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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 of ATP 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: 326, 1998)
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Introduction

Increased provision of glucose is usually beneficial to the
ischemic myocardium, as anaerobic glycolysis may be the
sole source of energy. The ‘glucose hypothesis’ [1] 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 (1) a trial published by the British

Medical Research Council in the Lancet, which did not find
a beneficial effect associated with glucose-insulin-potassium
(GIK) treatment of patients 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 brief episodes of ischemia 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
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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 of glucose,
driven by the Na* gradient, does not occur in heart cells [21].
Up to six isoforms of the facilitative transporters, designated
GLUT, are found, the distributions of which are determined
by the glucose requirements of the individual tissue types [21,
22]. 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 plasma membrane, compared to a normal level
of 1%. Glucose uptake can thus be increased by 1040 fold.
GLUT 1 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 of metabolic regulation
is an important determinant of cell growth.

GLUT 1 has a lower affinity (about 510 mM [22]), but a
high capacity for glucose, while GLUT 4 has a low capacity
but a higher affinity (4.3 mM [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 of glycogen, 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 1 (IRS-1)
phosphorylation. IRS-1 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 turn can be phosphorylated
by protein kinase Cot [29]. The subsequent effects are not clear,
but this finding suggests that insulin activity is affected by
mechanisms which regulate intracellular Ca** (e.g. inositol
polyphosphates [30]), and may thus be altered in ischemia.

In transgenic mice, increased expression of GLUT 1 in-
creases glucose uptake and glycogen storage, implying that
glucose transport is the rate-limiting step of glucose utilisation.
Most factors which increase glucose utilisation act via in-
creased recruitment of transporters to the membrane, including
cAMP following B adrenergic stimulation [31, 32], hypoxia
[33],and also possibly ischemia [34, 35]. In addition, the
function of GLUT 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 mM 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 of glucose 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 of choice
[45], and limit entry of glucose when present in high concen-



trations — the ‘glucose-sparing’ effect [49]. In vivo, when
blood free fatty acids are elevated, glucose is directed to the
liver for storage as glycogen.

Glucose utilisation within the cell

Glucose utilisation involves several integrated major path-
ways, including glycolysis, glycogen synthesis/breakdown,
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
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acids, as well as fatty acid synthesis/breakdown. These cycles
in turn are regulated by substrate balance, hormones (insulin,
adrenaline, glucagon), ions (Mg**, Ca®, H"), and the energy
status of the cell (levels of high energy phosphate metabolites
and the cytosolic phosphorylation potential).

Glycogen

Glycogen is the storage form of glucose, and is found mainly
in large macroparticles, consisting of 10 00030 000 glucose
molecules bound with either a-1,4 (majority of bonds —
straight bond) or a-1,6 linkages (branch points). The macro-
molecules have a molecular mass of 10* kDa, and constitute
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Fig. 1. Glycogen synthesis and degradation. Glycogen synthesis — Glycogen is synthesised from uridine diphosphate glucose (UDP-glucose), an activated
form of glucose derived from glucose 1-phosphate (G1P) and uridine triphosphate (UTP). Pyrophosphate (PPi) is formed, and then hydrolysed to 2 Pi, an
essentially irreversible reaction which drives glycogen synthesis. The UDP 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 D) to an
active dephosphorylated form (a or I) (D — dependent on; I — independent of G6P). 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 o-1,4 bonds from a non-reducing end of a glycogen branch, and phosphorylating these with Pi. However, phosphorylase stops cleaving
when there are 4 terminal residues from the a-1,6 branch point. A transferase is required to transfer the remaining o-1,4 residues to the linear branch. The
remaining o-1,6 bond is cleaved by amylo-1,6-glucosidase, which results in a glucose molecule, not G1P. Phosphorylase is upregulated by phosphorylation
(from b— inactive to a —active) by a Ca?*-dependent 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 B-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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1% of muscle 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 of glucose residues
from UDP-glucose and may be an intermediate in the syn-
thesis and degradation of glycogen [19]. Glycogenin, a self-
glycosylating protein, thought to be the primer, or backbone
of glycogen 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. 1). 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. 1). Two forms of glycogen synthase,
one acting on proglycogen and another on macromolecular
glycogen, have been identified [ 19], possibly accounting for
different rates of synthesis of the different forms of glycogen.
Insulin stimulates glycogen synthesis by enhanced glycogen
synthase dephosphorylation via a number of protein kinases
(Fig. 1) [51]. Insulin also promotes dephosphorylation, and
thus inactivation, of phosphorylase, the primary enzyme in
glycogen breakdown (Fig. 1). 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 of glycolysis
in the absence of insulin [52]. Transient ischemia also
activates glycogen synthase, possibly via G6P-mediated
activation of phosphatase [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. 1) [55]. Protein kinase C and phosphorylase kinase also
inhibit the enzyme. These factors in turn stimulate glycogen
breakdown.

Glycogen breakdown follows a simple pathway (Fig. 1).
A glucose moiety bound by an a-1,4 (straight) bond is

cleaved from the large macromolecule and phosphorylated
by phosphorylase a with Pi. This occurs without the expend-
iture of an ATP molecule, and prevents diffusion out of the
cell. GIP 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 GIP (or G6P) yields
about 37 ATP, 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 of breakdown of the different forms of glycogen
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 if glycolysis goes through to pyruvate,
together with 2 (NADH + H*). The net ATP production 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 of regulation of glycolysis

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 of glycolysis 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% of control is mediated
at steps below phosphoglucoismerase (see Fig. 2) [63]
(remainder — glycogen synthesis). While these proportions
may alter in the presence of insulin 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 of G6P are generally 10 fold higher than of F6P. F6P is phosphorylated to fructose 1,6-bisphosphate (F1,6-BP)
by phosphofructokinase-1 (PFK-1). Because this reaction uses the energy of ATP hydrolysis, the equilibrium greatly favours F1,6-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 (alGP) (see Fig. 3). To continue glycolysis, GAP is simultaneously oxidised and phosphorylated
with Pi to 1,3-bisphosphoglycerate by glyceraldehyde 3-phosphate dehydrogenase (GAPDH). One phosphate group on each 3-C molecule is subsequently
cleaved off to 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+H*, with the end products of pyruvate and ATP. This reaction,
catalysed by pyruvate kinase (PK), is virtually irreversible. The net ATP production from the breakdown of glucose to pyruvate is 2 ATP; from glycogen, 3
ATP are produced.

at multiple steps, and the importance of the classical points of
regulation, specifically PFK and GAPDH, is reduced [63].
The concept of ‘channelling’ [65] implies cellular local-
isation of enzymes to allow efficient transfer of products of
one enzyme reaction to the next [65]. The enzymes of a 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 of a substrate into the
pathway ensures complete breakdown under normal con-
ditions, and thus that overall regulation at any single point
(or enzyme) is unlikely. In addition, in ‘normal’ conditions
when substrate is in excess, the point of regulation may differ
greatly from that in ischemia, when reduced substrate supply
may be the main limiting factor. Regulation of glycolysis 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.
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Hexokinase (HK) is stimulated by increased cytosolic glucose
levels, and inhibited by increased G6P. 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 uM. 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; if the extracellular concentration is high, glucose
can accumulate intracellularly, 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 of glucose
utilisation in muscle in the presence of physiological
concentrations of glucose and insulin i.e. adequate supply of
substrate [63, 67].

Phosphofructokinase (PFK-1) 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 <> 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-1 is also strongly inhibited by an increased [H']; [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 of PFK-1, 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
PFK1) [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-
1 may be inhibited (by a low pHi), and thus this step becomes
more important in overall control of the rate of glycolytic flux.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is
inhibited by an accumulation of NADH and lactate [73, 74],
and was thought to be the major regulatory step of glycolysis
in ischemia [59-61, 73, 74]. The product of the reaction, 1,3-
bisphosphoglycerate, is also a potent inhibitor of the enzyme.
Breakdown products of ATP (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 of glycolysis 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 (F1,6-
BP). However, the contribution of other glycolytic enzymes,
and the major role of pyruvate dehydrogenase (see below),
render this regulatory step less significant [63].

Alternate fates of metabolites of glycolysis

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 o-glycerophosphate —
oGP) but the more usual reaction is the conversion of DHAP
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 of the 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 of the 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 H*[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
of NAD" 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 H* [75]). When sufficient
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Fig. 3. Branch points from glycolysis. G6P is a junction for the formation and breakdown of glycogen, as well as the pentose shunt. In the pentose shunt,
G6P is converted to D-6-P glucono-8-lactone by glucose 6-phosphate dehydrogenase (G6PDH), 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 of NADPH are thus regenerated. D-ribose 5-
phosphate can then be converted to F6P or GAP, 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. aGP shuttle — conversion of DHAP to oGP is catalysed by a-
glycerophosphate dehydrogenase. oGP, readily permeable to the mitochondrial membrane, can subsequently be re-oxidised to DHAP by a.GP oxidase, a
transmembrane mitochondrial protein linked to FAD, with the consumption of a molecule of O, and production of H,0. This system allows transport of
NADH into the mitochondria against a high concentration gradient, although the cost is an ATP molecule, given that only 2 ATP are produced per FADH,,
rather than 3 per NADH. However, the level of oGP oxidase is low in muscle, and this mechanism may not be important. «GP is required in the formation
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 of pyruvate see Fig. 4.

oxygen is available, lactate can be oxidised to pyruvate and with lactate. Most of the deleterious effects associated with
NADH will be regenerated. NADH can then be transported enhanced glycolysis in ischemia are attributed to these
into the mitochondria, and utilised by oxidative phosphory- products.

lation (Fig. 5). If glycolysis continues in the absence of oxygen, Pyruvate is also a major anaplerotic substrate (mechanisms

H* accumulate from a reduced turnover of ATP [76] together which ‘top up’ the TCA cycle intelmediates)’ Supply]ﬂg o-
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Fig. 4. Fates of pyruvate. Pyruvate is converted to acetyl Co A by pyruvate dehydrogenase (PDH) in the presence of sufficient oxygen, and reduced free fatty
acid levels. PDH is a complex of three enzymes which require a number of cofactors. The enzyme complex is tightly regulated by the ratios of NADH/NAD*,
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 of NAD*, 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 of alanine (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 of alanine
from pyruvate, with the concomitant transamination of
glutamate to o-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 of substrate metabolism,
whereby reducing equivalents for the subsequent generation
of ATP by the respiratory chain are produced. Acetyl CoA is
the entry point of most substrates into the TCA cycle, while
NADH and FADH, 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 of ATPs produced from
this process has been questioned, such that a maximum of 31
ATP from glucose and 104 ATP from palmitate can be
produced [56]).

Regulation of NADH/NAD", glycolysis and the TCA 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 of the 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.

OGP dehydrogenase also lowers cytosolic NADH levels
with the reduction of DHAP to oGP (Fig. 3). However, the
importance of this shuttle in the heart has been disputed
[79], given the low activity of oGP dehydrogenase in heart
muscle [80]. In addition, under normal conditions, the level
of aGP is far below the Km for oGP oxidase. In ischemia,
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however, oGP 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 of an accumulation of this
metabolite in ischemia have not been elucidated.

The malate—aspartate 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 if NADH 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 of fuel utilisation in
the heart [85—87], with inhibition by malonyl CoA.

Triglycerides are formed from acyl CoA and oGP, 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 of NADH (e.g. with increased glycolysis) shifts the activity of malate dehydrogenase (MDH)
in the direction of malate formation from oxaloacetate. Malate crosses the mitochondrial membrane in exchange for o-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 o-ketoglutarate and aspartate. o-
ketoglutarate drives the entry of malate, as aspartate exits the cell in exchange for glutamate. In the cytosol, the o-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 of the 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]).

Mpyocardial 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 11 mM glucose
[93]. Glycolytic inhibition at the level of PFK-1 by citrate
and ATP 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 of oxygen), glycolysis is the sole source of ATP 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 net ATP decreases and Pi increases. Lactate
accumulates with reduced washout, which may be deleter-
ious. The metabolic changes occurring with ischemia thus
include cessation of aerobic metabolism, onset of anaerobic
glycolysis, depletion of creatine 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 of rate-limiting steps in glycolysis in
ischemia

Kiibler and Spieckermann [92] found that when pO, 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 [H*]i and reduced ATP for
the PFK-1 step, i.e. the conversion of F6P to F1,6-BP. The
level of ATP in the tissue at this point (3.5 pmol/g wet wt)
was said to be critical, with ischemic injury occurring at lower
values.

This concept of glycolytic 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, H*, and NADH. This
concept was based on work using an isolated working rat
heart. A 60% reduction in coronary flow (from 15 ml/min to
6 ml/min) reduced oxygen consumption and accelerated
glucose utilisation by 100%. Using a low flow rate of 0.6 ml/
min, glucose utilisation was less than in control conditions
(about 50%). After 16 min of low 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 of glucose 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 of the 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 cell increases to about 30% as coronary flow
rates fall below about 1 ml/g wet wt/min (in an isolated
perfused rat heart) [102], compared to an extraction of about
1% in normal conditions. Absolute uptake does fall signi-
ficantly in these conditions. In vivo experiments show similar
findings, with a maintained glucose uptake as flow falls
(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 of GAP 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-1 as the sugar phosphates, G6P and F6P,
accumulate especially with increased cytosolic substrate in
the presence of insulin [72, 105]—some inhibition of GAPDH
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 *fluoro-
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 of glucose uptake comes from
studies of preconditioning (short periods of ischemia and
reperfusion) followed by sustained low flow ischemia, during
which glucose uptake is markedly increased [110, 111].

The fate of glucose within the cell may vary with changes
in coronary flow, which in turn alters oxygen availability
[112]. However, in severe low flow, the availability of oxygen
is greatly limited, such that the majority of ATP is derived
from glycolysis [7, 11].

Role of glucose utilisation in ischemic myocardium

Specific role of glycolytic ATP

Despite a limitation on the rate of glycolytic flux in ischemia
(a reduction in absolute glucose uptake), cell viability may
largely be determined by the residual rate of glycolytic 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 that ATP 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 of ATP within the cell
may break down. Thus provision of ATP near to the sites of
utilisation becomes a crucial determinant of its effectiveness.
A basal level of glycolytic activity is required to prevent
irreversible injury [117], with control of cytosolic Ca** during
ischemia [118] and on reperfusion [119], prevention of
ischemic contracture [11, 120], inhibition of enzyme release
[121], and inhibition of free radical activity [122]. Glycolytic
ATP is thought to act in several ways at the membranes:
blocking the ATP-dependent K* (K, ,) channel [123], main-
taining the activity of the Na*/K* ATPase pumps in the
sarcolemma [ 124], sustaining membrane integrity [114, 125],
and maintaining Ca?* homeostasis by the SR Ca*" 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 of glycolytically-derived ATP therefore
appears clear-cut. However, during the breakdown of glucose
and glycogen, a number of metabolites accumulate which
may contribute to some of the deleterious effects of ischemia.
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, 11, 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 of the phospholipid membrane
[132]. Energy is also required for membrane repair. Glucose-

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

Membrane pump and channel activity

Glycolytic ATP appears to play a 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,;p) 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, , channel, suggesting that this ATP is localised near
the membrane [123, 141]. Sarcolemmal-associated glycolytic
enzymes may specifically maintain the ratio of ATP/ADP in
the vicinity of the K, , channel [138].

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

Arrhythmias and free 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 Ca?*, and impairment of conduction, all potentiate



arrhythmogenesis [146]. Glucose provision can combat many
of these 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 of glucose 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, , channel, thereby limiting K*
loss [123]. Glycolytic ATP also reduces cAMP accumulation,
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 Ca** 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 [Ca*]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
[155]. Excess free fatty acids are toxic to ischemic hearts, and
lead to increased arrhythmias [155], possibly by accum-
ulation of intracellular acylcarnitine and acyl CoA, which
may promote intracellular Ca?* 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 Ca?* re-uptake mechan-
isms and activate Ca?* 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 of free fatty acids on Ca?*
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 in ATP levels reduces the time to onset;
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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 of glycolytic
ATP production of at least 2 pmol/min/g wet wt is required
to prevent contracture [11]. A graded response to increased
glucose concentrations was seen [11]. 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 of glycogen or non-glycolytic substrates were not
effective in delaying contracture [11, 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 of glycolytic ATP protection against
ischemic contracture is thus as yet unclear. Contracture is
triggered by the formation of rigor complexes (actin-myosin),
which in experimental conditions, bond only at very low ATP
concentrations (<100 uM [166]). However, total tissue ATP
levels at the onset of contracture are much higher (about 3
umol/g wet wt). Individual cells can have very low total ATP
levels without contracting as long as glycolysis (from
glycogen utilisation) is maintained [167]. A drop in ATP to
less than 150 puM in isolated myocytes will, however,
precipitate contracture [168]. These findings can be resolved
by the concept of localised depletion of ATP within the cell
(cf. K, 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 of rigor
complexes, the so-called ‘plasticising’ effect [170]. However,
some difficulties are associated with this concept, namely that
glycolytic i.e. glucose-derived ATP, 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 Ca®* 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 of long-chain acyl carnitine (LCAC) on
contracture [171], possibly by counteracting LCAC-induced
disruption of Ca?* homeostasis [155, 171]. While Eberli et
al. [172] propose that Ca?* 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-derived ATP
attenuates overall contracture. The effects of the different
glycolytic substrates on contracture may be attributed to
compartmentation within the cell.

Mechanical function on reperfusion

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 of ATP
are essential for complete restoration of function, there is
no direct correlation i e. no “critical’ level of ATP. 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 Ca** homeostasis [119, 128]. Excess free radicals,
one of the possible causes of stunning and arrhythmias on
reperfusion, inhibit glycolysis, and thus further impair Ca?*
homeostasis [179]. Inhibition of glycolysis, despite the
presence of pyruvate and oxygen, depresses functional
recovery severely, with a persistent Ca** 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 Ca* overload via the Na*/Ca? ex-
change which predisposes to reperfusion injury [128]. Na*/
K* ATPase inhibition during ischemia removes the pro-
tective effect of glucose on functional recovery [124, 142].
ATP derived from glycolysis is also functionally associated
with the sarcoplasmic reticulum [116], thereby providing a
means of restoring Ca?* overload on reperfusion by en-
hanced SR Ca** ATPase function.

Palmitate is the preferred substrate on reperfusion,
accounting for over 90% of ATP from exogenous substrates.

High levels of fatty acids on reperfusion limit glucose
utilisation by competitive inhibition [180], primarily by
inhibition of glucose oxidation and not of glycolysis [181].
Inhibition of palmitate oxidation with increased glucose
oxidation improves functional recovery [177], possibly
because stimulation of glucose 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 Ca** 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, , channels [185] and release of adenosine [186],
two of the major proposed triggers of preconditioning, 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 that ATP 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 of function 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 [H*]i accumulation despite lower ATP 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 of glycogen depletion may also apply
to preconditioning, as the brief episode(s) of ischemia deplete
tissue glycogen prior to the sustained ischemic period. An
increased duration of intervening perfusion was correlated with
repletion of glycogen stores, but loss of recovery [189]. A more
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 thus H* 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 of glycogen 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 [H']i increases [Na']i, and in turn increases [Ca?*]i
via the Na*/H* and Na*/Ca?* exchange mechanisms [152].
Glycogen depletion is associated with reduced [Na*]i accumu-
lation, linked to reduced H* accumulation [192].

Recovery of function is improved, with reduced cytosolic
Ca? 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 isnot 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*/H* exchange inhibitor on re-
perfusion reversed the deleterious effects of pre-ischemic
lactate perfusion on functional recovery, presumably by
reducing final Ca* overload [195]. However, Cross ef al.
found no change in intracellular pH with increased extra-
cellular lactate [194], contrary to the previous findings [195].
In this model of low flow ischemia (0.5 ml/g wet wt/min) the
effects of lactate/H* 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, , channels [196],
thereby shortening the action potential and predisposing to
arrhythmias. However, in a myocyte model of anoxia and
reoxygenation, Geisbuhler ez 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 Ca?* 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
Ca? homeostasis by functional coupling with SR Ca?*
ATPase reuptake [116]. A decreased cytosolic Ca** should
thus reduce diastolic impairment. Therefore the relative rates
of sugar phosphate accumulation vs. ATP production may be
crucial in determining the efficacy of glucose provision.
Increased G6P production would also lower ATP levels, as
this step (from glucose) consumes an ATP. If glycolysis were
inhibited at points just below this reaction, this step would
be detrimental as no replacement ATP 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 11 mM glucose, the levels of G6P and F6P rose
considerably, and recovery of function was not improved
[105, 111]. 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 of glycogen depletion
Taegtmeyer et al. [198, 199] have tried to replicate the
findings of Neely 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 [105].

In addition, several reports show that glycogen loading can
benefit hearts exposed to ischemia. Preoperative administration
of GIK increased tissue glycogen levels, which were associated
with a lower incidence of postoperative 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
of hearts 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 ml/min/g wet wt), the accumulation
of intracellular metabolites outweighs the advantages con-
veyed by ATP, with impaired functional recovery. A Na*/H*
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 of glycolysis are (1) glycogen is confused with glucose
as the source of glycolytic ATP 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. If glycogen loading were detrimental,
increased glucose utilisation would not necessarily be detri-
mental; alternatively, if glycogen depletion is beneficial, glucose
should not necessarily be removed. In addition, many of the
early studies using brief periods of anoxia to deplete glycogen,
with subsequent beneficial effects, can now be said to mimic
preconditioning [208—211] which may 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, 111]. Studies implicating a deleterious
effect of glucose must thus be considered carefully in terms of
the experimental model, and the source of glycolytic substrate.
Thus the residual flow rate and glucose concentration, as well
as the functional compartmentation of ATP production within
the cell, are major determinants of the response to glycolysis.

Role of residual coronary flow and glucose concentration

The rate of residual coronary flow, together with an optimal
glucose concentration, are crucial determinants of the extent
of ischemic injury, and the recovery of function [7]. Provision
of glucose in rat models of low flow ischemia (0.5 ml/min/g
wet wt or 0.06 ml/min/g wet wt) maintains diastolic function,
and improves recovery of mechanical function on reperfusion
[2, 127]. With a low flow of 0.4—-0.5 ml/g wet wt/min, the rate
of glycolysis 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 ml/g wet wt/min), a high
glucose concentration (22 mM) with or without insulin may
be deleterious [7] with an excess accumulation of end 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 of glucose, even if an alternate
substrate such as acetate is present, function is impaired with
a higher residual flow [7, 11]. In addition, it must be noted that
at no flow rate is the absence of glucose better than the presence
of glucose, despite accumulation of glycolytic end products.
Thus an optimal glucose concentration (11 mM in the absence
of insulin) [7] with the highest possible residual flow rate
results in optimal recovery. If insulin is present, a lower
concentration of glucose (about 5 mM) is optimal (unpublished
data), in accordance with physiological values in blood.



Compartmentation of ATP

Cellular compartmentation

Many cell components are compartmented —e.g. intracellular
Ca? is highly compartmented in the myocyte, distributed
among the SR, the Ca?*-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]. A high degree of functional organisation
of the 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 of energy 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 of ATP have 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 in ATP 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 and ATP-consuming sites, such that ATP pro-
duced in large amounts from the mitochondria supply the
cytosolic elements. These elements reduce the amount of ATP
at the membrane because of rapid utilisation of ATP 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 of gradients 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 [11, 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 of energy becomes crucial. In ischemia, the
different effects of glycogen-derived, glucose-derived and
oxidative ATP on contracture and on functional recovery may
be explained by these differences.

Location of enzymes within the cell — basis for
compartmentation theory

Oxidative phosphorylation occurs in the mitochondria, which
are localised near the myofibrils [220], the primary energy
consumers in the myocyte. Inhibition of oxidative 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 of ATP
utilisation as the mitochondrial ATP synthase reverses, and
becomes an ATPase [227] (this mechanism is not thought to
be important in the rat [228]). ATP availability to the myo-
fibrils is thus reduced.

Utilisation of glucose 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,
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 Ca* pump function [230], an effect which
can be blocked by iodoacetate. Glycolytic enzymes are also
functionally coupled to the SR, maintaining Ca?* homeostasis
[116], which in turn greatly modifies contraction.

While glycolytic ATP therefore appears to be closely
involved with regulating K* efflux and Ca?* homeostasis,
glycolytic ATP is not necessarily distributed to the contractile
apparatus. The mechanisms of ATP transport may be limited
in conditions of metabolic 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 of glycogen 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 and ATP production, and metabolite accum-
ulation, must be maintained. In terms of clinical applications,
despite the original report showing that administration of GIK
had no benefit [12], many subsequent studies argue for a re-
investigation of this 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-derived ATP 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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