotting procedures

The cell supernatant containing 50 ug of protein was preci
pitated by addition of I% sodium deoxycholate (30 ul) and
100% trichloracetic acid (80 ul). The samples were centri
fuged at 5000 x 9 for 30 min at 4°C, resuspended in sodium
hydroxide and separated by SDS-PAGE [12]. After trans
ferring the proteins to nitrocellulose paper, the paper was
washed 4 times with 300 ml of phosphate-buffered saline
containing 0.3% (v/v) Tween 20 and then incubated for 3 h
with rabbit anti-FAEES-III antibody and I% ovalbumin. The
paper was washed 3 times with phosphate-buffered saline and
incubated with [125I]-protein A (150 ml, 105 cpm/pmol)
containing I% ovalbumin. The nitrocellulose paper was then
washed again with phosphate-saline, dried and exposed to x
ray film for 8-12 h.

Results and discussion

Although there have been numerous reports on the specificity
of the various fatty acid ethyl ester synthase isoenzymes
towards substrates (ethanol and fatty acids), only recently has
there been progress in elucidating the catalytic mechanism and
involvement of specific amino acids in substrate recognition
and catalysis [13]. The ability ofthe enzyme to lower the pKa
of the thiol may be one aspect of the synthase catalytic
mechanism. This process could be achieved by positioning the
thiol in the active site ofthe enzyme near a positively charged
electrostatic field, such as that provided by histidine, lysine or
arginine. (The differences between FAEES-Ill and GSTn-1
cDNAs are shown in Tables I and 2.)
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Table I. FAEES-III and GST1t-1. The star on the top of differences in
nucleotide sequences of FAEES nucleotides shows the difference in the
nucleotides

9~ kDa-

66 kDa·-

In the present study, we have shown that Gly to Gin 32,
Cys to Trp 39 mutations have no effect on synthase and
transferase activities (Table 3) by mutating Gly 32, and Cys
39 residues of FAEES-III cDNA. These data indicate that
these residues may not be important for catalysis of the
synthase reaction. A mutation at the histidine 72 codon was
also performed and all these mutations were verified by
sequencing (Table 4). The mutagenized cDNAs transfected
into COS-7 cells yielded a single immunoreactive protein,
(M, of 26,000), while control plasmid (SFFV-neo without
cDNA) did not yield this protein (Fig. I).

91
FAES-lIJ GAG GGA GTG GTG
GSTll-1 GAG GAG GTG GTG

112
FAEES-IIJ ACG TGC CAG GAG
GST1t-1 ACG TGG CAG GAG

151
FAEES-III GGG GAG CTC CCC
GST1t-1 GGG CAG CTC CCC

574
FAEES-III GCC TTC GTG GCG
GST1t-1 GCC TTC CTG GCC

Table 2. Comparison of amino acid sequences betwecn FAEES-1l1 and
GST1t-I. The star on top of the amino acid marks the difference in amino
acids

30 34
FAEES-III Lys Glu Gly Val Val
GST1t-1 Lys Glu Glu Val Val

36 40
FAEES-lIJ Val Gb Thr Cys Gin
GSTTC-I Val Glu Thr Trp Gin

50 54
FAEES-III Tyr Gly Glu Leu Pro

GSTll-1 Tyr Gly Gin Leu Pro
191 195

FAEES-II1 Lys Ala Phe Val Ala
GST1t-l Lys Ala Phe Leu Ala

Table 3. Synthase activity and GST activity of native FAEES-II1 and its
mutants

FAEEs-m activity" GST activity"
(nmol/mglh) (nmol/mglh)

54

_ ._ -26kDa

32

14 kDa-

45 kDa-

30 kDa-

Fig. I. Immunoblot analysis of transfected COS-7 cells: Lane I. Protein,
transfected with the vector SFFV-neo without cDNA insert; Lane 2. Protein,
transfected with FAEES-III mutant cDNA with codon for Gin at residue
32; Lane 3. with mutant cDNA with codon for Trp at residue 39; Lane 4.
witb mutant cDNA with codon for Ser at residue 72 and Lane 5. Protein,
transfected with native FAEES-]II cDNA.

20 kDa-

The supernatant from these transfected COS-7 cells was
assayed for GST and synthase activities. Gly to Gin 32, Cys
to Trp 39, and His to Ser 72 demonstrated normal synthase
activity. However, when these same supernatants were
assayed for GST activity, His 72 mutant retained little activity
when measured under standard GST assay conditions (1 mM
glutathione; I mMl-cWoro-2, 4-dinitro benzene) (Table 3).
This apparent loss ofactivity ofHis 72 mutation was investi
gated further by assaying the mutant supernatant in the
presence of increasing concentrations of glutathione (2-20
mM). As the concentration of glutathione was increased in
the assay mixture, activity became readily measurable. Since
synthase/GST catalysis has been described as an ordered bi
reactant reaction, the data were plotted as a Hanes-Woolfplot
to determine the new binding constant for glutathione (Fig.
2). For comparison, a similar plot is also shown for the native,
transfected enzyme (Fig. 2, inset). From the x intercept, the
glutathione binding constant for the mutated enzyme is 1.4
mM while that for the native enzyme is .05 mM. Thus, the
apparent loss of activity of the mutated enzyme is due to a
28 fold decrease in the binding constant for glutathione.
For FAEES-III, the present results suggest that Glycine,

Cysteine, and Histidine are not essential components for the
actual catalytic step ofpromoting the attack ofa nucleophile,
such as glutathione or ethanol, or an electrophilic acceptor.
The hypothesis that histidine enhances the nucleophilicity of
ethanol/glutathione cannot be supported. Rather, it appears
that His 72 interacts with an anionic substrate to facilitate its
binding to the enzyme. This is supported further by the
observation that ethanol, a simple molecule with no charge,
is largely unaffected by this amino acid replacement. This
differential effect on synthase and transferase activity
emphasizes that while Histidine may playa role in substrate

44.0
43.2
4.0
4.05

43.0Native FAEES-II1 35.0
Mutant FAEES-I1I
Gly 32 to Gin 32 35.5
Cys 39 to Trp 39 36.1
His 72 to Ser 72 34.0

Control SFFV-neo plasmid vector 3.0

Samples

"Ref2
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Table 4.

Residues 25-37 Gin Ser Trp Lys Glu Gly Val Val Thr Val Glu

Coding strand 5' CAG AGC TGG AAG GAG !iliA GTG GTG ACC GTG GAG 3'
Complement 3' GTC TCG ACC TIC CTC CCT CAC CAC TGG CAC CTC 5'
Oligoprimers 32 3' TC TCG ACC TTC CTC GTC CAC CAC TGG CAC CTC 5'
Coding strand I 5' AG AGC TGG AAG GAG CM GTG GTG ACC GTG GAG 3'
Amino acid Gin Ser Trp Lys Glu Gin Val Val Thr Val Glu

Residues 35-43 Thr Val Glu Thr Cys GIn Glu Gly Ser

Coding strand 5' ACC GTG GAG ACG :me CAG GAG GGC TCA 3'
Complement 3' TGG CAC CTC TGC ACG GTC CTC CCG AGT 5'
Oligoprimers 39 3' GG CAC CTC TGC ACC GTC CTC CCG AGT 5'
Coding strand 2 5' CC GTG GAG ACG TI:iQ CAG GAG GGC TCA 3'
Amino acids Thr Val Glu Thr IIIl Gin Glu Gly Ser

Residues 69-76 lie Leu Arg His Leu Gly Arg Thr

Coding strand 5' ATC CTG CGT eM: CTG GGC CGC ACC 3'
Complement 3' TAG GAC GCA GTG GAC CCG GCG TGG 5'
Oligoprimers 72 3' AG GAC GCA TCG GAC CCG GCG TGG 5'
Coding strand 3 5' TC CTG CGT AGe CTG GGC CGC ACC 3'
Amino acids lie Leu Arg ~ Leu Gly Arg Thr

Total three oligonucleotide primers were designed for these experiments. The first oligo primer 32 was based on the sequences for residues 25 -37 of
FAEES-I11. Second oligo primer 39 was based on the sequences for residues 35-43 of FAEES-III and third oligo primer 72 was based on the sequences for
residues 69 -76 ofFAEES-1IJ [7]. The mutated amino acids and their corresponding nucleotide sequences are underlined.

2.4
0.4

20

5 (mM)

Fig. 2. Hanes-Woolf plot for mutated enzyme (Ser 72). The binding
constant for glutathione (1.4 mM) was determined from the x intercept.
Insert. Hanes-Woolf plot for native, transfected FAEES-III eDNA. The
binding constant for glutathione was .05 mM.

binding, this residue is not an essential component of the
catalytic mechanism and since Gly and Cys mutations did not
change synthase or GST activities, we also think these
residues may not play any role in the catalytic mechanism of
the enzyme. Since FAEE were shown to bind to mitochondria
in vivo and to cause a concentration-dependent reduction in

the respiratory control ratio index of oxidative phosphory
lation [14,15], and that these FAEE could be the metabolic
link between ethanol abuse and changes in mitochondrial
function, the generality of this conclusion for the fatty acid
ethyl ester synthase can be known only by direct deter
mination. Nonetheless, a recent report by Ballesteret al. [16]
may support this conclusion that the FAEEs are deemed to
be the mechanisms oftissue damage in those organs that lack
oxidative metabolism of alcohol.
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Palmitate oxidation by the mitochondria from
volume-overloaded rat hearts
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Abstract

In this work, an attempt was made to identify the reasons of impaired long-chain fatty acid utilization that was previously
described in volume-overloaded rat hearts. The most significant data are the following: (I) The slowing down of long-chain
fatty acid oxidation in severely hypertrophied hearts cannot be related to a feedback inhibition ofcamitine palmitoyltransferase
I from an excessive stimulation ofglucose oxidation since, because ofdecreased tissue levels ofL-camitine, glucose oxidation
also declines in volume-overloaded hearts. (2)While, in control hearts, the estimated intracellular concentrations of free carnitine
are in the range of the respective K

m
ofmitochondrial CPT I, a kinetic limitation of this enzyme could occur in hypertrophied

hearts due to a 40% decrease in free camitine. (3)The impaired palmitate oxidation persists upon the isolation ofthe mitochondria
from these hearts even in presence of saturating concentrations of L-camitine. In contrast, the rates of the conversion of both
palmitoyl-CoAand palmitoylcamitine into acetyl-CoA are unchanged. (4) The kinetic analyses ofpalmitoyl-CoAsynthase and
camitine palmitoyltransferase I reactions do not reveal any differences between the two mitochondrial populations studied.
On the other hand, the conversion ofpalmitate into palmitoylcamitine proves to be substrate inhibited already at physiological
concentrations of exogenous palmitate. The data presented in this work demonstrate that, during the development of severe
cardiac hypertrophy, a fragilization ofthe mitochondrial outer membrane may occur. The functional integrity ofthis membrane
seems to be further deteriorated by increasing concentrations of free fatty acids which gives rise to an impaired cooperation
between palmitoyl-CoA synthase and camitine palmitoyltransferase 1. In intact myocardium, the utilization ofthe in situ generated
palmitoyl-CoA can be further slowed down by decreased intracellular concentrations offree camitine. (Mol Cell Biochem 180:
117-128, 1998)

Key words: cardiac hypertrophy, isolated working heart, isolated mitochondria, fatty acid oxidation, palmitoyl-CoA synthase,
carnitine palmitoyltransferase I

Introduction

Recent studies on mechanically overloaded hearts revealed
that the development of cardiac hypertrophy is frequently
associated with an impaired fatty acid oxidation [1,2,3], the
mechanism ofwhich remains still to be elucidated. Parallel
to impaired fatty acid utilization, hypertrophied hearts present
also elevated glycolytic enzyme activities and high rates of
glycolysis [2,4]. Therefore, some authors suggested that
during the development of cardiac hypertrophy a shift from

fatty acid to glucose utilization may occur [5]. This possibility
was recently analysed by Allard et al. [2] who made simul
taneous measurements of rates of glycolysis and those of
glucose oxidation in hearts of rats with a moderate cardiac
hypertrophy. According to these authors, the acceleration of
glycolysis that occurs in pressure overloaded hearts is not
followed by a stimulation of glucose oxidation. In contrast,
because of decreased intracellular concentrations of L
camitine [3, 6] the imbalance between glycolysis and glucose
oxidation [7] may be amplified, thus leading to a further

Address for offprints: J. Moravec, Laboratoire de Metabolisme intermediaire et Energetique, Dept de Physiologie, Universite Claude Bernard - Lyon I, 43
Bvd du II Novembre 1918,69622 Villeurhanne cedex, France
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dissociation between these two metabolic pathways [2]. As
a result, the contribution of carbohydrates to mitochondrial
acetyl-CoA production decreases and, therefore, cannot
account for the prospective feed-back inhibition offatty acid
oxidation [8]. One of the objectives of the present work was
to verify this point in severely hypertrophied hearts from rats
with chronic aorto-caval fistula [I]
Amore conventional hypothesis consists in the assumption

that the aforementioned decrease in tissue camitine [I, 6, 9]
may directly affect the activities of the enzymes involved in
the control of long-chain fatty acid oxidation. It has been
suggested that, in healthy tissues, camitine concentrations are
not found in excess, but rather at set levels appropriate for
optimal substrate metabolism [10]. Therefore, in mech
anically overloaded hearts, the estimated intracellular
concentrations ofL-camitine may be lower than its respective
saturating concentrations for mitochondrial carnitine pal
mitoyl transferase I [II].Thisper se could result in impaired
kinetics oflong-chain acyl transfer from CoA to camitine and,
thus, in decreased oxidative utilization of long-chain fatty
acids. In addition, low tissue camitine concentrations may
also compromise the activities ofenzymes of~-oxidation, i.e.
3-ketoacyl-CoA thiolases [12], since L-carnitine proved to
have stimulatory effects on palmitoylcarnitine oxidation by
isolated rat heart mitochondria [13]. Recently, it has been
suggested that L-camitine-induced stimulation of palmitate
oxidation by isolated cardiac myocytes [14] may be related
to the same mechanism. In fact, it has been reported that L
camitine decreases mitochondrial levels of acetyl-CoA
generated by oxidative metabolism by promoting its con
version to acetylcamitine [8,14]. Since acetyl-CoA has been
shown to be a potent inhibitor of3-ketoacyl-CoA thiolase [12,
13], the possibility that L-carnitine restores its activity is not
excluded. Finally, it has been suggested that modifications
of membrane phospholipides may occur in mechanically
overloaded hearts [15]. Such changes may affect the kinetic
properties of different membrane-associated enzymes [16]
and, particularly, the functional cooperation between pal
mitoyl-CoA synthase and camitine palmitoyltransferase I
which reside on the opposite sides of mitochondrial outer
membrane [17, 18]. Intrinsic alterations of one of these
enzymes, although less plausible [19], are also not excluded.
Such a change was previously suggested to occur in the
mitochondria from ischemic hearts. In this particular prep
aration, the impaired oxidation of long-chain fatty acids
persisted despite the fact that all necessary cofactors were
kept at saturating concentrations [20].
In this work, we tried to verify whether the amplitude of

camitine depletion occurring in volume-overloaded hearts
from rats with chronical aorto-caval fistula [I, 9] can be
compatible with a kinetic limitation of camitine palmitoyl
transferase I in situ [10, II]. The respective kinetic constants
of palmitoyl-CoA synthase were also compared with the

intracellular concentrations of free CoA andATP. The ability
ofmitochondria isolated from volume-overloaded hearts to
oxidize different lipid substrates was then tested in presence
of saturating concentrations of all cofactors necessary. The
saturation kinetics ofpalmitoyI-CoA synthase and camitine
palmitoyltransferase I were also studied in order to verify
whether intrinsic properties of these enzymes have not been
modified during the development of cardiac hypertrophy.
Finally, we measured the rate ofpalmitoylcamitine formation
from exogenous palmitate to assess the structural integrity of
mitochondrial membranes [20] as well as the state of the
prospective functional cooperation between palmitoyl-CoA
synthase and overt camitine palmitoyltransferase [17].

Materials and methods

Animals

A chronical volume-overload was induced in 2month old rats
ofWistar strain (IFFA-CREDO) by a surgical opening ofthe
aorto-caval fistula. Sham-operated animals from the same
litters were used as controls. Our technique of the induction
of the aorto-caval shunt has been described in detail in our
preceding paper [I]. Three months after the surgery, the
surviving animals (about 90%) were sacrificed using a light
ether anaesthesia and the hearts ofrats presenting a significant
increase in the heart weight were used for the in vitro
experiments.

Heart perfusions

The hearts utilized for studies of glucose and palmitate
oxidation were perfused at a moderate workload as defined
in our earlier papers [I, 21]. After excision, the hearts were
rapidly fastened to the aortic cannula and perfused for 10min
with a bicarbonate buffer containing II mM glucose and 2.5
mM free calcium. They were then recirculated via left atrium
for 20 min at 10 Torr preload and 70 Torr afterload with the
same buffer containing II mM glucose, insulin and 1.2 mM
palmitate bound to 3% BSA (Sigma, fraction V). The rates
ofpalmitate oxidation [22] were estimated from rates of3Hp
production from [9, 1O-3H] palmitate added into the perfusion
system (spec. activity 160000 dpm/ml). Samples of the
recirculated perfusion media were collected in 5min intervals
and treated with a mixture ofchloroform and methanol (1/2,
vol:vol). The aqueous phase was then re-extracted in a
mixture ofchloroform, methanol and 2 M KCI. The samples
of the resulting aqueous phase were taken for counting. The
rates ofglycolysis and glucose oxidation were determined in
a separate group ofhearts recirculated under the same loading



conditions in a system closed to ambient air [2]. The perfusion
medium contained [VH] glucose (spec. activity 400 000
dpm/ml) and [U-'4C]glucose (spec. activity 400000 dpm/mJ).
The rates of glycolysis were measured by quantitative
determination of the amount oPHp liberated at the enolase
level from [5-3H] glucose [2, 3]. The rates of oxidative
utilization ofglucose were estimated from the rates of l4C02
production from [U_14C] glucose [2, 3]. Both gaseous 14C02
and 14C02 present as bicarbonate were determined according
to the technique described in our earlier paper [I].

Biochemical assays

At the end of the perfusion, the hearts were frozen and
lyophilized in order to determine the ventricular dry weight.
The samples ofventricular myocardium were deproteinized
in 0.6 N perchloric acid (4°C) and the supernatant brought
to pH 5.8. Tissue levels ofATP were determined by standard
enzymatic procedure [21]. Tissue levels ofCoA and acetyl
CoA were determined fluorimetrically using the a-keto
glutarate oxidase and phosphotransacetylase reactions [23].
Total tissue CoA and long-chain acyl-CoA were determined
as CoA released from dry tissue samples or perchloric acid
precipitates by alkaline hydrolysis [23]. Free L-camitine was
assayed in neutralized perchloric acid extracts by the radio
enzyrnztic method of McGarry and Foster [24]. Total and
long-chain acylcamitine was determined as free camitine
after alkaline hydrolysis of tissue samples and perchloric acid
precipitates respectively [23]. Tissue concentrations of free
carnitine were calculated with the assumption that the
intracellular water space equals 2.25 ml/g dry weight [21].

Preparation ofisolated mitochondria

Crude cardiac mitochondria were isolated according to the
technique derived from that ofLindenmayer et al. [25]. The
hearts were chilled in 10 ml of cold isolation medium (250
mM sucrose, 10 mM Tris HCl, 1.0 mM EDTA, pH 7.4
containing 0.5% BSA). The left and right ventricles were
homogenized for 20 sec using a Polytron adjusted to position
3 and the homogenate was spun at 600 g for 10 min. The
supernatant was collected and centrifuged at 8000 g for
15min.
The preparation of purified mitochondria consisted in a

resuspension of the pellet resulting from the previous spin in
0.25 M sucrose and 35% Percoll, pH 7.2 [26] followed by a
centrifugation at 40000 g for 45 min. (Kontron A8-24 rotor).
At the end ofthis step, two distinct bands could be observed
in Percoll containing tubes: a thin upper band enriched in
catalase and NADPH-cytochrome c reductase activities,
which was discarded, and a lower band enriched in mono-
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amine oxidase and cytochrome c oxidase activities. This
fraction was collected and washed in order to eliminate the
Percoll and used for the assessment ofenzyme kinetics. Fresh
mitochondria prepared according to this technique presented
a RCI close to 10 when they were supplied with 10 11M
palmitoylcarnitine or with 10 mM glutamate-malate. Mito
chondria stored at -20°C in a medium without albumin were
used for the measurements ofmarker enzyme activities. The
protein was determined according to Gornall et al. [27].

Marker enzyme activities

The activity of the monoamine oxidase (a marker of the
external mitochondrial membrane) was determined spectro
photometrically at 360 nm using 300 11M 3-(2 amino-phenyl)
3-oxopropanamine (Kynuramine) as substrate [28]. The
activity ofthe cytochrome c oxidase (marker enzyme of inner
mitochondrial membrane) was determined at 550 nm in
presence of 25 11M ferrocytochrome c [29]. The reduced
cytochrome c was prepared by an exposure of ferricyto
chrome c to sodium ascorbate. The two compounds were
separated by a Sephadex G-25 desalting chromatography.
The quantification of NADPH-cytochrome c reductase
(marker enzyme of the microsomal fraction) was done in
presence of 1mM KCN according to the method ofSottocasa
using 100 11M NADPH as substrate [29]. The activity of the
catalase (a microperoxisomal marker) was evaluated from
~02 disappearance measured spectrophotometrically at 405
nm in presence of titanylsulfate. The units, as defined by
Leighton [30], were employed to quantify the enzyme
activity.

Conversion of[1-/4C}palmitate and [1-uC}palmitoyl
esters ofCoA and carnitine into acid soluble products

For these experiments we used 0.5 ml of a buffer of the
following composition (in mM): 5 potassium phosphate, 120
KCI and 25 Hepes, pH 7.4. The oxidation of[I-'4C]palmitate
(200 HM) was studied in presence of 1.5 mM ATP, 1.5 mM
MgCI2, 50 11M CoA and 1.24 mM L-camitine [31]. The same
incubation medium kept at 30°C was used to study [1_14C]
palmitoyl-CoA (50 I!M) oxidation, while L-carnitine was
omitted when [1-14C]palmitoyl camitine (12.5 11M) was used
as substrate. The reaction was started by addition of200 IIg
ofmitochondrial protein and, at the end of 10 min period, the
reaction was stopped by 10 III onO% perchloric acid. The
acidified samples were maintained in ice for I h in order to
ensure the complete precipitation of remaining long-chain
acyts. They were then spun for 5 min at 5000 g and 200 III
aliquots of the clear supernatant were used for counting. In
some experiments, [U_14C]palmitate was used to enhance 14C_
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short-chain acyl production and, for the same reason, 200 11M
malate was added into the incubation medium.

Palmi/oyl-CoA synthase activity

The activity ofthe palmitoyl- CoA synthase was determined
in 250 III ofa standard medium containing (in mM): 2.5ATP,
5MgCI2, 0.8 CoA, 5 dithiothreitol, 0.3 [1-'4C]palmitate (s.a.
0.45 nCi/nmol) bound to albumin (molarratio 3/1), 150Tris
HCI; final pH 7.4. The reaction was initiated by the addition
of 100-150 Ilg ofmitochondrial fraction and it was stopped
120 sec later by I ml of Dole's reagent [18] The remaining
palmitate was then separated from the palmitoyl-CoA by use
of4 times repeated extraction in 600 III ofhexane. An aliquot
of the resulting water phase was then added into 10 ml of
scintillation liquid.

Carnitine palmitoyltransferase activity

The incubation medium used for the measurements of
carnitine palmitoyltransferase was composed of(in mM): 75
KCI, 80 mannitol, I EGTA, I dithiothreitol and 0.1 [1
14C]palmitoyl-CoA bound to albumin (molar ratio 3/1).
200 Ilg ofmitochondrial protein were preincubated for 2min
at 37°C in 0.5 ml ofthe reaction mixture and the reaction was
started by addition of 1.24 mM L-carnitine (s.a. 0.62 nCil
nmol). 4 min later, the reaction was stopped by I ml of 1.2 N
HCI. The resulting palmitoylcarnitine was extracted in 3 ml
of water-saturated butanol. 2 ml of the organic phase were
rinsed twice in 3 volumes of butanol-saturated water and,
finally, I ml aliquot of the organic phase was used for
counting [32].

Carnitine palmitoyltransferase activity in presence ofthe
in situ generated palmitoyl-CoA

For this work, we used essentially the same technique as the
above described method applied for measurements of carni
tine palmitoyltransferase activity. The only difference consisted
in use ofpalmitate (10-200 11M) bound to albumin (molar ratio
3/1) instead of palmitoyl-CoA. This was generated by pal
mitoyl-CoA synthase that resides on the overt side ofthe outer
mitochondrial membrane. It has been suggested that kinetic
studies ofcoupled reaction between palmitoyl-CoA synthase
and carnitine palmitoyltransferase allow to assess the func
tional cooperation between these two enzymes [17]. The
concentrations of different cofactors necessary for palmitate
activation were as follows (in mM): 1.5 ATP, 1.5 MgCI2; 0.05
CoA. After a briefpreincubation ofmitochondria (200 Ilg of
mitochondrial protein), the coupled reaction was started by

addition of[3H]-L-carnitine (1.24 mM, s.a. of 0.62 nCil
nmol). The reaction was arrested by the extraction of pal
mitoylcarnitine as described above [32].

Analysis ofsaturation kinetics

The analysis of saturation kinetics of the palmitoyl-CoA
synthase and carnitine palmitoyltransferase were done by
fitting ofthe experimental data to theMichaelis-Mentenmodel
by a method of non-linear regression (SIGMA PLOT for
Apple-Macintosh) which provides the values ofVmax and K

m
•

The kinetics of coupled reaction catalyzed by the palmitoyl
CoA synthase and carnitine palmitoyltransferase were analyzed
by use of a substrate inhibition model [33]. This allows to
determine the inhibition constant K" corresponding to the
intersections of regression lines obtained from the respective
Dixon's plots [l/v = f([S])] with the x axis. The equations of
these latter were calculated from the experimental data by a
linear regression method (SIGMA PLOT for Apple
Macintosh).

Statistical analysis

The experimental data ofeach experiment were expressed as
means ± S.E.M. for n > 6. Statistical analysis was done by
use of Student's t-test for unpaired comparisons and dif
ference were considered significant when p < 0.05.

Results

Ponderal data

The heart weights ofrats exposed for 3months to aorto-caval
fistula were increased by about 75% when compared with
sham-operated controls (1.34 ± 0.14 instead of0.76 ± 0.09 g
wet weight). The cardiac hypertrophy was bilateral and both
ventricles were only slightly dilated. The hearts ofthe animals
presenting amacroscopic evidence ofcongestive heart failure
(less than 10% ofsurviving rats) were discarded from further
study.

Glucose and exogenous palmitate utilization by volume
overloaded hearts

As in our previous work [1], the rates ofexogenous palmitate
oxidation were significantly decreased (from 1287 ± 41 to
709 ± 28 nmol/min g dry wt) in volume overloaded hearts
exposed to moderate workload. This inhibition of palmitate
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Fig. 1. Steady state palmitate (glucose) oxidation and rates ofglycolysis in control (121) and volume-overloaded (0) hearts determined during the perfusions
at moderate work load (20 min lasting perfusion at 10 Torr preload and 70 Torr afterload). The values are means ± S.E.M. for n = 6; *p < O.OS.

oxidation could not be related to a prospective shift of
myocardial metabolism from fatty acid to glucose utilization
[5] since glucose oxidation also decreased in volume
overloaded hearts (from 802 ± 60 to 621 ± 76 nmoUmin g
dry wt). This slowing down of oxidative pathways involved
in ATP production was not entirely compensated by the
concomitant acceleration of glycolysis (Fig. I). As a result,
the overall energy turnover, as suggested by oxygen con
sumption data [21] and calculatedATPproduction rates [34],
was decreasing. This was accompanied by a depression ofleft
ventricular mechanical performance during the perfusions at
both moderate (this work) and high work loads [I, 21].
Tissue contents ofATP, CoA and camitine that we obtained
at the end of the perfusion period are given in Table I. We
could confirm the presence ofa significant depletion oftotal
tissue camitine and a decrease in free camitine content in
volume-overloaded hearts. Tissue contents of both total and
free CoAwere also slightly depressed while tissueATP levels
were decreased but not significantly different from control
values. When intracellular concentrations of CoA and
camitine were compared with kinetic constants ofpalmitoyl
CoA synthase and camitine palmitoyltransferase I as deter-

mined in this work (Table 3), it occurred that only the changes
in intracellular camitine concentrations (0.63 instead of 1.07
mM)might be offunctional significance [II, 35). Table 1also
shows that tissue contents ofdifferent intermediates of lipid
metabolism were significantly decreased in volume-over
loaded hearts. This fmding suggested that, during the perfu
sions used in the present study, a slowing down oflong-chain
fatty acid utilization did occur. A30% depletion ofacetyl-CoA
was of particular interest since, previously, it had been
suggested [8] that intracellular concentrations of acetyl-CoA
are proportional to cytosolic concentrations ofmalonyl-CoA.
Therefore, the decrease of fatty acid oxidation in volume
overloaded hearts did not appear to be related to malonyl-CoA
induced inhibition of camitine palmitoyltransferase I [36].

Characterization ofisolated mitochondria

To avoid the interference from the prospective extramitochon
drial carnitine palmitoyltransferase and long-chain acyl-CoA
synthase, we preferred to work with a purified mitochondrial
fraction obtained by differential centrifugation of crude

Table 1. Tissue contents ofATP. CoAand camitine in control and hypertrophied rat hearts perfused at moderate workloads with II mM glucose and 1.2 mM
palmitate

ATP CoA
IlmoVg.dry WI

Acetyl-CoA
nrnoVg.dry wt

Acyl-CoA
nmoVg.dry wt

Total CoA Free carnitine Acylcarnitine
nmoVg dry WI

Total camitine

Controls 20.0S ± 0.87 324.78 ± 11.69
Fistulae 17.84 ± 1.20 293.SS ± 18.89*

73.69 ± 8.09
SI.34 ± S.02*

IS8.79 ± 3.38 608 ± SO
110.70 ± 3.6S* SSO ± 38

2404 ± 113
140S ± 74*

S44 ± 27
370 ± 2S*

S802 ± ISO
3864 ± 174*

Considering the intracellular water space as 2.2S mVg dry WI [20]. tissue contents of selected metabolises can be converted to intracellular concentrations.
Values are means ± S.E.M. for n = 10; *p < O.OS.
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Oxidation oflong-chain acyl moieties

Units are mIU/mgprotein and values are mean ± S.E.M. forn = 6. Estimated
by using NADPH-cytochrome c reductase as microsomal marker.

Table 2. Activities of mitochondrial and microsomal enzymes in thc
mitochondria from control and hypertrophied hearts

1 mM L-CarnitineNo L-Carnitine
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Fig. 2. Production rates of acid soluble products (ASP) from [U-"C]
palmitate by isolatedmitochondria from control ( rJ) and volume-overloaded
(0) hearts. The mitochondria were incubated for 20 min in state 4 conditions
in presence of 200 I'M palmitate bound to albumin and 200 I'M malate.
The values are means ± S.E.M. for n = 10; *p < 0.05.

and 3. It can be seen that, in L-carnitine supplemented
mitochondria, the rate ofpalmitate conversion to short-chain
acyls was about 5 times higher when 0.2 roMmalate and [U
t4C]palmitate (instead of [1-'4C]palmitate) were used. How
ever, even under these favourable conditions, the stimulatory
effect ofL-carnitine on the rate of formation ofacid soluble

Fistulae

5.62 ± 0.21
1.16 ± 0.04
6.98 ± 0.14
0.62 ± 0.07
2.1%

5.88 ± 0.19
1.23 ± 0.06
7.40 ± 0.50
0.75 ± 0.08
2.6%

Controls

Monoamine oxidase
Cytochrome c oxidase
Catalase
NADPH-cytochrome c reductase
Microsomal contamination

mitochondria on Percoll gradient [26]. This allowed to
eliminate about 75% ofmicroperoxisomes (catalase activity)
and 83% of microsomes (NADPH-cytochrome c reductase
activity) present in crude mitochondria (Table 2). At the same
time, the activities ofmitochondrial marker enzymes, i.e. the
monoamine oxidase and cytochrome c oxidase increased by
50 and 26% respectively. Comparing the two purified pop
ulations, we did not note any significant difference in the above
enzyme activities between the mitochondria from control and
volume-overloaded hearts (Table 2). In addition, both mito
chondrial populations behaved similarly on Percoll gradient
so that we assume to have worked on comparable and homo
genous mitochondrial fractions.

The ability ofisolatedmitochondria from control and volume
overloaded hearts to oxidize palmitate is illustrated in Figs 2
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Fig. 3. Production rates of acid soluble products (ASP) from [l-"C]palmitate, [l-14C]palmitoyl-CoA and [1-14C]palmitoylcamitine respectively. The
mitochondria were incubated in absence of both ADP and exogenous malate. Substrate concentrations were adjusted to obtain state 3 respiratory rates
comparable to tbose recorded in presence of 10 mM glutamate/malate [I] ; (rJ) control mitochondria, (0) mitochondria from volume-overloaded hearts.
The values are means ± S.E.M. for n = 6; *p < 0.05.



100ZO 40 60 80
PalmitoylCoA (11M)

3

O~--.--~---.,....-----r-~---,

o SO 100 1SO ZOO
Palmitate (11M)

Z

4

6

8

10

123

60
c .-..0
'.J .!: 50
u Q)

:::l +J
0"t:l ... 400 Q....

Q.Cl

< E 30o ......
u .!:
>. E

ZOo ......
+J -.- 0
.§ E... c 10Cl. ......

0
0 ZOO 400 600

Palmitate (11M)

c
o0;:; ...-.
g .!:

"t:l ~o 0... ...
Q. Q.

Q) Cl
.!: E
.~ ......
c c
:; 'E
~ ......
~o
+J E
'E 5
...
Cl.The kinetics of the palmitoyl-CoA synthase saturation by

palmitate are illustrated in the upper panel of Fig. 4. After
having been adjusted to Michaelis-Menten model by non
linear regression, the data collected from the mitochondria
of control and volume-overloaded hearts gave quite similar
V and K (Table 3) so that no difference between the two
mitochondrial populations studied could be established.
The kinetics ofsaturation ofcarnitine palmitoyltransferase

obtained at constant extramitochondrial palmitoyl-CoA/
albumine ratio are illustrated in the middle panel of Fig. 4.
As in the case of palmitoyI-CoA synthase, we did not see

Palmitate activation and transfer to carnitine

Fig. 4 (adjacent). Palmitate activation and palmitate transfer on L-camitine
in the mitochondria from control (e) and volume-overloaded (0) hearts.
Upper panel: palmitoyl-CoA synthase activities expressed as the rates of
production of[I-"C]palmitoyl-CoA from [l-"C]palmitate. Middle panel:
carnitine palmitoyltransferase I activities expressed as production rates of
[l-"C]palmitoylcarnitine from [l-14C]palmitoyl-CoA. Lower panel: coupled
activities of palmitoyl-CoA synthase and carnitine palmitoyltransferase I
expressed as production rates of [l-"C]palmitoylcamitine from [1
1'C]palmitate in presence of Mg-ATP, CoA and L-carnitine. The values
are means ± S.E.M. for n = 6; .p < 0.05. The respective kinetic constants
ofpalmitoyl-CoA synthase and carnitine palmitoyltransferase I are indicated
in Table 3.

products was significantly attenuated in the mitochondria
from volume-overloaded hearts (Fig. 2). Figure 3 also shows
the effects ofchronic volume-overloading on the rates ofthe
formation of acid soluble products from CoA and carnitine
esters of [1-14C]palmitate. It can be seen that, while the rate
ofpalmitate oxidation by the mitochondria ofhypertrophied
hearts was reduced by about 40%, the relative rates of
palmitoyl-CoA and palmitoylcarnitine oxidation remained
comparable in both groups of mitochondria studied. The
data presented in Fig. 3 strongly resemble the results ofour
polarographic studies [I] which indicated that, under state
3 conditions, the respiratory rates of palmitate supplied
mitochondria from volume-overloaded hearts were reduced
(from 187.7 ± 16.3 to 117.8 ± 13.4 natom O/min/mg). In
contrast, the respective rates ofstate 3 respiration observed
in presence of 10 l!M palmitoy1carnitine were not sig
nificantly different (167.5 ± 12.7 instead of 176.4 ± 15.6
natom O/min/mg).
All these data suggested that the impaired palmitate oxida
tion by the mitochondria from volume-overloaded hearts
relied essentially on alterations ofenzyme(s) associated with
outer mitochondrial membrane and involved respectively in
palmitate activation and long-chain acyl transfer from CoA
to camitine [18, 37]. In our further work we tried to assess
the saturation kinetics of the principal enzymes controlling
these two steps.
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Table 3. Kinetic parameters of palmitoyl-CoA synthase and camitine
palmitoyltransferase 1for their respective substrates

Discussion

Carnitine palmitoyltransferase I
Camitine 1.48±0.31 15.67±0.95 2.07±0.57 16.61 ± 1.48
Palmitoyl-CoA 18.62 ± 4.27 8.77 ± 0.66 29.72 ± 6.55 11.02 ± 0.95

Palmitoyl-CoA synthase

ATP 1.33±0.07 73.36± 1.95 1.51 ±0.14 74.62±3.57
CoA 32.17 ± 4.50 51.11 ± 1.77 29.54 ± 4.10 48.93 ± 1.61
Palmitate 38.54 ± 3.15 51.41 ± 1.12 46.32 ± 3.54 52.93 ± 1.84

any difference between the mitochondria from control and
volume-overloaded hearts. Again, the kinetics obtained
fitted well with Michaelis-Menten model and the values of
V and K were not significantly different (Table 3). We
al;~ tested the sensitivity of carnitine palmitoyltransferase
I to malonyl-CoA [11,36]. In our hands, the amplitude of
the inhibition observed in presence of 50 11M malonyl-CoA
was not significantly different between mitochondria from
control and volume-overloaded hearts (70 and 62% res
pectively).
The discrepancy between the altered long-chain fatty

acid oxidation and the absence of changes in kinetic
parameters of palmitoyl-CoA synthase or carnitine pal
mitoyltransferase prompted the studies of the prospective
functional links between these two enzymes [17, 18, 37].
The mitochondria were supplied with palmitate and with
all cofactors necessary for palmitate activation (Mg-ATP,
CoA) and palmitoyl transfer from CoA to L-carnitine. The
results obtained with this technique are presented in the
lower panel of Fig. 4. It can be seen that, at palmitate
concentrations above 50 11M, a substrate inhibition of
coupled reaction took place in the mitochondria from both
control and volume-overloaded hearts. However, at pal
mitate concentrations exceeding 100 11M, this inhibition
was significantly stronger in the mitochondria from
volume-overloaded hearts. When the respective kinetics
were analyzed according to a substrate inhibition model
[33], the following inhibition constants (KsS> were obtained
in the mitochondria from control and volume-overloaded
hearts: 324.5 and 24.7 respectively. This amplification of
substrate-induced inhibition of palmitoyl transfer from
CoA to carnitine may contribute to impaired long-chain
fatty acid oxidation by isolated mitochondria [1, this
work]. It could also impair palmitate oxidation by volume
overloaded hearts [I, 21], especially under conditions
characterized by high concentrations offatty acids that we
used in the present study.

Controls
Km Vmu:

Fistulae
Km

One major metabolic alteration in hypertrophied hearts is a
decrease in long-chain fatty acid oxidation as expressed per g
of tissue or per unit work [I, 2]. In contrast, the oxidation of
short-chain fatty acids is not altered in mechanically over
loaded hearts [1, 21]. This indicates that short-chain acyl
dehydrogenases as well as the enzymes of TCA cycle and
respiratory chain itselfconserve their activities. It follows that
a dysfunction of long-chain acyl dehydrogenases [13] or a
kinetic limitation ofthe enzymes that control long-chain fatty
acid activation [18] and long-chain fatty acid transfer from
CoA to camitine [36] could be considered. In this work, we
confirm our earlier demonstration [I] that mitochondrial ~
oxidation system is not affected since the rates of [14C]_
palmitoylcarnitine conversion into acid soluble products
remained comparable between mitochondria from control and
volume-overloaded hearts. On the other hand, the oxidation
of palmitate was significantly slowed down despite the
presence of saturating concentrations of all cofactors neces
sary. This could incriminate kinetic properties ofmitochondrial
palmitoyl-CoA synthase and carnitine palmitoyltransferase
I. However, saturation kinetics of these two enzymes gave
similar kinetic constants in both mitochondrial populations
studied. In addition, the sensitivity ofmitochondrial camitine
palmitoyltransferase I to malonyl-CoA was unchanged. This
latter finding agrees with the predictions ofCook and Lappi
[19] who suggested that, in diseased hearts, the modifications
ofcarnitine palmitoyltransferase I sensitivity to malonyl-CoA
do not occur. Rather, a change in carnitine palmitoy1
transferase I regulation by cytosolic malonyl-CoA concen
trations may be expected [38]. In this work, we did not assay
malonyl-CoA in volume-overloaded hearts but we found that
tissue contents of its precursor, i.e. acetyl-CoA [8], were
significantly decreased. This finding argues against an
excessive accumulation ofmalonyl-CoA in the hypertrophied
hearts used in this study.
Another compound which can modulate carnitine palmi

toyltransferase I activity is L-carnitine [11, 35]. In rat hearts,
the K for L-carnitine is 5-10 higher than in other tissues
reflecting in part higher carnitine concentrations in ventri
cular myocardium [38]. Therefore, it has been suggested that
decreased intracellular concentrations ofL-camitine, as found
in mechanically overloaded hearts [6, 9], could be rate
limiting in the translocation ofactivated long-chain fatty acids
from cytosol to mitochondria [1, 6]. This would contribute
to impaired palmitate oxidation, thus decreasing long-chain
fatty acid contribution to ATP production [2, 34]. However,
for a limitation of fatty acyl transfer could account for
decreased fatty acid oxidation, the intracellular concentra
tions offree carnitine should be lower than the respective K

m

of rat heart carnitine palmitoyltransferase I [11]. The data



presented in this work suggest that this may be the case: while
in control hearts the estimated intracellular camitine con
centrations (1.07 mM) were close to the apparent K

m
of

camitine palmitoyltransferase I for L-camitine (1.48 roM),
in volume-overloaded hearts the estimated concentrations of
free camitine (0.62 roM) were lower than the respective K

m

determined on the mitochondria isolated from these hearts
(2.07 roM). However, it should be noted that, in our work,
the saturation kinetics ofcamitine palmitoyltransferase I were
determined in presence of 100 IlM palmitoyl-CoA which
behaves as a competitive inhibitor to its cosubstrate camitine
[39]. Therefore, the values of the apparent K

m
for camitine

presented in this work may be overestimated. After extra
polation to 0 palmitoyl-CoA, the apparent K

m
value for

camitine may decrease to 250-450 IlM [40] while in situ, the
saturating concentration ofL-carnitine has been estimated as
500 IlM [41]. Therefore, the camitine palmitoyltransferase I
of mechanically overloaded hearts can be considered as
camitine limited only when tissue depletion of L-camitine
becomes more severe [41, 42].
In addition, it has been suggested [2, 38] that the inhibition
of camitine palmitoyltransferase I that occurs secondary to
decreased tissue camitine levels results in a depressed rate
of fatty acid utilization only at low concentrations (0.4 roM)
of exogenous fatty acids. Under these conditions [3], fatty
acid oxidation supplied only 55% of total ATP produced in
hypertrophied hearts as compared to 70% in control hearts.
The ATP production that was lost due to depression of fatty
acid oxidation was partially compensated by increased
glycolytic rates [2]. When fatty acid concentrations were high
(1.2 roM), this depression offatty acid oxidation did not occur
any longer [3]. The authors of these studies concluded that
an increased supply ofexogenous fatty acids may overcome
the decrease in camitine palmitoyltransferase I activity in
hearts with a moderate cardiac hypertrophy. A similar
situation was previously described in pressure overloaded
hearts perfused with 0.4 mM palmitate but subjected to
increasing workloads [2]. Under these conditions, a decrease
in mitochondrial acetyl-CoAl CoA ratio related to the
acceleration of TCA cycle [35] resulted in a concomitant
stimulation of 3-ketoacyl-CoA thiolase [12, 14] and a
disinhibition of camitine palmitoyltransferase I [43], thus
increasing long-chain fatty acid oxidation.
A different situation prevailed in severely hypertrophied

hearts used in this study [1]. In this model ofcardiac hyper
trophy, the oxidation oflong-chain fatty acids accounted for
72% of ATP produced but it remained decreased when
compared to control hearts (81%) despite the fact that high
concentrations (1.2 roM) of exogenous palmitate have been
used for the in vitro perfusions. In addition, the inhibition of
long-chain fatty acid oxidation persisted even at high work
loads [34]. This suggested that the increase in acetyl-CoA
demand by TCA cycle failed to reactivate fatty acid utilization
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as well as their contribution to ATP production. Since our
hearts were perfused in presence of both 1.2 roM palmitate
and II roM glucose (+ insulin), the interference of glucose
oxidation with fatty acid utilization [7, 41] could be con
sidered. It has been suggested that, in some experimental
conditions such as an excessive stimulation of glucose
oxidation by dichloroacetate [8,43], fatty acid oxidation may
be inhibited by extra acetyl-CoA produced by pyruvate
dehydrogenase complex. The acetyl-CoA produced in excess
may inhibit directly 3-ketoacyl-CoA thiolase [12, 14] and,
after having been exported out ofthe mitochondria, it can be
converted by cytosolic acetyl-CoA carboxylase to malonyl
CoA, an inhibitor ofovert carnitine palrnitoyltransferase [II,
36]. In this particular case, the stimulation of glucose
oxidation may account for a decrease in fatty acid oxidation
[8, 14]. Similar competition between fatty acid and glucose
oxidation was also described in severe camitine deficiencies
related to chronic administration ofsodium pivalate [41,42].
However, it should be noted that in mechanically over

loaded hearts, the decrease in palmitate oxidation was not
accompanied by any acceleration ofglucose oxidation [2, 3].
Rather, a moderate carnitine depletion observed in these
hearts resulted in a simultaneous inhibition of glucose and
fatty acid oxidation [2, 38]. In addition, as described in this
work, the impaired palmitate oxidation persisted even after
the isolation of the mitochondria from volume-overloaded
hearts. In these controlled conditions, we could eliminate any
interference from other substrates as well as the lack of
principal cofactors oflipidmetabolism.We also demonstrated
that, in contrast to palmitate, exogenous palmitoyl-CoA and
palmitoylcarnitine were oxidized at comparable rates in both
mitochondrial populations studied. At the same time, the
kinetic properties of palmitoyI-CoA synthase and carnitine
palmitoyltransferase I remained unchanged. These data
suggested that, although these enzymes are not believed as
kinetically coupled, an alteration of their functional co
operation [37] necessary for the oxidative utilization of the
in situ generated palmitoyl-CoA may be considered (Fig. 5).
The data presented in this work clearly demonstrate that,
in the mitochondria from volume-overloaded hearts, the
utilization of the in situ generated palmitoyl-CoA may be
inhibited by exogenous palmitate. However, we were unable
to determine whether this substrate inhibition of coupled
reaction was related to impaired transmembrane translocation
of the in situ generated palmitoyl-CoA [18] or to the altera
tions of its transfer from palmitoyl-CoA synthase to carnitine
palmitoyltransferase I [17,37]. Moreover, this inhibition does
not occur at low palmitate concentrations which raises a
question of the physiological significance of our data. In this
respect, the studies byVan derVusse [44] and Hunneman [45]
are ofinterest.According to these authors, tissue content offree
fatty acids can be estimated as 300 nmol/g dry weight. Ifwe
consider a homogenous intracellular distribution and the
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Fig. 5. Schematic representation ofrhe inreraction ofthe exogenous and the in situ generated palmitoyl-CoA with overt camitine palmitoyltransferase (CPT
I). The catalytic unit of this enzyme, inserted in the outer mitochondrial membrane, faces the intermembrane space [28). Its principal function is to promote
the transfer of long-chain fatty acyl groups from CoA to L-camitine (step 4). Its substrate (palmitoyl-CoA) may originate from an extramitochondrial pool,

e.g. palmitoyl-CoA/albumin complex (32), or it is generated in situ by palmitoyl-CoA synthase (step I). While the transmembrane transport ofthe exogenous

palrnitoyl-CoA relies on a spontaneous flip-flop (step 2'), the in situ generated palmitoyl-CoA is believed to be translocated [18] by palmitoyl-CoA synthase
(step 2) and then channeled [17, 37) to camitine palmitoyltransferase I via the outer membrane (step 3). Our data suggest that the kinetics of reactions 1 and
4 as well as the transmembrane transport of exogenous palmitoyl-CoA (step 2') are unchanged in the mitochondria from volume-overloaded hearts. In
contrast, the conversion ofextramitochondrial palmitate to palmitoylcamitine is significantly inhibited at palmitate concentrations exceeding I00 ~M. These
observations suggest that in the mitochondria from volume-overloaded hearts the functional links (steps 2 and 3) between palmitoyl-CoA synthase and
camitine palmi/oyltransferase [17, 37] are deteriorated.

intracellular water space as 2.25 mllgdry weight [21, 35], the
intracellular concentrations of long-chain fatty acids (130
150 gmollL) would be in the inhibitory range already at
physiological concentrations of circulating fatty acids (0.5
roM). During the perfusions with high palmitate concen
trations (1.2 mM), the prospective substrate inhibition of
coupled reaction may be amplified.
The mechanisms of impaired cooperation between palmi

toyl-CoA synthase and camitine palmitoyltransferase I which
reside on opposite sides ofthe outer mitochondrial membrane
[28] remain still to be elucidated. It has been suggested that,
at high concentrations, long-chain fatty acids and their CoA
esters may behave as detergent agents (45). This effect may
be amplified under pathological conditions that have been

shown to fragilize mitochondrial membranes (16]. This may
be the case ofchronic mechanical overload to the heart which
was shown to induce qualitative and quantitative alterations
in membrane phospholipides [15]. Such changes could
modify kinetic properties ofdifferent membrane-associated
enzymes [37] and, particularly, the functional cooperation
between palmitoyl-CoA synthase and camitine palmitoyl
transferase I [17, 37]. Furthermore, in volume-overloaded
hearts, the transmembrane channeling ofthe in situ generated
palmitoyl-CoA from palmitoyl-CoA synthase to camitine
palmitoyl-transferase I [17, 18, 37] may be further slowed
down by decreased tissue levels ofL-camitine (10).

It can be concluded that the impaired long-chain fatty acid
utilization occurring in severely hypertrophied hearts may be



related to subtle alterations of mitochondrial membranes
resulting in a breakdown of the functional links between
palmitoyl-CoA synthase and carnitine palmitoyltransferase
1. The cooperation between these two enzymes may be
particularly deteriorated by high concentrations ofcirculating
fatty acids and by decreased intracellular concentrations of
L-carnitine, conditions promoting long-chain acyl-CoA
accumulation in mitochondrial membranes.
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Effects ofphosphodiesterase inhibitors on glucose
utilization in isolated cardiac myocytes
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Abstract

The phosphodiesterase (POE) inhibitor, enoximone, enhances the oxidation offatty acids in cardiac myocytes. Since carbohydrate
oxidation is tightly coupled and inversely related in cardiac tissue to fatty acid oxidation, this study was designed to investigate
enoximone's effects on glucose metabolism in the heart. To determine ifenoximone alters this reciprocal relationship, the effects
of enoximone on [U-14C]glucose and [2_14C]pyruvate oxidation were determined in isolated cardiac myocytes. The effect of
POE inhibitors was also examined on pyruvate dehydrogenase complex (POH) activity, a key component ofoxidative glucose
metabolism. Two POE inhibitors, enoximone and milrinone, decreased POH activity by 69 and 64%, respectively at 0.5 mM.
This inhibition ofPOH activity by enoximone was completely reversed after removing enoximone from the myocyte medium.
POH activity was unaffected by agents which alter cyclic nucleotide signaling: cGMP, dibutyryl cyclic AMP, and AMP. The
effect of enoximone on [2_14C]pyruvate oxidation was similar to that on POH. Interestingly, the oxidation of glucose was
decreased 35% by 0.5 mM enoximone.In isolated rat heart mitochondria (RHM), enoximone decreased POH activity by 37%.
These studies suggest that POE inhibitors decrease carbohydrate utilization by inhibiting the POH complex in the heart. The
inhibition of POH by POE inhibitors appears umelated to their effects on cAMP or cGMP. This inhibition of POH by POE
inhibitors may occur, at least in part, secondary to stimulating fatty acid oxidation. (Mol Cell Biochem 180: 129-135, 1998)

Key words: pyruvate dehydrogenase complex, enoximone, glucose oxidation, phosphodiesterase inhibitors

Introduction

Rat heart contains four phosphodiesterase (POE) isoforms,
POE I, II, III and IV [I]. These isozymes exhibit different
affinities toward intracellular Ca2+ and the cyclic nucleotides
cAMP and cGMP [2]. Specific inhibitors of POE were
developed to increase cardiac contractile force theoretically
through their effects on intracellular Ca2+ and cyclic nucleo
tides [3-5]. Although the physiological effects of these
compounds are well established, their specific mechanism of
action remains unclear. Recently an effect ofPOE inhibitors
on cardiac substrate utilization has been reported [6-8].
Enoximone, a specific POE III inhibitor, increased fatty acid
oxidation in isolated cardiac myocytes [8]. Surprisingly,
enoximone exerts opposite effects on fatty acid oxidation in
isolated heart mitochondria. In contrast to myocytes, enoxi
mone inhibits palmitate oxidation by inactivating acyl-CoA

synthetase [9]. Nonetheless in intact myocytes, stimulation
of fatty acid oxidation remains the primary effect of enoxi
mone.
Although the stimulation offatty acid oxidation by enoxi

mone is well established in the heart, its effect on carbo
hydrate utilization has not been determined. A reciprocal
relationship between glucose and fatty acid utilization in
skeletal and cardiac muscle was proposed by Randle more
than three decades ago [10]. According to his hypothesis,
glucose utilization in these tissues is inversely related to the
rate offatty acid oxidation. It has been suggested that this is
due to inhibition of the pyruvate dehydrogenase complex
(POH) by end products of fatty acid ~-oxidation such as
acetyl-CoAand NAOH [11].In addition, increased fatty acid
oxidation leads to acceleration ofcitrate production from the
Citric Acid Cycle [12]. Citrate is an allosteric inhibitor ofthe
phosphofructokinase (PFK), a key enzyme in the glycolytic
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pathway. This will ultimately lead to a decrease in glucose
through this process (13).
This study was undertaken to determine ifPDE inhibitors
alter carbohydrate metabolism and if so, to investigate the
mechanism by which this process might occur in the heart.

Materials and methods

Animals

Male Sprague-Dawley rats, weighing 200-250 g, were
obtained from Charles River Laboratory (Raleigh, NC, USA).
Rats were allowed free access to standard diet and water ad
lib. The animal protocol was approved by Duke University's
Institutional Care and Animal Use Committee. Animals were
sacrificed by decapitation.

Materials

[U- 14C]-D-glucose, [1-14C]pyruvate, and [2_14C]pyruvate,
were purchased from New England Nuclear (Boston, MA,
USA). Sigma was the source ofbovine serum albumin (BSA,
essentially fatty acid free). Enoximone and milrinone were
a generous gift from Glaxo-Wellcome Inc. (RTP, NC). Joklik
essential medium was purchased from Gibco Laboratories
(NJ, USA). Collagenase type II was purchased from Worth
ington (NJ, USA).

Isolation ojmyocytes

Adult rat heart myocytes were isolated using the published
method ofFrangakisetal. [14]. Myocytes were isolated with
Joklik essential medium containing 5.55 mM glucose, 25 mM
NaHCO

J
, 1.2 mM MgCI

2
and 0.5 mM CaClr The viability

of myocytes isolated by this procedure was 80-90% as
determined by trypan blue exclusion.

Metabolic studies using myocytes

Myocytes (2 mg cell protein) suspended in 0.9 ml of Joklik
medium, containing 25 mM NaHCO

J
, 5.55 mM glucose, 1.2

mM MgCI2, 0.5 mM CaCI2and 10 mM HEPES (pH 7.4),
were placed in a 25ml Erlenmeyer flask. Cells were pre
incubated with the desired concentrations of enoximone or
milrinone for 10 min at 37°C. To this cell suspension was
added 0.1 ml ofa single labeled metabolic substrate yielding
a final concentration of2 mM [1-14C]pyruvate (2 x I()5 dpm),
2 mM [2_ 14C]pyruvate (2 xlO5 dpm ], or 5.55 mM [U_14C]
D-glucose ( 2 x 105 dpm). Some of these studies were
performed in presence of 0.2 mM palmitate in the medium.

Non-labeled palmitate (20 JlI) was added to cell suspension
prior to the addition of the radiolabeled substrate. The
Erlenmeyer flask was then closed with a rubber septum
containing a plastic center well. The incubation was con
tinued during shaking at 37°C for 30min. An injection of0.4
ml of I M hyamine hydroxide was administered through the
septum into the center wells to absorb the released CO2, and
the reaction was terminated by injecting 0.4 ml of 7%
perchloric acid through the septum into the incubation
medium. The flasks were then shaken continuously for 2 h
at 37°C, at which time the plastic center well was removed,
placed into a scintillation vial containing 10ml ofScinti Verse
BD, and counted in a liquid scintillation counter. Control
experiments with NaH I4CO

J
added to the cell suspension

showed that the release of 14C02 was complete I h after the
addition of perchloric acid.
Stock solutions ofsubstrates were prepared by dissolving

glucose or pyruvate in a myocyte suspension buffer and by
dissolving palmitic acid in a solution of defatted serum
albumin in the cell suspension buffer. The molar ratio of
palmitate to albumin was 2: I.

Isolation oJrat heart mitochondria

Rat heart mitochondria were isolated by the procedure of
Chappel and Hansford [15]. The isolation buffer contained
0.21 Mmannitol, 0.07 M sucrose, 5 mM Tris-HCl (pH 7.4),
and I mM EGTA.

Determination oJthe PDH activity in rat heart
mitochondria

These studies were performed in a reaction mixture contained
in a final volume of 1.0 ml, 50 mM Tris-HCl (pH 7.4); 120
mM KCI; and 0.5 mM EDTA-~ (pH 7.4), 2 mM KP

i
, and

0.1 mg/ml BSA, and 2 mM [l_14C]pyruvate were placed in a
25-ml Erlenmeyer flask. Substrate oxidation was initiated by
the addition ofrat heart mitochondria (0.5--1 mg) which were
preincubated with enoximone or without (control) for 10 min
at room temperature. The PDH activity in mitochondria was
determined by measuring the release of t4C02from 2mM [1
14C]pyruvate.
Protein concentration was determined by the Bio-Rad
protein assay (Bio-Rad, Richmond, VA).

Analysis ojacetylcarnitine by tandem mass spectrometry

Myocytes (2 mg cell protein) suspended in 0.9 ml of Joklik
medium, containing 25 mMNaHCO

J
, 5.55 mM glucose, 1.2

mM MgCI2, and 0.5 mM CaCl2were preincubated with L
camitine (5 mM), or L-carnitine plus enoximone (0.5 mM)
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Fig. I. Effect of increased concentrations ofphosphodiesterase inhibitors
on the POH activity in isolated cardiac myocytes. These experiments were
performed in presence of 0.2 mM palmitate in the incubation medium.
Values are the mean ± S.D. of four separate experiments performed in
triplicate.• ' #, •• ' ##, and ••• ' ###, Indicate a p < 0.05, 0.01, and 0.001
of enoximone and millrinone vs control.

2. PDH activity was assayed in presence of different con
centrations ofpyruvate (0.04-5 mM) to determine the degree
of inhibition was altered by the presence ofexogenous PDH
substrate. At the lower pyruvate concentrations (0.04-0.2
mM), enoximone decreased PDH activity approximately by
70%; whereas, PDH activity was decreased by 60% and 35%
at2 and 5mM pyruvate, respectively. At no concentration was
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for 10 min at 37°C. Myocytes were then incubated for an
additional 30 min at 37°C after the addition of2 mM pyruvate
and 0.2 mM palmitate. At the end of this period, cell sus
pensions were centrifuged for 2 min. To 0.1 ml aliquots of
the supernatant, 20 pmol of [2H)]acetylcarnitine was added
as internal standard. The mixture was extracted with 0.8 ml
methanol, centrifuged and clear supernatant was dried under
nitrogen and immediately prepared for analysis of acetyl
carnitine. The dried aliquots containing acetylcarnitine were
incubated with I00 ~I of3 M HCI in n-methanol at 50°C for
15 min in a capped I ml glass vial. The esterifying agent was
removed by evaporation under nitrogen and the derivatized
sample was dissolved in 50 ~I ofmethanol: glycerol (I: I; vi
v) containing 1% octyl sodium sulfate (matrix).AQUATTRO
tandem quadrupole mass spectrometer (Fisons-VG In
struments, Danvers, MA) equipped with a liquid secondary
ionization source and a cesium ion gun was used for the
analysis ofacetylcarnitine. This method ofanalysis is based
on the detection ofa common fragment ion ofacetylcarnitine
methyl esters produced by collision-induced dissociation as
previously described byMillington et al. [16]. Approximately
2 ~I of sample matrix was analyzed and the data recorded
and processed as previously described. The final spectra
displayed the relative intensities ofions corresponding to the
molecular weights of the individual acylcarnitine methyl
esters. The concentrations of acetylcarnitine corresponding
to rn/z 218 were determined based on their intensities relative
to the internal standard, labeled acetylcarnitine, which
corresponds to rn/z 221.

Statistical analysis

Pyruvate Concentration (mM)

Fig. 2. The effect ofenoximone on the POH activity in presence of varied
concentrations of pyruvate in cardiac myocytes. Values are the mean ±
SO of four separate experiments performed in triplicate. 'Indicate a p <
0.05 of enoximone vs control.
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Results

Figure I shows the effect of increased concentrations of
phosphodiesterase inhibitors on pyruvate dehydrogenase
activity (PDH) as measured by quantifying the release of
14C02 from [1-'4C]pyruvate in isolated cardiac myocytes.
Enoximone and milrinone decreased PDH activity in a
concentration-dependent manner. The maximal inhibition of
PDH with increasing the concentrations of enoximone and
milrinone was similar so that at 0.5 mM, decreased PDH
activity by 69 and 64%, respectively.
The effect of 0.5 mM enoximone on PDH activity in

presence ofvaried concentrations ofpyruvate is shown in Fig.

Data are presented as the mean ± S.D. of four separate
experiments. Statistical significance was determined by using
an unpaired t-test and analysis of variance. Neuman-Keuls
analysis was used to determine statistical difference between
groups ( p < 0.05 was considered significant).
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Fig. 5. The effect of cAMP, cOMP, and AMP on PDH activity in
permeabilized cardiac myocytes. Cells were permeabilized with 5 11M
digitonin. Values are the mean ± S.D. of four separate experiments
performed in triplicate.

0.50.250.10.05

Enoximone (mM)

Fig. 3. The mechanism ofinhihition ofthe PDH hy enoximone in cardiac
myocytes. Myocytes were preincuhatedwith enoximone for 15 min at 37°C,
then the medium was replaced with enoximone-free medium and the PDH
activity was assayed in these cells. Values are the mean ± S.D. of four
separate experiments performed in triplicate.

Incubation Time (Min)

Fig. 4. The effect of enoximone on the oxidation of glucose in cardiac
myocytes. For more experimental details see section under Materials and
methods. Values are the mean ± S.D. offour separate experiments performed
in triplicate. 'Indicate a p < 0.05 of enoximone vs control.

excess pyruvate able to overcome the effect of enoximone on
PDH activity.
Figure 3 depicts the reversibility ofPDH complex inhibition

after enoximone exposure in isolated cardiac myocytes. Cells
were preincubatedwith 0.5mM enoximone for 15 minat 37°C,
then the medium was removed and cells were washed twice
and incubated with enoximone-free medium and PDH activity
was determined. As shown in Fig. 3, the inhibition of PDH

Enoximone (mM)

0.05 0.1 0.25 0.5 Fig. 6. The effect of enoximone on the oxidation of [2- 14C]pyruvate in
isolated cardiac myocytes. For more experimental details see section under
Materials and methods. Values are the mean ± S.D. of four separate
experiments performed in triplicate. 'Indicate a p < 0.05 ofenoximone vs.
control.

activity was completely reversed when enoximone was
removed from incubation medium.
The effect ofenoximone on [U-I4C]glucose oxidation which

reflects glucose utilization beyond the PDH step is shown in Fig.
4. Glucose oxidation was significantly decreased (25-35%) by
enoximone at 0.1-0.5 mM. However, the decrease in glucose
oxidation by enoximone was much less than that ofPDH.
Figure 5 shows the effect of cAMP, cGMP, or AMP on

PDH activity in permeabilized myocytes. This experiment
was designed to determine if the decrease in PDH activity
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Fig. 8. The effect ofenoximone on the efflux ofacetylcamitine in cardiac
myocytes. For more experimental details see section under Materials and
methods. Values are the mean ± S.D. of four separate experiments. ·Indicate

a p < 0.05 of enoximone vs. control.
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Fig. 7. The effect of enoximone on "CO, release from [I-"C]- and [2
"C]pyruvate in presence and absence of fatty acids. For more experimental
details sec section under Materials and methods. Values are the mean ±

S.D. of fOUf separate experiments. ·Indicate a p < 0.05 of the effect of
palm, enox, enox + palm vs control; #Indicate a p < 0.05 of the effect of
enox + palm vs. cont + palm or cont + enox.

by enoximone was mimicked by cyclic nucleotides. After
permeabilization ofmyocytes with 5 j.t.M digitonin, cAMP
(50 j.t.M), cGMP (50 j.t.M), or AMP (50 j.t.M) had no effect
on PDH activity.
The effect ofenoximone on [2_14C]pyruvate oxidation in
isolated myocytes is shown in Fig. 6. The oxidation of [2
14C]pyruvate is an index of pyruvate-derived acetyl-CoA
oxidation through the Krebs cycle. The oxidation of [2
14C]pyruvate was decreased 60% in the presence of0.5 mM
enoximone similar to the effect seen on PDH.
The effect of enoximone in presence of exogenous pal
mitate on the PDH activity (Fig. 7a) and subsequent oxi
dation of acetyl-CoA through the Krebs cycle in isolated
cardiac myocytes is shown in Fig. 7b. As demonstrated,
exogenous palmitate had no effect on the PDH activity, but
significantly decreased the acetyl-CoA flux through the

Fig. 9. The effect of enoximone on the PDH activity in isolated rat heart
mitochondria. For more experimental details see section under Materials
and methods. Values are the mean ± S.D. of four separate experiments.
·Indicate a p < 0.05 of enoximone vs. control.

Krebs cycle in presence and absence of enoximone.
Figure 8 shows the effect ofenoximone on acetylcamitine

efflux in isolated cardiac myocytes. The rate of acetyl
camitine accumulation in the medium is an index of the
mitochondrial acetyl-CoA level which is derived from
pyruvate metabolism. The rate of acetylcamitine accumu
lation in the absence of pyruvate is negligible (data not
shown). Enoximone at 0.5 mM significantly decreased
pyruvate-derived acetylcamitine by 50%.
Figure 9 shows the effect of enoximone on PDH activity

in isolated rat heart mitochondria (RHM). PDH activity was
significantly decreased by 0.25 and 0.5 mM enoximone.
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However, the inhibition of PDH in mitochondria was less
than in isolated intact myocytes (36 vs. 69%). Also, the
inhibition of PDH in mitochondria in absence of octanoate
was much higher than in presence of octanoate (0.2 mM).

Discussion

Previous studies from this laboratory have demonstrated that
the phosphodiesterase inhibitor, enoximone stimulates fatty
acid (palmitate) oxidation in isolated cardiac myocytes [6
8]. According to Randle's hypothesis, 'the glucose-fatty acid
cycle,' glucose utilization should be decreased secondary to
stimulation of fatty acid oxidation in skeletal and cardiac
tissues [11]. Findings from the present study are consistent
with this hypothesis, in that glucose oxidation and PDH
activity are decreased by enoximone. The data are consistent
with the idea that inhibition of PDH activity by enoximone
occurs secondary to increased fatty acid utilization whereby
end products offatty acid ~-oxidationsuch as acetyl-CoA and
NADH feedback to inhibit PDH. These compounds have
been previously shown to decrease PDH activity in cardiac
tissue [17]. However, the possibility of inhibiting the PDH
complex by the end product of carbohydrate metabolism
(acetyl-CoA) cannot be eliminated. The acetyl-CoA produced
from ~-oxidation is tightly coupled to the Krebs cycle in the
heart [18]. Thus, its increase, by enoximone, would likely
decrease carbohydrate-generated acetyl-CoA oxidation
through the Krebs cycle. This effect would then lead to the
accumulation of carbohydrate generated acetyl-CoA and
hence a decrease in PDH activity. The further decrease of
acetyl-CoA produced from pyruvate through the Krebs cycle
in presence ofexogenous palmitate in isolated myocytes and
the further decrease in PDH activity in presence ofoctanoate
in isolated rat heart mitochondria supports this hypothesis.
However, the data demonstrating that exogenous palmitate
had no effect on the PDH activity in isolated myocytes
suggests that in the intact heart the situation may be more
complex, perhaps reflecting the effect ofenoximone on both
exogenous and endogenous fatty acid oxidation.
The reversal of the enoximone-induced inhibition ofPDH

after removal of this compound from incubation medium
suggests that the inhibition ofthe PDH activity by enoximone
occurs by end-product inhibition rather than by post
translational modification (or covalent modification of the
PDH) of the complex. It should be also noted that inhibition
of PDH by enoximone can not be fully accounted for by its
effect on fatty acid oxidation because PDH activity is still
decreased, albeit to a lesser degree, by enoximone when
palmitate is removed from the incubation medium. However,
it is possible that the decreased PDH activity seen in the
absence ofpalmitate reflects oxidation of endogenous fatty

acids produced within the heart from endogenous triacyl
glycerols. In theory these endogenous fatty acids could
maximally regulate the PDH in intact myocytes. Indeed, fatty
acids derived from endogenous stores can account for 50%
of the energy requirements in the isolated working heart in
the absence of exogenous fatty acids [19, 20]. In this study,
the similar pattem of inhibition of acetyl-CoA flux through
the Krebs cycle and the PDH inhibition by enoximone
suggests that PDH is the primary inhibitory target ofenoxi
mone. This is supported by the observation of decreased
acetylcarnitine flux by enoximone in this study. Acetyl
carnitine is produced from mitochondrial acetyl-CoA by
camitine:acetylcamitine transferase [21]. A recent study from
this laboratory revealed that the acetyl-CoA produced from
pyruvate metabolism is much more accessible to mito
chondrial L-camitine than ~-oxidation-derivedacetyl-CoA
[22].
Another interesting finding from the present study is that

the accumulation ofacetylcamitine in the medium when cells
preincubated with L-camitine and pyruvate reflected pyru
vate flux through the PDH. Data from this study showed that
the inhibition of pyruvate flux through the PDH by enoxi
mone was paralleled to the decrease of acetylcarnitine
accumulation in the medium. Since these experiments were
performed in presence of high concentration of L-camitine
and only a single metabolic substrate, further studies are
needed to determine if this correlation is valid under all
physiological conditions. The pyruvate dehydrogenase
enzyme (PDH) is a key enzyme for oxidative carbohydrate
metabolism and plays important role in controlling carbo
hydrate-fatty acid cross talk in the myocardium [23]. It is of
great significance to have a simple non-invasive assay to
measure the enzyme activity.
Findings from this study and other studies indicate that

enoximone shifts cardiac metabolism in favor of fatty acids
[7-9]. Recently it has been shown that agents such as
dichloroacetate (DCA), and fatty acid oxidation inhibitors
which shift cardiac metabolism in favor of carbohydrate
protect the myocardium against ischemic injury [24-27].
These agents reduce toxic intermediates of fatty acid oxi
dation and/or enhance anaerobic glycolysis during ischemia.
Therefore, further studies are needed to evaluate effects PDE
inhibitors in ischemic heart diseases.
The lack of inhibition of the PDH activity by cAMP or

cGMP suggests that enoximone is not acting through its role
on these second messengers. This is consistent with the recent
study by Kelso et al. [28] and the study by Katano and Endoh
[29] which demonstrated that PDE III inhibitors such as
enoximone and milrinone at 0.5 roM, the same concentration
used in this study, did not increase intracellular cAMP in
isolated cardiac myocytes [28, 29]. Furthermore, the
inhibition of the PDH activity in isolated rat heart



mitochondria in this study suggests that this effect occurs
independent of cyclic nucleotides produced in the cytosol.
In conclusion, we report the inhibition ofthe PDH activity

and glucose utilization by enoximone in cardiac myocytes.
This process appears to be independent of enoximone's
cAMP regulatory effect and it occurs, at least in part,
secondary to stimulating fatty acid oxidation in the heart.
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cardioplegia in moderately hypertrophied rats
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Abstract

It is well established that severe hypertrophy induces metabolic and structural changes in the heart which result in enhanced
susceptibility to ischemic damage during cardioplegic arrest while much less is known about the effect of cardioplegic arrest
on moderately hypertrophied hearts. The aim ofthis study was to elucidate the differences in myocardial high energy phosphate
metabolism and in functional recovery after cardioplegic arrest and ischemia in mildly hypertrophied hearts, before any metabolic
alterations could be shown under baseline conditions.
Cardiac hypertrophy was induced in rats by constriction of the abdominal aorta resulting in 20% increase in heart weight!

body weight ratio (hypertrophy group) while sham operated animals served as control. In both groups, isolated hearts were
perfused under norrnoxic conditions for 40 min followed by infusion ofSt.Thomas' Hospital No. I cardioplegia and 90 min
ischemia at 25°C with infusions of cardioplegia every 30 min. The changes in ATP, phosphocreatine (PCr) and inorganic
phosphate (Pi) were followed by 31p nuclear magnetic resonance (NMR) spectroscopy. Systolic and diastolic function was
assessed with an intraventricular balloon before and after ischemia.
Baseline concentrations of per, ATP and Pi as well as coronary flow and cardiac function were not different between the

two groups. However, after cardioplegic arrest PCr concentration increased to 61.8 ± 4.9llmol/g dry wt in the control group
and to 46.3 ± 2.8 Jlffiol/g in hypertrophied hearts. Subsequently PCr, pH and ATP decreased gradually, concomitant with an
accumulation ofPi in both groups. PCr was transiently restored during each infusion ofcardioplegic solution while Pi decreased.
PCr decreased faster after cardioplegic infusions in hypertrophied hearts. The most significant difference was observed during
reperfusion: PCr recovered to its pre-ischemic levels within 2 min following restoration of coronary flow in the control group
while similar recovery was observed after 4 min in the hypertrophied hearts. A greater deterioration of diastolic function was
observed in hypertrophied hearts.
Moderate hypertrophy, despite absence ofmetabolic changes under baseline conditions could lead to enhanced functional

deterioration after cardioplegic arrest and ischemia. Impaired energy metabolism resulting in accelerated high energy phosphate
depletion during ischemia and delayed recovery ofenergy equilibrium after cardioplegic arrest observed in hypertrophied hearts
could be one of the underlying mechanisms. (Mol Cell Biochem 180: 137-143,1998)

Key words: myocardial protection, hypertrophy, phosphocreatine, cardioplegia

Introduction

Hypertrophy produces a number ofmorphological, metabolic
and physiological changes in the heart which could result in
increased susceptibility to ischemic damage [1-5]. Among

these modifications the most important are: decrease in
capillary density, cell enlargement, increase in both extra
cellular (collagen) and intracellular protein synthesis,
decreased phosphocreatine content as well as increased
glycolytic capacity, altered calcium handling and contraction-
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Address for offprints: M.H. Yacoub, Department of Cardiothoracic Surgery, National Heart and Lung Institute, Harefield Hospital, Harefield, Middlesex
UB96JH, UK
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relaxation coupling [3, 6-10]. Enhanced susceptibility to
ischemic damage is thought to be related to the functional
and/or anatomic alterations of the coronary vascular bed
rather than to changes in high energy phosphate concen
trations [II] but other studies demonstrate accelerated
turnover of high energy phosphates in the hypertrophied
hearts [5] which indicate that high energy phosphate meta
bolism could be involved.
Maintenance of an adequate balance in high energy

phosphate metabolism plays an important role in cardio
protection during cardiac surgery [12]. However, studies
related to this subject have been limited typically to starting
and final time points due to limitation of destructive ex
traction procedures prior to metabolic analysis. Nuclear
magnetic resonance spectroscopy (NMR) offers the advan
tage of sequential non-invasive evaluation of metabolic
changes, allowing one to follow not only the final metabolic
status but also dynamic changes throughout the experiment
[13, 14]. The profile of metabolic changes in the ischemic
heart following repeated infusions of cardioplegic solution
and the role ofthese changes in mechanical recovery has not
been well characterized under pathological conditions such
as various degrees of cardiac hypertrophy.
In this study we evaluated the effect of mild cardiac

hypertrophy on the changes in phosphocreatine, ATP, in
organic phosphate content and pH throughout a cardioplegic
arrest/ischemia/reperfusion experimental protocol. In ad
dition to metabolic status, mechanical recovery of systolic
and diastolic function was evaluated in the same hearts.

anaesthesia, the abdominal cavity was opened and a suture
was placed around the abdominal aorta between left and right
renal arteries. To maintain a constant diameter of the con
striction, a 0.8 mm blunt needle was placed inside the band
at the time of tightening which was withdrawn thereafter.
Sham operated animals (n = 10) were subjected to a similar
procedure without constriction of the aorta. Animals were
maintained for 6 weeks after surgery before commencing the
experiments. Details of the morphological changes induced
by aortic banding are given in Table I. All hearts in the
hypertrophied group were excluded ifheart dryweight (mg)/
body weight (g) ratio was below 0.6 or above 0.8.

Heart perfusion

Rats were anaesthetized with pentobarbital (60 mglkg body
weight) and heparinized with 200 IV sodium heparin via the
femoral vein. The hearts were rapidly excised, placed in ice
cold perfusion buffer, immediately attached to a Langendorff
perfusion system and perfused with filtered (0.45 Jlm pore
size) Krebs-Henseleit buffer solution at a constant pressure
of85 mmHg at 37°C as described previously [16]. The buffer
solution contained: 118 roM NaCI, 4.7 roM KCI, 1.2 MgS0

4
,

1.2 roM KHl04, 24 roM NaHC03, 11 roM glucose, 1.4 roM
CaClz and was continuously gassed with a 95%O/5%COz
mixture.

Functional assessment

Table I. Heart weight in relation to body weight after aortic banding

Values represent the mean ± S.E.M.. *p < 0.05, **p < 0.001 vs. control.

Animals and aortic banding procedure

Materials and methods

31P NMR and other metabolic determinations

Assessment of mechanical function was performed using a
balloon catheter inserted into the left ventricle to determine
systolic pressure and end-diastolic pressure - volume re
lations [17]. The balloon was inflated with differing volumes
of water in 25 JlI steps from 0-150 Jll. Left ventricular
systolic pressure (LVSP) and left ventricular end-diastolic
pressure (LVEDP) were recorded at each loading of the
balloon. Coronary flow was measured by timed collection of
the coronary effluent.

The changes in myocardialATP, phosphocreatine (PCr) and
intracellular inorganic phosphate (Pi) were followed using 31P
NMR (Bruker AMX-400 wide bore vertical system, 31p
frequency 161.9 MHz). Fully relaxed spectra were acquired
at 20 min ofnormoxic perfusion (36 scans, 90° angle and 15
sec interpulse delay). Subsequently, saturated spectra (86 or
240 scans, 60° angle, I sec interpulse delay) were collected
throughout the experiment. An initial ATP concentration of
23 Jlmol/g dry wt, as measured by high-performance liquid

Control

559 ± 12
309 ± 9
0.552 ± 0.013

498* ± 21
341 ± 20

0.683" ± 0.021

Aortic banded

Weight of rat (g)
Dry weight of heart (mg)
Heart wtlbody wt ratio (mg/g)

All animals received humane care in compliance with the
'Guide for the Care and Use of Laboratory Animals' pub
lished by the National Institutes ofHealth (NIH publication
no. 85-23, revised 1985), and the European Convention on
Animal Care. Male Wistar rats weighing 200-250 g were
subjected to constriction ofthe abdominal aorta according to
a modified procedure previously described [15]. Briefly, in
the hypertrophied group (n = 8) following induction of



chromatography (HPLC) in both normal (n =5) and hyper
trophied (n = 3) hearts, was taken for calibration ofthe NMR
data. Calculations of the concentrations in the saturated
spectra were corrected using saturation factors obtained from
repeated fully relaxed and saturated spectra acquired during
baseline conditions. Differences in the saturation factor
obtained at 37°C and 25°C were found to be less than 5% in
the solution of ATP, PCr and inorganic phosphate with
intracellular concentrations ofinorganic ions. Intracellular pH
was calculated from the shift of intracellular inorganic
phosphate peak in relation to PCr position.
Tissue extracts for HPLC analysis were prepared from
freeze-dried hearts using 0.6 M perchloric acid (25 ~l/mg dry
tissue). The extracts were then centrifuged (13 000 g for 3
min at 4°C) and the supernatant was neutralized with 2 M
KOH. Analysis of nucleotides, nucleosides and bases was
performed using a reversed-phase high performance liquid
chromatography method (HPLC) described previously [18].
The equipment used was a Merck-Hitachi chromatograph.

Experimental protocol

The experimental protocol is shown in Fig. I. After an initial
40 min of normoxic perfusion required for optimization of
the magnet and collection of initial spectra, baseline left
ventricular function was evaluated using a balloon catheter
as described before. Subsequently, hearts were arrested by
infusion of St. Thomas' Hospital cardioplegic solution No.
1 (Martindale Pharmaceuticals, UK) at a constant pressure
of 70 mmHg at 25°C for 4 min. Hearts immersed in cardio
plegic solution were maintained at 25°C with the aid of the
temperature control unit of the NMR probe. Cardioplegic
fluid infusion was repeated every 30 min. After a total of90
min ofcardioplegic arrest, hearts were reperfused with Krebs
buffer at 37°C. After 40 min of reperfusion, mechanical
function was evaluated. At the end ofthe perfusion protocol,
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hearts were freeze-clamped for analysis of nucleotide con
centrations. Five additional normal hearts and three hyper
trophied hearts were freeze-clamped after 20 min ofnormoxic
perfusion without ischemia to determine initial metabolite
concentrations.

Statistics

All values are presented as means plus standard error of the
mean (S.E.M.). Statistical comparison between the control
and hypertrophied group of the metabolic NMR data and
mechanical function parameters was performed using un
paired Student's t-testwith Bonferroni correction for repeated
measures [19]. Coronary flow data were analysed using two
way analysis of variance (ANOYA) and mophological
changes induced by hypertrophy were compared using
unpaired Student's t-test.A value ofp <0.05 was considered
as a significant difference.

Results

The changes ofphosphate metabolite concentrations through
out the protocol in the control and hypertrophied groups are
presented in Fig. 2. In controls there was an initial increase
of30% in PCr concentration and a total depletion ofPi during
the first infusion of cardioplegic fluid. After the infusion,
there was a gradual decrease in PCr concomitant with
accumulation of Pi. Subsequently, PCr was rapidly restored
after each infusion ofcardioplegic solution while the Pi signal
completely disappeared. However, depletion of PCr was
more rapid after the second and the third infusions and
increases in Pi during the ischemic intervals were more
pronounced.ATPconcentration gradually decreased through
out cardioplegic arrest.
The initial values of PCr, ATP and Pi in hypertrophied
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± S.E.M. *p < 0.05 vs. control.

hearts were similar to the control group. The profile of
metabolic changes throughout the experiment was also
generally similar to the control group. However, several
important differences were observed. The increase in PCr
during the first cardioplegic infusion was slightly smaller than
in control hearts, the decrease of PCr concentration after
cardioplegic infusion was faster and, especially, the recovery
ofPCr after ischemia was delayed in hypertrophied hearts.
Table 2 shows coronary flow in hypertrophied and control

hearts before reperfusion and at different times during
reperfusion. No significant differences were observed,

although coronary flow was slightly lower in hypertrophied
hearts after 15 min of reperfusion. Table 3 represents nucleo
tide concentrations in the control and hypertrophied hearts,
evaluated by HPLC at the end of the protocols. There were
no significant differences between the two groups.
Figures 3A and 3B represent the relationship between peak

systolic (LVSP) and end diastolic (LVEDP) pressures vs.
intraventricular balloon volumes. Before ischemia there was
a tendency for higher values ofLVSP in hypertrophied hearts.
Similarly, the LVEDP curve tended to increase more steeply

Table 2. Coronary flow in hypertrophied and control hearts before ischemia
and at different time of reperfusion

Aortic banded Control
ml/min/g dry wt

Table 3. Adenine nucleotide content evaluated in freeze-clamped hearts
at the end of experiment by HPLC

Before ischemia
20 min reperfusion
40 min reperfusion

51.3± 2.9
36.4±2.1*
34.5± 2.0*

56.6± 3.3
44.9± 3.3
39.3 ± 3.8*

ATP
ADP
AMP
NAD

Aortic banded
llmollgdry wt

11.79± 1.04
4.00± 0.32
0.75± 0.11
5.08± 0.75

Control

11.56 ± 1.01
3.53 ± 0.32
0.69 ± 0.17
5.07 ± 0.61

Values represents the mean ± S.E.M. *p < 0.05 vs. before ischemia. Values represents the mean ± S.E.M.
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175,----------------., after cardioplegic infusion and especially delayed recovery
of PCr concentration during reperfusion was shown, which
could play an important role in impaired recovery ofdiastolic
function in the hypertrophied hearts.
Slight reduction in PCr concentration after cardioplegic

infusion in the hypertrophied hearts studied here may be
related to emerging depletion of the creatine pool. Decrease
in the creatine metabolites resulting in lower PCr levels has
been repeatedly reported in different models of hypertrophy
[3,20] including hypertrophied human hearts [21]. However,
there are several reports showing that hypertrophy has no
effect on PCr or creatine pool [22-24]. Substantial transmural
gradients in high energy phosphate concentrations may
contribute to the discrepancies in these data [5]. Our results
demonstrated no significant difference in baseline PCr
concentration in the hypertrophied heart which may be related
to the relatively low degree of hypertrophy we studied.
Differences in PCr concentrations could also be related to the
perfusion conditions since variations in the perfusion pressure
are known to affect the function and metabolic status of the
hypertrophied heart to a much greater extent than in the
normal heart [2]. We used relatively high perfusion pressures
which could minimize the differences under baseline condit
ions. A smaller increase in PCr concentration after cardio
plegic infusion indicate that energy reserves in the form of
high energy phosphate bonds before ischemia were lower in
hypertrophied hearts. This in tum could lead to accelerated
and more pronounced deterioration of all energy dependent
metabolic processes during ischemia.
The lower rate of PCr restoration after ischemia is par
ticularly interesting and implies that either pathways ofhigh
energy phosphate generation are impaired in hypertrophied
hearts or there is increased energy utilization. Since there is
evidence that the glycolytic pathway is accelerated in
hypertrophy [7], a lower capacity for mitochondrial oxidative
phosphorylation is a more likely explanation. Alterations in
structure and metabolism ofmitochondria or decrease oftheir
numbers, as well as increased oxygen diffusion distances due
to decreased capillary density, decreased cell surface/cell
volume ratio or increased extracellular matrix could be
observed in hypertrophy [6, 25, 26] and may contribute to
the impaired PCr recovery. However, these morphological
changes may not be sufficient in mildly hypertrophied hearts
we studied to cause such a prominent difference in the rate
ofmetabolic recovery. Consequently other factors at the level
ofregulation ofmitochondrial function could also contribute
to this phenomenon. The alteration in energy metabolism in
the hypertrophied hearts highlighted in this study correlated
with impaired diastolic function. This is in agreement with
previous studies which showed that myocardial relaxation is
an active process which depends on intact high energy
phosphate metabolism [27, 28].

An important potential problem associated with this study

-0- CONTROl.· PREISCHEMIC

. D-- HYPERTROPHY - PRElSCHEIIIC

....- CONTROl.· POSTISCHEMIC

·~-~"~I

ft 1

B

40

10

..
:I: 30e
5
=-
~ 20
:>
...l

Discussion

.. 125

:I:
e
5 100

=-<Il
:>
...l 75

50,-------------------.

Fig. 3. Mechanical function before and after cardioplegic arrest and
ischemia. (A) Relation of left ventricular systolic pressure (LVSP) and (B)
relation of left ventricular end diastolic pressure (LVEDP) vs. balloon
volume before ischemia and after 40 min ofreperfusion. Values represents
the mean ± S.E.M. *p < 0.05 vs. control.

A -0- CONTROl.· PREISCHEMlC

G-' HYPERTROPHY - PREISCHEIlIC
150 ....- CONTROl.· POSTISCHEMlC

..•... HYPERTROPHY· PQSTISCHEMlC

0'---'---'---'---'--_'--_'-----'
o ~ 50 ~ 100 1~ 150 1~

BALLOON VOLUME (ilL)

50

in this group.After ischemia and 40 min ofreperfusion, there
was a greater degree of functional deterioration in hyper
trophied hearts. Although there was no change of the systolic
function represented by the LVSP curve, the diastolic
function (LVEDP) in the hypertrophied hearts had deteri
orated to a significantly greater extent than in controls.

This study demonstrates that even moderate hypertrophy
which does not induce metabolic changes under baseline
conditions could affect high energy phosphate metabolism
and its response to cardioplegic arrest and ischemia. In the
hypertrophied hearts, faster decrease in PCr during ischemia
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is that cardiac hypertrophy may induce an increase in vascular
resistance. Increasing perfusion pressure in the hypertrophied
hearts has been normally used to overcome this problem [29].
However, we have recently shown that perfusion and admini
stration of cardioplegia at elevated pressures may induce
endothelial damage [30]. To avoid differences in endothelial
dysfunction caused by perfusion under different pressures,
hearts in both groups were perfused at similar but elevated
pressures so that baseline coronary flow expressed in relation
to heart weight was not different between the groups.
Furthermore, similar perlATP ratio under baseline conditions
indicate that hearts in both groups were adequately oxygen
ated.
This study has identified severe abnormalities of high

energy phosphate metabolism in mildly hypertrophied hearts
following cardioplegic arrest and ischemia which were
demonstrated in the absence of metabolic changes under
baseline conditions. This impairment of energy metabolism
was associated with altered diastolic function.
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Abstract

Previously, we have demonstrated the role of nucleoside transport and purine release in post-ischemic reperfusion injury
(myocardial stunning) in several canine models of ischemia. Since rabbits are deficient of xanthine oxidase, it is not known
whether selective blockade of purine release is beneficial in a rabbit model of coronary artery occlusion and reperfusion
(stunning). Therefore, we determined the hemodynamic and metabolic correlates in response to myocardial stunning in the
presence or absence of selective nucleoside transport blocker (p-nitrobenzylthioinosine, NBMPR) and adenosine deaminase
inhibitor (erythro-9-(2-hydroxy-3-nonyl)adenine, EHNA).
Sixty adult anaesthetized rabbits were surgically prepared for hemodynamic measurements. After stabilization period, the

left anterior descending coronary artery was occluded for 15 min and reperfused for 30 min. Transmural myocardial biopsies
were obtained from the ischemic LAD area and from the non-ischemic posterior (circumflex, CFX) segment of the
myocardium.
Rabbits (n =60) were randomly assigned to either the control or the EHNAlNBMPR-treated group (n =30 each). Each
group was further divided to either functional or metabolic groups (n =15 each subgroup). Each animal received intravenously
30 ml of either a vehicle solution or 100 M EHNA and 25 M NBMPR 10 min before ischemia.
Although administration of EHNAlNBMPR did not affect the heart rate, it did cause mild hypotension (about 20-30%).
Fifteen minutes of LAD occlusion resulted in significant ATP depletion and concomitant accumulation of nucleosides in
both groups (P <0.05 vs. baseline and non-ischemic CFX segment). AMP was higher in the LAD compared to the CFX segment.
Significant accumulation of adenosine was observed in the treated group compared to the control group.

It is concluded that EHNAINBMPR induced site specific entrapment of adenosine of nucleoside transport in the rabbit
heart, in vivo. (Mol Cell Biochem180: 145-151, 1998)

Key words: ischemic-reperfusion, nucleoside transport, myocardial stunning

Introduction

Myocardial ischemia triggers rapid degradation ofATP leading
to accumulation ofdiffusible adenine nucleosides (adenosine
and inosine) and nucleopurines (hypoxanthine and xanthine)
[I, 2]. Inosine is the major metabolise of ATP degradation
during ischemia [3,4]. Upon reperfusion, inosine is rapidly
transported via the nucleoside transport protein into the
interstitial space and taken up by the endothelial cells where
it is further degraded to hypoxanthine. In the presence of

molecular oxygen, hypoxanthine is oxidized to xanthine and
superoxide free radical. Oxidation of nUcleopurines is
catalyzed by endothelial xanthine oxidase. Similarly, xanthine
is oxidized to uric acid and free radicals. Theoretically, 4 moles
ofsuperoxide radicals will be produced for each mole ofATP
metabolized to uric acid.
Oxygen-derived free radicals have been implicated in the

pathogenesis of post-ischemic reperfusion-mediated injury
[5, 6] including ventricular arrhythmias [7], myocardial
stunning [8] and infarction [9]. The source and species of

AddressJoroffprints:A-S.A.Abd-Elfaltah, Department ofSurgery, Medical College ofYirginia, PO Box 98532, Richmond, VA 23298-0532, USA
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oxygen radicals remains to controversial. In addition, loss
of precursors during post-ischemic reperfusion delays
myocardial ATP recovery via the salvage synthetic pathway
and the heart solely depends on the de novo pathway to
replete ATP [10, II]. Several attempts have been made to
enhance myocardial ATP replenishment during reperfusion
[12, 13]. None of these strategies have lead to full recovery
of ATP within 60 min of reperfusion [14-16]. Previously,
we demonstrated that selective pharmacological blockade
of nucleoside transport and inhibition of adenosine de
aminase resulted in trapping of endogenous adenosine
during ischemia and reperfusion and recovery of myo
cardial ATP and ventricular function in canine models of
global myocardial stunning [17-22]. These agents provided
protection of the myocardium against oxygen-derived free
radical-mediated reperfusion injury. The role ofmyocardial
hypoxanthine and xanthine in post-ischemic reperfusion
injury has been demonstrated in our laboratory [18]. The
role of outward flux of adenosine via adenine nucleoside
transport in relation to myocardial bioenergetics has not
been elucidated using specific blockers of nucleoside
transport protein.
Since rabbit hearts are known to be deficient ofxanthine

oxidase, it is anticipated that selective nucleoside trapping,
theoretically, should not attenuate reperfusion injury
mediated by purine-derived free radicals dependent upon
xanthine oxidase for formation. Therefore, we determined
whether selective blockade of nucleoside transporter by
p-nitrobenzylthioinosine (NBMPR) and inhibition of
adenosine deaminase by erythro-9-(2-hydroxy-3-nonyl)
adenine (EHNA) during ischemia and reperfusion attenuates
postischemic dysfunction (stunning) and improves hemo
dynamic recovery in a rabbit model of coronary artery
occlusion.

Materials and methods

Sixty adult New-Zealand rabbits ofeither sex (2-3 kg) were
randomly assigned to two groups (n = 30 each): the control
group receiving 30 ml of the vehicle solution and the EHNA/
NBMPR-group where animal were treated with 30 ml of
solution containing 100 IlM EHNA and 25 IlM NBMPR.
Under the same experimental protocol, each group rabbits
were further divided into two subgroups (n = 15 each): one
group ofanimals was assigned for hemodynamic analysis and
a separate group was assigned for metabolic assessments.
Rabbits were premedicated with ketarnine/HCI (8 mglkg, i.m.)
and anesthetized with sodium pentobarbital (20 mg/kg i.v.).
After tracheotomy rabbits were ventilated with 95% oxygen
and 5% carbon dioxide using a Harvard 607Aventilator. The
right jugular vein was cannulated for intravenous fluid

delivery. Heparin (1000 unit/kg) was administered intra
venously. The left common carotid artery was cannulated and
connected to a pressure transducer to monitor systemic
blood pressure. A median sternotomy was performed and the
heart suspended in a pericardial sling. Heart rate, mean,
systolic and diastolic pressures were monitored throughout
the experiment. After stabilization, rabbits received either
normal saline (30 m\) (control group) or saline containing
100 IlM EHNA and 25 IlM NBMPR. Myocardial biopsies
and hemodynamic parameters were obtained before and after
drug administration to determine the effect of these drugs
before ischemia. The proximal left anterior descending
(LAD) coronary artery was ligated using an adjustable snare
for 15 min at 37°C. At the end of regional ischemia,
myocardial biopsies were taken from the ischemic LAD and
non ischemic circumflex region of the left ventricle. Tissue
samples were extracted with ice-cooled trichloroacetic acid
and neutralized as previously described [23, 24]. Adenine
nucleotides, nucleosides and purine bases were determined
using HPLC. Protein determination was performed as
described by Lowry [25]. Data are presented as mean ±
S.E.M. Sequential measurements were compared with
repeated measures analysis of variance with SAS software.
Differences were considered significant if p value was less
than 0.05.

Results

Hemodynamic parameters

The effect ofEHNAlNBMPR on heart rate before, during, and
after LAD coronary artery occlusion is depicted in Fig. lAo
Intravenous infusion ofEHNAlNBMPR did not significantly
alter heart rate when compared to the untreated control
group (p = NS) before, during acute regional ischemia or
during reperfusion. Intravenous infusion of30 ml of 100 IlM
EHNA and 25 IlM NBMPR before ischemia significantly
reduced mean arterial pressure compared with the control
group (p < 0.05, Fig. IB). Systolic and diastolic arterial
pressure were also reduced during ischemia and reperfusion
suggesting a decreased vascular resistance after adminis
tration ofdrugs (Figs IC and ID, respectively). In a separate
group (n = 5), intravenous infusion ofphenylephrine (Om Ilg/
min) as a drip prevented the pressure reduction induced by
EHNAlNBMPR prior to ischemia (Fig. 10). Administration
of phenylephrine did not, however, alter the pattern of
myocardialATP degradation nor affect the EHNAlNBMPR
induced intramyocardial entrapment ofadenine nucleosides
during ischemia. In isolated rabbit hearts, intracoronary
infusion of EHNAlNBMPR did not affect intraventricular
contractility assessed using an isovolumic intraventricular
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balloon (unpublished data). The hypotensive effects also
were abolished by reducing the concentration of EHNA/
NBMPR in an intact rabbit model.

Myocardial adenine nucleotide pool metabolism

MyocardialATP at baseline was similar in both groups before
ischemia and after drug administration (25.0 ± 1.0 vs. 25.3
± 0.9 nrnol/mg protein, respectively) (Figs 2A-I and 2A-II).
Occlusion of the LAD for 15 min resulted in significant loss
ofATP in the ischemic region of both groups (control group
= 10.5 ± 0.6 vs. EHNA/NBMPR group =12.2 ± 0.9 nrnol/
mg protein) compared to baseline (p < 0.05). ATP levels at
the end of ischemia were greater in the EHNAINBMPR
treated group compared to the control group (p < 0.05, Fig.
2A-I). After 15 min of reperfusion, the EHNAINBMPR
treated group had moreATP (15.9 ± 1.4 nmol/mg protein) than
the control group (12.2 ± 0.9 nmol/mg protein) (p < 0.05).
No significant differences were found between groups at the
end of 30 min of reperfusion. Furthermore, there were no

significant differences between groups or time in myocardial
ATP levels in the non-ischemic region of the left ventricle
(Fig. 2A-II). Myocardial ADP levels were similar in both
groups before and after ischemia and during reperfusion in
the LAD and CFX segments of the left ventricle (Figs 2B-I
and 2B-II). There were no significant differences in myo
cardial ADP levels between groups throughout the experi
ment. Similar observations were made with respect to the level
ofmyocardial AMP (Figs 2C-I, 2C-II, 2D-I and 2D-II), except
that a slight decrease in myocardial AMP in the treated group
was observed at the end of ischemic period.
The most dramatic differences between the EHNA/
NBMPR-treated and the control groups were found in
myocardial adenosine (Fig. 3A) and inosine (Fig. 3B) during
ischemia and reperfusion in the ischemic LAD segment
and non-ischemic regions. Myocardial adenosine levels at
pre-ischemia were not detectable. However, significant
accumulation of adenosine occurred at the end of 15 min
of LAD occlusion in both groups compared to pre-is
chemic levels (p < 0.05). At the end ofischemia, the EHNA/
NBMPR-treated group accumulated more adenosine (6.7
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(LAD Region, I) and nonischemic (CFX Region, II) segment ofthe left ventricle. Statistical analysis demonstratcd significant differences between groups with
respect ATP and AMP in the LAD region.

± 1.2 nmol/mg protein) than that of the control group (2.5
± 0.4 nmol/mg protein) (p < 0.05). After 15-30 min of
reperfusion, myocardial adenosine was greater in the
previously ischemic myocardium (20 fold) in the EHNA/
NBMPR group than in the control group (p < 0.05), In the
non-ischemic CFX myocardium, adenosine levels were not
detectable before, during or after LAD occlusion (Data not
shown), Fig. 3B illustrates inosine in the LAD region
following ischemia and reperfusion. At the end of 15 min
LAD occlusion, the control group accumulated significantly

greater levels of inosine (12 fold) than in EHNA/NBMPR
treated group (p < 0.05),

Discussion

Results from the present study demonstrate the effect of
specific nucleoside trapping during acute regional myo
cardial ischemia in an in vivo rabbit model chosen for its
deficiency of xanthine oxidase. EHNA was effective in
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Fig. 3. Effect of ischemia and reperfusion on myocardial adenosine (A) and inosine (B) levels in the presence and the absence ofEHNAlNBMPR in ischemic
(LAD region) segment of the left ventricle. Statistical analysis demonstrated significant differences between groups with respect to adenosine and inosine in
the ischemic zone. However, there were no significant difference between groups with respect to adenosine and inosine levels in the and non-ischemic CFX
region (data not shown).

inhibiting adenosine deaminase activity while NBMPR was
potent in selectively blocking adenosine and inosine trans
port before, during and after LAD occlusion in rabbit
myocardium in vivo. These results are consistent with
results obtained in canine models of global ischemia and
reperfusion [17, 18, 2(}-22]. Myocardial ATP was greater
in ischemic myocardium pretreated with EHNAlNBMPR.
Unlike dogs, administration of saline solution containing
100 11M EHNA and 25 11M NBMPR in rabbits induced
significant hypotension (Figs IB-1 D) without a significant
chronotropic effect (Fig. IA). These observations may be
related to the vasodilatory action of accumulated adenosine
as a result of intravenous EHNAINBMPR infusion and
modulation of adenosine metabolism. These effects were
counteracted by phenylephrine drip. Although phenylephrine
prevented EHNAlNBMPR-induced hypotension, it did not
alter the pharmacological effects of EHNA and NBMPR
in entrapping adenine nucleosides during ischemia and
reperfusion. In separate experiments, when the concentra-

tion ofEHNAlNBMPR was reduced to one halfofthat used
in the present study, drug administration did not cause
hypotension or chronotropic effects.

It is interesting to note that tissue AMP levels were high in
both groups at the end of the ischemic period. Accumulation
of AMP during ischemia is a unique feature of the adult rat
and rabbit myocardium and is not seen in the myocardium of
dogs and pigs. Age- and species-related differences in 5'
nucleotidase were previously reported [23-25]. As a result
of AMP accumulation in ischemic myocardium, ATP re
covery was noted in both groups. This is also true for global
myocardial ischemia in adult rats [22]. Upon reperfusion,
intracellular AMP is rapidly salvaged for ATP resynthesis.
Myocardial ischemia induced rapid depletion ofATP and

concomitant rise in adenine nucleosides. In the absence of
EHNAINBMPR, inosine was the major metabolise acc
umulated in the myocardium at the end of IS min of LAD
occlusion. Pretreatment with EHNAINBMPR resulted in
significant entrapment of adenosine, rather than inosine, at

r

B

,

T

Fig. 4. Effect ofischemia and reperfusion on myocardial total diffusible purines (adenosine+inosine+hypoxanthine and xanthine) levels in the presence and
the absence ofEHNAlNBMPR in ischemic (LAD Region, I) and non-ischemic (CFX Region, II) segment ofthe left ventricle. Statistical analysis demonstrated
significant differences between groups with respect to total purines in the ischemic zone but not in the non-ischemic areas during reperfusion.
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the end of LAD occlusion. Similar results were obtained in
a canine model ofmyocardial global ischemia [17, 22]. ATP
levels were greater in the EHNAlNBMPR-treated group at
the end of 15 min ofLAD ligation compared to control group
(Fig. 2A). These results could be explained by at least two
possible mechanisms. First, the reduced arterial pressure
may have lowered the cardiac energy demand of the drug
treated group. Since similar metabolic data were obtained
in a separate group of rabbits intravenously infused with
phenylephrine as well as EHNAlNBMPR, this mechanism
is less likely to explain the difference in myocardial ATP at
the end of LAD ligation. The second, and most likely,
mechanism is that intramyocardial entrapment ofadenosine
reduced the rate of ATP depletion during ischemia by
feedback inhibition. Similar observations have been previously
reported in other laboratories when adenosine (100 !!M) was
continuously infused in dog [20] or isolated rat hearts [21,
22] prior to global ischemia. In the present study, repletion
of myocardial ATP was noted in both control and drug
treated groups (Fig. 2A) within 30 min of reperfusion.
The entrapped adenosine in the EHNAlNBMPR treated

group allows formation ofAMP, as catalyzed by adenosine
kinase and early ATP replenishment within 15 min of
reperfusion. However, no significant differences were
detected at the end of 30 min of reperfusion between groups
(Fig. 2A). Adenosine may have other cardioprotective
effects in addition to repletion of myocardial ATP. Nucleo
side trapping may have prevented the formation ofpurine
derived free-radical substrates during reperfusion. It has
been shown that adenosine attenuates catecholamine
responsiveness [26, 27], calcium-dependent slow action
potentials [28], release of cAMP and responsiveness to
histamine [29, 30], and inhibits phosphodiesterase [31].
Therefore, site-specific entrapment of adenosine may have
multiple cardioprotective actions.
Results obtained from the present study reveal the im

portant role of the adenine nucleoside transport mechanism
in regulation ofmetabolic flux ofadenosine and inosine during
ischemia and reperfusion. Inosine generated during ischemia
is the only precursor of hypoxanthine and xanthine during
post-ischemic reperfusion. The present study provides an
inexpensive model to assess the pharmacological efficacy of
nucleoside transport inhibitors in an in vivo model of acute
myocardial ischemia where the non-ischemic segment ofthe
left ventricle acts as a internal control. This model allows
simultaneous monitoring of hemodynamic effects of
nucleoside transport inhibitors and their pharmacological
actions.
Selective blockade ofadenosine and inosine transport has

a potential cardioprotective effect against alleged oxygen
derived free radical-mediated reperfusion injury, at least via
the reaction catalyzed by myocardial and/or endothelial
xanthine oxidase. Human nucleoside transport protein has

been pharmacologically identified to be similar to that of
the canine, swine and rabbit models. It is concluded that
modulation ofadenosine metabolism and transport may have
very important clinical relevance.
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Ischemic preconditioning in rat heart:
No correlation between glycogen content and
return of function

Torsten Doenst, Patrick H. Guthrie and Heinrich Taegtmeyer
Department o/Internal Medicine, Division o/Cardiology, University o/Texas-Houston Medical School, Houston, Texas, USA

Abstract

We tested the hypothesis that glycogen levels at the beginning of ischemia affect lactate production during ischemia and
postischemic contractile function.
Isolated working rat hearts were perfused at physiological workload with bicarbonate buffer containing glucose (10 mmol/L).

Hearts were subjected to four different preconditioning protocols, and cardiac function was assessed on reperfusion. Ischemic
preconditioning was induced by either one cycle of 5 min ischemia followed by 5, 10, or 20 min of reperfusion (PC515, PC51
10, PC5/20), or three cycles of5 min ischemia followed by 5 min ofreperfusion (PC3 x 515). All hearts were subjected to 15 min
total, global ischemia, followed by 30 min ofreperfusion.We measured lactate release, timed the return ofaortic flow, compared
postischemic to preischemic power, and determined tissue metabolites at selected time points.
Compared with preischemic function, cardiac power during reperfusion improved in groups PC5/10 and PC5/20, but was

not different from control in groups PC515 and PC3 x 515. There was no correlation between preischemic glycogen levels and
recovery of function during reperfusion. There was also no correlation between glycogen breakdown (or resynthesis) and
recovery of function. Lactate accumulation during ischemia was lowest in group PC5120 and highest in the group with three
cycles ofpreconditioning (PC3 x 515). Lactate release during reperfusion was significantly higher in the groups with low recovery
of power than in the groups with high recovery of power.
In glucose-perfused rat heart recovery of function is independent from both pre- and postischemic myocardial glycogen content

over a wide range ofglycogen levels. The ability to utilize lactate during reperfusion is an indicator for postischemic return of
contractile function. (Mol Cell Biochem180: 153-161,1998)

Key words: isolated working rat heart, lactate release, cardiac work

Introduction

Ischemic preconditioning of the heart [I] depletes glycogen,
reduces lactate accumulation and lessens intracellular acidosis
during subsequent ischemia [2-4]. These observations are
consistent with those ofNeely and Grotyohann [5] who have
reported improved ischemia tolerance of rat hearts subjected
to ischemia and reperfusion after depletion ofglycogen during
the preischemic period. Several investigators have proposed
that the depletion ofglycogen before ischemia may be causally
related to the mechanism(s) ofischemic preconditioning [3, 4].

However, the evidence in support of this hypothesis is
inconsistent. We have reported earlier that raising glycogen
levels of the heart in vivo lessens the effects of ischemia in
vitro [6-8] and can be as efficient as preconditioning in
improving postischemic contractile function [9]. We have
proposed that myocardial glycogen is an important factor
preserving function and energy metabolism on reperfusion [6].
These observations have been challenged by investigators who
have observed a relationship between preischemic glycogen
depletion and protection against ischemic damage by pre
conditioning [10]. However, these investigators, like our

Address for offprints: H. Taegtmeyer, Department of Internal Medicine, Division of Cardiology, University of Texas - Houston Medical School, 643 I
Fannin, Houston, TX 77030, USA
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laboratory [II, 12], have not been able to observe improved
ischemia tolerance by preischemic glycogen depletionwithout
ischemic preconditioning.
In order to resolve the issue whether the myocardial

glycogen content affects postischemic contractile function
in preconditioned hearts, we used the isolated working rat
heart model and tested several protocols of ischemic
preconditioning. We also measured lactate release during
reperfusion and determined the tissue content of glucose
6-phosphate, lactate, and citrate at selected time points. We
found that postischemic recovery ofcontractile function was
independent from myocardial glycogen content but that the
degree of return of function after ischemia was inversely
related to lactate release during reperfusion.

Materials and methods

Animals

Male Sprague-Dawley rats (275-300 g, n =79) were
obtained from Harlan (Houston, TX, USA) and fed ad
libitum on Purina lab chow. The use of animals and the
experimental protocol were approved by the Animal Wel
fare Committee of the University ofTexas Houston Health
Science Center.

Materials

All chemicals were obtained from Fisher Scientific, Lexington,
MA, USA or Sigma Chemical Co., St. Louis, MO, USA. All
enzymes and cofactors were obtained from Boehringer
Mannheim, Indianapolis, IN, USA or SigmaChemical Co., St.
Lois, MO, USA.

Working heart preparation

The preparation has been described in detail earlier [13].
Briefly, rats were anesthetized with sodium pentobarbital (5
mg/IOO g body wt. i.p.). After injection of heparin (200 IV)
into the inferior vena cava, the heart was rapidly removed and
placed in ice cold Krebs-Henseleit bicarbonate buffer. The
aorta was freed of excess tissue and mounted on a stainless
steel cannula of the perfusion apparatus. A brief period of
retrograde reperfusion (less than 5 min) with oxygenated
buffer containing glucose (10 mmollL) was necessary to wash
out any blood from the heart and to perform the left atrial
cannulation. Hearts were then perfused as working hearts at
37°C with recirculating Krebs-Henseleit buffer (200 ml)
containing I% defatted bovine serum albumin, Cohn fraction

V, and glucose (10 mmollL) as substrate. The buffer contained
2.5 mmol/L calcium. The perfusate was gassed with 95% 02
-5%COz'
All experiments were carried out at standard workload (15

cmHp preload and 100 cmHp afterload). Aortic flow and
coronary flow were measured every 5min by timing the rise
of the fluid meniscus in a calibrated glass cylinder. Cardiac
output was calculated as the sum ofaortic and coronary flow.
Heart rate and aortic pressures were continuously measur
ed with a Hewlett-Packard transducer and recording system
(Hewlett Packard,Waltham, MA, USA).

Perfusion protocols

Control hearts were perfused for 25 min, followed by 15 min
oftotal, global, normothermic ischemia and 30 min ofreper
fusion. In the experimental groups, ischemic preconditioning
(PC) was achieved after 15 min of perfusion by either one
cycle of 5 min ischemia and 5, 10, or 20 min of reperfusion
(groups PCS/5, PCSII 0, and PC5/20), or by three cycles of5
min ischemia with 5 min of reperfusion (PC3 x 5/5). As in
the control group, all hearts were subjected to 15 min
ischemia followed by 30 min of reperfusion. Pacing of the
hearts was not required since the heart rate returned rapidly
to preischemic values upon reperfusion after ischemia. In
order to determine tissue metabolite contents, hearts were
freeze-clamped immediately at three time points: after
preconditioning-reperfusion (prior to sustained ischemia),
after sustained ischemia (prior to reperfusion), and at the end
of the experiments.

Perfusate samples

Samples of the coronary effluent (I ml) were withdrawn
every 10 min. In addition, we collected the first 5 ml of
coronary effluent on reperfusion (in aliquots of I ml).
Samples were stored on ice until assayed. Lactate was
measured in a glucose/lactate analyzer (2300 STAT, YSI Inc.,
Yellow Springs, Ohio, USA). Myocardial lactate release was
calculated by the appearance of lactate in the perfusion
medium using a modification of the procedure described
earlier [13]. The difference in the perfusate concentrations
of lactate at the beginning of ischemia and at the end of
reperfusion were multiplied with the amount ofperfusate (ml)
remaining. The lactate content ofall previously taken samples
was added [13]. Lactate release was expressed as /lmol per
g wet weight.



TIssue extraction and metabolites

At the end of the perfusion, hearts were freeze-clamped
between aluminium blocks cooled to the temperature ofliquid
nitrogen [14]. The frozen tissue was ground under liquid
nitrogen and extracted with 6% perchloric acid. The tissue
extracts were neutralized and assayed immediately for
glucose-6-phosphate (G6P), lactate, and citrate as described
by Bergmeyer [15]. Glycogen was determined by hot KOH
digestion and ethanol precipitation followed by incubation
with amyloglucosidase as described by Walaas and Walaas
[16]. A small portion ofthe pulverized tissue was dried in an
oven (70°C) to constant weight, and the wet-to-dry weight
ratio was calculated. Tissue metabolite data are presented as
micromoles per g dry weight (I!mol/g dry), and glycogen as
micromoles glucose per g dry weight. Ischemic lactate
accumulation was calculated by subtracting the tissue lactate
content at the beginning of ischemia from the tissue lactate
content at the end of ischemia.

Assessment of contractile performance

Mean aortic pressure (cm HP) was calculated as [systolic
+ (diastolic pressure x 2)]/3. Heart rate was measured as
beats per min and cardiac output as milliliters per min. We
did not normalize the cardiac output for heart weight
because all hearts were of similar size (approximately l.l g
wet weight).
Hydraulic power (mW) was determined as [mean aortic
pressure (cm H20) x cardiac output (ml/min)]/612 as
described earlier [9]. Kinetic power was not calculated
because of the inherent difficulty in its estimation and
because the amount of kinetic work is small compared to
hydraulic work (i.e. less than 10% of total cardiac work)
[13].
At the beginning of the reperfusion period, the afterload

fell below the preset level of 100 cm Hp and aortic flow
ceased since we did not use any retroperfusion (Langendorff
mode). Recovery of cardiac performance was assessed in
two ways: first, we measured the time from the onset of
reperfusion to the resumption ofaortic flow at preischemic
mean aortic pressure and called it recovery time. Secondly,
we compared pre- and postischemic cardiac power. Pre
ischemic cardiac power was measured under steady state
conditions during the last 10 min of the preischemic
perfusion period (Le. before preconditioning-ischemia in the
experimental groups). Postischemic power was obtained as
a mean ofthe postischemic cardiac power measurements at
5, 10,20, and 30 min after the onset of reperfusion and
expressed in % of preischemic power in the same group.
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Statistical analysis

All data are presented as mean ± S.E.M. A single factor
analysis of variance (ANOVA) with post hoc multicom
parison analysis (Newmann-Keuls test) was used for data
comparison. Differences were considered statistically sig
nificant when p < 0.05.

Results

Recovery ofcontractile function

Table I shows recovery time, cardiac power before ischemia
(baseline power), and recovery ofpower during reperfusion.
The recovery time was significantly shortened by ischemic
preconditioning when 5 min preconditioning ischemia was
followed by 10 or 20 min ofreperfusion (PC5/10, PC5120).
These groups also recovered cardiac power almost com
pletely during the remaining reperfusion period (p < 0.00 I
compared to control). Unexpectedly, when the precondit
ioning reperfusion time was only 5min (PC5/5), the recovery
time after 15 min ischemia was significantly longer than in
the control group (p < 0.05), and at the same time post
ischemic power remained depressed. Increasing the number
of preconditioning stimuli by using three cycles of 5 min
ischemia with 5 min ofreperfusion (PC3 x 5/5) shortened the
recovery time but had no beneficial effect on return of
postischemic function (ns. compared to control). The differ
ences in preischemic power were not statistically different
among groups. After preconditioning ischemia cardiac power
returned quickly (between 20 sec and I min) to preischemic
values in all experimental groups (data not shown).

Glycogen

Table 2 shows the tissue glycogen content before sustained
ischemia, after sustained ischemia and at the end of reper
fusion. Preischemic glycogen was highest in the control
group (104 ± 7.5 I!moVg dry). One cycle of ischemic pre
conditioning resulted in maximal reduction of 21 % of
glycogen relative to control (PC5/1 0,21.9 I!moVg dry reduc
tion). Three cycles resulted in the lowest preischemic
glycogen levels ofall groups (PC3 x 5/5, 57.3 ± 8.ll!mol/g
dry, 45% reduction compared to control). During ischemia,
glycogen further decreased in all groups. The amount of
glycogen breakdownwas greatest in the PC5/5 group (491!ffioV
g dry) and smallest in the PC3 x 5/5 group (23.9I!ffioVg dry). In
both groups, recovery ofpostischemic power was not different
from control. Glycogen at the end of ischemia was highest in
the control group (71.6 ± 2.5 I!mol/heart) and lowest in the
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Table J. Recovery of contractile function after 15 min of ischemia

Group Recovery time Baseline power Recovery ofpower
(sec) (mW) (% baseline)

Control 320 ± 10 8.52 ± 0.58 72.1 ± 3.8
PC51l0 180± IS" 9.50 ± 0.43 91.8 ± 3.9'"
PC5120 193 ± 32" 6.81 ± 0.47 104 ± 4.4···
PC515 506 ± 77" 7.18 ± 0.69 68.6 ± 3.9
PC3 x 5/5 244 ± 78 9.36 ± 0.82 65.3 ± 5.8

Values are mean ± S.E.M. n = 5-9 for each group, 'p < 0.05, "p < 0.01,
'''p < 0.001 compared to control. Recovery time was measured from the
onset of reperfusion to the resumption of aortic flow. Recovery of power
was detennined as the mean ofall postischemic cardiac power measurements
and is expressed as % of preischemic power in the same group (Baseline
power).

PC3 X 5/5 group(33.9±3.8lIDlol/heart). Both groups exhibited
a similar return of postischemic function. At the end of
reperfusion, the groups involving ischemic preconditioning
showed evidence of net glycogen resynthesis, whereas no
glycogen resynthesis was observed in the control group.
When the mean postischemic recovery of contractile

function was plotted against the preischemic glycogen
content there was no correlation between the two parameters
(Fig. I, correlation coefficient r = 0.354, ns). There was also
no correlation between functional recovery and glycogen
levels at the end ofischemia or at the end ofreperfusion (data
not presented).

~ 120;
8.
110 PC5I20

.!.!
E +..
~ 100 PC5l10
'f +a.

90'0
e':.
~ 80.. Control> PC3x5l5
~ 70 + *.!.!
~ 60 PC5l5
'fi..
"".. 500a.
c
CD., 40E

~.,,
40 50 60 70 80 90 100 110 120

preischemic tissue glycogen content [pmol/gdryl

Fig. 1. Relationship between tbe preischemic myocardial glycogen content
and postischemic return of function in the control and the four pre
conditioned groups. Please refer to text for experimental protocols. Data
(means ± S.E.M.) were obtained from two sets of experiments for each
group (n = 4-9). Glycogen at the beginning of ischemia is independent
from postischemic return ofpower, expressed as % ofpreischemic power.
The correlation coefficient is r = 0.354 (ns).

Lactate release

Values are mean ± S.E.M. n = 4-9 in each group. Units are !lmol glucose!
g dry weight. 'p < 0.05 compared to control, 'p < 0.05 compared to end of
ischemia, 'p < 0.05, 'p< 0.01 compared to before ischemia.

Figure 2 shows lactate concentrations in the perfusate from
a representative group (PC5/5). Note the difference in lactate
level during the first 5 min of reperfusion. There was no
correlation between lactate accumulation during ischemia and
lactate washout in any of the groups.
Figure 3 shows the amount of lactate released from the

hearts during reperfusion as calculated from the appearance
of lactate in the perfusate. Myocardial lactate production
before ischemia was minimal and did not differ among groups

Table 2. Glycogen

80706050

"'2-0-0

40

time [minj

302010

4.0

co 3.5
:::.
~

3.0oS
C..
:> 2.5E.,
~
CD 2.0ce
8., 1.5=.5.,

1.01i
U
.!!

0.5

0.0
0

Fig. 2. Lactate concentration in the coronary effluent during the perfusion
period ofgroup PC515. The first 5 points after ischemia represent the first
5 ml of coronary effluent after the beginning of reperfusion. PC, ischemic
preconditioning. Data are mean ± S.E.M. n = 9.

End of
reperfusion
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47.6 ± 7.5b

33.9 ± 3.8'

End of
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Before
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PC5120
PC515
PC3 x SIS
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Fig. 4. Relationship between the postischemic myocardial lactate release
and postischemic return of function in 23 experiments (n = 4-6 in each
group). Postischemic return of power was expressed as % of preischemic
power. Lactate release was calculated from the appearance and dis
appearance of lactate in the perfusate. The correlation coefficient is r = 

0.655 (p < 0.00 I).

Table 3. Tissue content ofglucose-6-phosphate (G6P), lactate, and citrate
at different time points during the experiments

Values are mean ± S.E.M. n = 4-9 in each group. Units are ~mol/g dry
weight. 'p < 0.05, "p < 0.01 compared to before ischemia, "p < 0.01
compared to control, n.d. metabolites not determined.

5 (98.8l!mol/g dry), which showed poor recovery of function,
and in group PC5110 (94.6l!mol/g dry), which showed good
recovery ofcontractile function. It was lowest in group PC51
20 (59.0 l!mol/g dry). G6P was elevated at the end ofischemia
in group PC5110 and in the control group. With reperfusion,

G6P 1.44 ± 0.35 2.67 ± 0.24' 1.12 ± 0.12
Control Lactate 4.94 ± 0,44 83.1 ± 15,4' 8.38 ± 1.56

Citrate 1.87 ± 0.04 1.63 ± 0.22 2.59 ± 0,28
G6P 0.72 ± 0.09 2.09 ± 0.24' 1.08 ± 0.11

PC5/10 Lactate 8,42 ± 1.26 103± 3.86' 6.84 ± 1.02
Citrate 1.09±0.17 0.72±0.10 2.53±0.15'
G6P 0.93 ± 0.11 0.27 ± 0.12'", 0.64 ± 0.07

PC5/20 Lactate 18.1±3.63 77.1 ± 11.90' 5.23 ± 1.00'
Citrate n.d. 0.31 ± 0.07 1.77±0.17
G6P 1.05 ± 0.11 0.98 ± 0.27" 1.14 ± 0.16

PC515 Lactate 11.6 ± 4.32 98.8 ± 12.80' 8.72 ± 1.24
Citrate n.d. 0.85 ± 0.09 2.29 ± 0.20
G6P 0.62 ± 0.14 0.39± 0.12" 0,44±0.13

PC3 x SIS Lactate 10.2 ± 1.42 IIO± 13.50' 6.63 ± 1.73
Citrate 0.78 ± 0.23 0.39 ± 0.09 0.64 ± 0.17"

End of
reperfusion

After
ischemia

MetaboliteBefore
ischemia

Group

(data not shown). Lactate release was significantly reduced
in the groups with improved recovery (PC511 0, PC5/20). In
groups PC5/5 and PC3 x 5/5 (poor recovery), lactate release
was similar to that released in the control group. Figure 4
shows an inverse relationship between mean postischemic
power and postischemic lactate release (correlation co
efficient r = -Q.655, P < 0.00 I).

Fig. 3. Myocardial net lactate release during the reperfusion period as
calculated from the appearance and disappearance ofJactate in the perfusate.
Please refer to text for experimeotal protocols. Note that the groups with
good functional recovery (PC51l 0, PC5120) release less lactate duriog
reperfusion than the groups with poor recovery (control, PC5/5, PC3 x SIS).
Data are mean ± S.E.M. 'p < 0.05.

Metabolites

Table 3 shows tissue contents ofglucose-6-phosphate (G6P),
lactate, and citrate before sustained ischemia, after sustained
ischemia, and at the end of reperfusion. We measured these
metabolites because they are allosteric regulators of several
of the following key enzymes of the glycolytic pathway:
hexokinase, glyceraldehyde 3-phosphate dehydrogenase, and
phosphofructokinase. There were no statistically significant
differences among groups in metabolite content before is
chemia. As expected, with sustained ischemia lactate rose
significantly in all groups. Lactate accumulation (postischemic
-preischemic lactate content) was highest in group PC3 x 51
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G6P and lactate levels returned to preischemic values. Citrate
levels were elevated at the end of reperfusion compared to
those at the end of ischemia. This elevation suggests in
creased carboxylation and oxidation of pyruvate (lactate)
during reperfusion. However, there was no correlation bet
ween any of the metabolites measured and postischemic
return of function.

Discussion

The present experiments were performed to assess whether
glycogen modulates the response to ischemic preconditioning
in rat heart. They suggest that the phenomenon of ischemic
preconditioning is neither related to pre- or postischemic
glycogen content, nor were they related to the tissue contents
ofG6P, lactate, or citrate. Instead, we found that the efficacy
of ischemic preconditioning in the isolated working rat heart
is not an 'all-or-none' phenomenon with respect to recovery.
We found that important features associated with the return of
function in ourmodel are the preconditioning reperfusion time
and the heart's ability to oxidize lactate during reperfusion.

Cardiac function and metabolism

We based our analysis of ischemic damage on two functional
parameters, recovery time and postischemic power. This
approach is meaningful, because the contractile function of
the isolated working rat heart is the same as cardiac function
in vivo (pressure*volume work), albeit under controlled
environmental conditions. We are aware that there may be a
discordance between the assessment of ischemic damage by
infarct size and the assessment by functional recovery [4].
Our data are however, in line with results from other studies
that also used return of steady state cardiac function [3, 17
19] to assess ischemic damage and cardiac protection with
ischemic preconditioning. We are not certain whether the
recovery time, representing a period of contractile dys
function and high metabolic activity [9, 19, 20], can be
compared directly to the clinically observed 'stunned
myocardium' [21,22]. Irrespective of the terminology, this
parameter is not only easy to measure but also of possible
clinical relevance with respect to the recovery ofthe arrested
heart after controlled ischemia, e.g. hypothermic ischemic
arrest during cardiac surgery.
In our model, it is difficult to rule out the possibility that

the improvement of contractile function with ischemic
preconditioning reflects a reduction in stunning present
during the entire reperfusion period rather than a salvage of
damaged myocardial cells. However, we demonstrated earlier
[9] preserved structural integrity ofisolated mitochondriawith

ischemic preconditioning (5 min ischemia, 10min reperfusion)
in the same preparation, indicating actual cell salvage by
ischemic preconditioning.

It is not obvious to us why there was a bimodal effect of
preconditioning, and why the preconditioning protocols with
5 min ofreperfusion (PC5/5 and PC3 x 5/5) did not result in
improved postischemic return of function. However, we are
not the first to observe a lack of protection with ischemic
preconditioning using protocols that have been shown to be
protective, albeit in a different animal model and protocol [17,
23, 24]. The lack of protection with three cycles of pre
conditioning was surprising since Liu and Downey [25] had
advanced the concept that this lack was due to a higher
threshold of ischemic preconditioning in rat heart and could
be overcome by increasing preconditioning stimuli, although
in an open chest and not in an isolated heart model. Minhaz
et al. [26] reported that a delay of perfusion due to the
preparation of the heart could lead to unintentional pre
conditioning. Although we cannot exclude an influence of
the preparation procedure on our results, it would be the
same on every heart and therefore not responsible for the
differences among our groups. The influence of the prepar
ation procedure may be responsible for different results
between two investigators with the same model.

Glycogen and recovery offunction

We reported earlier a protective role ofhigh glycogen levels
at the beginning of ischemia on postischemic return of
function [6-8] and suggested that glycogen would provide
substrate readily available for anaerobic energy production
from glycolysis. Accelerated glycolysis will lead to a higher
lactate accwnulation which in turn has been implicated as a
cause for intracellular acidosis [27]. We reasoned that
glycogen, when present in high concentration, may protect
the heart from the loss ofenergy rich phosphates and adenine
nucleotides [6]. Other investigators suggested exactly the
opposite and demonstrated a protective effect ofpreischemic
glycogen depletion against ischemic damage with [2--4, 23]
or without [5,28] ischemic preconditioning. It was suggest
ed that preischemic glycogen depletion is related to the
mechanism of ischemic preconditioning [4]. The same
investigators also demonstrated that prolonging the pre
conditioning reperfusion time, after several (2--4) cycles of
ischemic preconditioning (which caused an almost complete
depletion ofglycogen) led to repletion ofglycogen stores and
resulted in loss of protection. In a recent study, Cross et al.
[29] suggested that a high glycogen content can be both
beneficial and detrimental. The beneficial effects are thought
to be effective in prolonging ischemia tolerance as long as
ischemia is ended before complete depletion ofthe glycogen
stores. For that period of time, ATP can be continuously



generated. Ifischemia goes beyond depletion ofthe glycogen
stores, ATP production is thought to cease. Subsequently,
the stronger acidosis causes damage to the myocardium. This
hypothesis would explain the differences between the
results of our study and the study byWolfe et al. [4], where
preischemic glycogen was almost completely depleted.
However, Cross et al. [29] advanced their hypothesis on the
basis of experiments with low-flow ischemia and did not
consider total ischemia. In any case, the lack of correlation
between the preischemic glycogen content and the post
ischemic return ofcardiac function presented in this study and
the results from the study by Cross et al. [29] exclude the
possibility of preischemic glycogen depletion being in
volved in the mechanism ofischemic preconditioning. These
conclusions were also drawn by Asimakis [30] when he
reevaluated results ofan earlier study from his laboratory [3].
Our data further suggest that a high glycogen content

before ischemia is also not a prerequisite for good return of
functional recovery (Table 2, group PCSI10). This ob
servation is in keeping with our earlier demonstration [9] that
the preischemic glycogen level does not affect the amount of
glycogen breakdown during ischemia. We therefore conclude
that the glycogen content ofthe heart is not related to cardiac
function after ischemia over a wide range ofglycogen levels.
A possible role of accelerated glycogen turnover [31] needs
to be investigated.

Lactate and return offunction

Our results strongly suggest that lactate accumulation during
ischemia is not detrimental to the heart and is inconsequential
for the return of postischemic contractile function. Lactate
accumulation was highest in groups PC3 x S/S (98.8 ~g dry,
poor recovery of function) and PCSI10 (94.611mol/g dry,
good recovery of function). It was higher in groups PCS/IO,
PCS/S and PC3 x S/S compared to control. The increased
lactate accumulation with ischemia in the hearts of most of
the groups involving preconditioning was an unexpected
finding since most studies on ischemic preconditioning
demonstrate decreased lactate accumulation during ischemia
[2--4]. Lactate accumulation has been shown to accompany
intracellular acidosis [27, 32]. It is not clear whether the
preconditioned groups in this study displayed more severe
acidosis than the control group because lactate accumulation
alone does not give rise to acidosis [33], and the intracellular
pH was not measured.
With reperfusion, lactate is either oxidized [7, 11], or

washed out in the perfusate.We found an inverse relationship
between the postischemic net lactate release, as measured
from the appearance of lactate in the perfusate during the
entire reperfusion time, and the return ofcontractile function
(Fig. 3). Itmay be argued that this effect is due to less lactate

IS9

production during or after ischemia or due to a reduction of
glycolysis during reperfusion in the hearts with a better return
of function which would be consistent with the hypotheses
advanced by Neely et al. [S] and Wolfe et al. [4]. This
possibility, however, is unlikely for two reasons: first, lactate
production during ischemia, calculated as the difference
between post- and preischemic tissue lactate content, was
greater in group PCS/IO, which showed a good functional
recovery and less lactate release during reperfusion compared
to control, and secondly, glucose was the only substrate
during reperfusion next to lactate. If lactate oxidation is not
increased during reperfusion glycolysis is necessary to
maintain energy production. Thus, our results suggest that
endogenously produced lactate during ischemia is used as a
fuel for respiration during reperfusion in hearts recovering
full contractile function, and that increased postischemic
lactate release is the result of impaired oxidative metabolism
in hearts with poor recovery of function. The decreased
postischemic lactate release in hearts with better postischemic
function can also be explained by an increased energy
demand which is met by endogenously produced lactate.
Therefore, metabolism of lactate and its first product of
oxidation (pyruvate) may playa crucial role for postischemic
contractile function, although the exact metabolic fate of
pyruvate remains to be investigated. Pyruvate dehydrogenase
activation with subsequent oxidation ofpyruvate [34] as well
as anaplerotic pyruvate carboxylation via malic enzyme [II,
3S] have both been suggested as mechanisms that improve
postischemic recovery.
Other studies on the mechanism ofischemic preconditioning

advanced a number ofadditional hypotheses. These hypotheses
include the activation of signal transduction cascades by an
ischemic by-product during preconditioning-reperfusion (e.g.
adenosine) which may result in the opening of ion channels
[36], or translocation and activation ofprotein kinase C [37].
The final effect of these cascades are not yet known, but it is
reasonable to assume that their actions include the regulation
of metabolic pathways such as glycogen breakdown/syn
thesis or the regulation ofpyruvate dehydrogenase and malic
enzyme. A full discussion of these signalling pathways is
beyond the scope of the present study.

Limitations ofthe study

Any extrapolation from the present results to the heart in vivo
has to take into account that our studies were performed with
only one substrate (glucose) and in the absence of insulin or
catecholamines. Thus, the restraining effects of competing
fatty acid substrates on myocardial glucose metabolism, and
the modulating effects of hormones on myocardial glucose
uptake and glycogen turnover were not present.
In some groups (control, PCS/IO, PC3 x S/S), the lactate
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accumulation during ischemia was greater than the stoichio
metrically equal amount of glycogen breakdown. It is most
likely that exogenous glucose taken up from the perfusate,
which was present in the coronary circulation during is
chemia, accounts for the difference. This is a plausible
argument as the following calculation shows. At a glucose
concentration of 10 mmollL, an extracellular fluid space of
0.36 ml/g wet [38], and a wet/dry weight ratio of 5.5 the
amount ofglucose available from extracellular sources would
exceed 20 J.llIlol/g dry. However, we can only speculate about
this assumption, since free glucose in the freeze-clamped
hearts was not measured.

Conclusions

The phenomenon of ischemic preconditioning can be re
produced in the isolated working rat heart. While the pre
conditioning protocol has effected the return of function, the
latter is not related to the tissue content of key metabolites
of glucose metabolism (glycogen, glucose-6-phosphate,
lactate, and citrate). Specifically, the recovery of function is
independent from myocardial glycogen content over a wide
range ofglycogen levels. The ability to oxidize lactate during
the reperfusion period correlates best with postischemic
recovery of contractile function. The results also strongly
suggest that other than metabolic mechanisms underlie the
phenomenon of ischemic preconditioning.
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The liver isoform ofcarnitine palmitoyltransferase
I is activated in neonatal rat cardiac myocytes by
hypoxia
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Abstract

Fatty acids are the preferred substrate of ischemic, reperfused myocardium and may account for the decreased cardiac
efficiency during aerobic recovery. Neonatal cardiac myocytes in culture respond to hypoxia/serum- and glucose-free medium
by a slow decline in ATP which reverses upon oxygenation. This model was employed to examine whether camitine
palmitoyltransferase I (CPT-I) modulates high rates of ~-oxidation following oxygen deprivation. After 5 h of hypoxia, ATP
levels decline to 30% control values and CPT- I activity is significantly stimulated in hypoxic myocytes with no alteration in
cellular carnitine content or in the release ofthe mitochondrial matrix marker, citrate synthase. This stimulation was attributed
to an increase in the affinity ofhypoxic CPT-I for carnitine, suggesting that the liver CPT-I isoform is more dominant following
hypoxia. However, there was no alteration in hypoxic CPT-I inhibition by malonyl-CoA. DNP-etomoxiryl-CoA, a specific
inhibitor of the liver CPT-I isoform, uncovered identical Michaelis kinetics of the muscle isoform in control and hypoxic
myocytes with activation of the liver isoform. Northern blotting did not reveal any change in the relative abundance ofmRNA
for the liver vs. the muscle CPT-I isoforms. The tyrosine phosphatase inhibitor, pervanadate, reversed the hypoxia-induced
activation of CPT-I and returned the affinity of cardiac CPT-I for carnitine to control. Reoxygenation was also associated
with a return of CPT-I activity to control levels. The data demonstrate that CPT-I is activated upon ATP depletion. Lower
enzyme activities are present in control and reoxygenated cells where ATP is abundant or when phosphatases are inhibited.
This is the first suggestion that phosphorylation may modulate the activity of the liver CPT-I isoform in heart. (Mol Cell
Biochem180: 163-170,1998)

Key words: carnitine palmitoyltransferase I, DNP-etomoxiryl-CoA, malonyl-CoA, CPT-I isoforms, hypoxia, reoxygenation,
pervanadate, mRNA

Introduction

Augmentation ofplasma fatty acids in the coronary circula
tion impairs cardiac performance. Moreover, the deleterious
effects of fatty acids on cardiac contractility are even more
pronounced following reperfusion of the ischemic heart. In
porcine models of ischemia and reperfusion, there is a rapid
return offatty acid oxidation with a postischemic depression
in energy production from glucose metabolism [1]. Agents
which inhibit the first step in fatty acid oxidation (the
malonyl-CoA sensitive carnitine palmitoyltransferase I,
CPT-I) stimulate glucose metabolism by decreasing fatty

acid oxidation, and augment mechanical recovery of the
postischemic heart [2]. It has been suggested that normal
control of fatty acid oxidation is changed in the post
ischemic heart so that the high rates of fatty acid oxidation
observed are uncoupled from cardiac work [3]. Lopaschuk
and coworkers have also demonstrated that ~-oxidation is
activated in the postischemic heart perfused with fatty acids
by a decrease in the levels of malonyl-CoA relative to
control levels [4]. Furthermore, the activity of CPT-I and
its sensitivity to malonyl-CoA appear unchanged in mito
chondria isolated from the ischemic rat heart under these
conditions [4], suggesting that the primary control ofcardiac

Address/or offprints: J.B. McMillin, Department ofPathology and Laboratory ofMedicine,The University ofTexas Medical School at Houston, 6431 Fannin,
Houston, Texas 77030, USA



164

CPT-I activity by malonyl-CoA is unaffected by ischemia
and reperfusion.
Recently, evidence for two separate isoforms of CPT-I,

i.e. the liver and the muscle isoforms, explains the differen
tial inhibition of the liver and muscle enzymes by malonyl
CoA (i.e. Iso = 3 /lM and 30 nM, respectively). We have
demonstrated a low affinity component of malonyl-CoA
inhibition in neonatal cardiac myocyte CPT-I (Iso = 0.8 /lM)
which is intermediate between the Iso for the muscle and liver
isoforms [5]. It has been shown that cardiac muscle contains
both the liver and muscle isoforms which explains the
intermediate kinetic parameters measured for the cardiac
enzyme [6A]. Low levels of the liver CPT-I isoform in the
adult heart may allow fatty acid oxidation to continue at
some basal level even though malonyl-CoA may rise to the
inhibitory range for the muscle CPT-I. We examined the
possibility that the continued expression of the liver isoform
in cardiac muscle may also be relevant to recovery from
ischemia. If liver CPT-I activity predominates during re
oxygenation, the choice of fatty acid rather than glucose as
a substrate may arise from the greater affinity of the liver
enzyme for its substrate, carnitine, and for this enzyme's
markedly diminished sensitivity towards inhibition by
malonyl-CoA. This may be particularly relevant to the
neonatal heart where under normal conditions the liver
isoform contributes up to 50% of the total CPT-I activity
[7]. Therefore, we examined the effects of prolonged
hypoxia and substrate deprivation on CPT-I activity in the
neonatal cardiac myocyte and the potential mechanisms
responsible for the increases in malonyl-CoA sensitive
CPT-I activity observed following hypoxia. Subsequently, a
reversal in enzyme activation occurs upon re-oxygenation,
along with cellularATP repletion. This is the first suggestion
that cardiac CPT-I may be modulated in situ by covalent
modification which reflects the phosphorylation status of
the cardiac myocyte.

Materials and methods

Cell culture model for CPT assay

Neonatal rat cardiac myocytes were isolated and cultured
as previously described by this laboratory [8]. The cells were
washed for 10 min at 37°Cwith Dulbecco's modified Eagle's
medium (DMEM) containing 40mM Hepes [4-(2-hydroxy
ethyl)piperazine-I-(2-ethanesulfonic acid)]. The cells were
permeabilized by incubation for 10 min at 37°C in 0.5 ml
of medium •J' [9] which contains 40 mM Hepes, pH 7.2,
140 mM KCl, 20 mM NaCI, 5 mM MgCI

2
, I mM ethylene

glycol bis(~-aminoethyl ether)-N,N,N',N'tetraacetate
(EGTA), 0.566 mM CaCI

2
, 5 roM ATP, 6 /lglml oligomycin

and 5 /lM NaN) to which digitonin (5 J.lM final concentration)
was added. This concentration ofdigitonin provides maximal
expression of malonyl-CoA-sensitive CPT-I [8]. After
removal of the permeabilization medium, medium J con
taining I% bovine serum albumin and either 30 11M palmit
oyl-CoA or 50 /lM decanoyl-CoA ±malonyl-CoAwas added
to a final volume of 0.5 mi. The CPT-I reaction was started
by addition of either a range of . 1-[14C]carnitine con
centrations from 0.04--D.4 mM (specific activity =4000
dpm/nrnole) or a single concentration as indicated. CPT-II
was measured by addition of Triton X-IOO (0.1%) to the
cells in medium J, a condition which fully expresses CPT
II and inactivates CPT-I [8].

Inhibition of liver CPT-I with DNP-etomoxir

DNP-etomoxir, a specific inhibitor of the liver CPT-I
isoform [7] was a gift of Dr. Wayne Brouillette of the
Department of Chemistry at the University of Alabama at
Birmingham. The myocytes were treated with this inhibitor
following washing and permeabilization as follows. The
permeabilized cells were incubated in a medium containing
100 mM Tris-HCl, pH 7.2, 125 roM KCI, 6.5 roM MgCI

2
, 6

roM ATP, 0.35 roM GSH, 50 11M CoASH, 0.6% fatty acid
free BSA and 60 11M DNP-etomoxir for 30 min at 22°C to
allow conversion of the DNP-etomoxir into DNP-eto
moxiryl-CoA [7]. The neonatal myocytes were then washed
with 0.9% NaCI and 0.4% BSA for 5 min at 37°C, and the
CPT-I activity measured as previously described [10].

Effects of hypoxia on CPT-I in neonatal cardiac
myocytes

To evaluate the effects of hypoxia on CPT-I activity in the
neonatal rat cardiac myocytes, cells are cultured in 35 mm
dishes and washed one time with glucose- and glutamine
free DMEM which had been degassed and equilibrated with
95% N/5% CO

2
, At the end of the hypoxic incubation, the

cells are permeabilized as described above and CPT is
measured immediately. In separate experiments, citrate
synthase is measured in digitonin-permeabilized control and
hypoxic cells ± 0.1% Triton X-I 00 as previously described
by this laboratory [10]. ATP levels in control, hypoxic and
reoxygenated cells were determined using bioluminescence
as described by the Sigma Technical Bulletin BSCA-l.
Following the addition of luciferase, the amount of light
emitted was measured immediately using a Monolight 20 I0
luminometer (Analytical Luminescence Laboratory). In
experiments where the cells were treated with pervanadate,
100 roM pervanadate was prepared by incubating 100 roM
sodium orthovanadate with 0.34% HP2 at 30°C for 15 min,
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has returned to levels which are not significantly different
from control (Fig. 1).
Accurate separation of CPT-I from CPT-II activity is

assessed by (I) the malonyl-CoA sensitivity of the activity
measured, with CPT-I being almost completely inhibited by
100 J.lM malonyl-CoA, and (2) minimization of the ex
pression of mitochondrial CPT-11 as judged by the degree
of latency of the mitochondrial matrix enzyme, citrate
synthase. This issue is particularly important when hypoxia
is employed as a metabolic perturbation since membrane
disruption is often characteristic of ischemic myocytes in
contracture [15]. The CPT-I activity presented in Table I for
both the control and hypoxic enzymes is inhibited 95% by
100 J.lM malonyl-CoA [control: 5.3 ± 0.06 nrnoles/20 mini
mg (-malonyl-CoA) vs. 0.241 ± 0.02 (+malonyl-CoA);
hypoxic: 7. I ± 0.12 nmoles/20 mini mg (-malonyl-CoA)
vs. 0.334 ± 0.02 (+malonyl-CoA»). CPT-TI activity under
the same conditions is completely insensitive to this
concentration of malonyl-CoA [10]. The absence of any
significant expression of citrate synthase in the digitonin
permeabilized control and hypoxic myocytes confirms the
comparable latency of the mitochondrial matrix compart
ments, even after 5 h of hypoxia (Table I). Maintenance of

Fig. I. Cardiac myocyte ATP levels during hypoxia and reoxygenation.
ATP levels in the neonatal cardiac myocytes were measured using
bioluminescence as described in Materials and methods. The time course
ofATP depletion is indicated by., where n = 5 different cultures ± S.E.M.
(within symbol). Reoxygenation data are represented as histograms where
0=3 hofreoxygenation (n= 3 different cultures ± S.E.M.) and_ = 18 h of
reoxygenation (n = 3 different cultures ± S.E.M.
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followed by 0.2 mg catalase addition for another 20 min
incubation [II]. The cells cultured in 35 mm dishes were
washed once with glucose- and glutamine-free DMEM
which had been degassed and equilibrated with 95% N

2
and

5% CO
2
, The myocytes were then incubated for 5 h at 37°C

under control conditions with and without 50 J.lM pervanadate
or in hypoxic chambers with 2 ml of the deoxygenated,
substrate-free medium ± 50 J.lM pervanadate. At the end of
the 5 h, CPT-I activity was measured as described above.
Cellular protein was measured by the Lowry method [12].

All experiments were carried out in duplicate on three or
more separate cultures on neonatal cardiac myocytes. The
results are expressed at the mean ± S.E.M. and Student's t
test for paired and nonpaired variates was employed to make
comparisons between two groups.

RNA was isolated from the cultured neonatal rat cardiac
myocytes by using the Ultraspec™ RNA isolation system
(Biotex Laboratories, Houston, Texas, USA). Total RNAand
RNA purity were quantitated spectrophotometrically using
absorbance at 260 and 260/280 run ratios. For Northern
blotting, 10 J.lg of total cellular RNA was electrophoresed
in 1% agarose containing 0.6% formaldehyde at 45 V for 3
h. Fractionated RNA was transferred to a Duralon-UV nylon
membrane (Stratagene, La Jolla, CA, USA) for 24 h. Follow
ing prehybridization and hybridization with the labelled
eDNA probes for either muscle CPT-lor for liver CPT-I
[13), the blots were visualized by autoradiography following
storage at -70° for 24-72 h. The relative amounts of each
mRNA were determined by densitometric scanning in the
linear response range. The level of each mRNA for CPT-I
was corrected for the amount of 28S RNA.

RNA isolation and Northern blot analysis

Results

Hypoxic incubation of neonatal cardiac myocytes in
glucose-free DMEM for up to 5 h produces a steady
decline inATP levels from 24.4 ± 0.48 to 7.9 ± 0.43 nmoles/
mg cellular protein (Fig. 1). Total cellular protein does not
change from control levels even after 5 h of hypoxic
incubation [14]. After the onset ofreoxygenation, return of
ATP is not immediate, so that ATP levels remain depressed
even after 3 h of recovery (Fig. I). However, following 18 h
of reoxygenation, the ATP content of the cardiac myocytes

Statistical treatment
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Malonyl-CoA (~)

sensitive to degradation or inactivation. This expectation
should be reflected by a decrease in the relative affinity of
the total hypoxic isoform population for malonyl-CoA.
Under conditions of low carnitine, expression of the liver
isoform is favored (87% of the liver CPT-I Vmax; 29% of
the muscle Vmax at 0.2 mM carnitine); at higher carnitine
concentrations (0.8 mM), the muscle isoform becomes
more active (96% of the liver isoform Vmax; 62% of the
muscle Vrna). However, the 1

50
values for malonyl-CoA are

not significantly different between control and hypoxic
conditions (Figs 3A and 3B). This finding suggests that the
proportion ofliver compared to muscle CPT-l in the neonatal
cardiac myocytes is unchanged by hypoxia and that, instead,
the activity of the enzyme(s) is enhanced resulting from a
change in its affinity for carnitine.
To investigate the latter possibility, the inhibitor, DNP

etomoxir, which is specific for the liver isoform of CPT
I with little or no effect on the muscle isoform [6B], was
used to determine which enzyme protein was modified by
hypoxia. Under conditions ofcontrol and hypoxic incubation,
the total activity of cardiac myocyte is increased by 5 h of
hypoxia while the levels of activity of the muscle isoform
(i.e. activity measured in the presence of DNP-etomoxir)
are unchanged (Fig. 4). The efficacy of the inhibition is
shown in the inset to Fig. 4 where hypoxia has no effect on
the muscle enzyme over a range ofcarnitine concentrations.
The K

m
for the muscle isoform (inset) was calculated to be

0.53 mM, a value which is consistent with the K
m
previously

reported for muscle CPT-I, i.e. 0.5 mM [7]. Therefore, the
increased activity of CPT-I in hypoxia could be entirely
attributed to a change in liver CPT-I activity (Fig. 4).
Since it has been reported that mitochondrial stress

stabilizes nuclear encoded mRNA transcripts [I7], it was
possible that hypoxia could trigger a switch in the relative
abundance ofCPT-I mRNA which would affect mitochondrial
isoform expression upon reoxygenation of the hypoxic
cells. Northern blotting was carried out on RNA isolated
from control and hypoxic myocytes and the mRNA content
of the liver and muscle isoforms was compared (Fig. 5).
When muscle and liver CPT-I message abundance was
expressed relative to the 28S RNA content of control and
hypoxic myocytes, no significant change was observed
between the mRNA abundance of the two isoforms (Fig. 5).
Therefore, it appears that the pattern of isoform expression
is unaltered by hypoxia either at the transcriptional level or
by changes in the relative rates ofmRNA turnover.
The pathway by which liver CPT-I is activated by hypoxia

should reflect a transient physiological response to a change
in the cellular environment. A predominant mechanism of
covalent modification of cellular proteins is that of phos
phorylation. Prior studies have suggested that CPT-II may
be affected by phosphorylation events in hepatocytes in
culture [18]. In hypoxic cardiac myocytes, our laboratory
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Fig. 2. Carnitine palmitoyltransferase kinetics in control and hypoxic
neonatal cardiac myocytes. Double reciprocal plot analysis was carried out
on CPT-I activity measured after 5 h incubation under control, oxygenated
conditions (e) vs. 5 h incubation under hypoxic conditions (A). The results
were fitted to the best line using linear regression analysis where r 2: 0.99
and the data represent the average of 6 different cultures (control) and 3
different cultures (hypoxic) ± S.E.M. Some of the error bars lie within the
symbols.

myocyte carnitine levels in the cytosol during the control
and hypoxic incubations (in the absence ofcarnitine addition
to the DMEM medium) attests to the preservation of sar
colemmal integrity, as does the complete return of cellular
ATP (Table I and Fig. I).
To investigate the mechanism by which CPT-I activity is

increased in the hypoxic myocytes, it seemed possible that
eithermore CPT protein was present (an unlikely possibility
since mitochondrial protein synthesis is depressed during
anoxia [16]) or that existing CPT-I was activated. A double
reciprocal plot of CPT-I activity versus palmitoyl- or
decanoyl-CoA, revealed no change in the affinity of the
enzyme for its acyl-CoA substrate (data not shown). How
ever, when carnitine was varied as substrate, CPT-I now
demonstrated an increase in its affinity for carnitine from a
K of0.25 mM under control conditions to a K of 0.14 mM
after 5 h of hypoxia (Fig. 2). Since the affinit~ of the liver
CPT-I is 0.03 11M compared to 0.5 mM for the muscle
isoform [7], these data suggested that activity of the liver
isoform had become more prominent in the hypoxic myo
cytes. For this to occur, the hypoxic cells could be more
enriched in the content of the liver isoform compared to the
muscle isoform ofCPT-I, e.g. if the muscle isoform is more
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Fig. 3. Malonyl-CoA inhibition ofcarnitine palmitoyltransferase-I in control and hypoxic neonatal cardiac myocytes. (A) CPT-I activity was measured in the
absence and presence ofmalonyl-CoAconcentrations ranging from 1-40 I'M in the presence ono I'M palmitoyl-CoA and 0.8mM I-carnitine, where 0 = CPT
1activity from control, nonnoxic myocytes (n=3 different cultures, mean ± S.E.M.) and. =CPT-I activity from myocytes after 5 hofhypoxia (n =3different
cultures, mean S.E.M.). The I", is the concentration ofmalonyl-CoA which inhibits CPT-I activity by 50%. (B) CPT-l activity was measured in the absence and
presence ofmalonyl-CoA concentrations ranging from 1-40 !'M in the presence ono I'M palmitoyl-CoA and 0.2mM l-carnitine, where0 = CPT-l activity from
control, nonnoxic myocytes (n =3different cultures, mean ± S.E.M.) and. =CPT-l activity from myocytes after 5 hofhypoxia (n =3 different cultures, mean
± S.E.M.). The l" is the concentration ofmalonyl-CoAwhich inhibits CPT-I activity by 50%.

[14] has previously reported a pattern of diminished phos
phorylation of acetyl-CoA carboxylase, a protein involved
in fatty acid metabolism which is a known substrate for AMP
kinase [4]. Therefore, it seemed possible that hypoxia was
activating phosphatases which dephosphorylate cellular
protein substrates. The specific and potent phosphatase
inhibitor, pervanadate, is known to target phosphotyrosine
phosphatase [19]. When incubated with control cardiac
myocytes for 5 h, 50 11M pervanadate had no effect on the
level of total CPT-I activity (Fig. 6). However, when CPT-I
was activated by 5 h of hypoxia, pervanadate, present
throughout the hypoxic incubation, completely abolished this
activation, returning CPT-I activity to control levels (Fig. 6)
and restoring the shift in K

m
for carnitine to the value

measured in control cells (Fig. 6, inset). Moreover, 18 h of
reoxygenation not only returnedAfP to control levels, but also
decreased the activity of CPT-I from 20.28 ± 0.62 to lU8
± 0.52 nmoles/20 min/mg (control CPT-I = 11.02 ± 0.39
nmol/20 min/mg). The data are consistent with a role for the
phosphorylation status of the neonatal cardiac myocyte in
the suppression of the activity of the liver CPT-I isoform,
possibly by phosphorylation of a tyrosine at or near the
catalytic domaine.

Discussion

The present data address the interesting demonstration that
CPT-I activity in cardiac muscle is composed of two
isoforms, the liver and the muscle proteins, which are
expressed as two different gene products [20]. The im
portance of the liver isoform to cardiac metabolism is
speculative but it has been reasonably assumed that the
lower affinity of the liver CPT-I for the inhibitor malonyl
CoA (vs. the low 1

50
ofthe muscle CPT-I) allows~-oxidation

to continue at some low rate in the face of high prevailing
malonyl-CoA concentrations. The activation of cardiac
CPT-I by hypoxia also supports the general observation of
high rates of ~-oxidation in adult heart during early periods
of ischemic retlow [2, 3]. However, during reperfusion of
adult heart following ischemia, no increases in CPT-I activity
or in the Iso of the enzyme for malonyl-CoA were observed
[4]. The differences between these studies and our data may
relate to the adult rat heart model vs the neonatal rat cardiac
myocytes in culture. It is known that the liver isoform
constitutes only 3% of the total CPT-I protein in the adult
vs. 25% in the neonatal rat heart [7]. It is noteworthy that in
the neonatal heart, where carnitine concentrations are low,



Fig. 4. Hypoxia increases activity ofthe liver but not the muscle isoform of
CPT-I. Cardiac myocytes were incubated under control. normoxic and
hypoxic conditions for 5 h as described under Materials and methods. After
permeabilization. DNP etomoxir was converted to DNP-etomoxiryl-CoA
(Brown el al. 1995). and CPT-I activity was measured in the absence (D.
IOlal CPT-I. n =4 ± S.E.M.) and the presence (•• muscle CPT-I. n =4 ±
S.E.M.) ofetomoxiryl-CoA. The activity of the liver isoform was obtained
by subtracting the activity ofthe muscle isoform from the total activity (p <
0.01). Inset: Double reciprocal plot ofthe cardiac myocyte CPT-l measured
in the presence ofDNP-etomoxiryl-CoA at varying I-carnitine concentrations
(.... n = 3 different cultures ± S.E.M.).

liver CPT-I activity accounts for up to 60% of the total fatty
acid oxidation in the newborn heart [7]. Thus it is likely that
the decreased contribution ofthe liver CPT-I isoform to total
CPT-I activity in adult heart may make changes in this
isoform difficult to detect, particularly without separation
of the relative activities contributing to the total activity
measured. Our results agree with the former studies in that
there is no apparent change in the inhibitory sensitivity of
the heart CPT-I for malonyl-CoA [4]. The different Iso values
observed in the presence of 0.2 mM vs. 0.8 mM camitine
agree with other conclusions that camitine may decrease the
effectiveness ofmalonyl-CoA to regulate CPT-I [21]. Since
the low camitine concentration is less favorable for activa
tion of the muscle CPT-I which demonstrates a low ~ for
malonyl-CoA, the direction of the K) shift is unexpected.
This observation is of interest with respect to the high
concentrations of malonyl-CoA measured in heart muscle
vs. the low 150 for malonyl-CoA ofthe predominatingmuscle
CPT-I isoform. It is conceivable that, at the camitine levels
in adult heart which range from 1.5-2.5 mM [22], malonyl-

L1VER-CPT-1

CONTROL HYPOXIA

MUSCLE-CPT-I

CONTROL HYPOXIA

o ...J---l. _

Fig. 5. Northern Blotting ofCPT-I isoformmRNA after control and hypoxic
incubation. RNA was isolated from control and hypoxic (5 h) neonatal
cardiac myocytes in culture. For Northern blotting, the fractionated RNA
was hybridized to cDNA probes for the liver and muscle isoforms ofCPT-I.
and the relative amounts ofeach mRNA were visualized by densitometric
scanning. Control RNA (D) and RNA from hypoxic myocytes (.) were
corrected for the amount of28S ribosomal RNA in the extracts. where n = 3
determinations.
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CoA is a far less effective inhibitor ofthe muscle CPT-I than
would be anticipated from the Iso measurements.
The suggestion that the liver isoform is responsive to

hypoxia in the heart cell and that the muscle isoform is
unaffected is consistent with the known plasticity of the
liver CPT-I both in its activity and in the modulatory effects
of diet and diabetes on its sensitivity to malonyl-CoA [23].
Haranoet al. [18] have suggested that CPT may be regulated
in the short term by isolated rat hepatocytes through a
phosphorylation-dephosphorylation mechanism. However,
in the latter study the immunoprecipitated CPT likely
represented either CPT-II or a mixture of the entire CPT
complex so that a possible role for covalent modification
of CPT-I has not been firmly established. We observed a
small (II %) change in CPT-II activity with hypoxia which
may reflect these earlier observations [18]. Guzman and
Geelan [24] have reported modulation ofCPT-I activity and
fatty acid oxidation by a variety of agonists and growth
factors using digitonin-permeabilized hepatocytes. These
authors suggested that enhanced phosphorylation of CPT
I may lead to a stimulation ofCPT-I activity and a resultant
activation of ~-oxidation [25]. Okadaic acid, an inhibitor
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data which demonstrates that following immunoprecipita
tion of neonatal myocyte protein using antiphospho
tyrosine antibodies, a band at 88 kD is recovered which is
immunoreactive against an internal recombinant peptide
for amino acids 316-430 specific for the liver CPTo
(CPT-I, courtesy of Dr. Shri Pande, Montreal Canada).
This recent information supports our suggestion that the
kinetic data reflect a role for phosphorylation in the
control of activity of the liver isoform ofCPT-I in cardiac
myocytes.
In summary, a dramatic activation of CPT-I is observed
in hypoxic myocytes which is independent ofany change in
the content of either the mRNA for the muscle or liver
isoform or in the activity of the muscle-specific CPT-I. Our
results suggest that the activity ofthe hypoxic myocyte CPT
I reflects changes in ATP levels in the cardiac myocytes, so
that high ATP is associated with lower CPT-I activity. The
site of this activation is the liver isoform of CPT-I where
phosphorylation-dependent modulation of CPT activity
appears to playa role in this process.

30

• 0.2

25
.Ii

'"
.!

.E ~..c: 0

's .
0 20 !
N !:OJ
~
E
c: 15 -12 -8 -4 0 4 8 12
Ql
c: Com_(mMr':;:l·s
~ 10
>-
~
E
co
Q. 5

0
-........ ............ ~"'dlbt --.-..

Control Hypoxia

Fig. 6. Pervanadate inhibits the hypoxia-induced increase in CPT-I by
inhibiting the liver isoform of CPT-I. Pervanadate was present (60 11M)
during 5 h ofnormoxic and hypoxic incubation. Following permeabilization
of the cardiac myocytes, CPT-I activity was measured in the control and
hypoxic cells which had been incubated in the absence (0, n = 3 different
cultures ± S.E.M.) and presence (_, n = 3 ± S.E.M.) of pervanadate (p <
0.0 I). Inset: The double reciprocal plot oftotal CPT-I activity measured in
control cells (e, n = 6 different cultures ± S.E.M.), in control cells in the

presence ofpervanadate (a, n =3 different cultures ± S.E.M.) and in hypoxic
cells in the absence ofpervanadate (., n = 3 ± S.E.M.).
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Human myocardial ATP content and in vivo
contractile function
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Abstract

The study was designed to characterize the relationship between the metabolite content of human cardiac muscle and in vivo
cardiac function. ATP, total adenine nucleotides, and NAD were quantified in human myocardial biopsies using high
performance liquid chromatography. Right ventricular endomyocardial biopsies were obtained from 43 patients with dilated
cardiomyopathy, 6 with restrictive cardiomyopathy, 10 with normal systolic and diastolic function, and from 24 cold preserved
human donor hearts. Transmural samples of failing right and left ventricular free walls were obtained during cardiac
transplantation surgery in 8 patients. ATP, total adenine nucleotides, and NAD were similar in the cold-preserved donor hearts
and in right ventricular endomyocardial biopsies from the 10 individuals with normal systolic and diastolic function. In contrast,
these values were significantly depressed in tissue samples from patients with dilated or restrictive cardiomyopathy. There
was a significant correlation between ATP and pulmonary capillary wedge pressures but not ejection fractions. Declines in
the sizes of myocardial ATP, adenine nucleotide, and pyridine nucleotide pools in the human myocardium are associated
primarily with diastolic but not systolic dysfunction. (Mol Cell Biochem 180: 171-177,1998)

Key words: ATP, NAD, adenine nucleotides, dilated cardiomyopathy, endomyocardial biopsy, diastolic dysfunction

Introduction

There has long been speculation that altered energy
metabolism plays a role in human non-ischemic dilated
cardiomyopathy ([4, 16, 17] forreviews). Primary metabolic
defects, such as those associated with abnormal carnitine
transport [37], are well known for their ability to produce
potentially reversible cardiac failure. In post-viral dilated
cardiomyopathy, circulating antibodies against the mito
chondrial adenine nucleotide translocase [25] are thought
to interfere with energy metabolism [24, 26]. With other
forms ofhypertrophy and failure, altered hemodynamics may
lead to chronic subendocardial ischemia in the presence or
absence of coronary artery disease [15, 30, 35].
Nevertheless, there are conflicting data on the energy
status of the failing human myocardium. Some, but not all,
in vivo lJP_NMR studies have show declines in phos-

phocreatine (PCr)/ATP ratios (reviewed in [4]). Such
declines may be unrelated to the declines in PCr/ATP
typically seen in myocardial ischemia, however, as total
creatine appears to be decreased in the failing myocardium
14,31]. The status of the ATP and total adenine nucleotide
pool is also controversial. Early attempts to demonstrate
ATP depletion in surgical specimens produced mixed results
[5, 15]. Conflicting data have also been obtained with
endomyocardial biopsies of awake subjects. An early study
from our laboratory showed significant declines in the ATP
content of right ventricular endomyocardial biopsies from
failing human myocardium [35] with a significant correlation
betweenATPdepletion and diastolic dysfunction. However,
a very similar study by another laboratory found no
differences between the metabolite content ofbiopsies from
normal and failing human hearts [4].
The present study reinvestigates the issue of the ATP
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content ofhuman myocardium. Sample sizes are larger than
in previous studies; a subset of patients with pure diastolic
dysfunction has been included; two sources of normal
myocardial tissue were used; and samples were analyzed by
high performance liquid chromatography (HPLC) so thatATP
breakdown products and NAD could be quantified.

Materials and methods

Myocardial biopsies

Tissue samples were obtained from: (I) patients undergoing
diagnostic right ventricular endomyocardial biopsy; (2) cold
preserved donor hearts just before implantation; and (3) end
stage failing ventricles of patients undergoing cardiac
transplantation surgery. Studies oftransplant recipients were
confined to those without significant coronary artery
disease.
All patients undergoing right ventricular endomyocardial

biopsy were being evaluated for unexplained systolic and!
or diastolic ventricular dysfunction, symptoms of con
gestive heart failure, unexplained angina, or to obtain control
data before chemotherapy as part of a protocol to assess
anthracycline cardiotoxicity. Informed consent was obtained
in each instance in compliance with institutional review
policies for human subject research. Significant coronary
artery disease (luminal stenosis ~ 50%), valvular heart
disease and pericardial disease were excluded in all patients
with diagnostic left and right heart catheterization and
coronary angiography. Right heart catheterization and right
ventricular endomyocardial biopsy [32] were performed
using standard techniques (right intemaljugular approach).
Tissue samples were frozen in liquid nitrogen less than 15
sec after closing of the bioptome jaws and stored at --80°C
until analyzed.

Individuals with normal systolic and diastolic function

Ten patients had normal left ventricular ejection fractions
(~ 0.55), and normal left ventricular end diastolic pressures
($; 13 mm Hg).

Dilated cardiomyopathy

Forty-three patients were diagnosed as having dilated
cardiomyopathy. Mean left ventricular ejection fraction (±
S.D.) was 0.28 ± 0.11, pulmonary artery wedge pressure was
18 ±9mm Hg, and cardiac index was 2.7 ±0.7 Umin/m2 There
were 29 men and 14 women in this group: mean age was 43
years (range 26-74 years).

Restrictive cardiomyopathy

Six patients had restrictive cardiomyopathy. Mean left
ventricular ejection fraction was 0.53 ± 0.05 and pulmonary
artery wedge pressure was 24 ± 7 mm Hg. There were 5
women and I man: mean age was 60 years (range 28-77
years).

Cold-preserved donor hearts

The cold-preserved donor hearts were those described
previously in [28]. At the time of harvest, all hearts were
cardiopleged via the aortic stump with a chilled solution
containing 55 mM glucose, 1.1 mM mannitol, 22.4 mM
sodium bicarbonate and 30mMKCl and stored in an ice bath.
Immediately prior to implantation, samples were taken from
the right interventricular septal surface using a cardiac
bioptome and immediately frozen in liquid nitrogen. All
samples were obtained within 5 h of harvest.

End stage failure

Open chest samples ofthe left and right ventricular free wall
('tm-cut' needle) were obtained during cardiac trans
plantation surgery in 8 patients with end-stage non-ischemic
heart failure. The specimens were immediately frozen in
liquid nitrogen, and samples ofthe LV free wall were quickly
divided into epicardial, midwall and endocardial sections.

Nucleotide assays

Analysis of acid-soluble nucleotides was carried out as
previously described [II]. In brief, frozen tissue samples
were homogenized with perchloric acid using a Biomedix
microhomogenizer system (Biomedix, Middlesex, UK). The
neutralized acid extract was analyzed by HPLC and the
denatured protein pellet was acetone-washed, dissolved in
I N NaOH, and analyzed for non-collagen protein by the
method of Lowry et al. [19] using bovine serum albumin as
the standard. Nucleotide data are given in nanomolesl
milligram total protein (nmoVmg protein), means ± S.E.M.

Statistical analyses

Measurements on right ventricular endomyocardial biopsies
from awake subjects were separate experiments from those
on the explanted (donor or recipient) hearts. The two data
sets were therefore analyzed separately. Scheffe's procedure
and the STATPAK PC program (Merrill Dow Publishing
Company, Columbus, Ohio, USA) were used for both sets



of multiple comparisons (ANOVA). Differences were
considered statistically significant at a p value < 0.05.

Results

Table I summarizes theiITP, NAD and total adenine nucleo
tide content of biopsies from the several groups of hearts.
Note that the values for endomyocardial biopsies taken from
patients with normal systolic and diastolic function and from
the chilled, cardiopleged hearts of normal organ donors do
not differ. These values are quite in line with what we and
others have reported for rapidly aspirated, snap-frozen
transmural biopsies of normal swine and canine hearts [8,
20]. They also agree with 3IP_NMR data giving a normal in
vivo human myocardial ATP concentration of -7 !lmol per
g wet weight [4], assuming a conversion factor of 0.16 mg
Lowry protein per mg wet weight, and with the early data of
Jones et al. on the metabolite content of normal human
myocardium [15]. These values are higher, however, than
those reported by Chidsey et al. [5] and Regitz and Fleck [23]
for normal human myocardium.
Second, ATP and total adenine nucleotides are sig

nificantly lower in the endomyocardial biopsies from patients
with dilated or restrictive cardiomyopathy (p < 0.001). Third,
meanATP and total adenine nucleotide values for transmural
biopsies of hearts in end stage failure are low but show no
statistically significant transmural gradients. NAD values
paralleled those for the adenylates. NAD was similar for the
endomyocardial biopsies from individuals with normal
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systolic and diastolic function and from normal donor hearts
whereas the NAD content of endomyocardial biopsies from
cardiomyopathic hearts was significantly depressed.
There is a highly significant correlation between total

adenine nucleotides and the NAD content of myocardial
biopsies (Fig. I). It should be noted that in cardiac muscle,
values for NAD are a good measure ofthe total intracellular
pyridine nucleotide pool. The phosphorylated form ofNAD,
NADP, is present in relatively low concentrations, and levels
of reduced pyridine nucleotides (i.e. NADH and NADPH)
are low as well. We have not given values for NADH because
reduced pyridine nucleotides are unstable in the presence
of acid and are thus destroyed by our extraction process.
Nevertheless, the acid-degradation products of NADH are
resolved by HPLC, and their sum can be used to estimate
the amount ofNADH originally present [10]. In 62 individual
biopsies where NADH was quantified by this procedure, the
NAD-to-NADH ratios were 7.6 ± 3.3 (mean ± standard
deviation) and there was no discernible correlation between
this ratio and ATP or total adenine nucleotide content.
When data from all endomyocardial biopsy subjects were

analyzed, there was a significant negative correlation
between pulmonary capillary wedge pressure and ATP
(Fig. 2) but there was no correlation between ejection
fraction and ATP (r = 0.009, data not shown).

Discussion

Methodological considerations

All data are mean ± S.E.M., nIDol/mg biopsy protein. Normal EBX,
endomyocardial biopsies from individuals with normal systolic and
diastolic function. DCM-EBX, endomyocardial biopsies from individuals
with dilated cardiomyopathy. RCM-EBX, endomyocardial biopsies from
individuals with restrictive cardiomyopathies.

RVEBX
nonnalEBX 40.1 ± 1.9 52.2±2.8 6.40 ± 0.40
(n= 10)
normal donor 38.2±2.2 47.4 ± 2.5 5.89±0.20
(n=24)
DCM-EBX 24.4 ± 1.3" 34.7± 1.5" 4.54±0.17"
(n=43)
RCM-EBX 12.0±3.3" 19.2±4.8" 2.46 ± 0.69"
(n=6)

"p <0.00 I vs. normals

Table I Metabolite data for human myocardial biopsies

Transmural (n = 8)
RV
LVepi
mid
endo

ATP

18.8 ± 3.0
14.4 ± 3.6
17.4±3.6
17.9 ± 4.3

EAN

27.1 ± 3.6
24.7 ± 5.1
28.4 ± 4.1
28.0 ± 5.9

NAD

3.28 ± 0.31
3.71 ± 0.59
3.51 ± 0.61
3.46 ± 0.71

It is clear from Table I that samples of ventricular myo
cardium from patients with dilated or restrictive cardio
myopathy have, on average, less than normal amounts of
ATP, total adenine nucleotides, and NAD. One could argue
that extensive fibrosis might be responsible for the appar
ent net loss of tissue metabolites and that nucleotide con
centrations in viable myocytes are unaltered. However,
nucleotide values have been normalized to total NaOH
soluble protein, as analyzed by the method of Lowry et al.
[19]. Connective tissue is only sparingly soluble in NaOH
and the Lowry method is generally assumed to measure non
collagen protein. Moreover, a previous quantitative study of
human hearts with end-stage dilated cardiomyopathy found
only IS ± 6% fibrosis in endocardial samples from the right
side ofthe interventricular septum [34]; in the present study,
the adenine and pyridine nucleotide pools were depressed
in most instances by more than 30%.
Another concern could be the delay between tissue

sampling and metabolic arrest in liquid nitrogen, which
averaged -10 sec. This might be expected to alter phos
phocreatine and possibly theiITP/ADP ratios. However,ATPI
ADP ratios for the samples ofnormal myocardium were well
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Fig. 1. Graph showing individual NAD and total adenine nucleotide values
for tissue samples described in Table I. Open circles depict data for
transmural biopsies from transplant recipients; closed triangles represent
samples from cold-preserved normal donor hearts; closed circles are for
right ventricular biopsies from normal controls; and the plusses are for
right ventricular endomyocardial biopsies from patients with dilated
cardiomyopathy. The 95% confidence limits for the regression line are
shown as dotted curves. The correlation coefficient was 0.874, p < 0.000 I.

within the range typically described in carefully-done studies
ofexperimental animal hearts. Thus, any significant decline
in high energy phosphates most likely affected just the
phosphocreatine pool, which has a strong buffering effect
on ATP/ADP ratios. Nevertheless, it must be borne in mind
that in the setting oflow in vivo phosphocreatine, as might
be seen in failing myocardium [6], more appreciable
declines in ATP/ADP ratios might have occurred during
sampling. Thus we have also emphasized the size ofthe total
adenine nucleotide pool. Since each biopsy is a closed
system, there can be no change in total adenine nucleotides

50 •
• • r=-O 43

C 40 p=00006
ii • • •
~ • •
Q.

30 •
Ol
E...... •(;
E 20
.s • • •
Q. • ••
I- 10«: •• •• •0

0 10 20 30 40 50
Pulmonary Artery edge Pressure

Fig. 2. Graph showing the correlation between pulmonary artery wedge
pressure and ATP content of endomyocardial biopsies.

plus their degradation products. The latter are easily
identified and quantified in the HPLC chromatograms [II].
In fact, very few biopsies contained more than 2 nmol/mg
AMP, adenosine, inosine, or hypoxanthine.

It should be noted that a recent study by Regitz and Fleck
[23] failed to detect differences in ATP or total adenine
nucleotide concentrations in endomyocardial biopsies from
'normal' and cardiomyopathy patients. It is interesting that
their mean values for ATP (23 nmol/mg) and total adeny
lates (39 nmoVmg) in samples from patients with dilated
cardiomyopathy were nearly identical to those shown by us
in Table I. The major difference between the two studies
involves the normal values. In the study by Regitz and Fleck,
'normal' adenine nucleotide profiles were obtained in 14
biopsies from patients in whom cardiac disease was suspected,
but coronary, valvular, hypertensive, ormyocardial disease was
excluded. Our study obtained data from cold-preserved normal
donor hearts as well as from cancer patients with normal
ejection fractions and left ventricular end diastolic pressures.

Correlation between ATP and cardiac performance

In dilated cardiomyopathy, both systolic and diastolic
function may be impaired. For the cardiomyopathy study
group, mean ventricular ejection fractions were low while
end diastolic pressures were high. Whether depressed
ejection fractions or elevated end diastolic pressures can be
attributed to a paucity ofATP is not entirely clear, however.
With respect to ejection fractions, there can be a significant
positive correlation with myocardial ATP [2], but this is not
always the case [29]. Clearly, if the failing heart were in
adequately perfused, one might envision a situation com
parable to myocardial hibernation, where contractile function
is somehow down-regulated to match substrate and oxygen
delivery [21, 22]. rn the hibernating myocardium, however,
total high energy phosphates can be close to normal [9]. On
the other hand, failing ventricles could resemble the stunned
myocardium, but while the post-ischemic stunned myo
cardium has low ATP, its contractile deficit appears attri
butable to reperfusion-generated free radical damage to the
myofibrils and/or sarcoplasmic reticulum [3, 7]. Myocardial
hibernation and/or stunning are probably not the cause oflow
ejection fractions in patients with truly non-ischemic cardio
myopathies. We specifically excluded patients that had
coronary artery disease with coronary angiography. Accord
ingly, we would argue that low ATP and a low ejection
fraction need not be causally related, and a positive corre
lation between the two could merely reflect the fact thatATP
and ejection fraction are both lower in failing than non
failing hearts.
The data from patients with primary diastolic dysfunction
lend support to the above argument [29] As a group, these



individuals had normal ejection fractions but lower meanATP,
total adenine nucleotides, and NAD in their right ventricular
endomyocardial biopsies than even those individuals with
markedly depressed ejection fractions. A number of studies
have shown good correlations between myocardial ATP and
end diastolic pressures [29-33], and it has been argued on
theoretical grounds that relaxation should be more sensitive
than contraction to energy status [16].ATP has a relaxing effect
on cardiac myofibrils, and studies with permeabilized rat
myocytes have shown that varyingMgATP over the 1-10mM
range (estimates of normal cytosolic MgATP range from 5
10 mM) greatly alters myofibrillar calcium sensitivity. That
is, at each controlled level of free calcium, when the con
centration of MgATP is decreased there is an increase in
unloaded myofibriliar shortening [1]. Calcium sequestration
by the sarcoplasmic reticulum is also quite sensitive to ATP
and to ATP-to-ADP ratios, and these nucleotide effects are
readily observed in permeabilized myocytes with physio
logically relevant concentrations of ATP [12, 38]. Thus, the
rate at which the sarcoplasmic reticulum removes calcium
from the myofibrillar space during diastole should decline
whenATP falls and/orADP rises. This along with an increased
myofibrillar calcium sensitivity should lead to decreased
diastolic compliance.

Regulation of intracellular nucleotide content

A great deal of what is known about myocardial nucleotide
metabolism has been derived from studies of acute ischemia
or hypoxia. With a major reduction in oxygen delivery, ATP
falls and ADP and AMP increase. AMP is then degraded to
inosine monophosphate or adenosine, both of which can be
converted to inosine and hypoxanthine. Adenosine, inosine,
and hypoxanthine are all able to diffuse across the sarcolemma
into the extracellular space and their efflux leads to a net
reduction in the size of the intracellular purine pool. Thus,
when oxygen delivery is restored, ATP cannot rebound fully
and immediately to preischemic levels. Over time, however,
adenosine and hypoxanthine can be taken up by the myocytes
and used to replenish intracellular adenine nucleotides.
In the absence of ischemia, there is a far more gradual but

continuous degradation of adenine nucleotides, which is
closely matched by nucleotide synthesis through the de novo
and salvage pathways. The steady state pool size - or set
point - is thus governed by the balance between these
opposing reactions. In dilated cardiomyopathy, this balance
may be altered, resulting in a decline in total adenine nucleo
tides. However, it is becoming increasingly apparent that the
failing myocardium can be quite heterogeneous, and it could
be that some myocytes contain relatively normal amounts of
adenine nucleotides whereas others have degenerated to the
point where they are severely depleted.
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NAD and total pyridine nucleotides

As mentioned above, transient episodes of myocardial
ischemia could explain the low ATP and adenine nucleotide
content of some failing human hearts. Post-ischemic re
covery of ATP and total adenine nucleotides is a slow
process [8], one which might not keep pace with inter
mittent ischemic episodes. An ischemic basis for the loss
of NAD seems less likely, however. Mild ischemic insults
have not typically been associated with a pronounced loss
of total pyridine nucleotides. And while the pyridine nucle
otides are known to decline following experimental coronary
artery occlusion, this process occurs on a much slower time
scale and is thought to result primarily from inhibition of
energy-dependent NAD synthesis in the face of continuous
degradation via NAD glycohydrolase activity [18].
Interestingly, experimental cardiac hypertrophy produced

by excess epinephrine [27] or thyroxine [13] also leads to a
significant decline in myocardial NAD, when the data are
expressed in terms of tissue mass. If the data were expressed
per myocyte, however, NAD might not be depressed. It may
therefore be quite relevant that a critical step in the synthesis
ofNAD, i.e. the conversion of nicotinate mononucleotide to
nicotinate adenine dinucleotide (deamido NAD) occurs in the
nucleus [27]. If nuclear NAD production were to remain
constant while the myocytes increased in size, one might
predict that intracellular NAD concentrations would decline.

It should also be noted that while the bulk of myocardial
adenine nucleotides are cytosolic, most of the pyridine
nucleotides are contained in the mitochondrial compartment
[10]. Thus, a decline in myocardial NAD suggests a depletion
ofmitochondrial pyridine nucleotides. The degree to which
depressed mitochondrial NAD would interfere with myocardial
energy metabolism is currently open to speculation.

Summary

We have shown thatATP, total adenine nucleotides, and total
pyridine nucleotides are depressed in the myocardium of
individuals with dilated cardiomyopathy. This nucleotide
depletion is correlated with diastolic dysfunction but the
cause has not been established. Mitochondrial damage and
subendocardial ischemia may playa role in some cases, but
a variety of causal factors are undoubtedly responsible for
the metabolic abnormalities seen in dilated cardiomyopathy.

Acknowledgements

These studies were supported, in part, by grants-in-aid from
the Central Ohio Chapter ofthe American Heart Association



176

and by USPHS HL36240 and HL48835. With thanks also
for the Technical Assistance of Robert E. Kelley.

References

I. Altschuld RA, Wenger WC, Lamka KG, Kindig OR, Capen CC,
Mizuhira V, Vander Heide RS, Brierley GP: Structural and functional
properties of adult rat heart myocytes lysed with digitooin. J Bioi
Chern 260: 14325-14334, 1985

2. Bashore TM, Magorien OJ, Letterio J, Shaffer P, Unverferth DV:
Histologic and biochemical correlates of left ventricular chamber
dynamics in man. J Am Coil Cardiol 9: 734-742, 1987

3. Bolli R, Jeroud MO, Patel BS, DuBoise CM, Lai EK, Roberts R,
McCay PB: Direct evidence that oxygen-derived free radicals
contribute to postischemic myocardial dysfunction in the intact
dog. Proc Nat! Acad Sci USA 86: 4695-4699, 1989

4. Bottomley PA: MR spectroscopy of the human heart: The status
and the challenges. [Review]. Radiology 191: 593--{)12, 1994

5. Chidsey CA, Weinbaeh EC, Pool PE, Morrow AG: Biochemical
studies of energy production in the failing human heart. J Clin
Invest 45: 40--50, 1966

6. Conway MA, Allis J, Ouwerk R, Niioka T, Rajagopalan B, Radda
GK: Detection of low phosphocreatine to ATP ratio in failing
hypertrophied human myocardium by 31 P magnetic resonance
spectroscopy. Lancet 338(8773): 973-976, 1991

7. Das AM, Harris DA: Control of mitochondrial ATP synthase in
heart cells: Inactive to active transitions caused by beating or
positive inotropic agents. Cardiovasc Res 24: 411-417, 1990

8. DeBoer LWV, Ingwall JS, Kloner RA, Braunwald E: Prolonged
derangements of canine myocardial purine metabolism after a
brief coronary artery occlusion not associated with anatomic
evidence of necrosis. Proc Nat! Acad Sci USA 77: 5471-5475,

1980
9. Ferrari R: Commentary on hibernating myocardium and its clinical
relevance. Basic Res Cardiol 90: 52-54, 1995

10. Geisbuhler T, Altschuld RA, Trewyn RW, Anscl AZ, Lamka K,
Brierley GP: Adenine nucleotide metabolism and compart
mcntalization in isolated adult rat hcart cells. Circ Res 54: 536-
546, 1984

II. Hammer OF, Unverferth DV, Kelley RE, Harvan PA, Altschuld
RA: Extraction and measurement of myocardial nueleotides,
nucleosides, and purine bases by high-performance liquid chrom
atography. Anal Biochem 169: 300--305, 1988

12. Hoh! CM, Garleb AA, Altschuld RA: Effects of simulated ischemia
and reperfusion on the sarcoplasmic reticulum of digitonin-lysed
cardiomyocytes. Circ Res 70: 716--723, 1992

13. Hohl CM, Wetzel S, Fertel RH, Wimsatt OK, Brierley GP, Altschuld
RA: Hyperthyroid adult rat cardiomyocytes. l. Nucleotide
content, beta- and alpha-adrenoreceptors, and cAMP production.
Am J Physiol 257: C948-{;956, 1989

14. Ingwall JS, Atkinson DE, Clarke K, Fetters JK: Energetic correlates
of cardiac failure: Changes in the creatine kinase system in the
failing myocardium. Eur Heart J II(Suppl B): 108-115, 1990

15. Jones RN, Peyton RB, Sabina RL, Swain JL, Holmes EW, Spray
TL, Van Tright P, Wechsler A: Transmural gradient in high
energy phosphate content in patients with coronary artery disease.
Ann Thorac Surg 32: 546--553, 1981

16. Katz AM: Cellular mechanisms in congestive heart failure. Am J
Cardiol 62: 3A-8A, 1988

17. Katz AM: The myocardium in congestive heart failure. Am J

Cardiol 63: l2A-16A, 1989
18. Klein HH, Schaper J, Puschmann S, Neinbauer C, Kreuzer H,
Schaper W: Loss of canine myocardial nicotinamide adenine
dinucleotide determines the transition from reversible to irrever
sible ischemic damage of myocardial cells. Basic Res Cardiol 76:
612--{)21, 1981

19. Lowry OH, Rosebrough NJ, Farr AL, Randall, RJ: Protein
measurement with the folin phenol reagent. J Bioi Chern 183:
265-272, 1951

20. Neumar RW, Brown CG, Van Ligten P, Hoekstra J, Altschuld RA,
Baker P: Estimation of myocardial ischemic injury during
ventricular fibrillation with total circulatory arrest using bigh
energy phosphates and lactate as metabolic markers. Ann Emerg
Med 20: 222-229, 1991

21. Rahimtoola SH: From coronary artery disease to heart failure:
Role of the hibernating myocardium. Am J Cardiol 75: 16E-22E,
1995

22. Rahimtoola SH, Griffith GC: The hibernating myocardium. Am
Heart J 117: 211-221, 1989

23. Regitz V, Fleck E: Myocardial adenine nucleotide concentrations
and myocardial norepinephrine content in patients with heart
failure secondary to idiopathic dilated or ischemic cardiomyopathy.
Am J Cardiol 69: 1574-1580, 1992

24. Schulthei~ HP, Schulze K, Schauer R, Witzenbichler B, Strauer
BE: Antibody-mediated imbalance of myocardial energy meta
bolism. A causal factor of cardiac failure? Circ Res 76: 6472,
1995

25. Schulthei~HP, Schwimmbeck P, Bolte HD: Autoantibodies Against
the Adenine Nucleotide TranslocalOr in Myocarditis and Dilated
Cardiomyopathy. Springer Verlag, BerlinlNew York, 1983, 131
143

26. Schulze K, Becker BF, Schulthei~ HP: Antibodies to the ADP/
ATP carrier, an autoantigen in myocarditis and dilated cardio
myopathy, penetrate into myocardial cells and disturb energy
metabolism in vivo. Circ Res 64:179-192,1989

27. Severin SE, Tseitlin LA: Biosynthesis and degradation of
nicotinamide coenzymes in the myocardium. Circ Res 34 and 35:
111-121-111-128, 1974

28. Starling RC, Hammer OF, Binkley PF, Galbraith TA, Howanitz
EP, Murray KD, Watson KM, Myerowitz PO: Adenine nucleotide
contenl in cold preserved human donor hearts and subsequent
cardiac performance after orthotopic heart transplantation. J
Heart Lung Transplant I0: 508~5l 7, 1991

29. Starling RC, VanFossen DB, Kelley RE: Lack of correlation between
ejection fraction and myocardial ATP in cardiomyopathy. J A C
C 19: 318A, 1992

30. Swain JL, Sabina RL, Peyton RB, Jones RN, Wechsler AS, Holmes
EW: Derangements in myocardial purine and pyrimidine
nucleotide. Proc Natl Acad Sci USA 79: 655--{)59, 1982

31. Tian R, Nascimben L, Kaddurah-Daouk R, Ingwall JS: Depletion
of energy reserve via the creatine kinase reaction during the
evolution of heart failure in cardiomyopathie hamsters. J Mol
Cell Cardiol 28: 755--765, 1996

32. Unverferth DV: Endomyocardial Biopsy. In: N Warren, RP Lewis
(eds). Diagnostic Procedures in Cardiology: A Clinician's Guide.
Year Book Medical, Chicago, 1985, pp 299-316

33. Unverferth DV, Altsehuld RA, Lykens M, Hunsaker RH, Vasko
JS, Kakos GS, Leier CV, Magorien RD, Kolibash AJ: Reperfusion
of the human myocardium by saphenous vein bypass grafts.
Biochemical considerations. J Thorac Cardiovasc Surg 87: 577
584, 1984

34. Unverferth DV, Baker PO, Swift SE: Extent of myocardial fibrosis
and cellular hypertrophy in dilated cardiomyopathy. Am J Cardiol



57: 816-820, 1986
35. Unverferth DV, Magorien RD, Kolibash AJ, Lewis RP, Lykens M,
Altschuld R, Baba N, Leier CV: Biochemical and histologic
correlates of ventricular end-diastolic pressure. Int J Cardiol I:
133-142, 1981

36. Ventura C, Capogrossi MC, Spurgeon HA, Lakatta EG: Kappa
Opioid peptide receptor stimulation increases cytosolic pH and
myofilament responsiveness to Ca" in cardiac myocytes. Am J

177

Physiol Heart Circ Physiol 261: HI671-HI674, 1991
37. Waber LJ, Valle D, Neill C, DiMauro S, Shug A: Carnitine
deficiency presenting as familial cardiomyopathy: A treatable
defect in carnitine transport. J Pediatr 101: 700-705, 1982

38. Wimsatt DK, Hohl CM, Brierley GP, Altschuld RA: Calcium
accumulation and release by the sarcoplasmic reticulum of
digitonin-lysed adult mammalian ventricular cardiomyocytes. J
Bioi Chern 265: 14849-14857



Molecular and Cellular Biochemistry 180: 179-191, 1998.
© 1998 Kluwer Academic Publishers.

Differential cardioprotection with selective
inhibitors of adenosine metabolism and transport:
Role of purine release in ischemic and reperfusion
• •Injury

Anwar s. Abd-Elfattah, Michael E. Jessen, Jon Lekven and Andrew S.
Wechsler
Department ofSurgery, Division ofCardiothoracic Surgery, Medical College of Virginia, Virginia Commonwealth
University, Richmond, Virginia, USA

Abstract

In a previous report, we have demonstrated that simultaneous inhibition of nucleoside transport and adenosine deaminase
accumulates endogenous adenosine and protects the myocardium against stunning. The differential cardioprotective effects of
erythro-9(2-hydroxy-3-nonyl)-adenine (EHNA), a potent inhibitor of adenosine deamination but not transport, and p
nitrobenzylthioinosine (NBMPR), a selective blocker of adenosine and inosine transport, are not known.
Thirty-seven anaesthetized adult dogs were instrumented to monitor left ventricular performance using sonomicrometery.

Dogs were randomly assigned into four groups. The control group (n = 8) received only the vehicle solution. Treated groups
received saline containing 100 J.l.M EHNA (EHNA-group, n = 7), 25 J.l.M NBMPR (NBMPR-group, n = 7), or a combination
of 100 J.l.M EHNA and 25 11M NBMPR (EHNAlNBMPR-group, n = 10). Hearts were subjected to 30 min of normothermic
global ischaemia and 60 min ofreperfusion while on bypass. Adenine nucleotides, nUcleosides, oxypurines and NAD+ were
determined in extracts of transmural myocardial biopsies using HPLC. TTC staining revealed the absence of necrosis in this
model.
Drug administration did not affect myocardial ATP metabolism and cardiac function in the normal myocardium. Ischemia

caused about 50%ATP depletion and accumulation ofnucleosides. The ratio between adenosinelinosine at the end of ischemia
was I: 10, I: I, I: I and 10: I in the control, EHNA-, NBMPR- and EHNAlNBMPR-group, respectively. Upon reperfusion, both
nucleosides washed out from the myocardium in the control and EHNA-group while retained in the myocardium in the NBMPR
and EHNAlNBMPR groups. Ventricular dysfunction 'stunning' persisted in the control group (52%) and in the EHNA-treated
group (32%) after 30 min ofreperfusion. Significant improvement of function was observed in the EHNA group only after 60
min of reperfusion. LV function recovered in the NBMPR- and EHNAlNBMPR-treated groups during reperfusion. ATP recovery
occurred only when animals were pretreated with the combination of EHNAlNBMPR and remained depressed in the control
group and EHNA and NBMPR-treated groups. At post mortem, TTC staining revealed the absence of myocardial necrosis.
Superior myocardial protection was observed with inhibition of nucleoside transport by NBMPR alone or in combination

with inhibition of adenosine deaminase by EHNA. Selective blockade of nucleoside transport by NBMPR is more
cardioprotective than inhibition ofadenosine deaminase alone in attenuating myocardial stunning. It is not known why EHNA
partially inhibit adenosine deaminase, in vivo. (Mol Cell Biochem 180: 179-191, 1998)

Key words: adenosine and inosine, adenine nucleotides and nucleosides, free radicals-mediated injury, ischemic and reperfusion
injury, myocardial stunning, nucleoside transport, ventricular arrhythmias, ventricular function
Abbreviations: EHNA - erythro-9(2-hydroxy-3-nonyl)-adenine; NBMPR - p-nitrobenzylthioinosine
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Introduction

Purines playa major physiologic and pathophysiologic role
in the heart (for review see [1-3]). Administration of ex
ogenous adenosine proved to be cardioprotective against
ventricular tachycardia, myocardial stunning and infarction
[4-8]. Nevertheless, several side effects have been identified
with administration of large and frequent doses ofadenosine.
For example adenosine induces vasodilation and hypo
tension, asthma and angina in certain patients, and causes
renal constriction and elevation of urate in plasma [9-15].
One major problem with exogenous adenosine is that it is
rapidly broken down to inosine, taken up by the endothelium
and incorporated into S-adenosylhemocystein, thus reducing
the steady state level ofadenosine in circulation. As a result,
multiple infusions or higher concentrations ofadenosine may
be required to achieve pharmacologic efficacy. On the other
hand, site-specific modulation of endogenous adenosine,
generated during ischemic stress, may provide an alternative
approach for myocardial protection thus avoiding the perip
heral side effects of exogenous adenosine [16-23].
Endogenous adenosine is transiently produced during

ischemia and rapidly deaminated to inosine (Fig. I). It is well
established that inosine is the end products ofATP catabolism
in isolated cardiomyocytes [24] and in ischemic dog myo
cardium [16-23,25]. During reperfusion, both nucleosides
are released via nucleoside transport protein located on the
sarcolemmal membranes. In the interstitial space, as well as
in the endothelial cells, adenosine and inosine are further
catabolized to oxypurines (hypoxanthine and xanthine). In

the presence of molecular oxygen in blood, superoxide
radical and uric acid are formed. This reaction is catalyzed
by endothelial xanthine oxidase [26, 27]. In vitro assays
demonstrated that human and rabbit myocardial homogenate
lack xanthine oxidase activity [28, 29]. Indeed, oxygen
derived free radicals have been implicated in the pathogenesis
of postischemic reperfusion injury in animal models and in
human [16-23,31-34]. Site-specific blockade ofnucleoside
transport during ischemia or upon reperfusion has been
shown to attenuate myocardial stunning in dogs [16-23] by
limiting free radical production or by activating adenosine
receptor. The differential effects of inhibition of adenosine
deaminase or selective blockade of nucleoside transport on
myocardial injury and protection is not known.
The aim of this study was to determine whether inhibition
ofadenosine deaminase or selective blockade ofendogenous
adenosine transport is more cardioprotective against global
myocardial stunning. EHNA, a specific adenosine deaminase
inhibitor and NBMPR, a selective nucleoside transport
inhibitor, were used alone or in combination to selectively
manipulate endogenous adenosine and inosine production
and block their release in the ischemic myocardium without
affecting other non-ischemic organs. Ventricular performance
was correlated with myocardial adenine nucleotides, nucleo
sides and purines before and after reperfusion in the presence
or absence of EHNA and/or NBMPR. Results from the
present study demonstrate that superior myocardial protection
was achieved with selective blockade ofnucleoside transport
blocker NBMPR, regardless of adenosine accumulation or
ATP replenishment during reperfusion.
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Fig.i. Purine metablolism during ischemia and reperfusion.



Materials and methods

Materials

Biochemical reagents and EHNA were purchased from
Sigma Chemical Company (St. Louis, MO, USA). NBMPR
was obtained from Aldrich (Milwaukee, Wis, USA).

Animal model

The following studies conform to the guiding principles of
theAmerican Physiological Society. All animals were treated
humanely in accordance with the United States Public Health
Service Standards as outlined in 'Principles of Laboratory
Animal Care' formulated by the National Society ofMedical
Research and the'Guide for the Care and Use of Laboratory
Animals' prepared by the National Academy ofSciences and
published by the National Institute of Health.
Thirty-seven microfilaria-free adult dogs of either sex

weighing 17-25 kg were anaesthetized with sodium pento
barbital, 35 mglkg, as an initial intravenous injection followed
by 10 mglkg when needed (Nembutal, Abbott Laboratories,
Chicago, Ill, USA). Dogs were intubated and ventilated using
a Bennett MAl respirator (Puritan-Berkeley, CA, USA). The
azygous vein was ligated, and the right phrenic nerve was
transected to eliminate diaphragmatic contractions. The
sinoatrial node was crushed, and the heart atrially paced at
150 beats per min using a Medtronic 5880A pacemaker
(Minneapolis, MN, USA). Porcine based heparin was intra
venously injected (400 U/kg) as an initial bolus followed by
200 U/kg/h (Elkins-Sinn Inc., Cherry Hill, NJ, USA).
Cardiopulmonary bypass was established, employing sub
clavian artery cannulation and atrial venous cannulation using
a two-stage cannula. A membrane oxygenator (Medtronics,
Minneapolis, MN) was used and primed with non-cross
matched homologous blood. Mean arterial reperfusion
pressure was maintained at 60 mmHg while on bypass.
Arterial blood gases, pH and hematocrit were routinely
determined and maintained at the following levels: P02 =
100-140 torr, pC0

2
= 30-40 torr, pH = 7.32-7.48, and

hematocrit at about 30%.

Assessment ofleft ventricular performance

After weaning the dog from bypass, the left ventricular
performance was assessed from the relationship between
stroke work and end-diastolic dimension using a sensitive and
load-independent index of contractility [35, 36]. Briefly, all
pressure measurements were obtained utilizing intraven
tricular micromanometer-tipped catheters (Miller Instru
ments, Houston, TX, USA). Left ventricular dimension data
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were obtained using pulse transit sonomicrometry (Triton
Technology, San Diego, CA, USA). One pair ofLTZ-piezo
electric hemispheric crystal (Channel Industries, Santa
Barbara, CA, USA) were sutured to the anterior and posterior
ofthe epicardial surface of the left ventricle wall in the minor
axis. The spacing between the minor axis crystals ranged from
4-{j cm. Analog data were digitized at 200 Hz and stored on
magnetic disk using a microcomputer (DEC DPD 11/23,
Digital Equipment Corp., Maynard, MA, USA). Subsequent
analysis was performed using interactive software developed
in our laboratory. Several parameters such as heart rate,
systolic and diastolic left ventricular and arterial pressure,
positive and negative derivatives ofpressure and ventricular
dimensions and work loops were simultaneously monitored
on screens and recorded on magnetic disks. In order to create
work loops, the venous line and left ventricle vent were
clamped, and the left ventricle and systemic pressure were
allowed to rise to 100-120 rnrnHg using the bypass roller
pump followed by separating the animal from bypass. Left
ventricular volume was gradually removed from the heart,
thus generating a family of progressively diminishing
pressure-dimension work loops during which all hemo
dynamic parameters were also changing. The slope of the
integrated work loops plotted against enddiastolic length has
been established to be a load-independent index ofcontract
ility and represents an accurate measurement of ventricular
function [35, 36].

Assessment ofadenine nucleotide pool metabolism

Transmural Serial Tru-Cut needle (Travenol Laboratories,
Inc., Deerfield, IL, USA) biopsy specimens (5-10 mg) were
obtained prior to ischemia, before and after drug admini
stration, after 30 min ofnormothermic ischemia, and after 30
and 60 min ofreperfusion. Biopsies were immediately frozen
and stored in liquid nitrogen. Each biopsy specimen was
extracted in 12% trichloroacetic acid (4°C) for 30 min with
frequent homogenization. The soluble acid extract was
separated from denaturated protein by centrifugation and
neutralized with 2: I (v/v) oftri-n-octylamine/freon mixture
(1:3 v/v) while the protein in the pellet was determined as
previously described [37]. The neutralized extracts were
stored at-70°C until analysis. Myocardial adenine nucleotide
pool intermediates were eluted and quantified using high
performance liquid chromatography (HPLC) using external
standards [38].

Protocol

Dogs were randomly assigned to one of four groups: (a)
control (n = 8); (b) EHNA (n = 7); (c) NBMPR (n = 7); and
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Fig. 2. Protocol: Dogs were randomly assigned to one offoUf groups: (I) control (n = 8); (2) EHNA (n = 7); (3) NBMPR (n - 7); and (4) EHNAlNBMPR
(n = 10). The protocol followed is illustrated in the Figure. Three boluses (500 ml each) of saline with or without inhibitors (25 J.lM NBMPR and 100 11M
EHNA) were administered into the cardiopulmonary reservoir. The first bolus was infused prior to ischemia to assess the effect of inhibitors on the
functional and metabolic status of the normal heart before ischemia. The second bolus was infused immediately before cross-clamping and the third bolus
upon reperfusion. The half-life of these inhibitors is more than 60 min and the respective K, values within the nanomolar ranges in vitro.

(d) EHNAlNBMPR (n = 10). The protocol followed in this
study is illustrated in Fig. 2. Three boluses (500 ml each) of
the vehicle solution (saline containing 0.05% dimethysulf
oxide, DMSO) with or without inhibitors (25 ~M NBMPR
and 100 ~M EHNA) were administered into the cardio
pulmonary reservoir. The first bolus was infused prior to
ischemia to assess the effect of inhibitors on ventricular
contractility of normal canine myocardium. Myocardial
biopsy was obtained to determine the adenine nucleotides and
nucleosides ofthe normal heart before ischemia. The second
bolus was infused immediately before cross-clamping to
ensure effective concentrations in the myocardium during
ischemia, and the third bolus upon reperfusion to ensure an
adequate amount of inhibitor concentration during reper
fusion. The half-life of EHNA is 1-2 h, in vivo in mice (Dr.
Donald Nelson, Burroughs Wellcome, Research Triangle
Park, NC, USA). Lamb and Nelson [39] have demonstrated
that a single oral dose (50 mg/Kg) totally inhibited adenosine
deaminase activity for 4 h. The half-life ofNBMPR is about
120 in rats (Dr. A. Paterson, Department of Pharmacology,
University ofAlberta, Canada). The respective K

j
values for

these drugs are within the nanomolar ranges in vitro.

Statistical analysis

Data are presented as mean ± S.E.M. Sequential measure
ments were compared using repeated measures analysis of
variance (ANOVA) using SAS (Statistical Analysis System

Institute, Cary, NC, USA). Differences were considered
significant if the probability value for comparison of least
squares means was less than 0.05.

Results

Myocardial adenine nucleotide pool metabolism

Myocardial adenine nucleotide levels before, during and after
ischemia are depicted in Fig 3. Infusion ofthe vehicle solution
with or without EHNA, NBMPR or a combination ofEHNA
and NBMPR did not effect ATP levels in the normal myo
cardium before ischemia. MyocardialATP levels fell to about
50% in all groups at the end of30 min ofnormothermic global
ischemia (p < 0.001 vs. preischemic levels). There were no
significant differences between groups in myocardial ATP
levels at the end of the ischemic period. Myocardial ATP
levels recovered to 26.0 ± 0.9 nmol/mg protein in the EHNA/
NBMPR-treated group at the end of 60 min of reperfusion
(p = NS vs. preischemia 28.5 ± 1.4 nmol/mg protein). Myo
cardial ATP levels remained depressed by 50% ofnormal in
the control, EHNA- and NBMPR-treated groups (Fig. 3A).
The levels ofADP and AMP in the myocardium were not

significantly affected by inhibitor administration prior to
ischemia. ATP depletion during normothermic ischemia was
associated with a transient accumulation of ADP and AMP
(Fig. 3B and 3C). This was followed by a rapid depletion of
ADP levels to levels below the preischemic level. Two-way
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Fig. 3. Effect ofEHNA and NBMPRon myocardial adenine nucleotide levels during global ischemia and reperfusion: Adenine nucleotides were determined
in myocardial biopsies obtained before and after saline (control) or drug administration and at the end of30 min of ischemia and reperfusion. Represented
are effects ofmyocardial (A) adenosine-S'-triphosphate (ATP); (B) adenosine-S'-diphosphate (ADP) and (C) adenosine-S'-monophosphate (AMP). There
are significant differences between groups (p < 0.05, ANOYA). Asterisks represent significant differences between groups at certain points.
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analysis of variance revealed no significant differences
between the groups and the time of experiment with respect
to myocardial ADP andAMP. Total adenine nucleotides were
decreased by 50% at the end of 30 min of ischemia in all
groups (p < 0.05 vs. preischemia). During reperfusion,
myocardial total adenine nucleotide levels recovered only in
EHNAlNBMPR-treated groups and remained depressed in
all other groups (Fig. 3D).

Myocardial adenide nucleosides

Adenine nucleosides (adenosine and inosine) were not
detectable in the normal myocardium before or after drug
administration. In the control group, the level of adenosine
varied from non-detectable at preischemia to 0.8 ± O. I nmol/
mg protein at the end of ischemia. Adenosine disappeared
from the myocardium during reperfusion (Fig. 4A). Inosine
was the major (>90%) nucleoside accumulated during
ischemia in the control group. However, prophylactic treat
ment with EHNA or NBMPR before ischemia, resulted in a
marked increase in the levels ofmyocardial adenosine at the
end ofthe ischemic period (Fig. 4A). Adenosine accumulated
in both EHNA (5.6 ± 0.9 nmol/mgprotein) and NBMPR(6.5
± 1.4 nmol/mg protein) groups (p < 0.05 vs. control group).
The ratio ofadenosine/inosine when each drug is used alone
was about 1: 1. When a combination ofEHNAlNBMPR was
infused before ischemia, a 10 fold increase in myocardial
adenosine levels (9.9 ± 0.7 nmol/mg protein) was observed
at the end of the ischemic period (p < 0.05 vs. other groups)
(Fig. 4A). The ratio between adenosine and inosine in the
EHNAlNBMPR-treated group was 10:1. It is interesting to
note that myocardial adenosine was washed outwithin 30min
ofreperfusion in the control- and EHNA-treated groups only,
while a significant amount of adenosine and inosine were
detectable in NBMPR- and EHNAlNBMPR-treated groups
during reperfusion (p > 0.05 vs. pre-ischemia, control, and
EHNA-treated groups). Inosine was the least accumulated
nucleoside only in the EHNAlNBMPR-treated group (Fig.
4B). Inosine levels were significantly higher at the end ofthe
ischemic period in the control> EHNA- > NBMPR-treated
groups. During reperfusion, inosine was rapidly lost from the
myocardium during reperfusion in the control and EHNA
treated groups (Fig. 4B). Ischemia-generated inosine did not
totally disappear from the myocardium during reperfusion in
NBMPR-treated groups. Despite low levels of inosine in the
EHNAlNBMPR-treated group, it was still detectable during
reperfusion (Fig. 4B).
Total nucleoside levels were not detectable at preischemia
and were not elevated following the administration ofEHNA,
NBMPR or both. The levels oftotal adenine nucleosides were
similar in all groups (p =NS). Total adenine nucleosides
washed out within 30 min of reperfusion in the control and
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EHNA-treated groups, but remained detectable in NBMPR
and EHNA/NBMPR-treated groups. Despite significant
accumulation ofadenosine during ischemia, myocardialATP
levels continued to decline until the end of the ischemic
period (Figs 3A and 4A).

Myocardial oxypurines and NAD+

Myocardial oxypurines (hypoxanthine and xanthine) levels
were very low at the end of the ischemic period compared to
adenine nucleoside levels. However, hypoxanthine was
significantly lower in the EHNAINBMPR-treated groups
compared to others groups (p < 0.05). The highest con
centration of hypoxanthine was found in the control group
at the end of ischemia. Myocardial xanthine was much lower
in the myocardium throughout the study, ranging from non
detectable to 0.2 ± 0.05 nmol/mg protein at the end of the
ischemic period. The total oxypurine levels represented a
minimal fraction ofadenine nucleotide and nucleoside pools
during the ischemic period and washed out during reperfusion
in all groups (p =NS between groups). It is well established
that inosine is the end product ofATP catabolism at the end
of ischemia while hypoxanthine and xanthine are mainly
produced during reperfusion. The effect of ischemia and
reperfusion on the levels of total diffusible purines (aden
osine+inosine+hypoxanthine+xanthine) in the presence or
absence ofEHNAlNBMPR is depicted in Fig. 4C.
Normothermic ischemia and reperfusion did not signif

icantly affect myocardial NAD+ in the presence or absence
of EHNA and NBMPR (Fig. 5). Myocardial NAD+ levels
were not altered by drug administration before or after
ischemia. Two-way analysis of variance demonstrated no
significant differences between groups with respect to the
time of the experiment. Myocardial levels ofNAD+ suggest
that 30 min of ischemia caused reversible injury.

Left ventricular performance

After weaning the dog from bypass, the left ventricular
performance was assessed from the slope of the linear
relationship between stroke-work and end-diastolic length
before ischemia and at 30 and 60 min of reperfusion. During
LV emptying maneuver, all hemodynamic parameters,
pressures and first derivatives changed as work loops
diminished.
Administration of the vehicle solution or drugs did not

significantly affect left ventricular contractility before
ischemia. However, severe ventricular dysfunction 'stunn
ing' was observed, following 30 min of normothermic
global ischemia, in the control group. The heart function
recovered to only 42.94 ± 9.8 dyn/cm2 x 103 and 52.29 ±
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Fig. 5. Effect of ischemia and reperfusion on myocardial NAD+ levels in the presence or absence of EHNAlNBMPR. There were no statistical differences
between groups with respect ofmyocardial NAD+.

8.5 dyn/cm2 X 103 after 30 and 60 min of reperfusion,
respectively (p <0.05 vs. preischemic function after vehicle
administration, slope = 76.78 ± 7.6 dyn/cm2 x 103) (Fig. 6).
Left ventricular dysfunction was greatly depressed in the
EHNA-treated group (slope =35.06 ± 3.84 dynlcm2 x 103)
after 30 min of reperfusion but significantly improved to
71.67 ± 7.1 dynlcm2 x 103 (89.2% ofpreischemic function,
slope =75.28 ± 6.4 dyn/cm 2 x 103) after 60 min of re
perfusion (p = NS vs. preischemia). Pretreatment with
NBMPR resulted in significantly greater functional re
covery 65.51 ± 12.9 and 86.47 ± 8.9 dyn/cm2 x 103 com-

pared to preischemic function (87.51 ± 6.1 dyn/cm2 x 103)
after 30 and 60 min ofreperfusion, respectively (p = NS vs.
preischemia). In the EHNAINBMPR-treated group, left
ventricular function returned to 71.94 ± 8.9 and 89.63 ± 12.6
dynlcm2 x 103 (83 and 104% ofpreischemic function 72.36
± 7.1 dyn/cm2 x 103) after 30 and 60 min of reperfusion,
respectively (p = NS vs. preischemia). It is interesting to
observe that the intercept of linear relationship between
ventricular pressure and dimensions did not change sig
nificantly with drug treatment or during postischemic
reperfusion.
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Fig. 6. Effects of EHNA and NBMPR on left ventricular performance before and after global ischemic injury: The slope of the relationship between the
stroke-work/end diastolic dimension of the left ventricle at each time. except during ischemic arrest, is plotted. Statistically significant differences were
found between groups (p < 0.05, ANOVA). Significant differences between groups at certain points are represented by an asterisk. It is important to mention
that there have been no significant changes in the intercept or the linear relationship between left ventricular stroke work/end diastolic dimensions before or
after ischemia in the presence or absence of EHNAlNBMPR.



Discussion

The present study was designed to determine the differential
role ofadenosine catabolism and nucleoside (adenosine and
inosine) transport in myocardial injury and protection in a
canine model of global ischemia and reperfusion. EHNA is
known to specifically inhibit adenosine deaminase activity
during ischemia without affecting its release mechanism via
the nucleoside transport protein. NBMPR was used to
selectively block the release of endogenous nucleosides
during ischemia and reperfusion. A combination ofEHNA
and NBMPRwas employed to selectively entrap endogenous
adenosine at the side of production during ischemia. Con
tinuous entrapment of adenosine and inosine prevents free
radical formation during reperfusion subsequent endothelial
cell injury and meanwhile allows adenosine phosphorylation
and salvage forATP repletion [16). In this study, we assessed
the differential cardioprotective actions of EHNA and
NBMPR when used separately or in combination. Four
scenarios were possible: (a) release of nucleosides (inosine
> > adenosine) in the control group; (b) release ofnucleosides
(adenosine> inosine in the EHNA group); (c) entrapping
nucleosides (inosine> adenosine in the NBMPR group; and
(d) entrapping mainly adenosine in the EHNAlNBMPR
group.
Results from the present study demonstrate that admini
stration ofEHNA or NBMPR alone, or in combination, did
not have inotropic effects and did not alter adenine nucleotide
or nucleoside metabolism in normal myocardium before
ischemia in dogs. These drugs also did not prevent ischemia
induced ArP depletion nor stoichiometric accumulation of
endogenous adenine nucleosides during ischemia but signifi
cantly changed the ratio between adenosine/inosine. Pre
treatment with a combination of EHNAINBMPR induced
site-specific modulation of endogenous adenosine meta
bolism and transport during ischemia and during reperfusion.
Therefore, ATP repletion during reperfusion was mainly
related to significant entrapment ofendogenous adenosine in
the EHNAlNBMPR-treated group during ischemia. Despite
significant and progressive accumulation ofadenosine during
ischemia, myocardial ATP levels continued to decline until
the end of the ischemic period. Other previous reports have
suggested that pretreatment with exogenous adenosine
resulted in slowing down the rate of ATP depletion during
ischemic canine myocardium [40). It is possible that ex
ogenous adenosine may have a different mechanism of
protection than intracellular adenosine in EHNAlNBMPR
treated group. In the latter group, ATP recovered to almost
preischemic level. It is most likely that adenosine was
entrapped in a compartment where its adenosine kinase is
present and subsequent salvage to ArP is taken place.
It is interesting to note that ArP repletion occurred only

when the ration between adenosine and inosine is about 10: 1
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in the EHNAlNBMPR treated group. However, lack ofArP
recovery was observed when the ration of adenosine to
inosine at the end of ischemia was about I: I when nucleo
sides were released in the EHNA group or entrapped in the
NBMPR group. The mechanism(s) by which the steady state
levels ofadenosine regulatesATP repletion is unknown from
the present study. Inosine is not directly a salvageable
precursor orATP synthesis. Therefore, it remains detectable
in the myocardium during reperfusion only when NBMPR
was present.
Despite numerous investigations, the sites and mechanisms

and intra and extracellular pools of adenosine and its sub
cellular compartmentalization have not been fully delineated.
In the present study, the inhibitor concentration was enough
to inhibit adenosine deaminase activity and effectively block
nucleoside transport. The inhibition constants (Kj's) of these
inhibitors are within nanomolar concentrations and drugs
concentrations were in micromollar ranges. Also, drugs were
infused in three boluses throughout the study to ensure
pharmacologic efficacy during the study. Accumulation of
nucleosides during ischemia and entrapment during reper
fusion is an evidence for adequate distribution ofdrugs in the
myocardium. However, variable levels of adenosine and
inosine were observed when EHNA orNBMPR were infused
separately. This may be related to subcellular distribution of
adenosine deaminase that regulating adenosine catabolism.
In the presence ofboth EHNA and NBMPR these variations
in the adenosine/inosine ratios were abolished and a maximal
production ofadenosine during ischemia was achieved. The
question remains to whether these drugs act on different
compartments or how they act in a synergistic fashion to
maximize adenosine levels requires further investigation.We
believe that EHNA inhibits adenosine deaminase activity
whether the enzyme is located inside the cardiomyocyte,
endothelial cells, erythrocytes, in blood circulation or the
interstitial space. Isolated endothelial cells are known to be
relatively more tolerant to in vitro ischemia and hypoxia than
cardiomyocytes. It has been shown that about 98% ofATP
depleted in the myocardium originates from cardiomyocytes
and only 2% from endothelial origins [24]. Isolated cell
models are useful in providing important information to
differentiate between cellular and subcellular compartments.
However, these models lack the contribution ofeach type of
cells in adenosine production and catabolism. Recent in vivo
work from our laboratory indicated that even new and more
potent inhibitors of adenosine deaminase than EHNA such
as PVP-ill-27 (9'-Hydroxy-(+)-EHNA), PVP-III-30 (8'-Hyd
roxy-(+)-EHNA), VMV-I-64 (8',9'-Dihydroxy-( + )-EHNA)
and (+) EHNA, failed to completely inhibit adenosine
deaminase in ischemic rat myocardium, in vivo [41). These
inhibitors proved to very potent than (±) EHNA as inhibitor
of adenosine dearninase, in vitro (K; (nM) = 3.8 ± 0.4, 6.4 ±
0.8, 15.8 ± 0.4 and 0.82 ± 0.2, respectively [42).
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Therefore, we believe that concentration ofEHNA and its
half life are appropriate to effectively inhibit adenosine
deaminase for the duration ofour study. Our results may also
suggest that differential effects of EHNA and NBMPR may
be related to enzyme compartmentalization rather than lack
of efficacy. The reason for partial inhibition of adenosine
deaminase in vivo is not known and warrant further investi
gation. It is difficult to determine accurately adenosine
compartmentalization in cardiac, endothelial and smooth
muscle cell and in the interstitium. Microdialysis techniques
have been useful measurement of 'interstitial' adenosine
formation during ischemia [43]. EHNA and dipyridamole
increased the interstitial adenosine in dogs [44]. These
measurements are useful but do not precisely differentiate
between cellular and subcellular compartments ofadenosine
production and metabolism in the intact heart. Adenosine is
also produced from other sources. ATP co-released with
catecholamines from nerve endings and subsequently broken
down to adenosine and inosine. Endothelial cells are also a
source of ADP and adenosine. Therefore, interstitial aden
osine may be derived from extracellular ATP and not solely
from cardiomyocytes, per se. Although determination of
adenine nucleotide pool intermediates in tissue biopsy
samples does not provide insight into enzyme distribution and
metabolise compartmentalization, it does provide unique and
valuable information on the steady state transmural ATP
derangement and accumulation of nucleosides in the myo
cardium during ischemia and reperfusion. Based on our
results, EHNAlNBMPR entrapped intracellular adenosine
which is rapidly phosphorylated to AMP, ADP and ATP. In
addition, EHNAINBMPR also block the uptake of extra
cellular adenosine by endothelial cells as well as cardio
myocytes.
Several unrelated cardioprotective drugs have been known

to be potent vasodilators. Mechanisms of vasodilation of
dipyridamole [45], several calcium antagonists [46], local
anesthetics such as lidocaine [47] and lidoflazine [48,49] or
5-amino-4-imidazole carboxamide riboside (AICAR) [50]
have been related, in part, to modulation of adenosine
production, metabolism and/or transport. Lidoflazine, among
derivatives ofN-diaryldialkyl-piperazine such as mioflazine,
cinnarizine, flunarizine and R75231, found to have some
actions like dipyridamole in addition to their calcium antag
onistic properties [51]. These compounds are very hydro
phobic with high affinity to membrane phospholipid [52, 53).
These derivatives accumulate adenosine during ischemia but
they do not allow ATP resynthesis [54] or they cardio
protective when administered after ischemia. Unlike these
dipyridamole and piperazine derivatives, NBMPR is a
nucleoside known to be a selective inhibitor ofthe nucleoside
transport [55] and is also cardioprotective when administered
only at postischemic reperfusion in the absence of accum
ulated adenosine [18, 19).

The mechanism(s) of ventricular dysfunction observed
during the first early phase of reperfusion (30 min) in the
EHNA-treated group is not known. In this group, adenosine
and inosine were equally accumulated during ischemia but
released during reperfusion. Impairment of ventricular
function in the EHNA-treated group could be mediated by
the formation of oxypurines and the production of free
radicals causing temporary 'myocardial global stunning.'
However, marked improvement in ventricular function in the
same group occurring during the late phase of reperfusion
(after 60 min) could be related to cardioprotective actions of
'circulating adenosine.' Pretreatment with exogenous aden
osine is cardioprotective in attenuating myocardial global
stunning, limiting myocardial infarction, or inhibiting
neutrophil activation during reperfusion. In a canine model
ofLAD occlusion and reperfusion, pretreatment with EHNAI
NBMPR attenuated myocardial stunning induced by 15 min
ischemia and 4 h reperfusion [56]. Complete functional
recovery was achieved at the end of reperfusion in groups
treated with nucleoside transport blocker in the presence or
absence ofadenosine deaminase inhibitors. MyocardialATP
recovered to near normal levels in the EHNAINBMPR
treated groups when adenosine was the major nucleoside
entrapped during ischemia and reperfusion but remained
depressed in the control, EHNA, and NBMPR-treated groups.
Regardless ofATP recovery, ventricular function returned to
normal after 60 min in all drug-treated groups.
Myocardial ATP levels have long been considered an

important index of functional recovery following ischemic
injury [57]. However, lack ofcorrelation between myocardial
ATP and ventricular function has been recently reported [58,
59]. These discrepancies may be attributed to the fact that the
normal myocardium contains more ATP (2-5 mM) than it
may need to maintain basic cardiac function and metabolism
(50-100 llM); and lack of separation between ischemic and
reperfusion injury. Purine release has been used as an index
of ischemia [60, 61]. Selective blockade of purines allowed
separation between components of ischemic and reperfusion
injury has been demonstrated [20).
Cardioprotective actions of exagenous adenosine have

been demonstrated to be mediated by Aj-receptors [62, 63).
The phenomenon of ischemic preconditioning has been
related to activation ofAI-receptors in rabbits [64] and could
be abolished by AI-receptor antagonists (8-sulfonylpheny
theophylline) but not DPCPX (James Downey, personal
communication). Other studies have demonstrated failure
ofexogenous adenosine to mimic ischemic preconditioning
in limiting ventricular dysfunction assessed by recovery of
developed pressure described in isolated rat [65] and rabbit
[66] models of global ischemia and reperfusion. These
discrepancies may be related to species- and model-related
differences [67]. Administration ofEHNAINBMPR before
ischemia resulted in 10 fold greater accumulation of endo-



genous adenosine than the control group at the end of
ischemia. It is possible that the remarkable myocardial
protection with EHNAlNBMPR could be mediated, in part,
by AI-receptor stimulation. The question whether or not the
myocardial protection provided by EHNAINBMPR was
mediated by AI-receptors was not addressed in the present
study. However, the role ofAI-receptor in EHNAINBMPR
cardioprotective action has been demonstrated [68]. Briefly,
selective blockade ofAI-receptor by a selective antagonist
(8-cyclopentyl-I,3-dipropyl-xanthine, DPCPX) during
ischemia, in the presence of absence of EHNAINBMPR
revealed that adenosine receptor activation by endogenous
adenosine is about 20% of overall protection mediated by
EHNAINBMPR. Therefore, cardioprotection induced by
site specific entrapment of adenosine may involve other
mechanisms of protection in addition to that mediated by
AI-receptor.
Despite the fact that endogenous adenosine was also
transiently accumulated in the ischemic myocardium but
rapidly deaminated to inosine in the untreated control group,
it failed to protect the myocardium against stunning. There
fore, it seem important that adenosine level has to reach
certain level before it becomes cardioprotective.Work from
our laboratory demonstrated that ventricular function com
pletely recovered when EHNAINBMPR was administered
only during reperfusion in the absence of endogenous
adenosine [18,19]. Furthermore, intracoronary infusion of
exogenous hypoxanthine and xanthine, in a group of dogs
pretreated with EHNAINBMPR before ischemia and acc
umulated endogenous adenosine at the end of ischemia,
resulted in ventricular dysfunction similar to that of the
control group [16]. The question remains to whether
transient accumulation of low levels of adenosine in un
treated animals is adequate enough to stimulate adenosine
receptors and augment ventricular functional recovery.
The most important findings ofthis study could be summ
arized as follows: (a) selective blockade of adenosine
nucleoside transport was an effective pharmacologic inter
vention to prevent ventricular dysfunction associated with
reperfusion following reversible ischemic injury 'stunning'
in absence ofnecrosis; (b) the heart can function adequately
with about 50% of its normal ATP levels if purine release
was blocked by EHNAINBMPR; (c) restoration of myo
cardial ATP after ischemia is dependent on the availability
of entrapped intracellular adenosine, but not inosine or
exogenous adenosine. We concluded that nucleoside trans
port plays an important role in myocardial metabolic
derangement during ischemia and in reperfusion-mediated
myocardial stunning. Myocardial protection with EHNAI
NBMPR may be clinically feasible to prevent reperfusion
injury triggered by purine release associated with coronary
artery revascularization, balloon angioplasty or throm
bolytic therapy.
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Abstract

Adenosine plays an important role in protection of the heart before, during and after ischemia. Nucleoside transport inhibitors
(NTI) increase adenosine concentration without inducing ischemia by preventing its uptake and metabolism in cardiac cells.
However, prolonged effects of nucleoside transport inhibitors on adenosine and nucleotide metabolism and its combined
effect with nucleotide precursors has not been established in cardiomyocytes. The aim of this study was to investigate the
effect of two nucleoside transport inhibitors, dipyridamole (DIPY) and nitrobenzylthioinosine (NBTI) alone or combined
with adenine and ribose on adenosine production and ATP content in cardiomyocytes.
Rat cardiomyocytes were isolated using collagenase perfusion technique. Isolated cell suspensions were incubated for up

to 480 min with different substrates and inhibitors as follows: (I) control; (2) 100 11M adenine and 2.5 mM ribose; (3) 10 11M
DIPY; (4) I 11M NBTI; (5) DIPY, adenine and ribose and (6) NBTI, adenine and ribose. Five 11M EHNA (erythro-9(2-hydroxy
3-nonyl)adenine, an inhibitor of adenosine deaminase) was added to all incubations. After incubation, extracts of myocyte
suspension were analysed by HPLC for adenine nucleotides and metabolite concentrations.
ATP content decreased in cardiomyocytes after 8 h of incubation with DIPY, while no change was observed with NBTI or

without inhibitors. Adenosine concentration increased with both DIPY and NBTI. In the presence of adenine and ribose an
elevation in ATP concentration was observed, but no significant change in adenosine content. In the presence of DIPY or
NBTI together with adenine and ribose, an enhancement in cardiomyocyte ATP concentration was observed together with an
increase in adenosine content. This increase in adenosine production was especially prominent with DIPY.
In conclusion, dipyridamole causes a decrease in ATP concentration in isolated cardiomyocytes by mechanisms other than

nucleoside transport inhibition. Addition of adenine/ribose with dipyridamole prevents the depletion ofATP. Combination of
adenine/ribose with nucleoside transport inhibitors may also further enhance adenosine concentration and thus, could be more
effective as pharmacological agents for treatment. (Mol Cell Biochem180: 193-199, 1998)

Key words: adenosine, nucleoside transport inhibitors, heart metabolism, adenine nucleotides

Introduction

Adenosine is an important catabolite of adenine nucleotides
with potent coronary vasodilatory, antiplatelet, anti leukocyte
and antiarrhythmic properties [1-4]. Release of adenosine
is increased predominantly as the consequence of an imbal
ance between oxygen supply and demand, and the main sites
of adenosine formation and breakdown in the heart are the
cardiac vascular endothelium and the cardiomyocytes. The
clinical relevance of these actions of adenosine make it an

important therapeutic and diagnostic tool.
Infusion of adenosine has been demonstrated to be

effective in providing protection against damage during
myocardial ischemia [5, 6]. However, therapeutic use of
adenosine has some drawbacks, since adenosine has a very
short halflife and may trigger receptors throughout the body
with unwanted effects. To harness the beneficial effects of
adenosine in a localised manner, current investigations
include studies on increasing endogenous adenosine con
centration by preventing its re-uptake or by inhibiting the
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enzymes responsible for its degradation, especially by the
endothelial cells. Nucleoside transport inhibitors increase
adenosine concentration by preventing its re-uptake mainly
by the endothelial cells but also by cardiomyocytes [7]. There
are a considerable number of compounds with nucleoside
transport inhibition properties. These include dipyridamole
which is used clinically, dilazep, nitrobenzylthioinosine
(NBTT), and the lidoflazine group of inhibitors - dratlazine,
R75231 and mioflazine. Nucleoside transport inhibitors
have been proposed as cardioprotective agents during heart
transplantation [8], for the reduction of infarct size [9, 10]
and for the improvement in myocardial function. Cardio
protective effects have been demonstrated with dipyridamole
[II], mioflazine [12], NBTI [13] and dilazep [14]. Dipyrid
amole has been used therapeutically during coronary artery
bypass surgery and angioplasty in humans, and proved to be
very effective in reducing postoperative bleeding, platelet
deposition and perioperative ischemic injury [15, 16].
Studies in humans with dipyridamole were promising but the
pharmacokinetics have proved to be more complex and the
bioavailability is variable, making it difficult to show its
benefits.
Little attention has been given to the possible deleterious

consequences of increased adenosine efflux from the cell
and the possible depletion of the nucleotide pool. The effect
of the combined application of these compounds with
precursors ofnucleotides such as adenine and ribose are also
not known. The aim of the present study was therefore to
evaluate the consequences ofnucleoside transport inhibition
on ATP concentration and adenosine production in cardio
myocytes and to study metabolic effects of the combined
application with adenine and ribose.

Materials and methods

Rat cardiac myocyte isolation

All animals received humane care in compliance with the
'Guide for the Care and Use of Laboratory Animals' pub
lished by the National Institute of Health (NIH publication
no. 85-23, revised 1985), and the European Convention on
Animal Care. Cardiomyocytes were isolated using collag
enase perfusion technique from the hearts of Sprague
Dawley rats weighing 250-300 g as described previously
[17]. The final preparation contained 70-85 % ofrod shaped
cells. After isolation and purification cells were finally
suspended in buffer containing 120mMNaCI, 2.6mM KCI,
1.2 mM MgS04, 1.2 KHl04, I mM CaClz, 10 mM HEPES
(pH 7.4), II mM glucose, 2 mM pyruvate and 2% bovine
serum albumin. Five minutes prior to start of experiment,
erythro-9(2-hydroxy-3-nonyl) adenine (EHNA) was added
at 5 11M concentration. Subsequently, the cell suspension

was transferred in 0.5 ml aliquots to round bottomed sealed
plastic test tubes and substrates and inhibitors were added.

Experimental protocol

Dipyridamole (DIPY) and nitrobenzylthioinosine (NBTI)
were dissolved in dimethyl sulfoxide (DMSO), the volume
of the inhibitors added to the tubes were less than 1% of the
incubation volume, at a final concentration of 10 11M ofDIPY
and I 11M ofNBTI with and without the addition of 100 11M
adenine and 2.5 11M ribose. The incubation tubes were set
up as follows: (A) EHNA alone (control); (B) with EHNA
plus adenine and ribose; (C) with EHNA and DIPY; CD) with
EHNA and NBTI; (E) with EHNA, DIPY plus adenine and
ribose; (F) with EHNA, NBTI plus adenine and ribose.
Incubation was carried out at 37°C in a shaking water bath

for 15, 180 or 480 min and initial samples were taken at the
start. Incubation was terminated by the addition of 25 III of
6 M HCl0

4
• Tubes were then centrifuged (4°C, 3700 g, 30

min) and 0.4 ml of the supernatant taken for neutralisation
with 30 III of 3 M ~P04' After removal of the potassium
perchlorate precipitate by centrifugation, samples were
analysed by HPLC as described below. To evaluate total
cellular protein content, 0.5 ml of the cell suspension was
carefully placed on top of 0.6 ml of 1-bromododecane,
followed by centrifugation to separate the myocytes from
the medium [18]. The myocyte pellet was then solubilized
in 0.5 M NaOH. Protein concentration was evaluated using
the method of Bradford [19].

Determination ofAT? adenosine and other metabolises
by HPLC

All determinations of metabolise concentrations were
performed using high performance liquid chromatography
(HPLC). The equipment used was Merck-Hitachi chromat
ograph attached to a Carnegie-Medicin auto sampler and
Turbochrom (PE -Nelson) workstation for data processing.
The reversed-phase method used for determination ofATP,
adenosine and NAD concentration in the myocytes, has been
described in detail previously [20, 21].

Statistics

All results are presented as means (S.E.M.) of9-16 different
myocyte preparations. Values after 15, 180 and 480 min of
incubation were compared with initial values using paired
Student's t-test. For comparison between groups at the same
time point, one way analysis ofvariance was used followed
by Student-Newman-Keuls test. The difference between
means was considered to be significant when p < 0.05.



Results

Changes in ATP content in cardiomyocytes in the
presence oj nucleoside transport inhibitors, EHNA and
nucleotide precursors

The initial absolute contents of nucleotides and nucleosides
in the myocyte suspension including both the intracellular
and extracellular metabolites are shown inTable I. Table 2 and
3 shows the amounts after 180 and 480 minutes ofATP, ADP,
AMP and NAD with and without the combination of the
different treatments. There was a significant increase inATP
content in the presence ofNBTI +AIR and this is maintained
even after 480min (Table 3). Dipyridamole alone demonstrated
a trend towards a decline of ATP concentration but in the
presence of dipyridamole + adenine/ribose the ATP content
was maintained and is slightly enhanced after 480 min (Table
3). Adenosine content was increased in the dipyridamole +
adenine/ribose group after 180min (Table 2) and after 480min,

Table I. Initial concentrations ofATP, ADP, AMP, adenosine and NAD in
rat myocytes.

ATP ADP AMP Adenosine NAD
nmol/mg cellular protein

17.18 ± 1.34 2.77± 0.21 0.15 ± 0.05 0.15± 0.04 4.52 ± 0.71

Values are means ± S.E.M. of 9-16 myocyte preparations.
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while the increase ofadenosine in the NBTI + adenine/ribose
group was only apparent after 480 min (Table 3).
ATP levels expressed as the change from time zero in the

presence of EHNA alone (control) demonstrated an initial
decrease but no further decrease was seen over the 8 h of
incubation (Fig. I). In the presence of dipyridamole alone
the change in ATP content showed a steady decrease over
time, however, NBTI did not affect ATP levels when com
pared to control myocytes. Adenine and ribose caused an
enhancement in ATP concentration. A 10% increase in ATP
content was demonstrated after 8 h when dipyridamole was
incubated with adenine and ribose, while with NBTI plus
adenine and ribose showed a 25% increase in ATP content,
which was similar to changes with adenine and ribose.

Changes in adenosine content in cardiomyocytes in the
presence oj nucleoside transport inhibitors, EHNA and
nucleotide precursors

Adenosine formation in the presence of EHNA alone or in
the adenine and ribose group alone was not stimulated (Fig.
2). Dipyridamole and NBTI showed a slow stimulation of
endogenous adenosine content after 3 h of incubation. The
greatest change seen was in the groups where adenine and
ribose were present in addition to dipyridamole and NBTI.
This increase became evident after just 15 min in the
dipyridamole plus adenine/ribose group and a further in-

Table 2. Concentrations ofATP, ADP, AMP, adenosine and NAD in rat myocytes at time 180 min.

Treatment ATP ADP AMP Adenosine NAD
nmol/mg cellular protein

Control 15.67 ± 1.61 2.69 ± 0.17 0.11 ± 0.07 0.42 ± 0.08 3.90 ± 0.79
AIR 20.38 ± 1.70 2.47±0.17 0.25 ± 0.02 0.25 ± 0.Q3 2.2 \ ± 0.29
DIPY 15.02 ± 0.95 2.67 ± 0.15 0.13 ± 0.05 0.38 ± 0.06 3.17 ± 0.27
NBT! 16.81 ± 1.20 2.48 ± 0.16 0.13 ± 0.04 0.37 ± 0.08 3.88 ± 0.08
DIPY + AIR 17.81 ± 1.29 2.69 ± 0.13 0.24 ± 0.08 1.05 ± 0.23# 2.86 ± 0.32
NBT! + AIR 21.46 ± 1.76" 2.62 ± 0.16 0.14 ± 0.Q3 0.38 ± 0.09 2.56 ± 0.30

AIR -AdeninelRibose; DIPY- Dipyridamole; NBT!-Nitrobenzylthioinosinc. "p < 0.05 vs. dipyridamole. #p < 0.05 vs. control,AlR, DIPY, NET! and NBT! +
AIR.Values are means ± S.E.M. of9--16 myocyte preparations.

Table 3. Concentrations ofATP, ADP, AMP, adenosine and NAD in rat myocytes at time 480 min.

Treatment ATP ADP AMP Adenosine NAD
nmol/mg cellular protein

Control 16.37 ± 1.42 2.54 ± 0.14 0.07 ± 0.04 0.25 ± 0.06 3.94 ± 0.92
AIR 17.98 ± 1.42 2.17 ± 0.21 0.24 ± 0.05 0.26 ± 0.08 1.78 ± 0.21
DIPY 14.47 ± 0.95 2.48 ± 0.17 0.19 ± 0.04 0.43 ± 0.05 3.18 ± 0046
NBT! 16.71 ± 1.23 2049 ± 0.16 0.17 ± 0.Q7 0041 ± 0.Q7 3.72 ± 0.90
DIPY + AIR 18.39 ± 1.30 2.50 ± 0.14 0.18 ± 0.Q3 1.25 ± 0.25# 2048 ± 0.32
NBT! + AIR 21.50 ± 1.93" 2.88 ± 0.26 0.09 ± 0.09 0.99 ± 0.18# 1.98 ± 0.19

AIR -Adenine/Ribose; DIPY- Dipyridamole; NBT! =Nitrobenzylthioinosine. "p < 0.05 vs. dipyridamole. #p < 0.05 vs. control,AIR,NBT! and DIP¥.
Values are means ± S.E.M. of9--16 myocyte preparations.
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Fig. 1. Changes in ATP content in isolated rat cardiomyocytes incubated
for 480 min in HEPES-buffered physiological medium containing EHNA
with additional presence, where indicated, ofadenine /ribose, or DIPY, or
NBTI, or DIPY and adenine/ribose, or NBTI and adenine/ribose. Values
represent tbe means ± S.E.M. n = 9-16. 'p < 0.05 vs. initial. #p < 0.05 vs.
adenine/ribose, NBTI + adenine/ribose and DIPY + adenine/ribose. §p
< 0.05 vs. control, NBTI and DIPY + adenine/ribose. tp < 0.05 vs.
control and NBT!. tp < 0.05 vs. control, NBTI and DIPY + adenine/
ribose.

crease was observed after 3 hand 8 h. In the NBTI plus adenine
and ribose group the increase in adenosine was only evident
after 3 h ofincubation.

Fig. 2. Changes in adenosine content in isolated rat cardiomyocytes
incubated for 480 min in HEPES-buffered physiological medium containing
EHNA with additional presence of adenine/ribose, or DIPY, or NBTI, or
DIPY and adenine/ribose, or NBTI and adenine/ribose. Values represent
the means ± S.E.M. n = 9-16. 'p < 0.05 vs. initial. #p < 0.05 vs all other
groups. §p < 0.05 vs. control and adenine/ribose. tp < 0.05 vs. control.

Discussion

This study has demonstrated that the combined application
ofnucleoside transport inhibitors (NTI) with adenine/ribose
markedly increases adenosine concentration in isolated
cardiomyocytes. Furthermore, adenine/ribose supply pre
vented the depletion of ATP caused by the most frequently
used drug in this class - dipyridamole (DIPY).

Changes in NAD content in cardiomyocytes in the
presence of nucleoside transport inhibitors and
nucleotide precursors

Effect of nucleoside transport inhibitors on adenosine
concentration

NAD concentration (Fig. 3) showed a steady decline in all
of the groups, including the control. However, after 3 h the
NAD changes reached a plateau in the control group. There
were no differences between the groups.

Increase in adenosine concentration is a crucial mechanism
of the pharmacological effects of nucleoside transport
inhibitors (NTI) resulting in its vasoactive and antiplatelet
activities. Adenosine produced intracellularly can be
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of NT!, adenosine concentration increased in myocyte
suspension during long term incubation while changes in
control incubations were not significant. This is in line with
the suggestion that adenosine uptake is affected to a larger
extent than its release. An alternative explanation could be
the release of nucleotides which are then degraded by
extracellular ectoenzymes with adenosine as the end product
(in adenosine deaminase inhibited cells). These mechanisms
may eventually lead to a starvation of the cells from nucleo
tide precursors and a fall in ATP content.

Fig. 4. Adenine nucleotide synthesis and effects ofNT! in cardiomyocytes.
Adenine is rapidly incorporated, providing there is a supply of ribose for
PRPP synthesis. Abbreviations are: (A-c5 'NT) AMP specific cytosolic
5'-nucleotidase, (AK) adenosine kinase, (APRT) adenine phosphoribo
syltransferase, (NT) nucleoside transporter.
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Fig.3. Changes in NAD content in isolated rat cardiomyocytes incubated
for 480 min in HEPES-buffered physiological medium containing EHNA
with additional presence ofadenine/ribose, or DIPY, or NBT!, or DIPY and
adenine/ribose, or NBT! and adenine/ribose. Values represent the means ±
S.E.M. n =9-16.•p < 0.05 vs. initial. #p < 0.05 vs. control.

Effects of nucleoside transport inhibitors on AT?
concentration

released from cells by facilitated or passive diffusion and
the rate is controlled by the intracellular concentration [22,
23]. Myocytes are the most important source of adenosine
[24], which is then taken up by the endothelial cells under
physiological conditions. However, if this is prevented by
NT!, adenosine concentration increases [II]. Autoradio
graphic studies with [3H]-NBT! [25], demonstrated that there
are more NT! binding sites in endothelial cells associated
with coronary vessels than with myocytes. The endothelium
therefore acts as a barrier scavenging the adenosine pro
duced by myocytes during hypoxia or ischemia [26]. It has
also been suggested that NTI could further increase aden
osine release by inhibiting the uptake ofadenosine to a larger
extent than its release [27, 28]. This in turn would lead to a
deprivation in the cells of the nucleotide precursors. It is
therefore important to establish what are the effects of long
term exposure to NT! in single cells on both ATP levels and
adenosine concentration.We have shown that in the presence

We have shown that the nucleotide pool decreased signif
icantly in the cells treated with DIPY after 8 h exposure.
However, this does not seem to be the general effect ofNT!
since it was not observed with NBT!. DIPY exerts many other
non-specific effects not related to nucleoside transport
inhibition, such as inhibition ofphosphodiesterases, increase
in prostacyclin formation, interference with the transport of
glucose, choline and phosphate [29] and these mechanisms
could lead to further detrimental effects. The evidence for
the inhibition and/or the oxidation of glucose was demon
strated by dipyridamole in isolated rat myocytes where the
oxidation of palmitate was stimulated [30] therefore result
ing in a switch away from glucose metabolism and possibly
decreased ATP turnover. Decrease in ATP levels was not
observed after short term heart perfusion experiments with
DIPY, showing that ATP was well maintained [31], while
prolonged effects of DIPY or other NT! on the nucleotide
pool were not studied. However, in contrast to this previous
study even short term application of DIPY may lead to
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functional and metabolic deterioration during postischemic
reperfusion [32]. The preparation of isolated adult cardio
myocytes involves a rigorous regime of collagenase
digestion and aerobic perfusion with glucose that may confer
a degree ofpreconditioning or loss ofmetabolites. We cannot
rule out that preconditioning of the myocytes during the
isolation procedure may have affected the results to some
extent but this would rather protect against ATP depletion
caused by DIPY than induce the changes that we are seeing.
The procedure of isolation in this protocol resulted in 70
85% rod shaped cells and this has been shown not to have
an effect on the total adenine nucleotide pool at any stage
of the washing steps [18] when compared to intact heart
tissue. However, the fact that the adenylate energy charge
(2 ATP +ADP)/(2TAN), was maintained at 0.91 with DIPY,
suggest that DIPY may interfere with nucleotide metab
olism without affecting energy turnover. The gradual
decrease in NAD concentration observed in all of the
treatment groups may indicate some metabolic deterioration
of the cells but alternatively this may be explained by a shift
in the redox state of NAD to its reduced form of NADH
which was not quantified in this study.

Effects of combined application of adeninelribose and
NT!

Cardiac myocytes possess a significant potential to salvage
adenosine to regenerate adenine nucleotides, however once
adenosine has been deaminated to inosine the myocytes are
unable to reutilize inosine in the salvage pathway [23]. The
combined inhibition of adenosine deaminase activity and
membrane nucleoside transport is considered as a possible
strategy to prevent metabolism ofadenosine and to enhance
its pharmacological effects. EHNA which competitively
inhibits adenosine hydrolysis to inosine, has been shown to
reduce myocardial stunning [33, 34] and to improve myo
cardial function after ischemia [35]. Nucleoside transport
inhibition prevents re-entry of adenosine into the cell after
its formation and in combination with EHNA possible
extracellular deamination of adenosine is also prevented
[12].
Supply of precursors alternative to the pathway of aden

osine rephosphorylation of adenosine - ribose and adenine,
which are involved in the pathway of adenine nucleotide
synthesis, may provide several benefits in cells treated with
NT! and adenosine deaminase inhibitors (Fig. 4), [36]. These
include possible prevention of nucleotide pool alterations
and further enhancement ofadenosine production due to the
increased nucleotide precursor pool. We have shown that the
presence ofadenine and ribose markedly increasesATP pool
in the cardiac cells but no increase in adenosine concen
tration was observed. However, combined application of

adenine/ribose with NT1 increased not only ATP level but
also adenosine concentration. This increase in adenosine
concentration was markedly greater in cells treated with
DIPY while ATP increase was smaller than with NET!. This
could be again related to a number of known unspecific
effects of DIPY. Inhibition of ATP utilization could be an
alternative to nucleotide resynthesis mechanism of ATP
preservation/enhancement caused by adenine/ribose. How
ever, it seems to be unlikely because adenine/ribose does
not affect any aspect of cardiac function during short term
cardiac perfusion [37].

Summary

Nucleoside transport inhibition offers major promise in the
regulation of localised adenosine production. We have
demonstrated that the metabolic consequences of the
application of some of the drugs in this class, may induce
deleterious effects in cardiac myocytes, such as a decrease
in ATP concentration, but it is possible to reverse this by
providing the precursors ofnUcleotides - adenine and ribose.
Further work is needed to quantify these changes in the in
vivo situation and to explore the potential beneficial effects
after combined application with adenine/ribose on functional
parameters.
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