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I t has become increasingly clear that ischemia during cardiac surgery causes a
variety of events that can cause, if unaltered by the control of reperfusion,
myocyte endothelial necrosis. This volume describes the injury and operative

procedures that can be employed to improve surgical results.
The metabolic changes associated with ischemia and reperfusion

can be mitigated before, during, and after aortic clamping. This book propounds
two fundamental principles; 1) protection against ischemic injury is related to
how the heart is managed metabolically during ischemia, rather than merely aortic
clamp time and 2) the reperfusion process, that can in part be controlled by alter-
ation of temperature, metabolic substrates, pressure, and substrate supplemen-
tation, can be adjusted to avoid the deleterious and potentially lethal consequences
of ischemia only when the normal blood supply is restored.

Three examples are selected to illustrate these principles. First, cardiac
recovery after 45 minutes of global normothermic ischemia is marginal, with only
30% return of function and high morbidity and mortality after normal blood
reperfusion without myocardial protection during ischemia. In contrast, 4 hours
of aortic clamping with blood cardioplegia can completely protect:

1. the normal heart from damage, and
2. more importantly, hearts that have previously undergone 45 minutes of

normothermic ischemia followed by 2 more hours of ischemia with warm
and cold blood cardioplegia, with associated interventions.

This confirms that the way the heart is managed during aortic clamping is a more
important variable than the rapidity of operation if no protection is provided, and
reliance is placed only upon the speed of the surgeon. Clearly, surgical skill can reduce
ischemic/reperfusion damage, but protective interventions can avoid it, despite a
longer period of aortic clamping.

Second, 2 hours of regional ischemia causes extensive myocardial infarction,
with only minimal salvage if regional tissue or normal blood supply is restored in
a beating working heart (i.e., PTCA after acute myocardial infarction). Under
these regional circumstances, there exists a condition where no control of the
ischemic process is possible so that only the reperfusate modification will define
subsequent improvement. Studies, both experimental and clinical, show that this
ischemic/reperfusion lesion can be limited remarkably by controlling only the
reperfusate conditions and composition.

Third, inadequate distribution of cardioprotective agents must be delivered
homogeneously to limit ischemic damage and/or reverse reperfusion damage. This
allows assessment of the adequacy of the benefits of surgical correction of lesions
requiring ischemia to facilitate technical excellence during operative repair.

These observations have major surgical implications, since:
1. some problems cannot be offset under global circumstances, if

temperature alone is used to reduce metabolic work;
2. responsible processes can be modified surgically to offset the lethal

metabolic and functional changes that cause reperfusion damage when
only normal blood supply is restored;

FOREWORD



3. avoidance of reperfusion injury in the regional ischemic heart without
any form of protection during acute myocardial infarction demonstrates
the benefits of controlled reperfusion since this is the only method avail-
able to deal with the consequences of ischemia and reoxygenation. The
absence of myocardial protection indicates clearly the occurrence of
reperfusion injury and its modification by knowledge of its consequences.

In this book, alterations of myocytes and endothelium caused by ischemia
and reperfusion are described in order to provide a comprehensive basis for con-
sideration of the elements of effective cardioprotection. These elements include
(a) characterization of myocardial injury; (b) reduction of endothelial injury by
modifying the potential production of nitric oxide (NO) and  augmenting NO
production with metabolic precursors such as L-arginine. Restoration of NO al-
lows more normal vasodilatation and decreases  the  adherence of neutrophils to
the endothelium and platelet accumulation with ensuing thrombosis. Futher
elements in the development of effective cardioprotection include: (c) manipulation
of the intracellular buffering system by a selective sodium/hydrogen ion exchange
inhibitor to limit postischemic sodium influx and subsequent calcium influx and
accumulation; (d) providing substrates for metabolic support of the mitochondria
by replacing amino acids depleted by ischemia and reperfusion; (e) defining cellu-
lar changes during ischemia and reoxygenation so that a reperfusate can be devel-
oped that decreases calcium entry and limits hypercontracture; (f ) limiting
reperfusion injury by reducing oxygen levels and adding antioxidants to limit
reoxygenation injury; (g) further understanding preconditioning at the cellular
level to limit post-ischemic stunning and thereby setting the stage for pharma-
cologic treatment to limit damage without enhancing ischemia; (h) supplement-
ing the cardioplegic solution with magnesium to further limit calcium influx;
and (i) changing the method of arrest  by using repolarizing agents like pencidil to
alter calcium influx and adding a beta adrenergic blocker (esmolol) simultaneously
limit calcium influx and cardiac work after aortic unclamping. In any event, the
ideal mode of cardioplegic delivery, whether antegrade, retrograde, simultaneous
antegrade/retrograde or even pulsatile perfusion. must open vessels closed by is-
chemia to establish homogeneous postischemic distribution in steady state flow.

With prolonged ischemia without protection, as in acute myocardial infarc-
tion, myocardial damage occurs that cannot be altered by integrated modification
of reperfusion. For surgical ischemia with protection, the metabolic environment
can be changed by cardioplegic substrates delivered antegrade and/or retrograde.
Yet normal reflow establishes a sequence of metabolic and functional events that
may render the heart susceptible to extensive damage. This damage can be limited
by modifying the conditions of ischemia so that the initial reperfusate restores a
more normal cellular metabolism to allow subsequent ischemia to be better toler-
ated. Our goal in this book is to provide information on ischemia and reperfusion
so as to promote efforts in cardioprotection.

Gerald D. Buckberg, M.D.
UCLA Medical School

Division of Cardiothoracic Surgery
Los Angeles, California, U.S.A.



PREFACE

C ardiac surgery was always associated with ischemia and consequently
reperfusion from its very beginning. After the recognition that the various
techniques used to perform open heart surgery resulted in some form of

ischemia, many different techniques evolved to protect the myocardium during
that period of interruption of blood supply. In recent years, convincing data evolved
showing that the reintroduction of normal blood to previously ischemic myocar-
dium results in further injury or reperfusion damage. Great efforts have been un-
dertaken to avoid the problems during more and more complex cardiac opera-
tions. These efforts included:

• Improved myocardial protection during ischemia
• Avoidance or at least reduction of the subsequent reperfusion injury
• Avoidance of ischemia at all (e.g., continuous delivery of oxygenated

cardioplegic solutions, beating heart operations with or without extracorporeal
circulation)

• Increased knowledge of the basic mechanisms underlying ischemia and
reperfusion processes

This book will present the current knowledge of world-renowned experts in
their field. They report their clinical and experimental data and give an overview
of their entire subspecialty.

A successful cardiac operation requires both a perfect anatomical repair and
conditions for myocardial protection that allow these repair techniques to occur.
Even though great improvements have occurred in cardiac surgery over the years
allowing more and more complex operations with better results for the patients to
be performed, we as cardiac surgeons have to further improve both our anatomi-
cal repair techniques as well as the methods with which these techniques can be
applied.

I thank all the contributors for the tremendous work they have done with
their chapters, and I do hope that this will be of benefit for our patients and our
surgical community.

Friedhelm Beyersdorf, M.D.
Freiburg, Germany
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Basic Science

in Ischemia-Reperfusion Injury



CHAPTER 1

Harnessing the Cardioprotective Potential
of Nitric Oxide in Nonsurgical and Surgical
Ischemic-Reperfusion Injury

Jakob Vinten-Johansen and Russell S. Ronson

Ischemia-Reperfusion Injury in Cardiac Surgery, edited by Friedhelm Beyersdorf. ©2001 Eurekah.com.

I n cardiac surgery, there are numerous
opportunities during the conduct of the
operation for both unplanned and hence

unprotected ischemia with subsequent
reperfusion. These periods of potential injury
include 1) antecedent ischemia (regional coro-
nary occlusion, profound hypotension) occur-
ring before institution of cardiopulmonary
bypass or other means of hemodynamic sup-
port, 2) “protected” ischemia encountered
between infusions of cardioplegia solution, but
which may be complicated by maldistribution
of cardioplegia solution by coronary obstruc-
tions or inadequate delivery pressures, and
3) inadvertent ischemia occurring after
reperfusion has been initiated.1,2 Each ischemic
event not only carries the potential for pro-
ducing damage in its own right, but may also
interact with each other in a cumulative fash-
ion. Each interval of ischemia also carries the
potential for subsequent reperfusion injury,
defined as injury extending beyond that
present during ischemia. Whether this is an
active process of dynamic injury development
leading to new necrosis or dysfunction, or
whether reperfusion injury is simply a passive
phenotypic expression of morphologic changes
that have occurred during ischemia, and that
interventions to alter reperfusion injury are
altering the course of that expression are issues
that are fervently debated.3,4 Therefore addi-
tional reperfusion injury may follow 1) resus-
citation or hemodynamic restabilization before
cardiopulmonary bypass, 2) infusion of

cardioplegia solution through a newly
revascularized segment, or initialization of
blood flow through an internal mammary
artery conduit, or 3) removal of the aortic cross
clamp. The targets of ischemic-reperfusion
injury are not restricted to myocytes alone in
the form of necrosis or contractile dysfunc-
tion, but also include the vascular endothe-
lium and its ability to elaborate important
endogenous factors such as nitric oxide (NO•)
and adenosine which are active in regulation
of blood flow, blood pressure and cell-cell (neu-
trophil-endothelial cell) interactions.5 Addi-
tionally, extracorporeal circuits used in many
cardiac surgical procedures contribute to the
pathophysiology of ischemia and reperfusion
injuries by activating complement and cyto-
kines which recruit neutrophils and other
inflammatory cells and thereby amplify the
inflammatory process.6 This extracorporeal
inflammatory component makes surgical
ischemic-reperfusion injury uniquely different
from its nonsurgical counterpart.

Nitric oxide is a naturally occurring auta-
coid that has a plethora of physiological actions
as diverse as producing vasodilation to acting
as a neuronal signaling molecule responsible
for many of the biological actions of excita-
tory amines. However, an extremely impor-
tant physiological effect is the inhibition of
inflammatory processes, including endothelial
cell activation and expression of adhesion
molecules, and inhibition of neutrophil actions
(Fig. 1.1). NO• is a radical species that has an
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extremely short half-life, and hence can dif-
fuse short distances before being inactivated,
but this molecule nonetheless exerts potent
physiological actions. NO• formed by the vas-
cular endothelium is released into the intra-
vascular compartment and the perivascular and
interstitial compartments. This close proxim-
ity to compartments which are important in
the pathogenesis of ischemia-reperfusion in-
jury places NO• in a unique and powerful po-
sition in modulating cell-cell interactions char-
acteristic of the inflammatory component of
postischemic processes. In recent years, experi-
mental research has shown that NO• exerts
potent cardioprotection from ischemic-
reperfusion injury in both surgical and non-
surgical settings by a number of mechanisms,
including inhibiting neutrophils and mast
cells,7 and attenuating adhesion molecule
expression on vascular endothelium.8-10 In

contrast, NO• has also been implicated in pro-
mulgating injury because of its actions as a
radical species or the generation of potentially
deleterious metabolites such as peroxynitrite
(ONOO–) and subsequently hydroxyl radical
(•OH). Therefore, a duality of opposing physi-
ological actions is associated with endogenous
and exogenous NO•, the mechanisms of which
are not fully known. This chapter summarizes
the role of NO• derived either endogenously
from the vascular endothelium or provided
exogenously from its physiological precursor
L-arginine or molecules that donate NO• spon-
taneously in modulating nonsurgical and sur-
gical ischemic-reperfusion injury.

Chemistry of NO• Generation
Nitric oxide is a free radical gas formed by

the five electron oxidation of L-arginine to
the products NO• and L-citrulline by the

Fig. 1.1. The plethora of physiological effects of nitric oxide (NO•) are summarized. NO• inhibits (-) neutrophil
activation and adherence to endothelial cells (VEC), as well as inhibits platelet (plt) and mast cell (Mast) aggre-
gation. NO• also directly inhibits the expression or upregulation of cellular adhesion molecules (CAMs) on VEC.
NO• has been implicated in promoting (+) the second window of preconditioning and is a substrate for the
extremely rapid biradical reaction with •O–

2 to form peroxynitrite (ONOO-) which may have deleterious effects
in crystalloid solutions because of a lack of detoxifying reactions that prevent ONOO- accumulation, but which
may also have beneficial effects in blood media (i.e., blood cardioplegia) secondary to the presence of those
detoxifying pathways. NO• is most widely known for its effects on vasodilation thereby mediating in part auto-
regulation of blood flow and reactive hyperemia. Other abbreviations: L-Arg = L-arginine; eNOS = endothelial
nitric oxide synthase; VSMC = vascular smooth muscle cells.
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monoxygenase enzyme, nitric oxide synthase
(NOS) (Fig. 1.2). The reaction requires
molecular oxygen, NADPH as the electron
donor, and tetrahydrobiopterin. There are
three isoforms of NOS which are products of
three separate genes and which share 50-60%
homology between them: 1) neuronal NOS
(nNOS or NOS1) is constitutively present in
neuronal tissue; 2) inducible NOS (iNOS or
NOS2) is stimulated to generate NO• by se-
lected cytokines and endotoxin over relatively
long periods of time (hours); 3) endothelial
NOS (eNOS or NOS3) which, like nNOS, is
constitutively expressed and is rapidly respon-
sive to selected physiological and pharmaco-
logical stimuli (agonists acetylcholine, brady-
kinin, Ca2+ ionophores). eNOS was initially
described as originating from endothelial cells
but is now known to be expressed by both
vascular and endocardial endothelium as well
as by myocytes. eNOS will be the focus of this
chapter as the primary source of NO• relevant
to myocardial ischemic-reperfusion injury.

eNOS is a heme-containing enzyme that
is Ca2+-calmodulin sensitive. In contrast,
iNOS is Ca2+ insensitive due to the very tight
binding of calmodulin to the binding domain
which is not regulated by physiological con-
centrations of Ca2+. iNOS is therefore not
regulated by physiological concentrations of
Ca2+, but rather by other slow-response mecha-
nisms. eNOS is tethered to the sarcolemmal
membrane in microdomains known as
caveolea; these specialized areas of the cell plas-
malemma are involved generally in transcytosis
of large molecules and the uptake of smaller
molecules. Interactions of agonists that stimu-
late eNOS, such as acetylcholine and brady-
kinin, dissociate eNOS from the membrane
with subsequent translocation into the cyto-
sol where it is phosphorylated, thereby acti-
vating the enzyme.

eNOS enzyme activity is regulated by
physiological concentrations of Ca2+ through
the binding of calmodulin to the binding
domain of eNOS, thereby initiating electron
flow involved in the production of the NO•

radical. The enzyme has a calmodulin-bind-
ing domain that undergoes a conformational
change when Ca2+ and calmodulin bind to this

site, which then facilitates the conversion of
molecular O2 and L-arginine to NO• and
L-citrulline. Tetrahydrobiopterin acts to facili-
tate the flow of electrons from NADPH to
the heme moiety of eNOS. Therefore, the
binding and dissociation of Ca2+-calmodulin
acts as a molecular toggle switch turning the
enzyme on and off. Agonists stimulate an
increase in intracellular Ca2+ through recep-
tor-dependent mechanisms which transduce
the signal by the phosphoinositide second mes-
senger system (Fig. 1.2). This second messen-
ger generates inositol 1,4,5-trisphosphate
(IP3), which, in turn, binds to receptors on
the endoplasmic reticulum and subsequently,
stimulates the release of Ca2+ from intracellu-
lar stores. This receptor-dependent Ca2+ sig-
nal then stimulates eNOS to increase NO•

production and release. Therefore, acetylcho-
line and bradykinin stimulate eNOS in a con-
centration-dependent manner. Ca2+ iono-
phores such as A23187 will also stimulate
eNOS to release NO• by receptor-independent
mechanisms (Fig. 1.2) which helps to differ-
entiate receptor-related from nonreceptor-re-
lated impaired NO• release. Vasodilatory
responses to receptor-dependent and receptor-
independent stimulators of eNOS forms the
basis of bioassay systems interrogating the
functional capacity of vascular tissue to gen-
erate NO•. In addition to intracellular Ca2+,
eNOS is also regulated by vascular wall shear
stress created by the pressure-flow interactions
in the vessel11,12 and by deformation of the
vascular endothelium, both of which accom-
pany pulsatile perfusion of the vasculature. The
potent vasodilator effects of NO•, coupled with
its physiological regulation by intracellular
calcium put this autacoid in an effective posi-
tion to contribute to the regulation of blood
pressure and organ blood flow.12 Accordingly,
endothelium-derived NO• has been implicated
in the regulation of normal cardiovascular
homeostatic processes such as autoregula-
tion13,14 and reactive hyperemia,15,16 and in the
pathophysiology of disease states including
shock17,18 atherosclerosis19,20 hypertension,21,22

and hypercholesterolemia.20,23 Attenuated
NO• release after cardiopulmonary bypass has
also been implicated in the etiology of pul-
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monary vasoconstriction and pulmonary hy-
pertension after cardiopulmonary bypass.24

Physiological Actions of NO•

Relevant to Ischemia-Reperfusion

Vasodilation
The role of NO• (endothelium-derived re-

laxing factor, later identified as NO• or a
nitrosylated intermediate) as a physiological
regulator of vascular tone was first identified
by the classic studies of Furchgott and
Zawadski25 in which the endothelium was
shown to play an obligatory role. NO• has sub-
sequently been identified as the endogenous
nitrovasodilator, and the dilating component
in vasoactive agents such as nitroglycerin,
nitroprusside and other organic nitrates. NO•

released either through basal or agonist-medi-
ated mechanisms diffuses both lumenally and
ablumenally. A key target of ablumenally

released NO• is the iron center at the active
site of guanylate cyclase. NO• stimulates
guanylate cyclase by binding to iron in the
heme center, which stimulates the enzyme to
generate cGMP and induce vasorelaxation
through a number of mechanisms. The
vasorelaxation response to acetylcholine of iso-
lated coronary vessels with intact endothelium
in organ chambers is consistent with vasodila-
tor and hypotensive responses observed in vivo.
The degree of vasorelaxation is related to the
amount of NO• released and the sensitivity of
guanylate cyclase. The implication of this
vasodilator effect on macrovessels (conduit or
conductance vessels) and microvessels (resis-
tance vessels) in normal as well as in post-
ischemic myocardium is that the loss of
regulation of local vascular resistance by NO•,
secondary to endothelial dysfunction and
impaired release of NO•, may lead to defects
in reactive hyperemic responses and in global

Fig. 1.2. Nitric oxide (NO•) is produced by the oxidation of the guanidino moiety of L-arginine by endothelial
nitric oxide synthase (eNOS or NOS III). Basal release of nitric oxide is stimulated by vascular shear stress and
physiological agonists such as acetylcholine (ACl) and bradykinin (BK) through receptor interactions. Nitric oxide
rapidly diffuses ablumenally when it causes vascular smooth muscle relaxation and vasodilation. Diffusion
intralumenally inhibits platelet aggregation, attenuates neutrophil activation, and interacts with superoxide anion
•O–

2 to form peroxynitrite (ONOO–). Under experimental conditions such as in organ chambers, pharmacologi-
cal agonists can stimulate eNOS by receptor-dependent (ACh, BK) or receptor-independent (Ca2+ ionophore
A23187) to produce degrees of vasorelaxation which are dependent on concentration of agonists, efficiency of the
receptor mechanism, or the function of eNOS.
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and regional postischemic blood flow.12,16,26

Impaired reactive hyperemia may also involve
the neutralization of NO• by superoxide radi-
cals generated during even brief ischemia.27

Inhibition of Metabolism
and Contractile Function

NO• may decrease the rate of glycolysis by
mechanisms independent of guanylate cy-
clase.28 NO• stimulates the ribosylation of
ADP; stimulation of auto-ADP ribosylation
of glyceraldehyce-3-phosphate dehydrogenase
(GAPDH) inhibits the enzyme and in turn
inhibits glycolysis. Ostensibly, the inhibition
of metabolism and ATP generation may ac-
cordingly reduce contractile function during
early reperfusion. The negative metabolic ef-
fect of NO• may therefore have implications
in the genesis of myocardial stunning29 and
hibernation in which glycolysis plays a large
role. NO• may also have a negative modula-
tory effect on oxidative metabolism by inhib-
iting mitochondrial oxidative phosphorylation
and hence oxygen consumption.30 However,
this effect on oxygen consumption is not uni-
versally reported.31

The inhibition of glycolysis may have some
implication in the purported negative inotro-
pic effects of NO• in normal myocardium.32

However, there is controversy over the effects
of NO• on the inotropic state and contractile
function of the heart. Finkel et al32 first re-
ported a negative inotropic effect of cytokines
(TNF-!) in papillary muscle preparations
which they attributed to the effects of NO•.
This observation would have relevance to
procedures using cardiopulmonary bypass
since cytokines,33,34 as well as comple-
ment,6,35,36 are elevated during bypass by ex-
posure of blood to foreign surfaces and the
triggering of cytokine and complement frag-
ment release by ischemia-reperfusion. In sup-
port of stimulated release of NO• during by-
pass, transmyocardial NO• levels as well as
NOS activity have been observed to be el-
evated after release of the crossclamp during
cardiac surgery,29 a time when cardiac depres-
sion is often observed. However, other studies
have reported no negative inotropic effects of

physiological concentrations of NO•.37,38 The
disparate observations may be related to the
amount of NO• released, which may be higher
(micromolar range) with cytokine stimulation
(i.e., of iNOS) compared to either endog-
enously released NO• (0.1-1 nMol in coro-
nary circulation)39 or therapeutic concentra-
tions of NO• donor agents (approximately 500
nMol). Higher concentrations of NO• released
by endotoxin stimulation may mediate cardiac
depression during the later stages of septic
shock. However, in surgically or nonsurgically
reperfused postischemic hearts, any direct
negative inotropic actions of NO• may be over-
ridden by the net cardioprotective effects of
NO• secondary to a reduction of neutrophil-
and oxidant-mediated injury, resulting in bet-
ter postischemic function.40-44

Decreased NO• Release After
Endothelial Damage
from Ischemic-Reperfusion
Injury

Under normal conditions, the endothelium
tonically releases NO•45-47 in the neighborhood
of 0.1-1 nMol into the vascular and intersti-
tial compartments. This basal NO• release is
regulated by vascular shear stress,48-50 the tonic
release of physiological agonists and humoral
agents, and intracellular calcium. During car-
diopulmonary bypass, a basal release of NO•

has been observed by Hattler et al.29 Basal
release of NO• is inhibited by a number of
pharmacological agents and pathological
conditions as summarized in Figure 1.3.
Guanidino-substituted L-arginine analogue
inhibitors of eNOS such as NG-nitro-L-argi-
nine (L-NAME) and NG-monomethyl-
L-arginine (L-NMMA), as well as calmodulin
antagonists,45 reduce directly measured NO•.
On the other hand, L-arginine but not D-argi-
nine stimulates the basal release of NO•.45,51

Because of the near diffusion-limited biradical
reaction rate of •O–

2 with NO• to form
ONOO–,52-55 the rapid degradation of •O–

2

to H2O2 by superoxide dismutase also increases
the amperometrically measured NO• in vitro.45

The neutralization of basally released NO• and
its vasodilator effects by •O–

2 in conditions
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such as angiotensin-related hypertension may
be one of the pathophysiological mechanisms
of high blood pressure. In addition, NO• itself
may have a negative feedback regulation on
eNOS activity. This was first reported by
Rogers and Ignarro56 for constitutive NOS in
rat cerebellum, and later by Buga et al57 for
eNOS activity in cultured endothelial cells.
Therefore, exogenous NO• may regulate its
own synthase activity. As demonstrated by Ma
et al,31 exogenous NO• also regulates in vivo
basal NO• release by a negative feedback
mechanism on its own endothelial synthase
activity. This inhibitory mechanism may in-
volve binding of NO• to the heme moiety of
eNOS, thereby inhibiting its catalytic activ-
ity. Clinically, this negative feedback inhibi-
tion may help explain impaired NO• -depen-
dent autoregulation in patients on long-term
nitrovasodilator therapy. Whether this auto-
inhibition has implications for less effective

cardioprotection in those same patients is not
clear.

Time Course of Endothelial
Injury

Ischemia and reperfusion cause injury to
the vascular endothelium, manifest as a reduc-
tion in basal and stimulated NO• release58-61

and hence attenuated responses to agonist
stimulators of eNOS.59,62,63 In coronary
occlusion models (regional ischemia), endot-
helial dysfunction is minimally expressed after
the ischemic period (60-90 minutes), but is
progressively expressed starting as early as 2.5
minutes after the start of reperfusion, and persists
hours58,64 to days65 after reperfusion. Figure 1.4
shows coronary artery endothelial function
(assayed as responsiveness to agonist stimula-
tors of eNOS) 6, 24 and 48 hours after LAD
occlusion. Notice that responses to acetylcho-
line were less in the LAD compared to the
nonischemic left circumflex coronary artery

Fig. 1.3. Inhibitors of basal nitric oxide production and release by the vascular endothelium. L-arginine (L-Arg)
is transported into the vascular endothelium and converted to NO• and L-citrulline by eNOS. This process requires
the presence of molecular oxygen. The generation of NO• can be inhibited by lack of oxygen (ischemia, anoxia).
Nonmetabolized analogues of L-arginine then inhibit enzyme activity (L-NAME, L-NMMA), and pathophysi-
ological conditions such as angiotensin II (Ang-II)-dependent hypertension (HyperT), ischemia-reperfusion (I-R)
and hypercholesterolemia.
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at any concentration. This impaired respon-
siveness persisted for 48 hours. In models of
global ischemia, endothelial dysfunction has
been shown to be present after reperfusion
with little or no dysfunction expressed during
ischemia60,61 unless more prolonged periods
of ischemia are imposed.60 This endothelial
dysfunction is expressed as a reduction in basal
NO• release as well as stimulated NO• release,
with obtunded relaxation responses to acetyl-
choline or other agonist stimulators of NOS.
In the study by Nakanishi et al,61 canine hearts
were subjected to 45 minutes of global

normothermic ischemia with or without
unmodified blood reperfusion in cardiopul-
monary bypass. The left anterior descending
and left circumflex coronary arteries were
excised, placed in organ chambers in a Krebs-
Henseleit buffer medium, and agonist-stimu-
lated endothelial function interrogated using
acetylcholine for receptor-dependent vaso-
relaxation responses and the Ca2+ ionophore
A23187 for receptor independent vaso-
relaxation responses. As shown in Fig. 1.5A,
maximal vascular relaxation responses to
acetylcholine in hearts subjected to ischemia

Fig. 1.4. Responses of preconstricted (U46619) postischemic coronary arteries to endothelium-dependent acetyl-
choline (receptor-dependent) and smooth muscle dilator sodium nitroprusside. LCX = normally perfused left
circumflex coronary artery; LAD6H, LAD24H and LAD48H = ischemic (1 hour)-reperfused left anterior de-
scending coronary artery reperfused for 6, 24, or 48 hours. Top Panel. Responses to acetylcholine. Bottom Panel.
Responses to sodium nitroprusside. * p < 0.05 vs nonischemic LCX. Concentrations are final organ chamber
concentrations. Note the persistent depression of endothelial responses over 48 hours of reperfusion. (From Zhao
et al, unpublished results)
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without reperfusion were comparable to nor-
mal control hearts. In contrast, maximal vaso-
relaxation responses in coronary arteries sub-
jected to both global ischemia and reperfusion
were reduced by approximately 35-40% rela-
tive to control hearts and ischemia only hearts.
A modest rightward shift in the entire con-
centration-relaxation response curve to acetyl-
choline occurred in ischemia—only coronary
arteries (EC50 of 4.0 ± 0.5 x 10–8 Mol vs
control 2.2 ± 0.3 x 10–8 Mol, p < 0.05), while
a greater shift was seen in reperfused vessels
(6.0 ± 0.2 x 10–8 Mol) suggesting endothelial
dysfunction. Similar impaired maximal and
concentration-dependent responses to those in
Figure 1.5A were also observed for the Ca2+

ionophore A23187. Smooth muscle relaxation
responses to the NO• donor acidified (pH 2.0)
NaNO2 were 100%, indicating no damage to
the vascular smooth muscle (Fig. 1.5B). These
data suggest that endothelial dysfunction in-
volved not only damage to the receptor-trans-
duction complex, but also to the more distal
processes regulating eNOS activity or dam-
age to the enzyme itself.61 In this model of
global ischemia61 endothelial dysfunction was
associated with morphological abnormalities
in endothelial structure. In ischemic-only (no
reperfusion) hearts, the coronary microvascular

endothelium was largely normal, with normal
and confluent attachment to the subendothe-
lial matrix. Ischemic endothelial cells differed
from normal tissue by the presence of vacu-
oles randomly distributed in the cytoplasm.
In sharp contrast, tissue reperfused with un-
modified blood demonstrated detached
endothelium with exposed subendothelial
matrix and endothelial cell fragmentation. In
attached endothelial cells, the cytoplasm was
dramatically hypervessiculated. These mor-
phologic changes are in concordance with the
severe dysfunction to the enzyme system
described above. These data demonstrating
impaired vasorelaxation responses to agonist
stimulators of eNOS and morphologically-
apparent damage are consistent with loss of
basal NO • release measured ampero-
metrically, reported by Engelman et al.47

In regional ischemia, vasodilator responses
to both receptor-dependent (acetylcholine)
and receptor-independent (calcium ionophore
A23187 which stimulates eNOS distal to the
receptor-G-protein complex) stimulators of
NOS are adversely effected, while in global
models involving short (∀ 30 minutes) peri-
ods of normothermic ischemia before car-
dioplegia primarily the receptor-mediated
endothelial  vasodilator responses are

Fig. 1.5. Relaxation responses of preconstricted (U46619) postcardioplegia epicardial coronary arteries to agonists.
PANEL A: Maximal relaxation responses to the endothelium-dependent, receptor-dependent agonist acetylcho-
line (ACl). PANEL B: Maximal relaxation responses to the direct (endothelium-independent) vascular smooth
muscle dilator acidified NaNO2. Cntl = normal control vessel; Isch = after 45 minutes global normothermic
ischemia (no reperfusion); Rep = ischemia followed by one hour unmodified blood reperfusion; Isch + BCP = 45
minutes global normothermic ischemia followed by one hour intermittent (every 20 minutes) 4˚C hyperkalemic
blood cardioplegia (4 parts blood:1 part crystalloid); BCP + Rep = global ischemia plus one hour cardioplegia
followed by one hour blood reperfusion. *p < 0.05 vs unstarred groups. Adapted from Nakanishi et al.61
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effected.61,66 These data suggest that a dif-
ferent phenotype of injury may be expressed
dependent on the type and duration of
ischemia (regional vs global) imposed. Short-
term global ischemia (i.e., ∀ 30 minutes) rel-
evant to cardiac surgery may selectively target
the receptor-G-protein complex,66 while more
severe regional ischemia-reperfusion (i.e.,
inducing myocardial necrosis and infarction)
may target both the receptor-G-protein com-
plex and the distal stimulus coupling mecha-
nism, or the enzyme itself. In both cases, the
acute injury to the endothelium may be
mediated by oxygen radicals formed by 1) the
endothelium (via xanthine oxidase activity or
NAD(P)H oxidase activity), 2) by mitochon-
dria or 3) by neutrophils adherent to the vas-
cular endothelium. Superoxide dismutase re-
duces the injury to the endothelium following
ischemia and reperfusion, while direct expo-
sure of coronary artery endothelium to oxy-
gen radicals produces endothelium-dependent
injury to receptor-mediated dilation responses
without effect to the receptor-independent
dilator (smooth muscle) responses.67 The oxy-
gen radicals may not only damage the trigger
mechanisms of NO• but may also directly neu-
tralize NO• through the rapid biradical reac-
tion with superoxide anion.

Endothelial Dysfunction
and Neutrophils

Endothelial dysfunction plays a critical role
in the pathogenesis of reperfusion injury in
the myocardium.64,68-70 This key role is thrust
upon the endothelium because of its interac-
tion with polymorphonuclear leukocytes or
neutrophils and other inflammatory cell types
at the vascular interface in the early and later
phases of reperfusion. This interaction is
mediated by a highly specific and temporally
orchestrated sequence of interactions between
adhesion molecules on both the endothelium
and neutrophils. Thus, the initial interaction
between endothelium and neutrophils is char-
acterized by rolling of the neutrophils along
the endothelial surface mediated by interac-
tion between p-selectin on the endothelium
and sialylated glycoprotein on the neutrophil,

most likely the sialomucin P-selectin glyco-
protein ligand-1 (PSGL-1).71,72 This initial
interaction is an obligatory step necessary for
distal firm adherence interactions and
transendothelial migration into the myocar-
dial parenchyma and their physiological se-
quelae (no-reflow, necrosis).73-76 After initial
tethering of neutrophils by endothelial
p-selectin, a well orchestrated sequence of neu-
trophil-endothelial cell interactions evolves
with the endothelial expression of adhesion
molecules, such as E-selectin and ICAM-1,
and expression of adhesion counterligands on
the neutrophils such as CD11/CD18, that
allow firm adherence of the neutrophil to the
endothelium. Nitric oxide also limits the
capability of the endothelium to express both
E-selectin and ICAM-1 after activation by
cytokines released during ischemia and
reperfusion.77,78 The ability of nitric oxide to
effect multiple points in the neutrophil-endo-
thelial cell adhesion process not only makes it
a powerful tool for minimizing reperfusion
injury caused by neutrophils, but also leads to
the possibility that NO• is acting on a proxi-
mal common step in the formation of several
types of adhesion molecules. DeCaterina et al
have shown significant decreases in activation
of NF-#B, a gene promoter for synthesis of
adhesion molecules, following endothelial
activation with TNF-!. This same decrease in
NF-#B was not present in endothelium
exposed to c-GMP, glutathione, or nitrite. 77

This important action of NO• has the poten-
tial to decrease the accumulation of neutro-
phils in the myocardium following ischemia
and reperfusion acutely as well as over longer
term time frames (requiring protein synthesis).

After initial p-selectin-mediated engage-
ment with the endothelium, the neutrophils
accumulate in the ischemic-reperfused myo-
cardium primarily after the onset of reper-
fusion.68,79,80 Dreyer et al79 have shown that
the rate of neutrophil accumulation within the
reperfused myocardial area at risk is rapid
within the first hour; Lefer et al64 have reported
a similar time course using tissue myelo-
peroxidase activity as a marker of neutrophil
accumulation. Furthermore, Lefer et al68 have
shown that this accumulation of neutrophils
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in ischemic tissue is preceded by a more rapid
rate of adherence of neutrophils to the coro-
nary vascular endothelium. This adherence is
associated closely with the time course of
endothelial dysfunction related to the stimu-
lated release of NO• and eventual accumu-
lation of neutrophils in postischemic tissue
in both surgical40,41,81-83 and nonsurgical
ischemia-reperfusion models. The reduction
in basal release of NO• by postischemic coro-
nary vascular endothelium resulting from the
initial deleterious actions of neutrophils am-
plifies the obligatory interaction between neu-
trophils and endothelial cells, thereby trigger-
ing the adherence-dependent cascade of
neutrophils and subsequent neutrophil-medi-
ated inflammatory component of reperfusion
injury.

NO•-Related Therapeutic
Strategies

Enhancing Endogenous NO• Release
NO•-related therapeutic strategies for at-

tenuating reperfusion injury are summarized
in Table 1.1. Enhancing the release of
endogenous NO• can be achieved by provid-
ing the precursor L-arginine. Although L-argi-
nine appears in the blood in sufficient con-
centrations to saturate NOS, supplemental
L-arginine has been shown to increase NO•

release (directly or indirectly measured) by the
coronary vascular endothelium.45,84,85 In iso-
lated rat aortic endothelial cells, 1 mM L-argi-
nine increased the amperometrically measured
release of NO• by approximately 40% above
basal release.45 D-arginine at the same con-
centration did not increase basally released
NO•.

Supplementation with L-arginine up to
10 mM concentrations in vitro resulted in
decreased neutrophil adherence to activated
coronary artery endothelium, back to basal
levels in unstimulated vessels, and significantly
attenuated neutrophil-mediated injury
although L-arginine did not directly attenu-
ate neutrophil superoxide anion production,
Figure 1.6.84 D-arginine (10 mMol) did not
inhibit adherence, and carboxy-PT10,

600 ∝M, a direct scavenger of NO•, reversed
the effects of L-arginine.51,84 Moreover, in a
nonsurgical model of regional ischemia,
intravenous51 or intracoronary155 L-arginine
supplementation at the time of reperfusion sig-
nificantly decreased postischemic coronary
artery endothelial dysfunction and reduced
infarct size; both were associated with
decreased neutrophil adherence to endothe-
lium and accumulation in the area at risk. In
the study by Nakanishi et al, infarct size was
reduced from 35 ± 2% of the area placed at
risk to 18 ± 3% with 10mM intracoronary
L-arginine. Infarct size reduction was not
observed with D-arginine (10 mM, infarct size
49 ± 5% of area at risk).63 Neither postischemic
regional contractile function or myocardial
blood flow were improved with L-arginine
treatment.

Basally expressed NO• seems to provide
endogenous cardioprotection which, when
NOS is selectively attenuated with inhibitors
such as L-NA or L-NAME, markers of injury
are accentuated compared to noninhibited
groups.86,87 Consequently, in vivo infarct size
was increased from 27 ± 2% area at risk in
untreated rabbits, to 51 ± 2% in rabbits given
intravenous L-NA at the time of reperfusion.88

Similar observations have been made in surgi-
cally relevant models using cardiopulmonary
bypass and cardioplegia. This reduction in the
contribution of basally released NO• to
endogenous cardioprotection, secondary to
endothelial injury, may be a significant con-
tributor to postischemic (postcardioplegia)
infarction, systolic and diastolic dysfunction
and vascular injury often observed in untreated
groups.2,40,44,61,89 In surgical models using
antecedent ischemia (regional or global) with
subsequent cardioplegia and reperfusion,
supplementing with L-arginine to compensate
for lost basal release of NO•, has shown sig-
nificant benefit. Sato et al83 used a canine
model of regional (left anterior descending
(LAD) coronary artery ligation for 90 min-
utes, followed by cardioplegic arrest using
blood cardioplegia without (unsupplemented)
or with 10 mM L-arginine with concomitant
intravenous infusion (4 mg/kg/min) starting
at release of the crossclamp. The LAD ligature
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was removed just before the second infusion
of blood cardioplegia, thereby allowing deliv-
ery of cardioplegic solution to the previously
ischemic (revascularized) myocardial region.
Compared to the unsupplemented blood car-
dioplegia group, L-arginine supplementation
resulted in 1) a 33% increase in postischemic
systolic shortening of the area at risk and a
significant decrease in segment stiffness, 2) a
30% reduction in infarct size (28 ± 4% vs 40
± 4% of the area at risk, p < 0.05) and 3) near
normalization of postischemic LAD endothe-
lial responses to acetylcholine, suggesting im-
proved endothelial function (Fig. 1.7). These
beneficial effects were associated with lower
myeloperoxidase activity levels in the area
at risk used as a marker of neutrophil
accumulation, suggesting a reduction of neu-
trophil-mediated injury with L-arginine
supplemented blood cardioplegia.83 These
effects with L-arginine were reversed by
inclusion of the NOS inhibitor L-nitro-argi-
nine (L-NA) before administration of L-argi-
nine-enhanced blood cardioplegia in a separate
group. These results have been corroborated
by other studies in which cardioplegia solu-
tions were supplemented with L-arginine.42

Interestingly, a preischemic infusion of L-argi-
nine was found to be beneficial on post-
ischemic variables by Engelman et al90 in a
nonsurgical model, while both pretreatment
and supplementation of cardioplegia have been
reported to be beneficial in a surgical model.
Interestingly, 3 mMol L-arginine given after
cardioplegia was detrimental, a subject addressed

later in the discussion.91 Along the same lines
of pericardioplegia use of L-arginine,
Hiramatsu et al42,92 administered L-arginine
during the early phase of reperfusion in blood
perfused isolated hearts, ostensibly targeting
reperfusion events, and reported better recov-
ery of postcardioplegia systolic function com-
pared to no adjunct treatment. This timing of
administration of L-arginine is consistent with
its antineutrophil effect in this and in vivo
models. Similar beneficial effects of L-argin-
ine administered at reperfusion were also re-
ported by Armani et al93 in a cell-free perfu-
sate system, suggesting that NO• derived from
supplemental L-arginine may have beneficial
effects based on other than its antineutrophil
effects, i.e., quenching of superoxide anions.
However, the benefits of L-arginine supple-
mentation as a source of NO• in cell-free sys-
tems is controversial.

Protection by Nitric Oxide
Donors

In the study by Sato et al,83 only a modest
decrease in infarct size was achieved compared
to other cardioprotective strategies, i.e.,
adenosine. This may represent a limitation of
utilizing the endogenous cardioprotective
mechanisms of the heart with L-arginine
therapy in that the increased release of NO• is
dependent on the functional state of the
endothelium. An injured endothelium in
which NO• generation mechanisms are im-
paired may show obtunded responses to

Table 1.1. Strategies in nitric oxide therapy

Endogenous Approach Exogenous Approach

NO• precursor Authentic NO•

L-arginine Gas in solution
Acidified NaNO2

Agonist stimulators NO• donors
Acetylcholine Bioconversions (NTG,
Bradykinin SPM-5185)

Direct donors

Transfection with eNOS
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Fig. 1.6. PANEL A. Effects of different
concentrations of L-arginine (L-Arg),
the NO• scavenger carboxy-PTIO
(PTIO) and D-arginine on PMN ad-
herence to coronary endothelium.
Coincubation with PAF is indicated by
the bracket at the bottom. Results are
presented as numbers of PMN per mm2

of endothelium. Bar heights represent
the mean ± s.e.m. *P<0.05 versus other
groups without asterisks. P<0.05 ver-
sus all other groups. PAF concentra-
tion—100 nMol. Numbers in the bars
represent numbers of coronary rings
studied. PANEL B. Effects of
unactivated and PAF-activated PMN,
and L-NA on endothelium-dependent
relaxation of coronary artery rings.
There is no difference between the con-
trol (CTRL) rings not incubated with
PMN and coincubation with
unactivated PMN groups. PAF activa-
tion of PMN caused a rightward shift
in the dose-response curve. L-NA +
L-Arg showed decreased responses to
acetylcholine. *P< 0.05 versus other
groups. PANEL C. Effects of 10 mM
L-arginine (L-Arg) and 10 mM D-Argi-
nine (D-Arg) on PMN-mediated alter-
ations in endothelium-dependent re-
laxation of coronary artery rings.
Responses to acetylcholine were signifi-
cantly greater in the L-Arg-treated rings
compared with D-Arg and PMN + PAF
rings. *P<0.05 versus other groups.
P<0.05 PMN + PAF versus L-Arg and
CTRL groups. D-Arg versus CTRL
group. n = number of rings used.
Adapted from Sato et al, Cardiovasc
Res 31; 1996:63-72.

L-arginine. Therefore, this limitation in the
endogenous capabilities of the heart may be
overcome by parenteral administration of
agents that donate NO• in vivo. This exog-
enous approach was first reported by Johnson
et al using authentic nitric oxide gas (approxi-
mately 10-20 nM in vivo concentration)94 and
NaNO2 as an NO• donor chemical95 at
subvasodilator concentrations, administered
only at the onset of reperfusion in a feline model
of regional (90 minutes LAD occlusion fol-
lowed by 4.5 hours of reperfusion) ischemia-
reperfusion. Both forms of NO• therapy

decreased infarct size by about 75%, which
was associated with decreased neutrophil
accumulation in the area at risk (both non-
necrotic and necrotic). These data suggest that
NO• reduced infarct size by inhibiting neu-
trophil-mediated damage. Subsequent studies
have been performed using a variety of organic
NO• donor agents in nonsurgical models of
coronary occlusion and reperfusion. These or-
ganic donors release NO• either spontaneously
or after bioconversion reactions. Nitroglycerin
is the prototype NO• donor agent, but is a
poor NO• donor due to its prerequisite
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bioconversion by a cysteine-containing
enzyme that is partially depleted in the
microvasculature after ischemia-reperfusion,
and tolerance develops over time. One such
cysteine-containing compound readily releases
NO• after biotransformation, SPM-5185 (N-
(3-hydroxy-pivaloyl)-S-(N’-acetylalanoyl)-L-
cysteine ethyl ester (Schwarz Pharma AG,
Monheim, Germany).41,96 This NO•-donor
agent, when administered during reperfusion
after 1 hour LAD occlusion reduced infarct
size from 41.7 ± 5.4% to 12.5 ± 3.2% of the
area at risk, in association with a 58% reduc-
tion in transmural neutrophil accumulation
(tissue myeloperoxidase activity) in the area at

risk.96 The nonactive form of the compound
had no effects on any physiological variable.

In a study by Nakanishi et al40 using a ca-
nine model of cardiopulmonary bypass and
cardioplegia, hearts were subjected to 30 min-
utes of normothermic ischemia followed by
one hour cardioplegia (4˚C multidose blood
cardioplegia, 4:1 blood: crystalloid, Table 1.2).
Hearts received either standard blood car-
dioplegia (BCP) or blood cardioplegia with 10
∝mol/L SPM-5185 (BCP + SPM). After one
hour of cardioplegic arrest, the heart was
reperfused for a total of 60 minutes, first in
the beating empty state for 30 minutes and
then after discontinuation of bypass for 30

Fig. 1.7. Beneficial effects of blood car-
dioplegia supplemented with L-argin-
ine. Top panel. Segmental work of the
ischemic-reperfused myocardium de-
rived by integrating the area of the pres-
sure-segment length loop during con-
trol, after 40 minutes of LAD occlusion
and during reperfusion after cardiople-
gia arrest. Open bar = unsupplemented
blood cardioplegia; hatched bar = L-argi-
nine supplemented blood cardioplegia;
stippled bar = treatment with NOS in-
hibitor L-NA before cardioplegia.
Middle panel. Infarct size as area of ne-
crosis relative to the area at risk. Infarct
size was reduced by approximately 30%
in blood cardioplegia supplemented with
L-arginine, and this infarct size reduc-
tion was reversed by preceding L-argin-
ine with the NOS inhibitor L-nitro argi-
nine (L-NA). Lower panel. Neutrophil
accumulation in the nonischemic zone
(NIZ), ischemic non-necrotic zone (IZ),
and necrotic zone (NEZ) of the area at
risk, assayed by the neutrophil-specific-
enzyme myeloperoxidase in the myo-
cardium. Group legend same for top
panel. Adapted from Sato et al. J Tho-
racic Cardiovasc Surg 1995; 110:
302-314.83
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minutes. Left ventricular function was assessed
by the slope of the end-systolic pressure-
volume (impedance catheter) relation. Postis-
chemic end-systolic pressure-volume relation
was depressed by 53.7% of preischemic val-
ues in the BCP group (from 8.2 ± 1.0 to 3.8 ±
0.3 mm Hg/ml). In contrast, there was nearly
complete postischemic (Fig. 1.8) functional
recovery in the BCP + SPM group (from 7.6
± 1.1 to 7.2 ± 1.2 mm Hg/ml). In coronary
arteries isolated from these hearts, endothe-
lium-dependent maximal relaxation to acetyl-
choline was impaired by 27% in the BCP
group, but recovered to ∃ 100% in the
BCP+SPM group. Myeloperoxidase activity,
an index of neutrophil accumulation in post-
ischemic myocardium, was elevated in the
BCP group (3.36 ± 0.58 U/100 mg tissue)
but was significantly reduced in the
BCP + SPM group to 1.27 ± 0.45 U/100 mg
tissue. Therefore, this study demonstrated that
addition of 10 ∝mol/L nitric oxide donor
SPM-5185 in blood cardioplegia improves
postischemic ventricular performance and
postcardioplegia endothelial function in
ischemically injured hearts, possibly via inhi-
bition of neutrophil-mediated damage.

Peroxynitrite: The Potential
Dark Side of Nitric Oxide
Therapy

The biradical quenching reaction between
NO• and •O– 

2 may be a double edged sword.
On the one hand, NO• neutralizes a poten-
tially deleterious species of oxygen radical. On
the other hand, the reaction produces a po-
tentially deleterious metabolite-peroxynitrite
(ONOO–) with subsequent degradation in the
presence of transition metals to the highly bio-
logically active hydroxyl radical. This reaction
of NO• and •O–

2 in a 1:1 stoichiometry to form
peroxynitrite progresses at essentially diffu-
sion-limited rates (6.7 x 109 M–1 sec–1), a
rate which exceeds that between •O–

2 and
superoxide dismutase by a factor of three
(2 x 109 M-1 sec-1).52 In addition, this reaction
is exothermic with a release of 22 kcal/mol and
is, therefore, essentially irreversible. As seen in
equation 1, the amount of ONOO– produced

through this reaction can be increased by
increasing either NO• or •O–

2; the •O–
2 specie

is generated in larger quantities during the
early moments of reperfusion, with lower but
still significant quantities released on a persis-
tent basis during the later phases of reper-
fusion. Under physiological concentrations of
NO• (~ 5-10 nM) and •O–

2, endogenous and
exogenous superoxide dismutase are effective
scavengers. However, in micromolar concen-
trations as may be reached in vitro, NO•

effectively competes with superoxide dis-
mutase to form peroxynitrite.

Equation 1:
NO• + •O–

2 % ONOO–

ONOO– +H+  % ONOOH
ONOOH  % •OH + NO2

+

(SOD, MPO)

According to equation 1, the peroxynitrous
acid (ONOOH) intermediate of ONOO–

undergoes a heterolytic cleavage in the pres-
ence of transition metals (i.e., superoxide
dismutase, myeloperoxidase) to form a
hydroxyl anion (•OH) plus a nitronium ion
(NO2

+).52 Therefore, in addition to reactive
peroxynitrite, the potential for cellular or tis-
sue damage exists by the potent oxidant actions
of peroxynitrous acid (oxidation of iron and
zinc containing molecular center) and the
hydroxyl radical ( l ipid peroxidation,
membrane damage).52,53 Peroxynitrite and
peroxynitrous acid may be major sources of
cytotoxic hydroxyl radicals.53 Accordingly,
peroxynitrite has been directly or indirectly
(through the hydroxyl radial) associated with
attenuation of mitochondrial respiration,97 cel-
lular and tissue injury secondary to hemor-
rhagic shock, endotoxemia,98 in normal99 and
postischemic tissue ischemia-reperfusion100,101

and atherosclerosis. Peroxynitrite is bacteri-
cidal, nitrosylates sulfhydryl moieties on pro-
teins, and causes protein cleavage and
apoptosis. These latter events occur at micro-
molar concentrations.

On the other hand, numerous studies have
reported physiological and cardioprotective
effects of ONOO– similar to NO•. It has been
reported that ONOO– attenuates platelet
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Table 1.2. Composition of blood cardioplegia

Constituent Value

Potassium ion (KCl) (∝mol/L) 20-25 (induction, terminal infusions),
10 (intermittent infusions)

Calcium ion (CPD) (∝mol/L) 0.3

Magnesium ion (derived from blood) (∝mol/L) 0.5

pH (THAM buffer) 8.2 (at 4˚C)

Osmolality (mOsm/L) 360-380

Hematocrit (%) 14-18 (or more)

Oxygen content (Ml O2/100 ml) 8-10

CPD, Citrate-phosphate-dextrose (blood); THAM, tris(hydroxymethyl)-aminomethane

Fig. 1.8. Postcardioplegia recovery of end-systolic pressure-volume slope as a percent of preischemic values. There
was a significant depression of left ventricular performance with unsupplemented blood cardioplegia (BCP) which
was significantly improved with the addition of 10 ∝Mol SPM-5185. *p < 0.05 vs BCP
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aggregation, induces vasorelaxation, inhibits
adherence of neutrophils to stimulated
coronary artery102 or mesenteric artery103

endothelium, preserves postischemic
vasorelaxation responses to acetylcholine (an
agonist of endothelial NO• release), and
reduces myocardial infarct size.102 The reduc-
tion in neutrophil adherence by low micro-
molar concentrations of ONOO– is associated
with an attenuation of p-selectin surface
expression on endothelium103 similar to the
physiological effects of NO•. In the study by
Nossuli et al102 using a feline model of regional
ischemia and reperfusion, an approximately
60% reduction in infarct size was associated
with significantly less endothelial dysfunction
(basal and stimulated release of NO• in bioas-
says) relative to a control group.

The resolution to this apparent schizo-
phrenic effect of ONOO– where it is cast as a
mediator of damage while in other conditions
it exerts cardioprotective and vasculoprotective
effects may be multifactoral, but may depend
on 1) the concentrations of precursors NO•

and •O–
2 achieved under normal or patho-

physiological conditions and, hence, the physi-
ological concentrations of ONOO– achieved,
2) the environment in which ONOO– coex-
ists with other cell types and tissues, and the
presence or absence of endogenous detoxifi-
cation mechanisms Figure 1.9. The balance
between the formation and breakdown (deg-
radation and detoxification) of ONOO–

determines, in part, the physiological conse-
quences of ONOO–, particularly in pathologi-
cal conditions.

Concentration of ONOO–

The generation of ONOO– is favored
when both NO• and •O–

2 are formed at high
concentrations; this condition may exist dur-
ing the early moments of reperfusion with the
reintroduction of molecular oxygen since the
generation of both radical species requires
molecular oxygen. Although there is substan-
tial copper-zinc SOD present in the myocar-
dium, potential oxygen radical scavengers are
depleted during ischemia-reperfusion which
increases the physiological concentrations of
•O–

2, and the rapid diffusion-limited reaction

rate between NO• and  •O–
2 potentially

outcompetes endogenous SOD for •O–
2.

Therefore, the presence of both NO• and •O-
2

is favored under ischemia-reperfusion condi-
tions. The tissue concentration of ONOO–

may be in the nanomolar range in normal as
well as pathological states, and that micromo-
lar concentrations are not likely to be achieved.
However, studies in which ONOO– has been
shown to be deleterious have used micromo-
lar to low millimolar concentrations of the
anion (or its precursors), while studies in which
nanomolar concentrations of ONOO– have
been used report a protective effect.

Physiological Environment
In addition to the rate of formation of

ONOO–, degradation through breakdown
reactions (Equation 1) and detoxification
(Fig. 1.9) have a critical impact on the tissue
levels of ONOO– and its biological actions.
However, ONOO– is a relatively stable anion,
particularly at alkaline pH, and this stability
is sufficient to allow transcellular diffusion and
to engage a biological target such as membrane
lipids, DNA, and tyrosine moieties on pro-
teins with which ONOO– can react in a
destructive manner.

The cellular detoxification mechanisms
that may drain ONOO– and prevent tissue
accumulation of the anion include 1) plasma
bicarbonate buffering system and 2) thiol con-
taining molecules, including albumin and glu-
tathione. NO• has been shown to S-nitrosylate
plasma albumin104 which, in addition to
increasing its half-life, also serves as an NO•

drain mechanism. Glutathione is present in
cardiac tissue and is considered an endogenous
antioxidant. ONOO– can nitrosylate reduced
glutathione and other thiol compounds to
form S-nitrosyl compounds which in turn can
release NO•. The glutathione detoxification
mechanism may be obtunded by oxidant-me-
diated or pathologically-induced endothelial
injury101 such as in hypercholesterolemia.105

In addition, ONOO– may stimulate guanylate
cyclase directly or through the formation of
NO•. Therefore, ONOO– can serve as an
alternative NO• donor and as a stimulator of
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guanylate cyclase activity and have the potential
to be cardioprotective.

Crystalloid buffer systems (i.e.,
Langendorff isolated buffer perfused tissues,
cell culture) do not contain endogenous com-
pounds that may detoxify ONOO–, while
plasma and tissue contain these potentially
detoxifying agents. In addition, buffer systems
do not contain neutrophils as targets for NO•

antiaggregatory and antiadhesion actions.
Studies in which ONOO– has been shown to
exert a deleterious effect were performed in
cell-free buffer perfused models99,101 while the
studies which demonstrated a beneficial effect
of authentic ONOO– were performed in in
vivo models in which plasma and tissue borne
detoxifying substances were present or buffer-
perfused system contained neutrophils.102,103

Therefore, ONOO– in acellular environments
would not be detoxified and may therefore
produce tissue injury, ostensibly either by
direct or •OH related mechanisms, while in
biological environments, ONOO– would not
exert deleterious effects and may be protec-
tive through nitrosylation of thiols (such as
glutathione) with subsequent NO• donation.
This conclusion is supported by results pre-
sented by Ma et al106 in which isolated hearts
subjected to an ONOO- donor agent (SIN-1)
in a blood environment were protected while
those in a crystalloid environment were
injured. This environmental effect may be im-
portant in cardiac surgery in which there are
both crystalloid and blood formulations of car-
dioplegia solutions, with strong proponents for
each. Currently there is great interest in the

Fig. 1.9. The biradical reaction between nitric oxide NO• and superoxide radical •O–
2 is nearly diffusion limited

and mainly irreversible, and requires equimolar concentration of the two substrates. The end product, peroxynitrite
(ONOO–) can be detoxified in blood by nitrosylating thiol compounds such as glutathione (GSH) to form
nitrosothiole, which may recycle to NO•. However, the lack of detoxifying reactions in crystalloid media allows
build-up of ONOO– with protein nitrosylation, DNA damage and formation of the highly reactive hydroxyl
radical. This pathway to injury may amplify the inflammatory response and •O–

2 generation, thereby providing
more substrate for ONOO– formation. (Adapted with permission from Xin-Liang Ma, M.D., Ph.D.)
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use of NO• donors or precursors (L-arginine)
as supplements to cardioplegia solutions.
Whether a similar dichotomy in the physi-
ological effects of NO• will be observed in this
area of surgical myocardial protection has not
yet been reported. Indeed, the deleterious
effects of L-arginine administered during
reperfusion reported by Engleman et al91 for
isolated crystalloid buffer perfused hearts may
be related to this environment effect of NO•

if indeed L-arginine supplementation of the
crystalloid buffer released enough NO• to
engage this NO•-ONOO-mechanism.

The question of whether ONOO– medi-
ates differential effects depending on the blood
or crystalloid environment was investigated by
Ronson et al107 in a canine model of myocar-
dial protection with blood or crystalloid-
cardioplegia solutions. Hearts were subjected
to 30 minutes of normothermic global is-
chemia on cardiopulmonary bypass, followed
by 60 minutes of hypothermic hyperkalemic
intermittent cardioplegia using either crystal-
loid (Plegisol) or blood cardioplegia (8:1
blood:crystalloid), each with or without
5 ∝mol/L authentic ONOO-, using the Myo-
cardial Protection Systems (MPS, Quest Medi-
cal, Inc.) delivery system to ensure accurate
concentrations of ONOO–. After 2 hours of
reperfusion, systolic and diastolic function
were determined using left ventricular pres-
sure-volume (impedance catheter) relations
analysis (Fig. 1.10A). In the crystalloid car-
dioplegia groups, the addition of ONOO– was
associated with a 57% reduction (versus
baseline) of systolic function compared to a
44 ± 2% reduction in the crystalloid cardiople-
gia group without ONOO– (p < 0.05). In con-
trast, postischemic left ventricular function was
generally better than crystalloid cardioplegia
with both formulations of blood cardioplegia,
and there was significantly better recovery of
systolic performance with BCP plus ONOO-
compared to BCP without ONOO-.
Myocardial edema (% tissue water) was
significantly increased by ONOO– in crystal-
loid (81.1 ± 0.3 vs 79.6 ± 0.4%) and blood
cardioplegia (78.9 ± 0.3% vs 76.4 ± 0.32%)
in agreement with the chamber stiffness data.
After the experiment, the left anterior descend-

ing and left circumflex epicardial coronary
arteries were excised and placed in organ cham-
bers to determine endothelial responses to ago-
nist stimulators of nitric oxide synthase.
Coronary arteries from postcardioplegic
myocardium demonstrated marked differences
with regard to both formulations and presence
of ONOO–. Generally, blood cardioplegia
demonstrated better preservation of maximal
endothelial responses to acetylcholine
(receptor dependent) than crystalloid car-
dioplegia. The addition of ONOO– to blood
cardioplegia demonstrated significantly
greater responses (better function), while
ONOO– in the crystalloid cardioplegia group
was associated with significantly poorer func-
tion (Fig. 1.10B). Therefore, ONOO– in a
crystalloid medium may indeed be deleteri-
ous, while it is beneficial in a blood medium
with regards to postcardioplegia systolic func-
tion and coronary artery endothelial function.

Further investigation is necessary to deter-
mine the role of NO• and its metabolite
ONOO– under different conditions. However,
the majority of studies in normal or ischemic-
reperfused hearts in which cardioplegia has been
supplemented with NO• donors or the pre-
cursor L-arginine have reported net cardio-
protective effects of NO•.42,43,108,109

Nitric Oxide in Hypoxia-
Reoxygenation Injury

Cyanotic heart defects are often corrected
surgically using cardiopulmonary bypass and
elective chemical cardioplegia. Despite the
well-known tolerance of the immature heart
to ischemia and reperfusion110-112 the imma-
ture myocardium is seemingly intolerant of
hypoxia-reoxygenation using high blood oxy-
gen tensions (∃ 400 mmHg).113-115 Key char-
acteristics in hypoxia-reoxygenation, with the
latter being accomplished on cardiopulmonary
bypass, are 1) increased production of NO•

during the period of reoxygenation,116,117 2) a
loss if the endogenous antioxidant reserve
coupled with an increase in the production of
oxygen-derived free radicals which is amenable
to antioxidant therapy,118 3) increased produc-
tion of oxygen-derived free radicals during
reoxygenation, and 4) a reduction in the
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Fig. 1.10. Physiological ef-
fects of ONOO– in blood
cardioplegia versus crystal-
loid cardioplegia (Plegisol)
environments. Panel A. Re-
covery of end-systolic pres-
sure-volume (impedance
catheter) relations after 2
hours of reperfusion as a
percent of baseline value of
slope of the relationship.
Panel B. Responses of post-
cardioplegia epicardial
coronary arteries to the
endothelial-dependent, re-
ceptor- dependent stimula-
tor of nitric oxide synthase,
acetylcholine at 500 nM or-
gan chamber concentration.
Responses are maximal
percent relaxation from
preconstricted (U46619)
values. In the BLOOD+
group, there was a signifi-
cant left shift in the concen-
tration-response curve com-
pared to BLOOD group
indicative of better function,
while in the PLEG+ group
there was a significant right
shift relative to PLEG group
indicative of receptor dys-
function. PLEG = Plegisol
crystalloid cardioplegia
without ONOO-; PLEG+
= Plegisol crystalloid
cardioplegia with 5∝M
ONOO-; BLOOD = blood
cardioplegia (8:1 blood:
crystalloid) without ONOO–;
BLOOD+ = blood cardio-
plegia without 5 ∝M ONOO-.
* = p<0.05 between indi-
cated groups.

production of oxygen-derived free radicals and
NO• by low or hypoxic reoxygenation.119

Seemingly paradoxical also is the effect of NO•

in the model of hypoxia-reoxygenation injury.
In contrast to the cardioprotection reported
for L-arginine or NO•-donor supplemented
therapy in ischemia-reperfusion models as dis-
cussed above, the same therapy in hypoxia-
reoxygenation models has deleterious
effects.116,120 and inhibitors of NOS had

beneficial effects.116,120 In this case of
hypoxia-reoxygenation, ONOO—may be
playing a major role in directing the effects of
NO•-related therapy, even in the presence of
blood-borne detoxification mechanisms. The
combination of increased production of both
NO• and •O–

2 during reoxygenation and the
presence of reduced antioxidant reserve in the
heart may have permitted the unbridled forma-
tion of ONOO- with subsequent production
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of •OH, and hence, the deleterious effects.
However, the hypothesis that overproduction
of peroxynitrite in the hypoxic-reoxygenation
injury model is responsible or contributory to
the deleterious effects of NO•

 has not been
tested. In any event, the mechanisms of NO•

and related therapy are clearly different and
independent of issues of different species,
methods and laboratories since this same group
showed that in an ischemic-reperfusion model
(20 minutes antecedent normothermic is-
chemia before cardioplegia) using the same
animal model, that L-arginine augmented
NO• production and was cardioprotective, and
this effect was reversed by NOS inhibitors.121

Nitric Oxide and Myocardial
Apoptosis

As summarized above, NO• has important
and potent modulatory effects on the inflam-
matory process related to postischemic injury
and necrosis. Apoptosis, or genetically pro-
grammed cell death, as opposed to the explo-
sive and inflammatory-initiating process of
cellular necrosis,122 is known to occur in the
heart during failure,123 infarction124 and is-
chemia-reperfusion of the myocardium125-127

due to a change in the expression of spe-
cific gene products and production of spe-
cific cytoplasmic proteins.128-131 Some stud-
ies127,132,133 have shown that ischemia with
reperfusion, but not ischemia alone, induces
apoptosis of the myocardium; hypoxia is also
a stimulus for apoptosis.134

Apoptosis has been inhibited by a number
of interventions including precondition-
ing.135,136 In contrast, cardioprotective auta-
coids other than NO• have been associated
with induction of apoptosis.137,138 However,
the role nitric oxide plays in the pathophysi-
ological development of apoptosis is not clear.
Lopez-Farre et al139 have demonstrated a link
between nitric oxide and endothelial cell
apoptosis. In cultured endothelial cells, inhi-
bition of NO• synthesis by L-NAME signifi-
cantly increased endothelial cell apoptosis
without altering any other environmental con-
dition. Furthermore, the increased expression

of apoptosis correlated with increased levels
of c-myc and c-fos, gene products associated
with induction of mitogenesis and apop-
tosis.140 Other evidence of a protective role for
NO• against apoptotic cell death links the in-
crease in NO• production by shear stress to
decreases in endothelial cell apoptosis. After
exposure of the endothelium to TNF-!, a
known stimulator of apoptosis,141 shear stress
almost completely abrogated the appearance
of apoptosis compared to cells not subjected
to shear forces. This effect on reducing
apoptosis was mimicked by NO• donors
through an inhibition of ICE-like and cysteine
proteases.142 The potential increase in both
endothelial and myocardial apoptosis in vivo
secondary to decreases in endothelial nitric
oxide production and release with endothelial
cell dysfunction following ischemia and
reperfusion is not known and needs to be fur-
ther evaluated.

Summary
Nitric oxide, the molecule of the decade,

is involved in a host of physiological effects,
particularly in the modulation of neutrophils
and endothelial cells—both individually and
their interactions—during the complex pro-
cesses instigated by ischemia and reperfusion.
The endothelium is an effective target for aug-
menting endogenous NO• because 1) it is the
vascular interface between neutrophils, cyto-
kines and other blood-borne proinflammatory
mediators and the underlying tissue (myocytes,
vascular smooth muscle, conductile tissue, ar-
chitectural structures) that are themselves tar-
gets of injury, 2) the endothelium is the larg-
est organ in the body, with an extensive surface
area and distribution in organs, 3) it is respon-
sive to a number of physiological stimuli such
as shear stress. NO• plays a key role in the at-
tenuation of ischemic-reperfusion injury at
numerous levels of the process (Fig. 1.11), in-
cluding direct inhibition of the neutrophil (su-
peroxide anion generation, adhesion molecule
expression, adherence to endothelium), direct
neutralization of superoxide radicals—a pri-
mary mediator of injury, inhibition of adhe-
sion molecule expression on the surface of the
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Fig. 1.11. The cardioprotective mechanisms of NO• related to inhibition of neutrophil and endothelial cell
interactions during reperfusion. NO• inhibits surface expression of p-selectin (p) and intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule (VCAM). NO• also directly inhibits neutrophils and
superoxide (O•

2) generation in addition to neutralizing O•
2 via direct quenching. NO• can be augmented by

providing precursor L-arginine (L-arg) or administering direct NO• donor agents.

endothelium, and inhibition of synthesis of
adhesion molecules at the level of nuclear tran-
scription (NF-#B). Many studies support the
observation that NO• exerts its cardio-
protection primarily during the reperfusion
phase, which would thereby guide the time
course of its administration. Therapeutic strat-
egies applicable to ischemic-reperfusion injury
include provision of the precursor to NO•- L-
arginine, which augments the endogenous
generation of NO• for availability in the com-
partments (intravascular compartment, inter-
stitial compartment) most involved in the
acute and initiating steps in the inflammatory
component of ischemic-reperfusion injury.
However, a ceiling in the effectiveness of this
approach may be encountered if the endothe-
lium is dysfunctional and impaired in its abil-
ity to synthesize and release NO•. In this event,
a wide variety of NO•-donor agents are avail-
able which may be administered. A word of
caution must be given in that there may be a
definite therapeutic window beyond which
tissue damage may be caused by NO• itself or

a metabolite such as peroxynitrite and hydroxyl
radical, and hemodynamic (vasodilator) con-
sequences may be precipitated that are un-
wanted. Although nature has evolved this
pleuripotent mechanism of endogenous de-
fense against inflammatory-like conditions, the
unraveling of mechanisms and harnessing of
this therapeutic potential will occupy scien-
tific and drug development investigations for
a long time to come.
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I n cardiac surgery, myocardium may
suffer from ischemia either because it has
been ischemic prior to the surgical

intervention or because it is made intention-
ally or becomes inadvertently ischemic dur-
ing the intervention. As a result of a success-
ful revascularization or the end of the surgical
manipulations, the ischemic myocardium may
be reperfused. Ischemic or postischemic loss
of viable myocardium is one of the major foes
impairing an improvement of cardiac func-
tion after cardiac surgery. Many procedures
have been designed for the purpose to protect
myocardium against ischemic injury. The pos-
sibility—and need—to protect myocardium
during the first minutes to hours of reperfusion
against “reperfusion injury” has been largely
neglected. This may seem surprising as the
cardiac surgeon can control precisely the con-
ditions of reperfusion. This chapter is focussed
on the possibilities of protecting myocardial
cells from cell death specifically by modifying
the early conditions of reperfusion, i.e., to pro-
tect against the early causes of lethal reper-
fusion injury. It describes the novel strategies
developed during the past decade in experi-
mental research. The chapter does not deal
with two other closely related topics which
have been discussed extensively in several other
recent reviews. These are: reversible postis-
chemic dysfunction, so-called stunning, and
delayed causes of lethal reperfusion injury, e.g.,
by activation of blood-borne factors.

Lethal Reperfusion Injury:
Definition of Terms

Lethal reperfusion injury is defined as
injury caused by restoration of blood flow after
an ischemic episode leading to death of cells
that were only reversibly injured during that
preceding ischemic episode. For lethal
reperfusion injury to occur, ischemia has to
set the stage without producing irreversible
injury already itself. The definition thus comes
with the corollary that ischemic alterations of
cellular conditions are necessary prerequisites
for lethal reperfusion injury, but not in them-
selves sufficient causes for cell death. When
after extended ischemia myocardium is
reperfused by simple restoration of coronary
blood flow, analysis of the developing necro-
sis does not permit to distinguish between cell
death caused by the ischemia or by reperfusion.
The only valid criterion for the existence of
reperfusion injury is whether modification of
the conditions of reperfusion can prevent cell
death, otherwise occurring in ischemic-
reperfused myocardium. This criterion appears
simpler than it is to apply, since many modifi-
cations of reperfusion conditions are possible
and failure to find one that reduces cell death
in reperfused myocardium does not disprove
the existence of reperfusion injury. As we ar-
gue below, causes of certain forms of lethal
reperfusion injury have now been identified
and thus some modifications of the conditions
of reperfusion are indeed known to provide
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protection. If such a modification preventing
cell death in reperfused myocardium has been
identified, yet another question may be raised.
In experimental models, cell death is normally
assessed within a few hours of reperfusion. It
therefore remains possible that the tested
modifications of reperfusion conditions only
delays the full expression of cell death beyond
the time of assessment and thus falsely sug-
gests prevention of lethal reperfusion injury.

The whole topic of lethal reperfusion injury
can be differentiated conceptually as follows:
Reversible injury must be delineated from
lethal, irreversible injury. In this overview we
will concentrate on the development of the
acute form of cell death, i.e., necrosis occur-
ring within the first minutes to first few hours
of reperfusion. In the normal clinical setting,
myocardial injury due to ischemia-reperfusion
may appear as a single entity. For the under-
standing of reperfusion injury, ischemic injury
must be clearly separated and the dependency
of reperfusion injury on preceding ischemic
changes must be clarified. Injury of ischemic-
reperfused myocardium is complex, involving
injury of vascular cells as well as cardio-
myocytes. We will here primarily discuss
whether lethal reperfusion injury of cardio-
myocytes (as opposed to other cells in myo-
cardium) can occur during the first minutes
after reflow in the setting of ischemia-
reperfusion, i.e., we will concentrate on im-
mediate lethal (necrotic) reperfusion injury.
This can be distinguished from delayed lethal
(necrotic) reperfusion injury which, e. g., may
be delivered to the cardiomyocytes by activated
polymorphic neutrophils, and also from
induction of apoptosis of cardiomyocytes in
reperfused myocardium.

A Short Note on the Role
of Oxygen Radicals

There is clear evidence that in reperfused
myocardium oxygen radicals are generated at
a higher rate than in normal myocardium.
Several sources seem to contribute to that
increased production of oxygen radicals:blood
borne cells such as activated neutrophiles as
well as constitutive cells of the myocardium
such as cardiomyocytes and endothelial cells.

The impact of oxygen radicals on the myocar-
dial cells after ischemia may be increased since
their antioxidative defense is reduced. Oxy-
gen radicals are highly reactive and therefore
potentially very toxic molecules. It is there-
fore understandable that they seemed to be a
prime candidate for cause of lethal reperfusion
injury. A large number of experimental stud-
ies has been performed in which ischemic-
reperfused myocardium has been treated by
means directed against oxygen radicals. Super-
oxide dismutase either alone or in combina-
tion with catalase upon reperfusion has been
used in experimental studies aiming at reduc-
tion of infarct size by reperfusion protection.
In a smaller number of studies chemical anti-
oxidants were used for the same purpose.

Several reviews from the past ten years have
summarized these studies and came to the
sobering conclusion that the experimental
studies have failed to prove the hypothesis that
oxygen radicals are crucially involved in the
genesis of lethal reperfusion injury.1-5 This
conclusion was drawn because there is about
an equal number of studies demonstrating
improvement or no improvement of infarct
size when antioxidant strategies are applied
during reperfusion. Part of the discrepancies
among results may be explained by experimen-
tal flaws but a large part seems due to differ-
ences in the experimental models used. The
general feeling is that a phenomenon depend-
ing so much on the specific features of an
experimental model is not of general relevance.
This is a plausible opinion. It must be empha-
sized, however, that the lack of unequivocal
evidence from experimental animal studies
does not exclude the possibility that the human
case represents one of the positive cases where
oxygen radicals contribute to myocardial
reperfusion injury.

Many researchers who had tried hard to
prove the importance of oxygen radicals have
thereafter lost hope altogether that myocar-
dium could be protected at the time of
reperfusion or, in other words, they lost con-
fidence in the existence of lethal reperfusion
injury. This frustration does usually not apply
to reversible reperfusion injury. In fact, even
those researchers who feel that there is no such
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thing as lethal reperfusion injury would nor-
mally admit that there are transient aggrava-
tions of myocardial metabolic or functional
disorder during reperfusion which are caused
by the reperfusion situation. Mechanical stun-
ning and reperfusion arrhythmias are such
phenomena.6 In the pathogenesis of these
reversible dysfunctions oxygen radicals seem
in fact to play an important part. A critical
discussion of these forms of reversible
reperfusion injury is also interesting but not
the objective of this chapter.

Three Initial Causes
of Immediate Lethal
Reperfusion Injury

We address the question whether causes for
immediate lethal reperfusion injury of
cardiomyocytes exist in mammalian hearts and
how one can interfere with their mechanisms.
Since specific strategies against immediate
reperfusion injury have never been applied to
human myocardium in vivo except for
antioxidative treatment, it must remain open
now if reperfusion protection represents a use-
ful strategy in human therapy. Three poten-
tial initial causes of immediate reperfusion
injury, apart from oxygen radicals, have been
experimentally investigated in considerable
detail, and will be briefly discussed:

cause 1: Re-energization,
cause 2: Rapid normalization of tis-

sue pH,
cause 3: Rapid normalization of tis-

sue osmolality.
These potential initial causes are not

entirely independent. As outlined below
mechanical disruption of the sarcolemma
appears to be the endpoint of immediate lethal
reperfusion injury. Hypercontracture of the
myofibrils is probably one of the major final
causes. Hypercontracture is made possible by
re-energization of the ischemic cell (cause 1)
in which destructive contractile forces are gen-
erated due to Ca2+ overload and increased
cytoskeletal fragility. Ischemic acidosis can
attenuate this contractile activation. Rapid
normalization of tissue pH (cause 2) can act

as a permissive factor for hypercontracture elic-
ited by re-energization and can also contrib-
ute to further Ca2+ overload. Cell swelling is
the other major final cause for immediate
lethal reperfusion injury. It originates in the
reperfusion situation from a too rapid normal-
ization of extracellular osmolality (cause 3),
leaving the intercellular fluid hyperosmolar.

Role of Re-Energization
About two decades ago Hearse and co-

workers7 demonstrated that in the oxygen
depleted and reoxygenated myocardium severe
myocardial injury, characterized by myofibril-
lar hypercontracture and sarcolemmal disrup-
tion, may develop with the onset of reoxy-
genation. It has been demonstrated by Ganote
and co-workers8,9 that this injury is due to the
resumption of energy production upon
reoxygenation. This phenomenon of severe cell
injury immediately provoked by re-ener-
gization has been termed “oxygen paradox”.
It has remained an open question for a long
time whether the oxygen paradox represents
genuine “reoxygenation injury” or just a dra-
matic manifestation of injury that has already
developed during the oxygen depletion period.
The presence of contraction bands in infarcted
myocardium is a histological indicator of oxy-
gen paradox injury in ischemic-reperfused
myocardium. Histologic analysis clearly dem-
onstrates that when reperfusion is performed
early enough to produce some myocardial sal-
vage, infarcts are composed almost exclusively
of contraction band necrosis reflecting
hypercontracture of myocytes, and there is
evidence indicating that this hypercontracture
occurs during the first minutes of reflow. Al-
though contraction bands can be observed in
the absence of necrosis in specific circum-
stances (as an artifact in biopsies), in the setting
of reperfusion hypercontractured myocytes
invariably present signs of necrosis, indicat-
ing that, as opposed to what happens in iso-
lated cardiomyocytes, reperfusion-induced
hypercontracture is associated to sarcolemmal
disruption and cell death.

Details of the causal mechanism of the
oxygen paradox have now been identified in
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experimental studies using isolated cardio-
myocytes (see below). These studies have
shown that the oxygen paradox is indeed injury

1. brought about by the process of reoxy-
genation and

2. based on a mechanism within the myo-
cardial cell.

Re-energization causes lethal cell injury by
provocation of hypercontracture. The mecha-
nism is the following: After prolonged energy
depletion, cytosolic Ca2+ concentration is dra-
matically increased. Upon re-energization of
the myocardial cell, made possible by resup-
ply of oxygen to mitochondria, two processes
are simultaneously activated:

1. The energy supply to cation pumps
initiates recovery of the cellular cation
balance;

2. resupply of energy to the myofibrillar
elements initiates contractile activation.

Under conditions of energy depletion, i.e.,
in ischemic or hypoxic myocardium, the cy-
tosol of the myocardial cells becomes loaded
with Na+ and Ca2+. Recovery of energy pro-
duction upon the resupply with oxygen and
metabolic substrates rapidly reactivates two
major cation pumps (Fig. 2.1): namely the
Ca2+ pump (Ca2+-ATPase) of the sarcoplasmic
reticulum (SR) and the Na+ pump (Na+-K+-
ATPase) of the sarcolemma, unless these
pumps are themselves injured by the preced-
ing ischemic conditions. Activation of the Ca2+

pump of the SR leads to a temporary seques-
tration of excess Ca2+ within this intracellular
storage organelle.10,11 If the capacity of this
organelle is too small for the amount of Ca2+

accumulated in the cytosol, a cycle of continu-
ous release and reuptake of Ca2+ from and into
the SR is initiated. These spontaneous oscilla-
tions come to an end only if the major mecha-
nism for Ca2+ extrusion from the cytosol is
sufficiently activated, i.e., the Na+/Ca2+

exchanger of the sarcolemma.11 The ability of
this exchanger to remove Ca2+ from the cyto-
sol depends on the magnitude of the trans-
sarcolemmal Na+ gradient. Restoration of a
sufficiently large Na+ gradient across the sar-
colemma is therefore the prerequisite for
extrusion of Ca2+ from reoxygenated myocar-
dial cells. It is essential that the Na+ pump of

the sarcolemma is rapidly activated to remove
access Na+ from the interior of the cell. It was
shown on the cellular level that the re-ener-
gized cardiomyocyte can retain sufficient meta-
bolic competence to rapidly reactivate the SR
Ca2+ pump and the sarcolemmal Na+ pump
during the early phase of reoxygenation, even
if the cell had been extensively depleted of its
energy stores and suffered from severe Ca2+

and Na+ overload before re-energization.10-12

It seems that cells in which these pumps have
been crucially damaged during the ischemic
period are in principle unable to recover and
cannot be, therefore, subject to reperfusion
injury in the sense of the definition given above
(Fig. 2.2).

It is the resupply of energy to the myo-
fibrilar elements in the presence of an increase
of cytosolic Ca2+ concentration which may
become deleterious for the reoxygenated cell
(Fig. 2.1, lower part). This is because during
the initial phase of reoxygenation the cytosolic
Ca2+ is still largely elevated and myofibrillar
activation therefore leads to uncontrolled,
excessive force generation. This sustained force
generation causes hypercontraction. A
hypercontracting cardiac muscle cell becomes
severely injured in its cytoskeletal structures
as the deformation of cytoskeletal elements
beyond the degree found under normal con-
tractile shortening is no longer readily revers-
ible. The resulting state of irreversible cell
shortening is called “hypercontracture.” In tis-
sue, hypercontraction of adjacent cells may
lead to mutual cellular disruptions and necro-
sis. This pathomechanism of reoxygenation-
induced mechanical injury can be prevented
if the contractile machinery is inhibited dur-
ing the first stage of energy recovery, for the
time needed to reestablish a normal cellular
cation control. It has been demonstrated in
several studies that a direct blocker of the
myofibrils, 2,3-butanedionemonoxime
(BDM), can be used experimentally to inhibit
the myofibrillar machinery during the early
“vulnerable phase” of reoxygenation.13-17 These
studies from different groups have involved
different models (isolated myocytes,13 isolated
rat heart,14 isolated guinea pig heart,17 in situ
pig15 and dog heart16), different conditions
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(anoxia reoxygenation,13,14 ischemia-reperfusion17

transient coronary occlusion15,16) and different
end-points including ventricular function,17

hypercontracture,13 histochemically deter-
mined infarct size15,16 or extension of myo-
cardial necrosis as assessed by quantitative his-
tology after 24 hours of reperfusion.15 In the
study by García-Dorado et al,15 for example,
the left descending coronary artery was oc-
cluded for 45 min in an in vivo model (pig) of
regional ischemia. Upon reperfusion, BDM
was added to the coronary flow and remained
there for the first 60 min of normoxic
reperfusion. Infarct size determinations after
24 hours of reperfusion then demonstrated a
reduction by half in BDM treated hearts.

It has recently been demonstrated that
hypercontraction may also be elicited by a
closely related mechanism.19 In cells capable

to reestablish a normal cation control, the ini-
tial phase of Ca2+ recovery in the reoxygenated
cell may be divided into two stages:

1. An early stage during which the cyto-
solic Ca2+ level falls due to uptake of
Ca2+ into the SR and

2. a second stage during which Ca2+ is
shifted in an oscillatory manner be-
tween cytosol and SR until a sufficient
proportion of the Ca2+ level is extruded
across the sarcolemma.10 The Ca2+ os-
cillations of this stage can also cause
hypercontraction. This is not solely ex-
plained, however, by the magnitude of
the Ca2+ peak concentrations occurring
during oscillations. It has been shown
that the susceptibility of reoxygenated
cardiomyocytes to develop hyper-
contracture at a given elevation of

Fig. 2.1. Scheme of cation control and initiation of hypercontracture in the reoxygenated cardiomyocyte. On
reactivation of oxidative phosphorylation in mitochondria (MITO), the Na+ pump (1) is reactivated generating
a transsarcolemmal Na+ gradient which provides a driving force for the Na+/Ca2+ exchanger (2) in its “forward
mode”. Re-energization of the Ca2+ pump (3) of the sarcoplasmic reticulum (SR) causes sequestration of excessive
cytosolic Ca2+ into this organelle. Overload of the SR leads to Ca2+ release. Repetitive Ca2+ uptake and release by
the SR results in Ca2+ cycling between SR and cytosol. Reactivation of oxidative phosphorylation in mitochondria
provides energy also to the contractile machinery. Energy supply in the presence of high cytosolic Ca2+ concen-
tration causes uncontrolled contractile activation and consecutively mechanical injury of cell structures.
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cytosolic Ca2+ is increased after a pro-
longed period of hypoxic energy depletion.18

This means that hypercontraction in
energy depleted and repleted myocar-
dial cells may be elicited by Ca2+ con-
centrations in the cytosol which would
not cause harm to a normal cell. The
cause for this increased susceptibility
seems to reside in an increased fragility
of cytoskeletal elements which can no
longer resist large contraction forces. An
alternative explanation would be that
the myofibrillar sensitivity to Ca2+ is in-
creased in reoxygenated cardio-
myocytes. This has not yet been stud-
ied directly. It seems unlikely, however,
since studies on reperfused myocardium

after short-lived ischemia, exhibiting
stunning, have shown rather a reduc-
tion of myofibrillar Ca2+ sensitivity.19

In vitro it is possible to protect the
reoxygenated myocardial cell from
hypercontracture by damping the os-
cillatory movements between Ca2+ and
cytosol, thus reducing the high peak
concentrations of cytosolic Ca2+.18 This
can be achieved by specific blockade of
Ca2+ uptake into or release from the SR,
as with cyclopiazonic acid or ryanodine,
respectively.19 Interestingly, the volatile
anesthetic halothane can also be used
to inhibit SR function and thereby pro-
vide protection.20 Halothane applied
upon reoxygenation has been shown to

Fig. 2.2. Scheme of Na+ and Ca2+ control in the reoxygenated cardiomyocyte. Upper half: When reactivation of
the Na+ pump (1) creates a large transsarcolemmal Na+ gradient and the membrane potential (mV) is large, the
Na+/Ca2+ exchanger (2) is driven in its “forward mode”. The cytosolic Ca2+ overload may thus be reduced. Lower
half: When Na+ influx through Na+/H+ exchanger (3), Na+/HCO3

- symporter (4) or Na+ channels (5) diminishes
the transsarcolemmal Na+ gradient and the membrane potential is small, the Na+/Ca2+ exchanger is driven in its
“reverse mode”. The cytosolic Ca2+ overload may thus be increased.
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protect isolated cardiomyocytes, hy-
poxia-reoxygenated hearts21 and is-
chemic-reperfused in vivo22 myocar-
dium against hypercontracture and
lethal reperfusion injury.

Role of Rapid Normalization
of Tissue pH

The cytosolic pH in cardiomyocytes in
reperfused myocardium has a pronounced
influence on the development of hyper-
contracture. After prolonged ischemia, the
cytosolic pH is markedly lowered because
anaerobic metabolism and the breakdown of
ATP produce an excess of H+. This leads to an
acidification of both the intracellular and the
interstitial spaces. Upon reperfusion the pH
in the interstitial space is rapidly renormalized
and a gradient is thus generated between the
cytosol, containing still high H+ concentra-
tions, and the interstitium, where the H+ con-
centrations are already re-normalized. This
causes an activation of the H+ extruding
mechanisms of the cardiomyocytes, i. e., the
Na+/H+ exchanger and the Na+/HCO3

-

symporter.23,24 This process has two conse-
quences (Fig. 2.3):

1. Intracellular acidosis is rapidly reduced.
Intracellular acidosis inhibits, however,
the myofibrillar machinery, i.e., it ex-
erts an effect similar to the presence of
BDM during the early phase of
reperfusion.25 Rapid extrusion of excess
H+ from the reoxygenated cell thus re-
moves a potentially protective agent.

2. Activation of the Na+/H+ exchanger
causes a net influx of Na+ into the cy-
tosol. Depending on the ability of the
Na+ pump to remove this excess load
of Na+, it may come to a secondary ac-
tivation of the Na+/Ca2+ exchange
mechanism, transporting Na+ in the
outward direction and Ca2+ in the in-
ward direction. This coupled mecha-
nism may enhance the preexisting Ca2+

overload of the cells.
Rapid H+ removal and secondary Ca2+

uptake thus both favor the development of
hypercontracture if ischemic-reperfused myo-

cardial cells are allowed to restore a normal
intracellular acid-base balance. It has been
demonstrated in vitro that continuation of
extracellular acidosis, and thereby intracellu-
lar acidosis, during the early phase of
reoxygenation protects myocardial cells against
the development of hypercontracture during
this phase. For reperfusion of myocardium in
vivo the situation is less clear. Inhibitors of the
Na+/H+ exchanger were found to protect
against the development of hypercontracture
and necrosis during reperfusion only when
present during the previous ischemic
period.26-28 The most likely explanation for the
discrepancy between the in vitro and the in
vivo studies is at present that in blood per-
fused hearts intracellular acidosis cannot be
maintained for a sufficiently long time after
initiation of reperfusion if only the Na+/H+

exchanger is inhibited. This is because the
myocardial cell possesses also another route for
the transsarcolemmal extrusion of acid equiva-
lents, i.e., the Na+/HCO3

– symporter which
works in parallel to the Na+/H+ exchanger and
is active in normal bicarbonate containing flu-
ids. Unfortunately, specific inhibitors for this
mechanism are not yet available for research
or therapy.

Role of Rapid Normalization
of Tissue Osmolality

One of the major causes for water influx
into the ischemic-reperfused myocardial cell
seems to be cytosolic Na+ overload. The
Na+/H+ exchanger plays a major role in cell
volume regulation.29,30 In ischemic myocar-
dium the end products of anaerobic metabo-
lism also accumulate, thus increasing the
osmotic load in the intracellular and the in-
terstitial space.30 If during reperfusion the
extracellular excess of osmotically active mol-
ecules is rapidly washed out, an osmotic gra-
dient between the intracellular and the extra-
cellular space is generated.31 Cellular uptake
of water and, through the consecutive increase
in intracellular pressure, mechanical stretch of
the sarcolemma meets a myocardial cell whose
mechanical fragility was increased during the
preceding energy depletion.32-34 As is the case
for hypercontracture, swelling per se is
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normally not able to disrupt the sarcolemma,
as demonstrated by the maintenance of sar-
colemmal integrity in isolated cardiomyocytes
subjected to osmotic stress in normoxic con-
ditions. However, the mechanical stress caused
by swelling may add up with other sources of
stress and then result in cell deterioration
(Fig. 2.4). In isolated cardiomyocytes, osmotic
stress results in sarcolemmal disruption only
if the cell develops hypercontracture and has
previously been submitted to prolonged energy
deprivation.35 The combination of these
factors seems to increase sarcolemmal fragility
and render the cell thus more susceptible to
damage by osmotic stress. The results of stud-
ies with highly hyperosmotic reperfusion in-

dicate that attenuation of the additional me-
chanical stress imposed by swelling can limit
myocardial necrosis during reperfusion.36-38

The mechanism of sarcolemmal fragility
secondary to energy deprivation is not under-
stood in detail. Alterations in the lipidic com-
position of the cell membrane, as suggested
by the protective effect of treatments preserv-
ing the turnover of phospholipids during
energy deprivation,34 changes in sarcolemmal
proteins39,40 or changes in the sarcolemma-
cytoskeleton anchorage41,42 could play a role.
There is also evidence that sarcolemmal fra-
gility induced by ischemia can be aggravated
during the first moments of reperfusion.33,40

It has recently been demonstrated that

Fig. 2.3. Scheme of H+ control and its consequences in the cardiomyocyte upon reperfusion. Ischemia causes intra-
and extracellular acidification. Intracellular acidosis inhibits contractile activation. Upon reperfusion the extracel-
lular H+ concentration is rapidly reduced and thus a transsarcolemmal H+ gradient created. Consecutively, intra-
cellular excess H+ is removed via the Na+/H+ exchanger (1) and the Na+/HCO3

- symporter (2). As long as high
intracellular H+ concentration is present, the contractile machinery is impaired and hypercontracture prevented.
Na+ influx through (1) and (2) can cause net Ca2+ influx through the Na+/Ca2+ exchanger (3) in its “reverse mode”.
This increases cytosolic Ca2+ overload, favoring uncontrolled contractile activation.
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enhanced susceptibility of reoxygenated myo-
cardial cells to osmotic injury can be reduced
by specific interventions during the early phase
of reoxygenation.33 Effective measures were
additions of NO-donors in high concentra-
tion and of an antilipid peroxidant or means
increasing the cellular glutathione pool. The
results suggest that mechanical fragility of the
sarcolemma is increased by radical mechanisms
during the early period of reoxygenation. It
must be said clearly that, in this role of
enhancing sarcolemmal fragility, oxygen radi-
cals are a factor of secondary importance for
reperfusion injury, when seen in relation to
the whole scenario.

Following Initial Causes:
Spreading of Necrosis

Several lines of evidence indicate that
reoxygenation-induced hypercontracture and
sarcolemmal disruption are markedly influ-

enced by cell-to-cell interactions.43,44 Histo-
logic observations have shown that the areas
of contraction-band necrosis induced by
transient coronary occlusion followed by
reperfusion are composed of hypercontracted
myocytes connected to each other to form a
continuum, of which the often complex
geometry cannot be explained by gradients of
flow or microvascular distribution.45 Com-
puter simulation studies indicate that some
kind of cell-to-cell interaction must be taken
into account to explain these histological fea-
tures, and that in the absence of such interac-
tion, hypercontracted myocytes should be scat-
tered across the area of risk instead of forming
continuous zones of necrosis. It has been sug-
gested that this cell-to-cell interaction could
be mechanical, the exchange of forces imposed
by tight intercellular junctions tearing apart
the sarcolemma of myocytes hypercontracting
during in situ reperfusion, and damaging the

Fig. 2.4. Scheme of osmotic injury of the reoxygenated cardiomyocyte. Upon reperfusion a transsarcolemmal
osmotic gradient is created. This leads to water influx and cell swelling. Cytoskeletal fragility increases during
ischemia. Circumstances of ischemia and reperfusion augment independently sarcolemmal fragility. Increased
cytoskeletal and sarcolemmal fragility and cell swelling together favor rupture of the sarcolemma.
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sarcolemma of adjacent cells.43,44 But the
interaction between adjacent myocytes lead-
ing to cell-to-cell progression of hyper-
contracture also could be chemical. Ca2+ and
other second messengers may diffuse freely
through gap junctions and thereby transmit
the trigger for hypercontracture. Recent stud-
ies in pairs of isolated cardiomyocytes have
demonstrated that hypercontracture of one cell
induced by sarcolemmal disruption or
microinjection of Ca2+ can induce hyper-
contracture of adjacent cells, that this trans-
mission is associated to passage of gap junc-
tion permanent dye to the adjacent cell, and
that the gap junction uncoupler heptanol pre-
vents both dye passage and transmission of
hypercontracture. The intracoronary admin-
istration of heptanol during the first minutes
of reperfusion significantly reduces infarct size
in the in situ pig heart submitted to transient
coronary occlusion.46 These results are con-
sistent with the hypothesis that cell-to-cell
transmission of hypercontracture may cause
spreading of necrosis, and thus contributes to
reperfusion injury.

The Problem of Delay
of Necrosis and Initiation
of Apoptosis

Some interventions applied at the time of
reperfusion can apparently reduce the extent
of irreversible tissue injury when this is inves-
tigated early but in fact may only delay the
manifestation of irreversible injury. If this is
the case such an intervention does not provide
true reperfusion protection. There are indeed
some cases known where an apparent protec-
tive effect was later found to be only imitated
by a time delay in development of the mark-
ers of necrotic tissue injury. This must be dis-
tinguished from injury of myocardium by
causes appearing not during the early but
during the late phase of reperfusion, e.g., tis-
sue injury by invasion of activated neutrophils.

It is another question whether reperfused
myocardium may also become subject to
apoptosis, i.e., programmed cell death, even
if effectively protected against immediate
necrotic injury. Apoptosis is a transcription-

ally controlled cellular response to moderate
cell injury or to the influence of various
cytokines. In contrast, necrotic cell death is
the consequence of severe structural cell dam-
age and is not transcriptionally regulated. Cells
which have entered the apoptotic process
retain physical integrity of the plasmalemma
initially even though its chemical structure
may change. The point where the process
becomes irreversible seems to be the activa-
tion of endonucleases severing genomic DNA
at internucleosomal sites, what is then taken
as a characteristic feature of cell death by
apoptosis. In a number of recent papers evi-
dence for apoptotic cell injury in ischemic-
reperfused myocardium and in border zones
of ischemic myocardium has been demon-
strated.47-53 This gives rise to the question if
reperfusion of severely ischemic myocardium
can be followed by delayed apoptotic cell death
which could abolish all short-lived protective
effects against the acute onset of necrosis dur-
ing reperfusion. The real contribution of
apoptosis to cardiomyocyte death has not yet
been established. To date, the factors initiat-
ing apoptosis in ischemic-reperfused myocar-
dium are still unclear. It is also an open ques-
tion whether the apoptotic process observed
in reperfused myocardium is due to triggers
during the time of ischemia or during
reperfusion. If the latter is the case, it seems
reasonable to expect that possibilities are found
to inhibit the full development of apoptotic
cell death as the whole process of apoptosis is
a multi-stage metabolic mechanism with many
possible sites of inhibition.

Conclusions
After prolonged periods of energy deple-

tion the ischemic myocardial cell can be jeop-
ardized by specific causes within the reper-
fusion period (Fig. 2.5). These causes can be
viewed as unwanted aspects of the recovery
process itself limiting its efficiency. Under-
standing of the basic causes has opened novel
perspectives for specific interference with these
serious pathomechanisms. The experimental
results encourage the development of thera-
peutic approaches to reduce infarct size by
specific measures applied during the early
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Fig. 2.5. Scheme of factors contributing to immediate lethal (necrotic) reperfusion injury of the cardiomyocyte.

phase of reperfusion. The principles of the
protective interventions during the early stage
of reperfusion are:

1. Inhibition of contractile activation;
2. prevention of intracellular Ca2+ oscillations;
3. preservation of intracellular acidosis;
4. suppression of causes favoring sarcolemmal

fragility;
5. reduction of cell swelling;
6. prevention of spreading of necrosis.
This does not exclude that measures aimed

to limit necrosis or apoptosis occurring later
during reperfusion are of additional value.

To date, all these strategies for reperfusion
protection have only been studied experimen-
tally and the number of studies is relatively
small. The results of these studies conclusively
demonstrated that it is possible to markedly
reduce myocardial necrosis by treatments
applied at the time of reperfusion, and pro-
vide precise mechanistic explanation for this
beneficial effect within the frame of our cur-
rent understanding of myocyte death during
ischemia-reperfusion. This is in contrast to the
wealth of investigations testing the strategy of
preventing injury due to oxygen free radicals
in reperfusion injury. The failure of the latter

strategy has hindered research on this impor-
tant pathophysiological problem during recent
years. Knowledge on the basic causal mecha-
nisms of reperfusion injury, reviewed in this
chapter, does no longer justify abstention from
intensive research on new principles of
reperfusion protection. Cardiac surgery may
profit immediately from this research since in
most cardiac surgery procedures the reper-
fusion conditions can be modified at will.
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A poptosis or “programmed cell death”
has recently been recognized to be
involved in several cardiovascular

diseases. There are some histologic criteria as
well as histochemical, biochemical and gel elec-
trophoretic methods developed for the detec-
tion of apoptosis in isolated cells, tissues or
organs. In myocarditis and heart failure evi-
dence is accumulating that apoptosis may play
a role in their pathophysiology. In isolated
cardiomyocytes hypoxia and reoxygenation
cause apoptosis, cytokines at physiologic con-
centrations induce apoptosis and intracellular
promotors and inhibitors of apoptosis have
been identified. In animal models of myocar-
dial ischemia and reperfusion apoptotic cells
have been detected in the area at risk not
undergoing necrosis. Reperfusion itself either
seems to induce apoptosis or at least signifi-
cantly augments this process, depending on
the experimental conditions and animal spe-
cies studied. In autopsy studies of human myo-
cardial infarction, victims apoptotic cells were
identified in the border zone between success-
fully reperfused myocardium and the core
ischemic area undergoing necrosis. Intracel-
lular regulatory proteins (e.g., Bcl-2, Bax, Fas,
p53) were identified to be involved in
apoptosis induction or reduced expression.
The pathophysiologic role of apoptosis in
human myocardial infarction and reperfusion
as well as in surgical ischemia and reperfusion
still has to be determined. If the reduction or
induction of apoptosis may be an useful

therapeutic goal in the future to aim at is still
unresolved.

Characteristics of Apoptosis
Apoptosis and necrosis are two indepen-

dent phenomena determining the survival of
cells within an organ structure or isolated cells
in response to environmental factors. Since
necrosis is more like an accident of nature due
to malnutrition of a cell or tissue damage
caused by ischemia or toxic concentrations of
environmental toxins or biological mediators
e.g., oxygen derived radicals, apoptosis repre-
sents a genetically determined process. Dur-
ing necrosis the membrane permeability is
increased, swelling of cells and organelles
results from altered ion pump activity leading
to increased sodium retention. DNA degra-
dation occurs nonspecifically resulting in frag-
ments of nondefined length showing in gel
electrophoresis as a smear. Cell swelling and
nuclear destruction result in cytolysis, release
of cytoplasmic constituents and induction of
an inflammatory reaction.

In contrast to necrosis, apoptosis or pro-
grammed cell death (PCD) represents a normal
feature of cell and tissue development (Table
3.1). This is of specific relevance in the fetus
and in some instances of cell replacement in
adult tissues (e.g., thymus). PCD is a tightly
regulated and energy dependent process
induced by a genetic program and requiring
gene transcription. Cells undergoing necrosis
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can be easily differentiated from those
undergoing PCD since PCD results in cell
shrinkage, blebbing of the cellular membrane
and condensation of the nuclear chromatin.
Since apoptotic bodies are formed no or very
little cytoplasmic constituents are released into
the surrounding environment and, unlike in
necrosis, there is no evidence of a localized in-
flammatory reaction. The apoptotic bodies are
phagocytosed instead. Nuclear condensation
is followed by nuclear disintegration and DNA
fragmentation into segments of 180-200 bp
length or multiples of this. These fragments
can become visualized easily in gel electro-
phoresis, where a laddering phenomenon is
seen with characteristic bands of the respec-
tive segment length.

There is a wide variety of environmental
factors and biological mediators that have been
demonstrated to cause PCD in vitro in cell
culture or isolated tissues (Table 3.2). In vivo
however, a number of noncardiovascular and
cardiovascular disorders have been identified
to result in an accelerated rate of apoptosis
(Table 3.3).

Detection of Apoptosis
There are a number of methods for the

detection of apoptosis in isolated cells or tis-
sues, however none of which is regarded as
being entirely specific (Table 3.4). Thus, very
often two or more independent methods are
utilized for the confirmation of apoptotic cells.
The methods are either based on histologic or
cytologic examination or on detection of DNA

fragments (Fig. 3.1A). Light microscopy, fluo-
rescence microscopy or flow cytometry
(Fig. 3.1B) may be used after labeling the
DNA fragments using a TUNEL assay
(Terminal deoxynucleotidyl transferase-medi-
ated dUTP Nick End-Labeling) or Annexin
V antibodies to detect the terminal DNA frag-
ments. The most reliable but laborious method
is the detection of the characteristic cellular
features of apoptosis described above by elec-
tron microscopy. An alternative method for
the detection of apoptosis in a tissue segment
is the visualization of DNA strand breaks of a
rather specific segment length between 180 and
200 base pairs in agarose gel electrophoresis by
the characteristic laddering phenomenon.

Apoptosis in Cardiac Disease
Programmed cell death or apoptosis re-

cently has been demonstrated in several car-
diac disease states. Mallat et al1 demonstrated
convincing evidence of apoptosis being heavily
involved in the degenerative process of the
arrhythmogenic right ventricular dysplasia,
which often is not differentiated from Uhl’s
disease. In end stage heart failure all samples
derived from hearts of patients with dilated
cardiomyopathy showed histologic evidence of
apoptosis and a positive laddering phenom-
enon in gel electrophoresis. In contrast, only
one out of three hearts from patients with end
stage coronary artery disease had detectable
DNA fragmentation as a sign of apoptosis.2

When hearts from congestive cardiac failure
patients were analyzed and compared to hearts

Table 3.1. Specific features of apoptosis in contrast to necrosis

Necrosis Apoptosis

- Death of tissue segments - Death limited to single cells
- Membrane destruction - Membrane remains intact
- Cell swelling - Cell shrinkage
- Nonspecific DNA degradation - Chromatin condensation
- Inflammatory response - Phagocytosis without inflammation
- No energy required - Energy required
- Nonregulated event - Highly regulated event
- No gene requirement - Gene transcription (de novo)
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Table 3.2. Environmental factors and biologic mediators for which an increased rate
of apoptosis has been demonstrated

Physiologic stimuli Nonphysiologic stimuli

- steroids - heat,
- calcium - UV-irradiation
- tumor necrosis factor - infections
- transforming growth factor - cytotoxic T-cells
- depletion of essential growth factors - oncogenes, tumor-suppressor gene
- loss of cell-cell contact - chemotherapeutics

Table 3.3. Altered rates of apoptosis observed in noncardiovascular and in
cardiovascular disorders

Noncardiovascular disorders
Increased rate Diminished rate

- AIDS - malignancies
- IDDM I* - autoimmune disease
- myelodysplastic syndrome - viral infection
- ischemic lesions
- neurodegenerate disorders

*: IDDM-I: insulin dependent diabetes mellitus Type I

Cardiovascular disorders
Increased rate of apoptosis

- myocardial infarction
- reperfusion damage
- arterial hypertension
- arrhythmogenic right ventricular dysplasia
- dilated cardiomyopathy
- atherosclerotic plaque
- restenosis after ballooning

from patients who died due to motor accidents
the morphologic features of apoptosis were
increased 232-fold. In confocal microscopy
DNA-strand breaks were associated with chro-
matin condensation and fragmentation.3

Other groups presented evidence of apoptosis
in myocarditis, left ventricular hypertrophy
and coronary artery dilatation. Thus, apoptosis
may play a major role in cardiomyocyte cell
death and may help to explain some of the
uniform reactions of the heart towards a wide
variety of damaging agents or environmental
factors.

Experimental and Clinical
Evidence of Apoptosis in Acute
Myocardial Infarction
and Reperfusion

During the last few years increasing evidence
became available from animal experiments and
from human autopsy studies showing a role
of apoptosis in myocardial ischemia with or
without reperfusion. In isolated cardiac
myocytes the hypoxia-induced decrease in
intracellular glutathione seems to be responsible
for the reoxygenation-dependent c-jun kinase
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activation, which is selectively inhibited by
tyrosine kinase inhibitors or N-acetyl cysteine.4

A number of extracellular mediators and in-
tracellular signaling proteins have been iden-
tified as contributing factors to cardiomyocyte
apoptosis. Physiologic concentrations of TNF-
alpha induced apoptosis in isolated rat
cardiomyocytes probably causing apoptosis by
activating the endogenous mediator
sphingosine.5 Other authors suggested the
involvement of intracellular signaling proteins
like p53,6 Fas7 and others.8 However, these
data were obtained in vitro using isolated rat
cardiomyocytes in most studies. Thus, the
physiologic relevance of these findings for the
pathophysiologic sequealae of events in human
myocardial ischemia and reperfusion is still
unclear. In addition to the in vitro experiments
there are a number of reports from animal
experiments in vivo concerned with the
detection of apoptosis during myocardial
ischemia and/or reperfusion. It is not entirely
clear yet if ischemia alone is a sufficiently
strong stimulus to induce apoptosis. Gottlieb
et al9 were not able to detect signs of apoptosis
in rabbit myocardial tissue undergoing per-
manent ischemia for 4.5 hours. In contrast, if
the myocardium was reperfused for 4 hours
following a period of 30 min of ischemia a
substantial number of cardiomyocytes under-
went apoptosis, detected either by gel electro-
phoresis, by in situ nick end labeling or elec-
tron microscopy. In transmission electron
microscopy the pattern of nuclear chromatin

Table 3.4. Methods for the detection of apoptosis in isolated cells or tissues

Morphologic methods:

- Electron microscopy
- TUNEL-Assay using peroxidase, alkaline phosphatase, or fluorescein labeling
- Detection of DNA fragments in flow cytometry

Chemical methods detecting nuclear strand breaks:

- ELISA for histone detection (cell death detection assay)
- Laddering phenomenon in gel electrophoresis
- Binding of labeled Annexin V to phosphatidylserine in flow cytometry

Detection of regulatory proteins (e.g., Bcl-2, Bax, Fas) by antibody-based detection in cells (light
microscopy) or tissue homogenates (ELISA) or Western blot

condensation was markedly different between
reperfused and permanently ischemic myocar-
dium. Interestingly, induction of granulocy-
topenia in the rabbits did not alter the
development of apoptosis, an effect very dif-
ferent from necrosis, which is highly depen-
dent on neutrophil infiltration.9 In contrast
to the experiments performed in rabbit myo-
cardial ischemia, rat myocardium seems to be
more susceptible to ischemia for the induc-
tion of apoptosis. In a model of permanent
coronary artery occlusion, Kajstura et al10 ana-
lyzed infarct size and rate of apoptotic cells
after 20 min-7 days. They report that apoptosis
is the most prominent mechanism of cell death
in the majority of cardiomyocytes within the
first 2 days of infarction. This corresponds to
the immunocytochemically detected increase
in Bcl-2 and Fas expression, which are
increased 18- and 131-fold.10 The results
reported by Fliss and Garringer11 correspond
quite well with the data referred to above, since
Fliss and Garringer were able to show that
development of apoptosis is present during the
first hours of permanent coronary artery liga-
tion in the rat; however reperfusion markedly
accelerates and augments this process.
Although the conditions in autopsy studies are
far from being as standardized as compared to
animal or in vitro experiments, there is grow-
ing evidence that apoptosis is a phenomenon
also present in acute human myocardial inf-
arction. Itoh et al12 were able to identify
apoptotic cells by nick end labeling and DNA
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Fig. 3.1A.) Nuclear staining in rabbit vascular smooth muscle cells following incubation of the cells with actino-
mycin D. Nuclei show chromatin condensation and the formation of apoptotic bodies. B.) Flow cytometric DNA
analysis of rabbit vascular smooth muscle cells. On the left panels cells under control conditions exert their DNA
in haploid or diploid manner, with very few cells being in the S-phase (peak to the right). Following incubation
with very high concentrations of nitroprusside sodium (NPN, 10 mM) cells undergo apoptosis and the number
of haploid and diploid cells decreases markedly, with many cell fragments exerting DNA strands of varying length
(peak to the left).

agarose gel electrophoresis in hearts of patients
who died during acute myocardial infarctions.
In their histologic examinations they observed
most apoptotic cells in areas staining strongly
with hematoxylin-eosin, commonly accepted
as an indicator of necrosis. Other groups13 sug-
gested, that the early signs of apoptosis in

human myocardium are already visible after
about two hours of myocardial ischemia, thus
possibly representing an early histologic sign
of acute myocardial infarction. Saraste et al14

analyzed human autopsy specimens and found
that apoptotic cells were present primarily in
the border zone of histologically infarcted
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myocardium. Only very few apoptotic cells
were detectable in areas remote to the infarct
zone. The authors speculate that apoptosis may
provide a possible target for therapeutic
nterventions during evolving myocardial inf-
arction in humans. Some of the intracellular
signaling proteins possibly involved in human
cardiomyocyte cell death during acute myo-
cardial infarction were identified by Misao et
al.15 They found a very high incidence of Bcl-2
positive cells, an inhibitor of apoptosis, in areas
salvaged by thrombolysis immediately adjacent
to infarcted tissue. In contrast, in old myocar-
dial infarctions they found almost no Bcl-2
positive cells. However, immunoreactivity for
Bax, an accelerator of apoptosis, showed a very
high incidence in old infarctions, whereas only
2 of 15 hearts with acute MI showed Bax posi-
tive specimens.

Prevention of Apoptosis During
Ischemia and Reperfusion

In a rat model of acute myocardial ischemia
and reperfusion, M. Buerke was able to dem-
onstrate in two different sets of experiments
performed in Allan M. Lefers group and in
our group the prevention of apoptosis by phar-
macologic interventions given immediately
prior to initiation of reperfusion.16,17 In ether
anesthetized rats the heart was exteriorized
briefly and a silk slip knot was placed around
the left coronary artery. The heart was returned
immediately to the chest cavity and the lungs
excavated in order to allow the animals to
breathe spontaneously. Following 20 min of
ischemia the slip knot was removed to initiate
reperfusion for 24 hours. Infarct size was quan-
titated by measuring the creatine kinase (CK)
loss within the left ventricular free wall
(ischemic region) if compared to the CK con-
tent in the septum i.e., nonischemic region.
Leukocyte infiltration was measured by
myeloperoxide content or visual analysis of
histologic slides stained with hematoxylin-
eosin. Histologic analysis was carried out in
additional rats whose hearts were perfusion
fixed after 24 and 48 hrs of reperfusion.
Immunohistochemical staining for apoptosis
was carried out by direct immunoperoxidase

detection of digoxigenin labeled genomic
DNA by the TUNEL reaction using 3'-OH
end labeling with terminal deoxynucleotidyl
transferase.

In nontreated rats ischemia and reperfusion
resulted in a significant loss of creatine kinase
activity from the ischemic area in the range of
570 IU/100 mg protein. This CK loss was
almost completely prevented if the rats were
pretreated with an intraperitoneal injection of
insulin-like growth factor (10 ∝g) one hour
prior to coronary artery ligation. A compa-
rable but somewhat less pronounced cardio-
protective effect was seen dose-dependently
with injection of up to 100 ∝g/kg bw of
C1-esterase inhibitor 2 min prior to initiation
of reperfusion, preventing the activation of the
classical complement pathway (Fig. 3.2). Simi-
lar cardioprotective effects of C1-esterase
inhibitor have been described previously in a
cat and a porcine model of myocardial
ischemia and reperfusion.17-19 Interestingly,
both cardioprotective agents studied very
effectively prevented neutrophil infiltration
into the ischemic area as evidenced by a sig-
nificantly reduced myeloperoxidase content,
which was confirmed by histologic analysis.
In both studies the prevention of neutrophil
infiltration was thought to be intimately
involved in the reduction of reperfusion dam-
age or were even thought to represent the
mechanisms of action (Fig. 3.2).

In both sets of experiments histologic evi-
dence of apoptosis was obtained in the
ischemic areas of vehicle treated rats and a high
number of TUNEL positive i.e., cells under-
going apoptosis was identified. In the IGF-1
experiments sham operated rats had only 4%
of apoptotic nuclei identified, whereas rats
undergoing myocardial ischemia and reper-
fusion exerted up to 62% positive cells. The
number of TUNEL positive nuclei was sig-
nificantly reduced by treating the rats prior to
reperfusion with 1 ∝g of IGF-1, which reduced
the apoptotic cells to about 28%.19 In a series
of experiments with inhibition of complement
activation, the number of TUNEL positive
cells increased from 3% in sham operated ani-
mals to about 33% in rats undergoing ischemia
and reperfusion. This substantial increase in



47Apoptosis in Ischemia: Reperfusion Injury

Fig. 3.2. Upper panel: Infarct size in rats with myocardial ischemia for 20 min and reperfusion for 24 hours
measured as creatine kinase (CK) difference between the left ventricular free wall (ischemic area) and the interven-
tricular septum (nonischemic area). Rats were treated by intraperitoneal injection of insulin like growth factor
(IGF-1), 10 ∝g given 1 hr prior to coronary artery ligation or C1-esterase inhibitor (C1-INH) 100 ∝g/kg 2 min
prior to reperfusion (data taken from references 16 and 19). Lower panel: Neutrophil infiltration in the infarcted
myocardium quantified by measuring the activity of the neutrophil specific enzyme myeloperoxidase. Treatment
with IGF-1 or C1-INH significantly reduced the neutrophil infiltration into the area at risk, a process thought to
be the mechanism of action for the diminished reperfusion damage demonstrated by the reduced CK loss. (Data
taken from references 16 and 19)

Fig. 3.3. TUNEL reaction positive cardiomyocytes in the border zone of infarcted rat myocardium. Rats under-
went 20 min of ischemia and 24 hours of reperfusion. A: Apoptosisim vehicle treated animals; B: reduced apoptosis
in rats treated with C1-INH.
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apoptotic cells was significantly reduced in C1-
esterase inhibitor treated animals to 13%
(Fig. 3.3).
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The heart has the remarkable ability to
adapt to a wide variety of physiological
and pathological conditions. Some

examples of change in the structure and func-
tion of the heart include normal growth and
development, response to pressure overload,
volume overload, hypothyroidism and
ischemic injury. While the external manifes-
tations of these changes are very different, they
share several features at the subcellular level.
The single common denominator is an alter-
ation in expression of the myocellular proteins.
However, the initiating signals and subsequent
subcellular changes are diverse. This creates the
situation in which the morphological changes
seen in the myocardium and the resultant
changes in function fall into one of several
defined categories, such as hypertrophy or car-
diomyopathy. It is likely that most if not all of
the myocardial responses to injury have a sig-
nificant component based on changes in the
expression of genes encoding structural or
functional proteins.

Ischemia and reperfusion (IR) have pro-
found effects on the function and structure of
the myocardium. At one extreme, prolonged
ischemia results in cellular necrosis. Since the
adult myocyte is incapable of division, the
surviving cells must hypertrophy to restore
contractile function. However, when the
ischemic insult is less severe, the result is

myocardial stunning, in which the injured
myocytes exhibit temporary contractile dys-
function despite adequate substrate delivery.
By definition, stunned myocardium will regain
full mechanical function given time. The
mechanism through which the stunned heart
responds to such injury is largely unknown,
but it appears that the basis for the cellular
response to IR injury is at the molecular level.
While the initiating event in stunning may be
transient, it may also be involved in the initia-
tion of a complex and coordinated cascade of
molecular changes.

Several factors have been implicated in the
onset of myocardial stunning, including the
loss of high-energy phosphates, oxidative stress
through the generation of oxygen free radi-
cals, and altered myocardial cytosolic calcium
levels and myofibrillar calcium sensitivity (see
reviews by Bolli1 and Kusuoka2). In addition,
sympathetic overstimulation occurs during
ischemia through neuronal release of cat-
echolamines, which may cause direct myo-
cellular damage, compounding the injurious
effects (see review by Schömig3). These fac-
tors may play a significant role in both the
initiation of stunning and in the initiation of
the molecular changes responsible for the
altered myocardial phenotype seen during
recovery.
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Basics of Myocardial Gene
Expression

Adaptive and maladaptive changes in the
heart are both geometric and the consequence
of altered protein content and/or configura-
tion. The protein composition of the myocyte
can be regulated at one or more sites.
Pretranslational control mechanisms include
those that affect the rate at which specific
mRNAs are produced (transcriptional), or
those that affect their processing, nucleocyto-
plasmic transport and stability (posttranscrip-
tional). The selection of mRNAs to be syn-
thesized into protein and the rate at which this
occurs are types of translational control. Post-
translational regulation involves the process-
ing, transportation and stability of the pro-
tein products. Control may be exerted at one
or more levels for each mRNA and protein
product. Some well-described examples of the
regulation of myocardial gene expression in-
clude those seen during growth and develop-
ment,4-6 or associated with overload-induced
myocardial hypertrophy.7-12 In the fetal heart,
myosin and !-actin are present as “fetal”
isoforms. Atrial natriuretic factor is produced
by both the atria and ventricles in the fetus,
and the proteins of the fetal sarcoplasmic
reticulum (SR) are downregulated.6,13 After
birth and during development, there is a
gradual shift in the expressed MHC and actin
isoforms to those typical of the adult heart. In
addition, atrial natriuretic factor (ANF) pro-
duction in the ventricles disappears, and the
expression of SR gene products increases. Both
hormonal and mechanical stimuli govern these
changes. Hypertrophy in adult tissue in
response to pressure overload, but not volume
overload,14 mimics gene expression in the fetal
heart. This includes a switch in the dominant
isoforms for myosin and !-actin, re-expression
of ANF by the ventricles, and decreased
expression of the sarcoplasmic and endoplas-
mic reticulum calcium ATPase-2 (SERCA2)
and phospholamban (plb). Changes in
myocardial gene expression occur in response
to a variety of other stimuli, and each elicits a
characteristic pattern of gene expression. This
phenotypic change permits remodeling of the

myocardium as an adaptive response to exter-
nal signals.

The phenotypic changes involved in myo-
cardial recovery from IR injury may take hours
to days to be detectable when monitoring pro-
tein levels because of the slow rate of change
in steady-state protein concentration. Many
models of IR injury, such as the isolated heart,
are not suited for long-term studies. Thus,
analysis of steady-state mRNA levels has
become a popular method for detecting alter-
ations in gene expression early after physiologic
events. The major assumption, however, is that
protein levels will eventually mirror those of
their respective mRNAs. When studied in
models of acute injury, mRNA levels gener-
ally predict the direction of change in the cor-
responding protein, indicating that transcrip-
tional control mechanisms are important in
regulating the phenotype of the heart after
injury.

Studies of altered gene expression after
myocardial injury have utilized a variety of
models, including cultured myocytes, in vitro
beating hearts, and in vivo preparations. While
changes in gene expression seen in isolated
myocyte preparations are clearly the result of
IR injury to the myocytes, this may not repre-
sent changes in the intact heart. Fibroblasts
and endothelial cells are just a few of the other
cellular components of the heart capable of
responding to IR injury. Indeed, both of these
cell types are extremely active in regulating
their local environment and produce sub-
stances that act in a paracrine manner to
influence the myocytes. Thus, while it may be
scientifically interesting to isolate myocytes in
an attempt to localize changes in gene expres-
sion, failure to account for interactions with
other cell types and alterations of the mechani-
cal properties of the myocyte represent an
important shortcoming of such studies.

In intact heart models of IR injury, both
regional and global models of IR have been
employed. Regional models of ischemia and
reperfusion generally treat the nonischemic
border zones as normal control tissue. How-
ever, there is a distinct possibility that these
areas are also affected by the IR injury as the
mechanical stresses seen in the “control” areas
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are altered during ischemia and reperfusion,
until the function of the ischemic area recov-
ers fully. In addition, paracrine or nervous
stimulation may also occur in these “control”
areas as a result of injury, further altering the
milieu of the cells in the border zone.

Mechanisms of Gene Changes
in Stunning

Stunning, when severe, may persist for sev-
eral days before recovery of contractile func-
tion occurs, and extends beyond the termina-
tion of the initial ischemic stimulus. While the
cellular and molecular mechanisms that
underlie this delay remain unknown, this
adaptive process in response to IR may involve
specific qualitative changes in cell phenotype
that are the consequence of changes in myo-
cardial gene expression. As the phenotype of
the heart is altered, these changes could alter
the function and/or cellular morphology of the
stunned heart, and hence prolong recovery.
Two putative causes of stunning are increased
cytosolic calcium levels and alpha-adrenergic
receptor stimulation. Both are potent signals
that govern transcriptional activity of genes
important for contractility and hypertro-
phy.15-17 Thus, the events that initiate contrac-
tile dysfunction seen in stunning may also be
stimuli for alterations in gene expression that
may govern the rate and manner of myocar-
dial recovery. Therefore, delayed recovery from
contractile dysfunction may reflect changes in
myocardial gene expression that are either a
maladaptive response to noxious stimuli or an
adaptive response to the hypertrophy signals
from mechanical stress induced by stunning.

Calcium as a Regulator
of Gene Expression

Calcium is an important second messen-
ger in the cell, with a variety of effects ranging
from a role in contraction to transcriptional
control. Many genes are responsive to changes
in the free calcium concentration in the cell.
Calcium may bind to calmodulin, a calcium-
binding regulatory protein. The calcium-
calmodulin complex alters the activity of target

proteins, including several kinases. Ca2+/
calmodulin-dependent protein kinase (CAM
kinase) phosphorylates the Ca2+/cAMP
response element binding protein (CREB).
The phosphorylated CREB then can bind to
the Ca2+/cAMP response element (CRE) in
the promoter region of target genes, and
influence the rate of transcription of those
genes. Addition of the calcium ionophore
A23187 to cultured cardiac myocytes induces
an increase in the steady state mRNA level for
the immediate early gene (IEG) c-fos.18 c-fos
and the other IEGs are transcription factors.
Once expressed, these IEGs affect the rate of
transcription of numerous other genes through
binding to the TPA (12-O-tetradeconoyl-
phorbol-13-acetate) response element (TRE)
in the promoter region of its target genes. The
CRE and TRE are found in the promoter
region of many genes. Thus, the effects of cal-
cium on gene expression, both directly through
the CRE, and indirectly through specific IEGs
and TRE, may be widespread.

Alpha-Adrenergic Receptor
Stimulation as a Regulator
of Gene Expression

The !1-adrenergic receptor has been linked
directly to changes in the expression of several
genes involved in cardiac growth and devel-
opment.19;20 It may serve as one of the pri-
mary instigators in altering gene expression
following pressure-overload or other forms of
cardiac injury. In cultured neonatal rat ven-
tricular cardiomyocytes, !1-adrenergic stimu-
lation with phenylephrine (PE) induced the
production and release of atrial natriuretic fac-
tor (ANF) within 12 hours, with increases in
ANF mRNA evident by 6 hours.19 In addi-
tion to regulating ANF expression, PE induced
expression of the myosin light chain-2 tran-
script, but failed to affect the mRNA level for
the cardiac-specific sodium channel.21 This
indicates that induction of transcription by
!1-adrenergic receptor stimulation has speci-
ficity and is not a generalized process. !1-ad-
renergic stimulation has a comprehensive effect
on cardiac gene expression. PE exerts its effect
on gene expression through a consensus



Ischemia-Reperfusion Injury in Cardiac Surgery52

sequence in the promoter region of the respon-
sive genes. In the ANF promoter, the sequence
conferring PE-responsiveness has been iden-
tified and termed the phenylephrine response
element (PERE). ! skeletal actin (!SkA) and
&-MHC contain homologous regions corre-
sponding to the PERE of ANF.22 The !1-adr-
energic system is thought to be at least partly
responsible for the development of cardiac
hypertrophy,23,24 and it is characterized by in-
creases in !SkA, &-MHC and ANF, which all
respond to PE stimulation.

Myocellular Stretch
as a Regulator of Gene
Expression

In addition to changes in gene expression
induced through chemical mediators such as
calcium and !-adrenergic receptor agonists,
mechanical factors such as myocyte stretch
may play a role in myocardial remodeling and
associated changes in myocardial gene expres-
sion. Myocardium in globally stunned hearts
may be subject to abnormal stresses that elicit
molecular markers typical of stretch-induced
hypertrophy. For example, decreased contrac-
tility may lead to chamber dilatation. Stretch
imposed upon cardiac myocytes alters the ex-
pression of several myocardial genes, includ-
ing those encoding heat shock protein 68
(HSP68),25 c-fos,25,26 c-myc,25 !SkA,27 and
&-MHC.25 Ventricular loading, a determinant
of stretch, is an independent regulator of gene
expression in the absence of stunning. Both
ventricular overloading, as in pressure over-
load hypertrophy, and underloading28-30 have
been linked to changes in myocardial gene
expression. Such changes can be modulated
by pacing the heterotopically transplanted
heart.31 These findings collectively suggest that
the load upon the ventricle during reperfusion
may affect the molecular phenotype of the
stunned myocardium.

Changes in Gene Expression
in Ischemia and Stunning

Regardless of the initiating signal(s)
involved in stunning, the signals that alter the

myocellular phenotype at a cellular and
molecular level are important. Whether
myocellular stretch, intracellular calcium con-
centrations, and/or catecholamine stimulation
of the myocyte act together or independently
in regulation of gene expression in stunned
hearts is not well understood. These factors,
however, initiate a complex series of events that
eventually result in altered functional and
structural characteristics. Among the first
changes seen are induction of stress proteins
and immediate-early genes (IEGs). Stress pro-
teins serve to help the heart survive the initial
insult, while the IEGs are transcription fac-
tors that direct the expression of a multitude
of other genes under their control. Some of
the genes with altered expression are structural
and functional proteins which result in a new
cellular phenotype. These changes in gene
expression alter the functional characteristics
of the myocyte and thus influence the way in
which the heart recovers from injury.

Changes in Stress Proteins and IEGs
There is a large, highly conserved, family

of proteins whose expression is altered under
times of cellular stress. These stress-response
proteins act to improve cellular survival under
adverse conditions, and include members of
the heat shock protein (HSP) and glucose-re-
sponsive protein (GRP) families. Hsp70 gene
products are thought to assist in the import of
nascent polypeptides into mitochondria32 and
to act as chaperones in the folding of dena-
tured proteins.33 Changes in levels of mRNA
encoding heat shock proteins have been well
established in hearts subjected to ischemia and
reperfusion.34-37

The glucose response protein grp78 is
another stress-response protein. Grp78 is a
constitutively expressed protein of the endo-
plasmic reticulum (ER) that is induced dur-
ing glucose starvation or increased calcium
levels, and it affects protein translocation and
folding (see review by Haas38). Thus, within
the ER, grp78 appears to have a role similar
to that of hsp70.39,40 Despite this similarity,
changes in expression of grp78 have not been
seen in global IR injury.37,41 However, we have
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recently demonstrated an increase in the
steady-state mRNA levels encoding grp78 only
under conditions of ventricular unloading
during reperfusion. Thus, while the hsp70 and
grp78 share similar functional characteristics,
the signals responsible for their expression in
IR injury differ. This is consistent with previ-
ous data that some signals may coordinately
or discordantly regulate hsp and grp expres-
sion.42 The result, however, is that IR injury
induces a pattern of expression amongst the
stress-responsive proteins that appears to be
protective in nature.

The immediate-early genes (IEGs) are
nuclear transcription factors that are involved
in the regulation of gene expression in normal
growth and development, as well as in alter-
ations of gene expression seen after injury. The
net result of IEG expression is determined by
the relative levels of the individual IEGs (see
review by Herschman43). Members of the fos
and jun families exert their actions as dimers.
c-fos and jun-c are able to form heterodimers
that bind to the AP-1 sequence(s) in the pro-
moter region of certain genes. The presence
of these binding sites provides the mechanism
through which alterations in IEG expression
change expression of structural cellular genes
and thus alter the phenotype of the injured
cell. The c-fos/jun-c dimer may regulate car-
diac gene expression in a positive44 or nega-
tive45 manner, depending on the specific gene
of interest. When the IEG jun-B binds to jun-
c, c-fos binding activity of the dimer is inhib-
ited.46,47 Altered expression of the IEGs has
been demonstrated in IR injury, with increases
in the steady-state levels of mRNA encoding
jun-c,41,48-50 jun-B48,50 c-fos,37,41,48,50 egr-150

and c-myc.41 However, the IEG induction is
clearly not universal in IR injury as no signifi-
cant induction was detected in the levels of
mRNAs encoding the IEGs egr-141,48 or
c-myc.37,50-52

Induction of IEGs in response to injury
provides a mechanism through which an ini-
tial extracellular signal is transduced to
upregulate other transcription factors which
can then orchestrate further changes in gene
expression, culminating in altered mechani-
cal properties of the heart. Rapid induction of

IEGs has been demonstrated after acute
pressure overload of the ventricle,53-55 regional
stunning,50 and in global myocardial ischemia
and reperfusion.37,51 The timing and pattern
of IEG induction varies with the nature of the
injury. The complicated interactions between
the different transcription factors may in part
dictate the response of the cell to ischemia/
reperfusion injury, and the pattern of the IEG
response may be responsible for the different
phenotypic changes seen in different models
of cardiac injury. Due to the complex interac-
tions between the different IEGs, the tempo-
ral pattern of IEG expression has important
implications in the resulting effects on the
regulation of structural genes.

In global IR injury, we have demonstrated
a temporal pattern of IEG expression, with
different IEG mRNA profiles at 1 and 2 hours
of reperfusion.41 This pattern of rapid changes
in levels of mRNA encoding individual IEGs
has also been demonstrated in regional
ischemia and reperfusion.50

In regional ischemia and reperfusion,
expression of stress-related genes is dependent
upon the region of the heart examined.
Increased expression of the IEGs c-fos and jun-
c, and the heat shock proteins hsc70 and hsp70
are limited to the ischemic area after IR injury,
as demonstrated by in situ hybridization.
However, mRNA encoding the IEG jun-B is
seen in both the ischemic and nonischemic
border zones.48 Temporal and regional differ-
ences in IEG expression are important since
the net result of IEG expression depends upon
the ratio between jun-c, jun-B and c-fos, due
to the interactions between these proteins.46,47

However, altered IEG expression is only mean-
ingful in that they directly impact upon the
expression of other proteins within the cell that
have functional importance.

Changes in Growth Factors
While the most important function of the

heart is supplying blood and nutrients to the
body, it also is the source of a variety of factors
that influence the activity of other cells.
Interleukin-8 (IL-8) affects adhesion of neu-
trophils to cardiomyocytes and results in
cytotoxicity of myocytes in vitro. IL-8 mRNA
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is increased after in vivo regional IR injury,
suggesting that locally produced factors play a
deleterious role in IR injury.56 Similar increases
in the mRNAs encoding IL-6, tumor necrosis
factor alpha (TNF-alpha), and IL-1beta have
been shown in the ischemic zone of hearts fol-
lowing 1-3 hours of reperfusion.57 The mRNA
encoding monocyte chemoattractant protein-1
(MCP-1), which may play a role in monocyte
trafficking into IR-injured myocardium, is
increased in the endothelium of small veins
within the heart following IR injury.58 While
MCP-1 induction is not demonstrated in the
myocytes themselves, the action of MCP-1
affects the environment of the myocytes, thus
influencing recovery and function. A further
link between IR injury and the initiation of
the inflammatory response following acute
myocardial ischemia is seen in the increase in
the mRNA encoding endothelial leukocyte
adhesion molecule 1 (E-selectin). E-selectin
mRNA levels are not influenced by ischemia
alone, but increase only after reperfusion.59 In
addition, intracellular adhesion molecule-1
(ICAM-1) has been implicated in neutrophil-
mediated myocardial injury following IR. In
situ hybridization techniques have been used
to demonstrate that ICAM-1 mRNA levels are
increased in ischemic myocardium within 3
hours of reperfusion, and are increased in
nonischemic areas within the same heart by
24 hours.60 The induction of ICAM-1 in the
border zones may increase the area of injury
due to additional damage to viable cells from
the inflammatory process.

Endothelin-1 (ET-1), a potent vasocon-
strictive peptide, is increased systemically after
myocardial infarction. Some of the circulat-
ing ET-1 may be cardiac in origin, as the
mRNA encoding ET-1 is increased in injured
myocardium after 90 minutes of regional
ischemia and 150 minutes of reperfusion.61

This increase in mRNA levels is correlated with
an increase in immunoreactivity for ET-1 in
the area. These data demonstrate that changes
in cardiac gene expression may play a substan-
tial role in the overall response of the organ-
ism to myocardial stunning.

Cells within the heart are capable of pro-
ducing a variety of growth factors under

physiologic conditions. In addition, the heart
appears to respond to IR injury through
increased production of some of these factors.
Insulin-like growth factor (IGF) has been
implicated in DNA synthesis and cellular pro-
liferation. Increases in IGF-1 and its receptor,
IGF-1R, are seen in surviving myocytes after
regional infarction.62 In contrast, mRNA
encoding IGF-2 is increased by operative, but
not IR, stress following repetitive brief coro-
nary artery occlusions, while the mRNA
encoding one receptor subtype, IGF binding
protein-5 (IGFBP-5), is increased following
IR injury.63 Since IGF exerts its action through
IGFBP, the induction of the receptor may play
an important role in the adaptive processes that
occur in the heart en route to recovery. Simi-
larly, the heart undergoing transient ischemia
and reperfusion responds with an increase in
mRNA encoding vascular endothelial growth
factor (VEGF).64,65 Local inducible VEGF
production following IR injury may be the
mechanism for coronary collateral develop-
ment in ischemia. In addition, mRNAs
encoding hepatocyte growth factor (HGF) and
its receptor c-Met, which have been implicated
in tissue regeneration and angiogensis, are
increased after IR injury.66 While HGF mRNA
levels are increased in endothelial cells and
interstitial cells, mRNA for c-Met was
increased only in capillary endothelial cells.
Following regional myocardial infarction,
mRNA encoding the growth factor transform-
ing growth factor &1 (TGF-&1) is increased
after 24-48 hours.67 The increase is localized
to myocytes, whereas increase in mRNA for
heparin-binding growth factor 1 (HBGF-1)
is increased in the walls of blood vessels.52

While the cells of origin of many of these
growth factors are not myocytes, myocytes are
influenced by the altered chemical environ-
ment that results.

Ischemia and reperfusion is associated with
increased production of several factors that
regulate the way in which the myocardium
responds to its local environment. While these
changes may be important in the injury
response of the heart, the changes within the
structure and function of the myocytes may
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be even more important to the survival of the
organism.

Changes in Structural or Functional
Proteins

Alterations in either the amount or isoform
prevalence of a structural or functional myo-
cardial protein can have a significant impact
on the contractile properties of the heart. This
has been extensively illustrated in the contrac-
tile changes shown in association with nor-
mal development, acute injury, and end-stage
heart disease. The mechanisms of myocardial
recovery after IR injury may involve similar
changes in the expression of structural or func-
tional myocardial proteins.

We have studied changes in the expression
of several proteins of the sarcoplasmic reticu-
lum (SR). These include the SR calcium
ATPase (SERCA2) responsible for calcium
uptake into the SR, its regulatory protein,
phospholamban, and the SR calcium release
channel, the ryanodine receptor (RyR).
Changes in the ratio of SERCA2 to phos-
pholamban are associated with altered contrac-
tile properties of the myocardium during nor-
mal myocardial development or end-stage
failure. After global IR injury, there is discor-
dant regulation of the mRNA species encod-
ing these proteins, such that altered SERCA2
to phospholamban ratio results.41 Over time,
these changes in steady state mRNA levels
would be reflected in alterations at the pro-
tein level, which would produce altered con-
tractile properties in the recovering heart. In
contrast to the changes seen after a single
period of global IR injury, a different pattern
of change is seen after brief periods of repeti-
tive ischemia in both a porcine model of
regional IR68 and rabbit model of global IR
injury.69 Thus, the manner in which IR injury
occurs may influence the direction of change
for individual mRNA species. Finally, we have
found that the manner of reperfusion signifi-
cantly impacts the expression of SR proteins.
Ventricular unloading during reperfusion ame-
liorates changes in SR gene expression seen in
global stunning.41 Because alterations in the
relative ratios of SR calcium regulatory

proteins can have a dramatic impact upon
intracellular calcium flux and therefore myo-
cardial contraction, these data provide a pos-
sible mechanism to explain prolonged contrac-
tile dysfunction after global stunning.

Energy production and consumption are
markedly altered in ischemic and postischemic
myocardium. The expression of several genes
involved in these processes is also altered in
IR injury and may be related to some of the
alterations observed. In regional ischemia, the
mRNA encoding the cardiac glucose trans-
porter GLUT1 is increased in both ischemic
and nonischemic myocardium, whereas that
for GLUT4 is unaltered.70,71 The cardiac ATP-
sensitive potassium channel (KATP) serves to
protect the heart during ischemia. Its mRNA
is increased in myocardium subjected to pro-
longed periods (60 minutes) of regional-
ischemia followed by 24 hours of reper-
fusion.72 While such changes cannot influence
the immediate recovery of stunned myocar-
dium, they may regulate the rate and degree
of recovery.

The changes in gene expression seen in IR
injury are selective. Most genes investigated
show no significant change in mRNA levels.
In addition, the mRNA levels of some genes
are depressed by ischemia and reperfusion.
However, this may be more difficult to detect
in the early period following injury. Since the
half-life of most mRNA species is measured
in hours, an early decline in mRNA levels may
signify an active degradation of the message
as well as a decrease in active production of
that message. The mRNA for creatine kinase
M is decreased 40% in ischemic myocardium,
whereas that encoding myosin heavy chain is
unaltered.36

Implications of Changes in Gene
Expression

The cellular stress response is a complex
orchestration of molecular signals that allow
the cell to adapt to a rapidly changing envi-
ronment. These signals are ubiquitous, and
their expression varies at different times dur-
ing growth and development and at times of
cellular stress or injury. It includes members
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of the heat shock family of proteins and nuclear
transcription factors. Ischemia and reperfusion
injury has been associated with altered expres-
sion of several genes of this class.

Changes in myocardial gene expression
have been demonstrated in a wide variety of
injury models, suggesting that this phenom-
enon is a vital part of the adaptive mechanisms
of the stressed heart. In particular, changes in
contractile function have been correlated with
altered expression of functional proteins, such
as the genes encoding SR proteins. Indeed,
changes in the expression of mRNAs for SR
proteins have been noted in hypothyroid-
ism,7,73 hyperthyroidism,7,73,74 ventricular
hypertrophy following overload7,8,75 and in
congestive heart failure. In failed human
hearts, decreased mRNA encoding SERCA2
was correlated with a decrease in the cardiac
index prior to explantation.76 Thus, changes
in expression of SR gene products in several
models of myocardial remodeling are accom-
panied by altered contractile properties, con-
sistent with the importance of the SR pheno-
type in myocardial function.

Conclusions
Myocardial stunning has at least two major

components: functional and molecular. The
functional component is the reduced contrac-
tility of the myocardium and depressed
organellar (mitochondrial and SR) function
seen after a significant but nonlethal injury.
There is also a myocardial molecular response
to stunning. This coordinated molecular
response reflects the degree of myocardial in-
jury, since interventions known to improve
myocardial function after global ischemia
result in alterations in the pattern of this
response. Given that amelioration of stunning
is associated with specific changes in this mo-
lecular response, we propose that the injured
myocardium has initiated a reparative program
to restore proper myocardial function.
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I schemia-reperfusion injury is a common
condition during cardiac surgery.
Myocardial performance within the first

hours after the surgical procedure determines
the patient’s state not only during the postop-
erative period but also for the long time out-
come, especially after heart transplantation
when an extended time of ischemia is followed
by reperfusion. Most studies about the effects
of myocardial ischemia and reperfusion focus
on myocardial injury and the recovery of con-
tractile function. It is now appreciated that the
survival of the heart as a whole is in part
dependent on the ability of the microcircula-
tion to deliver and distribute blood flow ad-
equately during reperfusion. Recent studies
show the importance of protecting the mi-
crovasculature to attenuate reperfusion in-
jury.1-3 Preservation of microvascular reactiv-
ity may be especially important in those hearts
undergoing cold ischemic storage for trans-
plantation. Potential impairment of the right
ventricular endothelium-dependent microvas-
cular response after harvesting and implanta-
tion is also a likely contributing factor in
right ventricular failure after cardiac
transplantation.2

Effects of Nitric Oxide

During the past few years, several studies
reported that the L-arginine-nitric oxide (NO)

pathway plays an important role in ischemia-
reperfusion injury. In the heart, NO is syn-
thesized from oxygen and L-arginine by the
coronary endothelium,4 cardiac myocytes5 and
endocardial cells.6 It has a host of physiologi-
cal effects, including autoregulatory modula-
tion of coronary blood flow7,8 and inhibition
of neutrophil endothelial interaction9,10 as well
as platelet aggregation. In contrast to the well
understood physiological roles of NO in heart
function, its significance under pathophysio-
logical states remains unclear. On one hand
NO is shown to have a beneficial effect by
increasing postischemic blood flow and
decreasing the ‘no-reflow’ phenomenon,11

decreasing leukocyte adhesion and of cell
adhesions molecules12 and quenching free radi-
cals, particularly superoxide radicals.13 Con-
trarily, some authors report deleterious effects
of NO during cardiac ischemia and reper-
fusion probably by a direct negative inotropic
action of NO, or inhibition of mitochondrial
respiration or formation of peroxynitrite, a
precursor of highly oxidant species.14-16

In a recent study, we investigated the short
and long time effects of altered NO-synthesis
on reperfusion injury after reversible deep
hypothermic ischemia in a modified hetero-
topic rat heart transplantation model.
Enhancement of NO-synthesis was achieved
by L-arginine and blocking of NO synthesis
by L-NAME. Left ventricular pressure-volume
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relationships were measured by an intraven-
tricular balloon which was connected to a pres-
sure transducer and myocardial blood flow was
assessed by the hydrogen-clearance tech-
nique.17,18 This study demonstrated that the
L-arginine-NO pathway has an important
beneficial effect on reperfusion injury after
reversible deep hypothermic ischemia in the
heterotopically transplanted rat heart. The
rapid infusion of the NO-precursor L-argin-
ine (40 mg/kg) during the first five minutes
of reperfusion led to an increased functional
recovery after 60 minutes of reperfusion
(Figs. 5.1, 5.2). Simultaneous administration
of L-arginine and L-NAME (10 mg/kg), an
inhibitor of endogenous NO-synthesis,
antagonized these effects suggesting that func-
tional changes can be attributed to NOS
enhancement or inhibition, respectively. Fur-
thermore, L-NAME alone reduced recovery
of left ventricular function. While adminis-
tration of L-arginine led to a leftward shift of
the left ventricular systolic pressure-volume
curves suggesting higher contractility in com-
parison to control, the left ventricular systolic
pressure-volume curves showed a significant
rightward shift in the L-NAME group indi-
cating decreased systolic function after
reperfusion. The slope of this relationship
Emax was significantly higher in the L-argin-
ine and significantly lower in the L-NAME
group. Active diastolic function, myocardial
relaxation, was significantly improved after
L-arginine as indicated by the lower isovolumic
relaxation constant (TE) and severely impaired
by application of L-NAME (Fig. 5.2). Left
ventricular compliance did not differ between
the groups except the L-NAME treated ani-
mals after 60 minutes of reperfusion. The fact
that passive diastolic function was also
impaired (Fig. 5.2) suggests that the relative
integrity of endogenous NO-synthesis may be
essential for limiting reperfusion injury.

The reduction of reperfusion injury by
L-arginine can be explained by an increase
of postischemic myocardial blood flow
(Table 5.1) and decrease of neutrophil adher-
ence. In contrast, L-NAME led to a signifi-
cant decrease of myocardial blood flow.
Whereas L-arginine significantly improved the

endothelium-dependent vasodilatation after
infusion of acetylcholine (30 ∝g/min),
L-NAME significantly impaired myocardial
blood flow (Fig. 5.3). The endothelium-inde-
pendent vasodilatation after infusion of
sodium-nitroprussid (200 ∝g/min) was not
influenced by altered NO-synthesis. Although
systolic and diastolic function and baseline
MBF were similar after 24 hours of reperfusion
in all groups, endothelium-dependent vasodi-
latation was still significantly better in the
L-arginine than in the control group and both
showed a better endothelium-dependent
vasodilatation than the L-NAME group in-
dicating a persisting beneficial effect of
NO-synthesis on endothelial function dur-
ing reperfusion (Fig. 5.3).

Histologic findings revealed a slight edema
and inflammatory perivascular infiltrate com-
posed predominantly of polymorphonuclear
neutrophils and lymphocytes in all treated
transplanted hearts in comparison with the
native hearts of the recipients after 60 min-
utes of reperfusion. While, however, only spo-
radic adherent neutrophils and scare cardiac
infiltration were found in the L-arginine
group, the control- and the L-arginine +
L-NAME group showed an increased infiltra-
tion of neutrophils. These findings were more
profound in the L-NAME group where also
extended infiltrated areas were found includ-
ing not only the perivascular but the cardiac
muscle tissue. After 24 hours, no differences
were observed between the groups also in com-
parison to the native hearts.

Reduction of Reperfusion Injury
by Nitric Oxide: Potential
Mechanisms

The exact mechanism by which endo-
genous NO synthesis has a beneficial effect
on reperfusion injury remains controversially
discussed. One possible mechanism would be
through increased postischemic coronary
blood flow,19-21 assuming that endothelial NO
release is increased by supplying more substrate
for NO production.19 Endothelium derived
NO is a potent vasodilator and exerts its effect
by stimulating soluble guanylate cyclase in the
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underlying vascular smooth muscle cells,
thereby elevating intracellular levels of cGMP
and inducing relaxation of vascular smooth
muscle.22 The significantly higher post-
ischemic myocardial blood flow after L-argin-
ine and the significantly lower postischemic
myocardial blood flow after L-NAME in our
preparation would support this hypothesis.
These results are consistent with the study of
Hiramatsu et al19 who observed a significant
increase of coronary blood flow and subse-
quent improvement of left ventricular func-
tional recovery after cold ischemia in blood
perfused isolated lamb hearts if L-arginine was
supplemented during the first 20 minutes of
reperfusion. In the same study, L-NAME
resulted in a significant decrease of post-
ischemic coronary blood flow and left ven-
tricular functional recovery. Amrani et al23

showed a 31% loss of postischemic coronary
flow by application of L-NMMA, another in-
hibitor of NO-synthesis, after four-hour cold
ischemia in oxygenated, Krebs-Henseleit,
buffer-perfused, isolated rat hearts. Other

studies also showed a protective effect of NO-
synthesis regarding functional recovery11,24 and
postischemic blood flow11 in the setting of
regional ischemia and reperfusion. Pinsky et
al25 demonstrated a significantly higher graft
survival and better functional recovery assessed
by a semiquantitative scoring system after
application of the exogenous NO-donor ni-
troglycerin in heterotopic transplants after 12
hours of ischemia.

NO is not only a vasodilator but also in-
hibits interaction between the vessel wall and
circulating blood elements.26-28 It has been
shown that neutrophil-endothelial interaction
plays a crucial role in reperfusion injury.
Incited by the paracrine factors released by the
endothelium, the neutrophils begin to gener-
ate oxygen derived free radicals as well as pro-
teases which compound the endothelial injury
and induce myocyte necrosis. In addition, the
cytokines released from the activated neutro-
phils induce the expression of other adhesion
molecules (e.g., ICAM-1, E-selectine) that
sustain the inflammatory process.29 Recent

Fig. 5.1. Left ventricular systolic pressure-volume relationships (left panel) and the slope of the left ventricular
systolic pressure-volume relationships (Emax, right panel) in the heterotopically transplanted rat heart after 60
minutes and 24 hours of reperfusion. L-Arg, L-arginine, L-NAME, nitro-L-arginine methyl ester, LVPSP, left
ventricular peak systolic pressure, LVV left ventricular volume. All values are given as mean ± SEM. *p < 0.05 all
groups vs. control at a given time point, Üp < 0.05 24 hours vs. 60 minutes.
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studies24,25,30,31 have shown that modulation
of the NO-pathway may influence neutrophil-
mediated reperfusion injury. Pinsky et al25 and
Pabla et al31 demonstrated a histologic
evidence of decreased neutrophil adhesion
under enhanced and increased neutrophil
adhesion under attenuated NO-synthesis. In
a previous study of Pabla et al11 cardiac
myeloperoxidase activity, an index of neutro-
phil accumulation was significantly lower in

NO-donor treated animals after regional
ischemia and reperfusion. Furthermore,
decreased expression of endothelial and soluble
adhesion molecules could be found after treat-
ment with NO-donor.24,30,32

NO may also play a direct role by genera-
tion of radicals. NO itself is a primary radical
species and is inactivated by superoxide radi-
cals.33,34 Conversely, NO may neutralize
superoxide radicals.35 Decreased endothelial

Fig. 5.2. Left ventricular end-diastolic pressure-volume relationships in the heterotopically transplanted rat heart
after 60 minutes and 24 hours of reperfusion (left panel). The changes of myocardial relaxation (TE, isovolumic
relaxation constant) are shown on the right panel. L-Arg, L-arginine, L-NAME, nitro-L-arginine methyl ester,
LVEDP, left ventricular end-diastolic pressure, LVV left ventricular volume. All values are given as mean ± SEM.
*p < 0.05 all groups vs. control at a given time point, †p < 0.05 24 hours vs. 60 minutes.

Table 5.1. Parameters of the coronary circulation

Control L-Arg L-NAME L-NAME+L-Arg

MBF [ml min-1 g-1]
60 minutes 1.9 ± 0.2 3.6 ± 0.4# 1.2 ± 0.1# 2.0 ± 0.2
24 hours 3.4 ± 0.3* 3.9 ± 0.4 3.0 ± 0.2* 3.8 ± 0.3*
CVR [U/g]
60 minutes 47 ± 6 25 ± 3# 75 ± 7# 52 ±8
24 hours 36 ± 9* 27 ± 10 34 ± 4* 28 ± 5*

L-Arg, L-arginine, L-NAME, nitro-L-arginine methyl ester. MBF, myocardial blood flow, CVR, coronary
vascular resistance. All values are given as mean ± SEM at an intraventricular volume of 80 ∝l.
*p < 0.05 24 hours vs. 60 minutes; #p < 0.05 vs. control
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production of NO with L-NAME infusion
may therefore lead to an enhanced generation
of free radicals and increases endothelial and
myocardial injury during reperfusion. On the
other hand, L-arginine may reduce free radi-
cal mediated injury. Siegfried et al13 described
cardioprotection and attenuation of endothe-
lial dysfunction by organic nitric oxide donors
in myocardial ischemia-reperfusion. They
hypothesized that NO may quench other free
radicals, particularly superoxide radicals and
this may contribute to its protective effect. In
contrast, some authors suggested that NO has
a detrimental influence during ischemia and
reperfusion,14,15,36 primarily due to generation
of peroxynitrite from superoxide anion and
NO. Normally, free NO is catabolized by
binding with hemoglobin to form nitrosyl-
hemoglobin which is subsequently oxidized to
form nitrate and to a lesser content nitrite in a
relatively slow reaction.37 However, NO also
may form peroxynitrite as described above in
a rapid diffusion limited reaction.38 Although
under normal conditions only a small amount

of superoxide is permitted to react with NO
because of an approximately 100-fold higher
presence of superoxide dismutase, it is possible
that under ischemia/reperfusion, increased
concentrations of superoxide anion and
decreased concentrations of superoxide
dismutase allow the generation of peroxynitrite
in a significant amount. Maulik et al39 sug-
gested that NO plays a significant role in trans-
membrane signaling via cGMP by opposing
the effects of phosphodiesterases by inhibit-
ing the ischemia/reperfusion-induced phos-
phodiesteratic break down. They postulated
an on- and off-NO-signaling which is linked
to its free radical chemistry.

The relative importance of different pos-
sible effects of NO remains unclear during
reperfusion. Several authors underline, that the
beneficial effects of NO are primarily due to
the modulation of postischemic blood
flow.11,19,23,40,41 The fact that NO showed a
protection against ischemia-reperfusion injury
in crystalloid perfused heart preparations,
where neutrophil-mediated actions of NO

Fig. 5.3. Myocardial blood flow response after application of the endothelium-dependent vasodilator acetylcholine
(left panel) and the endothelium-independent vasodilator sodium nitroprussid (right panel). L-Arg, L-arginine,
L-NAME, nitro-L-arginine methyl ester. All values are given as mean ± SEM. *p < 0.05 all groups vs. control at
a given time point. Endothelium-dependent vasodilatation significantly (p < 0.05) improved in all treatment
groups after 24 hours in comparison to 60 minutes of reperfusion (not indicated in the graph).
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seem to be of minor importance, would sup-
port this hypothesis. In contrast, in a recent
study31 NO or L-arginine had only a cardio-
protective effect if polymorphonuclear leuko-
cytes were present underlining the importance
of NO-mediated inhibition of neutrophil-
endothelial interaction. Despite a decreased
postischemic blood flow, Naseem et al15

reported better functional recovery after block-
ing of NO-synthesis by attenuated free radi-
cal generation. Takeuchi et al42 found in crys-
talloid perfused isolated rabbit hearts that
L-arginine had no effect on postischemic myo-
cardial blood flow, but significantly decreased
functional recovery after normoterm no-flow
ischemia. They suggested that NO has a direct
detrimental action by inhibition of mitochon-
drial respiration or accumulation of intracel-
lular calcium during reperfusion. A possible
explanation for the conflicting results regard-
ing the role of NO during reperfusion may be
that NO may have an adverse effect on
ischemia-reperfusion injury depending on the
time of application: the blocking of NO-syn-
thesis was shown to be beneficial during
ischemia and NO-donation may improve
functional recovery during reperfusion.14,16

Furthermore, the applied doses of NO-
blockers/donors may also play a role in the
net effect of these drugs.14,16 In vasoactive
doses, the net effect of NO-donors is prob-
ably dominated by the vasodilatative property
of NO. In nonvasoactive doses, a protective
role of endogenous NO-synthesis was shown
only during reperfusion, while during ischemia
had a negative effect.16

The role of different NOS isoforms in
reperfusion injury may also explain at least
partly the conflicting results. While eNOS is
calcium dependent and is usually constitu-
tively present in predominantly in endothelial
cells but also in myocardial cells, iNOS is cal-
cium-independent and is expressed in various
types of cells including vascular smooth muscle
cells, myocardial cells and macrophages after
stimulation with cytokines and polysaccha-
rides.43 Maintained production of NO by
eNOS may be protective, whereas overproduc-
tion of NO by activated iNOS may induce
tissue damage. In a former study,44 we observed

a clear and marked expression of eNOS in
endothelial cells and no expression of iNOS
in native fresh hearts by immunohistology. The
semiquantitative analysis of the immunohis-
tologic stainings showed a significant decrease
of eNOS after 60 minutes of deep hypother-
mia and 60 minutes of reperfusion whereas
the decrease was less pronounced in the con-
trol hearts and more pronounced in the
L-NAME-treated group. On the other hand
iNOS was expressed in all ischemic groups
without any differences between the groups.
This is in agreement with the study of Wang
et al45 who found after ischemia-reperfusion,
that tissue activity of eNOS in L-arginine
treated hearts was approximately the same as
in nonischemic hearts while control vehicle
treated hearts showed a significant decrease of
eNOS activity. Interestingly, application of a
blocker of NO-synthesis, L-NNA did not
cause any further changes in eNOS activity.
This phenomenon is most likely, because
ischemia and reperfusion reduced eNOS
activity to such a degree that addition of NO-
blocker did not further inhibit the NOS
activity. In contrast to Wang et al,45 who sub-
jected the hearts to a 30-minute global warm
ischemia, in our previous40,44 studies, after
deep hypothermia and reperfusion eNOS
activity was probably moderately impaired,
and therefore blocking of NO-synthesis by
L-NAME may have led to a further decrease
of eNOS activity. Consistent with the report
of Wang et al, the fact that iNOS expression
was almost similar in all groups suggests that
effects of modulation of NO synthesis are car-
ried out primarily by eNOS mediated NO-
synthesis in this setting. However, under cer-
tain circumstances, when eNOS activity or
L-arginine concentration is low, the blocking
of NO-synthesis may be beneficial by
inhibiting iNOS mediated NO-synthesis and
subsequent free radical generation. eNOS also
may generate free radicals if its substrate-L-
arginine has a low concentration. Therefore,
at low concentrations of L-arginine, blockers
of NO-synthesis may reduce free radical gen-
eration by eNOS itself.45

The preservation of eNOS activity after
L-arginine treatment may be also an explana-
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tion for the persisting beneficial effects of NO-
synthesis on endothelial function after 24
hours. A rapid infusion of L-arginine during
the first minutes of reperfusion may not only
increase NO-synthesis by increasing concen-
trations of its substrate but by preserving
eNOS activity. Even if no differences were
found between the groups regarding eNOS
expression by semiquantitative immunohistol-
ogy, preserved eNOS activity during the early
reperfusion phase may be responsible for bet-
ter endothelial function after 24 hours of
reperfusion. Schnabel et al46 showed in a recent
ultrastructural study in human transplant
biopsy specimens that while myocyte ultra-
structural integrity recovers within 60 minutes
of reperfusion, ultrastructural regeneration of
the endothelium lasts days up to one week.
Under these aspects, endothelial protection by
substituting NO during reperfusion may be
essential for preserving endothelial function.

In summary, substitution of NO-donors
or -precursors presents a new concept of
cardioprotection against ischemia-reperfusion
injury during cardiac surgery in two terms.
First, NO-donors act beneficially primarily
during the reperfusion phase14,16 especially in
case of hypothermic ischemia. In contrast to
other cardioprotection concepts which focus
on ischemic preservation, the use of NO-
donors aims to reduce reperfusion injury. Sec-
ond, this concept provides a complex integra-
tive cardioprotection at both the myocardial
and the vascular level. The latter seems to be
very important, since intact vascular function
may play a key role in adequate myocardial
recovery during reperfusion.
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O ngoing developments in cardiac
surgery, like surgery on the beating,
warm heart in minimal invasive

coronary bypass grafting, the increasing inci-
dence of cardiac surgery in the elderly as well
as in neonates and the increasing number of
complex interventions, imply a continuous
request for better myocardial protective tech-
niques. The common challenge for these tech-
niques however remains the damaging effects
of acute myocardial ischemia. Because the
sequence of events during acute myocardial
ischemia had been the subject of many stud-
ies in the past, it became more and more clear
that a disturbance of cellular ionic homeosta-
sis is the initial trigger of the ultimate damage.

One of the most important early mecha-
nisms of ionic disturbances is the activation
of the sodium-proton exchange system.1 The
inhibition of this system during ischemia and
reperfusion diminishes both Na+ and Ca++

overload and potentially prevents or delays
myocardial damage.2-9

In this chapter, the idea to use a selective
inhibition of the sodium-proton exchange sys-
tem is propagated as a novel approach for pro-
tection against ischemia-induced myocardial
damage. For this purpose, HOE642 (4-iso-
propyl-3-methylsulfonyl-benzoylguanidin-
methanesulfonat) (Hoechst, Frankfurt,
Germany), a new, selective, and potent

sodium-proton exchange inhibitor with good
tolerability and kinetic properties was chosen.

First of all we will describe more in detail
the theoretical background of sodium-proton
exchange inhibition in myocardial ischemia-
reperfusion. Then we will provide experimen-
tal evidence for the protective properties of
inhibiting this exchange system during and
after ischemia.

The drug HOE 642 however was never
tested clinically so that a preliminary clinical
trial was mandatory. We performed a small
prospective randomized double blind study,
first of all to assess safety and secondly to search
for some efficacy in terms of improved recov-
ery of function after complex cardiac surgery
in man. We will present these data here, bear-
ing clearly in mind that efficacy of sodium-
proton exchange inhibition in the clinical set-
ting still needs to be proven.

Sodium-Proton Exchange
Inhibition in Cardiac Ischemia-
Reperfusion

In the last decade it has become clear, that
most pathophysiological processes in cardiac
ischemia and reperfusion are connected to a
derangement of cellular ion homeostasis. The
characterization of various ion transport sys-
tems has led to the identification of three
effects, which seem to play key roles in the
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impairment of ischemic and reperfused tissue.
These interdependent effects are decreased
intracellular pH (pHi), intracellular Na+ (Na+

i)
overload and intracellular Ca++ (Ca++

i)
overload.

The interdependence between intracellu-
lar acidosis and elevated Na+

i and Ca++
i con-

centrations is based on the activity of certain
ion transport systems. Increased activity of the
Na+ coupled Cl–/HCO3

– exchange and an
excessive activation of Na+/H+ exchange
(NHE) by a decrease of pHi lead to a signifi-
cant elevation of Na+ influx into the endan-
gered tissue. As long as sufficient ATP is avail-
able, the intruding Na+ ions can be transported
against the Na+ gradient into the extracellular
space by the Na+/K+ ATPase. But eventually,
decreasing energy stores and elevated Na+

influx result in a marked increase of the con-
centration of Na+

i. Since intracellular Na+ and
Ca++ concentrations are linked by a 3Na+/Ca++

exchange, the elevation of Na+
i finally causes

intracellular Ca++ overload, which induces car-
diac arrhythmias,10,11 contracture, stunning
and necrosis.

Already in 1984 it has been suggested by
Frelin and co-workers,12 that the NHE could
play an important role in this chain of patho-
physiological events. While the regulation of
pHi seems to be dominated by HCO3

– depen-
dent systems under normal conditions, it has
been claimed that the NHE causes a major
part of the Na+ influx in cardiac ischemia and
reperfusion. More recently, this point of view
has been supported by studies showing a sig-
nificant reduction of Na+ and Ca++ overload
and impressive cardioprotective effects with
inhibitors of the Na+/H+ exchanger.9,13 Alto-
gether this points to a crucial involvement of
this ion transport system in the mechanisms
of ischemic and reperfusion injuries.

In the following, this chapter surveys the
observed effects of NHE inhibitors on intrac-
ellular Na+ (Na+

i), Ca++ (Ca++
i), pH (pHi) and

metabolism in cardiac tissue, as well as on
ischemic and reperfusion injuries. Further-
more it tries to evaluate the potential clinical
use of specific NHE inhibitors in indications
related to cardiac ischemia and reperfusion.

There are at present at least five different
NHE subtypes (NHE 1-5).14,15 NHE inhibi-
tors as amiloride derivatives, as well as
HOE 694 and HOE 642 (cariporide) are to
different degrees preferential inhibitors of the
NHE subtype 1, the so called housekeeper,
which seems to be predominant in cardiac tis-
sue. Whenever the NHE is mentioned in the
following, the involvement of this subtype is
implicated.

Effects on Intracellular Na+

An increase of Na+
i is well documented in

“chemically ischemic” or hypoxic myocardial
cells and in ischemic or hypoxic hearts. It has
become clear, that the increase of Na+

i results
from an imbalance between Na+ influx and
Na+ extrusion in ischemic cells. On the one
hand, Na+ influx is increased by an activation
of pH regulating ion transport systems as the
NHE and possibly the Na+-HCO3

– symport
and the Na+ dependent Cl-/HCO3

– exchange.
On the other hand, the extrusion of Na+ by
the Na+/K+ ATPase decreases according to
energy depletion. It has been claimed that the
NHE is responsible for a substantial part of
Na+ influx under these conditions, while
another part of Na+ influx goes through the
HCO3

– dependent systems and Na+ channels.
Recent results indicate that the balance be-
tween NHE activity and Na+-HCO3

– symport
activity seems influenced by alpha adrenergic
receptors.16 The release of alpha adrenergic
agents, as it occurs in myocardial ischemia, is
expected to shift transport activity towards the
NHE system. This would mean that Na+ influx
through the NHE might be even more im-
portant in the living organism than in isolated
heart models, which are removed from their
normal systemic neuronal and hormonal
influences.

Whatever the balance between different
Na+ transport systems in the ischemic myo-
cardium might be, it has been demonstrated
that Na+ overload is reduced by NHE inhibi-
tors. Observations made in hypoxic or “chemi-
cally ischemic” myocardial cells have been con-
firmed by a growing number of Na+ NMR
measurements in ischemic hearts.
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While this effect of NHE inhibitors in car-
diac ischemia seems quite clear, it is more dif-
ficult to judge their influence on Na+

i during
reperfusion. In reperfusion, after a transient
increase, Na+

i rapidly decreases, possibly as fast
as the cells begin to recover from energy deple-
tion. The rate of Na+

i decrease depends on the
relation between Na+ influx and Na+ extrusion,
mainly by Na+/K+ ATPase. Since the NHE is
excessively activated in reperfusion, it might
be expected that NHE inhibitors would
facilitate the recovery from Na+

i overload. Up
to now, this has been shown in isolated myo-
cardial cells under rather artificial conditions
and in the reperfused heart. In general it has
been claimed that protective effects of NHE
inhibitors in cardiac reperfusion result from a
reduction of Na+

i overload.

Effects on Intracellular Ca++

It is the connection between Na+
i levels and

Ca++
i levels which is thought to make Na+

i

overload harmful for cardiac tissue. In cardiac
cells, Ca++

i is significantly affected by the
activity of a 3Na+/Ca++ exchanger. This
exchanger depends on the Na+ gradient to
extrude Ca++ from the cell. If this gradient is
diminished by increasing Na+

i, the 3Na+/Ca++

exchanger fails and Ca++
i is going to rise. It

has been shown in numerous studies with
myocardial cells and isolated hearts that in
ischemia the increase of Na+

i is paralleled by
an increase Ca++

i. As it would be expected, not
only Na+

i overload but also ischemic Ca++
i

overload is substantially reduced by NHE
inhibitors.

It has been observed in myocardial cells that
there is a rapid and transient decrease of free
Ca++

i at the onset of reperfusion. It is assumed
that this fast decrease is due to an uptake of
Ca++ ions in intracellular stores. The overall
cellular Ca++ content is reduced more slowly
via the 3Na+/Ca++ exchanger after restoration
of the Na+ gradient. If the restoration of the
gradient fails because of an imbalance between
Na+ influx and Na+ extrusion, Ca++

i stores are
kept in an overloaded unstable state. They
release Ca++ ions and cause repetitive Ca++ os-
cillations, which finally kill the reperfused cells

These detrimental Ca++ oscillations can be
reduced by NHE inhibitors.17

Effects on Intracellular pH
and Ischemic Metabolism

In ischemia, anaerobic metabolism and
hydrolysis of ATP cause an accumulation of
intracellular protons, and thus, an activation
of pH regulating ion transport systems as the
NHE. In lack of proton clearance the extra-
cellular pH (pHo) tends to drop in parallel with
pHi in the ischemic tissue. It has been dem-
onstrated that NHE activity is decreased by
extracellular acidosis. At a pHo of about 6.3,
which can be reached within 10-15 min in
ischemic hearts, the NHE seems to be quies-
cent. The activity of the NHE in myocardial
ischemia might be limited to this first period.

Since protons are extruded by the active
NHE, it could be assumed, that the decrease
of pHi was accelerated by NHE inhibitors.
This has not, as yet, been confirmed by NMR
studies in isolated hearts. In general the drop
of pHi was not influenced, or only slightly
influenced by NHE inhibitors. However, it has
been demonstrated that in the presence of the
!-1 agonist phenylephrine NHE inhibition
caused a faster drop of pHi in isolated rat
hearts. Since there is a massive release of cat-
echolamines in cardiac ischemia/reperfusion
in animals and humans, it might well be that
this study was more significant for the situa-
tion in the living organism, than other experi-
ments with isolated hearts which were lacking
catecholamins in the perfusion solution.

In spite of a reduction of anaerobic me-
tabolism by NHE inhibitors, high energy
phosphates (HEP) have been found conserved
or unchanged in ischemic cardiac tissue. This
strongly suggests, that the consumption of
HEP has been decreased. NHE inhibitors
might cause this effect by diminishing is-
chemic Na+

i overload and thereby reducing
Na+/K+ATPase activity.

In cardiac reperfusion, a rapid restoration
of pHi to normal values has been observed.
Together with elevated Ca++

i or with Ca++

oscillations this fast increase of pHi might be
the major cause of reperfusion damage. Since
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the coupling of Ca++ ions to contractile ele-
ments and other Ca++ induced reactions is sus-
pended under acidotic conditions, elevated
Ca++

i becomes especially serious when pHi is
restored. The fate of reperfused myocardium
might be decided by the balance between
decreasing Ca++

i and increasing pHi. It seems
quite clear that the crucial period affecting the
ultimate course of these events is within the
first minutes or even seconds of reperfusion.
Acidic reperfusion solutions showed marked
protective effects during the first two minutes
of reperfusion. Thereafter, perfusion at nor-
mal pH was no longer harmful.18

The NHE system, which is excessively
activated in reperfusion, seems to have a sig-
nificant part in pH recovery. Measurements
of pHi with fluorescent dyes in isolated
myocytes have shown that pH recovery is
delayed by NHE inhibitors. In most NMR
studies there are rather large intervals of two
or three minutes between pH measurements
which are not suitable to evaluate rapid pH
changes during reperfusion. Nevertheless,
there are studies showing that pH recovery is
slowed down by NHE inhibitors in reperfused
hearts. It is probable, that this effect of NHE
inhibitors adds to the protective reduction of
Ca++

i overload in ischemia and reperfusion, by
making elevated Ca++

i less harmful.

Cardioprotective Effects
The reduction of Ca++

i overload and the
desensitization of cardiac cells to elevated Ca++

i

are paralleled by outstanding cardioprotective
effects of NHE inhibitors. These have been
demonstrated with amiloride and numerous
derivatives including ethylisopropyl amiloride
(EIPA), dimethyl amiloride (DMA), methyl-
isobutyl amiloride (MIBA), hexamethylene
amiloride (HMA) and with the more specific
NHE 1 inhibitors HOE 6948 and cari-
poride.19 There are only a few studies which
did not demonstrate protective effects of NHE
inhibitors. When looked at in detail, it can be
seen that they were possibly performed under
conditions where the NHE system was not
significantly activated. Imai and coworkers did
not see any effect of EIPA in low flow ischemia

in rat hearts.20 In these experiments, the
ischemic insult was so mild, that there was
hardly any decrease of ATP and pHi and con-
sequently no activation of the exchanger. Duff
and coworkers21 did not find antiarrhythmic
effects of EIPA in a postinfarction model in
dogs under conditions where the exchanger
should be quiescent.

However, in acute ischemia and reperfusion
where the NHE is excessively activated, it
seems that all the typical injuries as arrhyth-
mias, contracture, stunning, ultrastructural
damage and cardiac necrosis are ameliorated
or prevented by NHE inhibitors.

A prevention of arrhythmias has been
observed in isolated hearts and in animals of
different species with amiloride derivatives,
HOE 694 and cariporide. Ventricular fibril-
lation, which seems connected to Ca++

i over-
load, can be abolished by NHE inhibitors in
ischemia and reperfusion. This has also been
shown in pigs, which are known to be highly
vulnerable to rhythm disturbances and sud-
den cardiac death.

Numerous investigators report a substan-
tial reduction of ischemic and postischemic
contracture, an improvement of cardiac per-
formance, and an amelioration of myocardial
stunning caused by NHE inhibitors. In sev-
eral studies, a corresponding prevention of
ultrastructural cellular damage was also
observed. Other experiments show a dimin-
ished release of intracellular enzymes in car-
diac ischemia and reperfusion, indicating a re-
duction of cellular necrosis. A very substantial
reduction of infarct size has been demonstrated
in rats, rabbits and pigs.

For some time, there has been some con-
troversy as to whether cardioprotection by
NHE inhibitors was limited to reperfusion or
would also occur under ischemic conditions
where the NHE might be blocked by low pHo.
It has become clear, however, that the reported
reduction of ischemic Ca++

i overload is accom-
panied by a prevention of arrhythmias, con-
tracture and myocardial damage during
ischemia. It has been shown that there are pro-
tective effects of NHE-inhibitors, if the com-
pound is given only during reperfusion.
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In our laboratory a study was performed
on isolated blood perfused rabbit hearts7 that
gives an example for the full scope of
cardioprotection caused by NHE inhibition
in ischemia/reperfusion. In this study, the
hearts were subjected to 45min of warm
ischemia followed by 1h of reperfusion. They
served either as controls or were treated with
the NHE-1 inhibitor HOE 694 during
ischemia and reperfusion or only during
reperfusion. The pretreatment prevented the
contracture which was observed in controls
nearly totally and markedly improved the per-
formance of the hearts on reperfusion. The
reperfusion treatment reduced contracture on
reperfusion and slightly improved the perfor-
mance of the rabbit hearts (see Fig. 6.1). In
addition, in this study, biopsies were taken
from the hearts and evaluated by electron mi-
croscopy. The results showed that pretreatment
with the NHE inhibitor nearly totally pre-
vented ultrastructural damage, accumulation
of Ca++ in the mitochondria and mitochon-
drial damage. Treatment on reperfusion only
was still protective, but not as effective as pre-
treatment.

In another experimental study from our
laboratory,22 we assessed the effects of HOE
642, on myocardial function after transplan-
tation of canine brain-dead and nonbrain-dead
donor hearts preserved for 4 hours. Four
groups were studied: brain-dead donors;
nonbrain-dead donors; brain-dead donors and
recipients treated with HOE 642 (2 mg/kg);
and treated nonbrain-dead donors and recipi-
ents. Donor hearts were stored in hyperkalemic
cardioplegic solution. At the end of 60 min-
utes reperfusion after transplantation, pressure-
volume curves were constructed. Biopsies were
analyzed histologically and ultrastructurally.
Afterwards, weaning from CPB was
accomplished.

When both donor and recipient are treated
with this inhibitor both in the brain death and
nonbrain death group, significantly lower
myocardial stiffness is shown after transplan-
tation than in the untreated group (see
Fig. 6.2). However, there were no significant
differences for the LV systolic performance and
myocardial water content among the groups.

Myocardial stiffness is known to be influ-
enced by myocardial contracture and/or
edema.23-28 In this study, significantly differ-
ent stiffness coefficients without difference in
myocardial water content among the groups
suggest that the improvement in myocardial
compliance in the treated groups is mainly
affected by myocardial contracture.

All groups showed successful weaning from
CPB without inotropic support such as
dopamine and/or dobutamine and well-pre-
served ultrastructure without irreversible
damage.

In a subsequent experimental study in dogs
we extended the donor heart storage time to
24 hours (Flameng et al, unpublished results).
Then the hearts were orthotopically trans-
planted and reperfused for one hour on CPB.
Pressure volume relations were studied dur-
ing CPB using a balloon inserted in the left
ventricle. It was found that, when the donor
as well as the recipient was treated with HOE
642, myocardial compliance was significantly
improved and ultrastructure of the myocar-
dium remained intact. All hearts stored cold
for 24 hours after hyperkalemic cardioplegic
arrest could be weaned from CPB with stable
hemodynamics and a normal cardiac index,
provided donor and recipient were treated with
the sodium proton exchange inhibitor (HOE
642 at a dose of 2 mg/kg body weight). Com-
pliance, myocardial structure and functional
outcome after transplantation were signifi-
cantly better than those in control experiments
without drug treatment.

We concluded that the use of this inhibi-
tor might improve the current myocardial pres-
ervation technique for transplantation.

Preliminary Clinical Experience
with Sodium-Proton Exchange
Inhibition

In this pilot study, a relatively small num-
ber of patients is included. Nevertheless the
group of patients represents a rather uniform
pathology : all patients had a combination of
aortic valve disease and coronary artery dis-
ease of such an extent that surgical correction
is required. This implies a combination of left
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Fig. 6.1. Line plot shows effect of (3-methylsulfonyl-4-piperidinobenzoyl)guanidine methanesulfonate (HOE
694) on left ventricular end-diastolic pressure (LVEDP) during 45 minutes of ischemia and 1 hour of reperfusion.
LVEDP is plotted as a function of time. Zero time is the beginning of reperfusion. Bars represent SEM. *p < .05,
**p < .01, ***p < .001 control vs HOE 694 pretreatment, +p < .05, ++ p < .01 control vs HOE 694 reperfusion.
This phenomenon is largely suppressed by HOE 694, even when given only during reperfusion. (Reprinted with
permission from: Circulation 1994; 89:2787-2798).

Fig. 6.2. LV stiffness coefficients (a); There were significantly different SC’s between group 1 and group 3 (0.127
± 0.006 vs 0.072 ± 0.016; p = 0.02), and between group 2 and group 4 (0.152 ± 0.013 vs 0.096 ± 0.019; p = 0.015).
Data are means with SEM as error bar (Reprinted with permission from: Cardiovascular Surgery 1998; (6)67-75.
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ventricular hypertrophy and impaired myo-
cardial blood supply. On top of this cardiac
pathology, a period of aortic cross clamping
and consequently of acute ischemia renders
these hearts more vulnerable and make them
a good model to test myocardial protection
techniques.

Twenty patients undergoing aortic valve
replacement combined with coronary artery
bypass grafting were included in this prospec-
tive randomized double blind study. The
patients were either pretreated with HOE 642
(40 mg I.V. over 10 minutes) or placebo in-
travenously before going on cardiopulmonary
bypass. The study end-points were 1) safety
assessment and 2) efficacy of treatment in
terms of improvement of hemodynamics after
weaning from bypass, the need for positive
inotropic support, release of cardiac enzymes
and clinical outcome. The results of the study
were published previously in detail.29 The
twenty patients were prospectively randomized
into 2 groups of 10 patients each. They were
13 males and 7 females. Mean age was 67 years
with a range of 44-77 years.

From the point of safety assessment, the
frequency of possibly treatment related adverse
effects until 8 weeks after discharge was regis-
tered. The investigators mentioned 5 features
as possibly related to treatment but none of
them however was statistically significantly
related to treatment (p > 0.05).

Efficacy assessment was done by evaluation
of hemodynamic parameters during weaning
from cardiopulmonary bypass, parameters of
myocardial damage, clinical outcome and the
need for positive inotropic support.

Hemodynamic parameters were studied
5 minutes before starting cardiopulmonary
bypass and every 5 minutes after weaning, up
to 45 minutes after cessation of bypass. None
of these parameters showed any difference
between placebo and HOE 642 treatment.
Also transesophageal echocardiography
revealed no differences in the value for end
diastolic and end systolic dimensions between
groups (p > 0.05). Also pulmonary and sys-
temic vascular resistance did not differ between
groups (p > 0.05).

The dose of positive inotropic medication
was calculated in mg for each drug (dopam-

Fig. 6.3. Effect of HOE 642 on the need for positive inotropic support after weaning from cardiopulmonary
bypass. The right panel represents the median values of the total dose of dopamine (in mg) given during the first
36 hours after weaning and during the whole hospital stay. In the left panel the total dose of positive inotropic
medication is represented during these time intervals. (ns: p > 0.05, placebo versus HOE 642).
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ine, dobutamine or noradrenaline) during the
first 36 hours and during the total hospital stay.
The dose of noradrenaline was multiplied by
20 to obtain an equal reflection of drug
potency when the total dose of positive ino-
tropic medication was calculated. The results
are shown in Figure 6.3. In the right panel
only the median dose of dopamine is given as
well for the first 36 hours period as for the
total duration of hospital stay. The need for
dopamine is lower in the HOE 642 treated
group, although statistical significance is not
reached (p > 0.05). The total dose of positive
inotropic drugs (left panel) provides approxi-
mately the same distribution, indicating that the
majority of patients received only dopamine.

None of the patients showed any evidence
of myocardial infarction nor life threatening
arrhythmias during the intra- or postopera-
tive phase. The release of CK-MB during the
first 24 hours postoperatively is very small and
did not differ significantly (p > 0.05) between
treatment groups.

There was no hospital mortality in the
study population. The length of stay on the
intensive care unit and the hospital stay was
not different between the two groups
(p > 0.05).

This preliminary study showed that the
drug has no adverse effects at the dose used
and that the need for positive inotropic sup-
port was less in the group of patients receiv-
ing the Na+/H+ exchange inhibitor.

These data suggest that further clinical
evaluation of this type of pharmacological pro-
tection is meaningful.
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CHAPTER 7

Metabolic Support for the Heart
During Ischemia and Reperfusion:
Role of Amino Acids

Heinrich Taegtmeyer and Torsten Doenst

In reviewing amino acid metabolism of the
heart during ischemia and reperfusion it
is important to address a few principles of

energy substrate metabolism first. The healthy
human heart has a very high rate of energy
turnover. Like all living cells, cardiac myocytes
need the energy captured in ATP to power
their essential functions. The bulk of it is de-
rived from oxidative phosphorylation of ADP,
which, in turn, is fueled by oxidation of sub-
strates such as fatty acids, glucose, glycogen,
lactate, and certain amino acids. The normal
human heart, which weighs about 300 g, con-
sumes about 5 kg of ATP in the course of 24
hours, i.e., 17 times its own weight!1 Under
normal conditions most of the energy for con-
traction is derived from the oxidation of long-
chain fatty acids,2 but inotropic stimulation
results in the preferential oxidation of glyco-
gen.3 The heart oxidizes amino acids only
when their plasma concentrations are very
high.4

Ischemia alters substrate metabolism and
impairs energy transfer. With severe ischemia
fatty acid oxidation ceases, while glucose me-
tabolism continues. Because heart muscle, like
all living tissues, contains only very small
amounts of ATP and phosphocreatine, this
“energy reserve” is exhausted within seconds
after the interruption of blood supply. This
extreme situation is modified by substrate level
phosphorylation of ADP from the metabolism

of endogenous substrates. These substrates are
glycogen and, as will be discussed below, cer-
tain amino acids. The breakdown of glycogen
provides glycolytic substrate for essential cell
functions, especially for support of ion
pumps.5,6 The role of the amino acids in the
metabolic response to myocardial ischemia7,8

is still not very well defined. There is, how-
ever, intriguing evidence that amino acids
modify the response to myocardial ischemia
and improve the recovery of function.9,10 The
biochemical basis for this phenomenon can
only be understood in the wider context of
some of the principles of energy transfer.

Energy for Contraction: Cycles
Improve Efficiency

The term “oxidative phosphorylation of
ADP” is an insufficient description of the pro-
cess of myocardial energy production. Linked
to oxidative metabolism is not only the pro-
duction of protons (or reducing equivalents)
in the citric acid cycle and other oxidative path-
ways, but also the maze of highways and by-
ways of intermediary metabolism.

Intermediary metabolism of energy provid-
ing substrates forms the link between gene
expression on the one hand and contractile
function of the heart on the other hand.11

Energy substrate metabolism is complex and
highly regulated.12 Heart muscle is capable of

Ischemia-Reperfusion Injury in Cardiac Surgery, edited by Friedhelm Beyersdorf. ©2001 Eurekah.com.



Ischemia-Reperfusion Injury in Cardiac Surgery80

using energy-providing substrates interchange-
ably and has therefore been called an “omni-
vore”.13 There is growing recognition for the
concepts that the regulation of substrate flux
is shared by several of the pathway enzymes14,15

and that contractile function is optimal only
when fatty acids and carbohydrates are oxi-
dized simultaneously.2

We have recently drawn attention to the
importance of moiety-conserved cycles for the
efficient transfer of energy in heart muscle.16

A moiety-conserved cycle is defined as a regu-
larly returning sequence of reactions, in which
the concentrations of the key components
(moieties) neither increase nor decrease.
Amino acids play an important role in either
maintaining or restoring moiety-conserved
cycles.

The rhythmic nature of contraction and
relaxation of heart muscle is a palpable mani-
festation of cyclic processes as integral part of
normal physiology. Cycles can be grouped into
cycles of energy provision (e.g., the circula-
tion itself ) and into cycles of energy consump-
tion (e.g., the actin-myosin crossbridge for-
mation and its release). Many intermediary
metabolites that serve as vehicles for energy
transfer are cycled and recycled as well. Best
known among them are the intermediates of
the Krebs citric acid cycle. As it has been
pointed out by Krebs himself, the evolution-
ary advantage of such cycles is that they make
efficient use of resources.17 The principle is
easily understood if one compares two differ-
ent types of locomotion.16 A bicyclist covers
nearly four times the distance of a runner for
the same amount of energy expended. The
only difference between the two is the inter-
position of two wheels (i.e., two moiety-con-
served cycles) between the body and the
ground.

Myocardial ischemia results in a collapse
of most moiety-conserved cycles, and the heart
has to rely on less efficient linear pathways for
energy production. A frequently quoted ex-
ample is the energy yield of 36 moles of ATP
per mole of glucose oxidized compared to 2
moles of ATP per mole of glucose converted
to lactate. As we will show below, restoration
of oxidative metabolism with reperfusion also

requires the restoration of moiety-conserved
cycles, a process termed “anaplerosis”. The
amino acids glutamate, aspartate, isoleucine,
and valine are able to function as anaplerotic
substrates for the citric acid cycle (see below).

Amino Acids: Cycling In
and Out of Proteins

Although this review emphasizes the me-
tabolism of amino acids, it is important to re-
member that amino acids are first and fore-
most the building blocks for proteins, as amino
acids cycle in and out of proteins (Fig. 7.1).
The incorporation of specific amino acids into
specific proteins of the heart is governed by
the transcription and translation of specific
genes on the chromosomes of the nucleus.
While the details of gene expression and pro-
tein synthesis are increasingly well understood,
the same cannot be said for protein degrada-
tion.12 Both processes require energy in the
form of ATP18 and oxygen deprivation inhib-
its both protein synthesis and degradation.7

Studies with tracers and inhibitors of either
protein synthesis or degradation have shown
that under steady state conditions a large por-
tion of the amino acids is recycled between
synthesis and degradation. Furthermore,
branched chain amino acids (e.g., leucine) are
thought to regulate protein turnover.19

Some amino acids are neither synthesized
nor degraded by heart muscle. These com-
pounds are frequently used as tracers for pro-
tein turnover.19 The rates of protein turnover
in the heart are often underestimated. The
principle of the “dynamic nature of body con-
stituents”20 is perhaps best illustrated in the
heart, which regenerates itself completely once
every thirty days.21

Amino Acid Metabolism
in Normal Heart

The important role of amino acids in en-
ergy substrate metabolism is also often over-
looked. Heart muscle contains the enzymes
required for the synthesis and degradation of
most, but not all, amino acids. Oxidation of
branched chain amino acids proceeds rapidly



81Metabolic Support for the Heart During Ischemia and Reperfusion

(and in preference to other substrates) when
their plasma level is high.22,23

Furthermore, the amino acids aspartate and
glutamate also constitute an integral part in
the transport of reducing equivalents across
the inner mitochondrial membrane for the oxi-
dation of cytosolic NADH by the mitochon-
drial electron transport chain.24 In the malate-
aspartate shuttle cytosolic NADH is oxidized
by the reduction of oxaloacetate to malate.
Malate enters the mitochondrial matrix, where
it is oxidized to oxaloacetate, which is tran-
saminated with glutamate to form alpha-ke-
toglutarate and aspartate. Aspartate and alpha-
ketoglutarate leave the mitochondrion.
Transamination of these metabolites
regenerates oxaloacetate and glutamate in the
cytosol, and the net effect is the transfer of
hydrogen ions across the mitochondrial
membrane. Net forward flux through the

malate-aspartate shuttle involves the concerted
activity of a unidirectional glutamate-aspar-
tate exchanger and a reversible alpha-ketoglu-
tarate-malate exchanger.25

The dynamic nature of amino acid metabo-
lism and the turnover of amino acids is
underscored by the participation of amino
acids as intermediates of many metabolic path-
ways. Experimentally, isotopic enrichment of
the amino acid glutamate from 13C-labeled
exogenous substrates is used as a “lap counter”
for the citric acid cycle26 and sophisticated
models have been developed to determine the
origin and fate of specific substrates by NMR
spectroscopy.27,28 The same technique lends
itself to the analysis of the fate of dicarboxy-
acids during ischemia and reperfusion.29

The main features of myocardial amino
acid metabolism are listed in Table 7.1 and
illustrated in Figure 7.2. First, we draw

Fig. 7.1. A simple scheme which emphasizes the importance of amino acids as building blocks for myocardial
proteins. Gene transcription in the nucleus is followed by translation of activated amino acids (tRNA-amino acid)
into protein. Sets of three nucleotides (codons) in an mRNA are translated into amino acids in the course of protein
synthesis. Major steps include RNA transcription from DNA, RNA processing in the nucleus (RNA splicing) and
RNA translation on ribosomes. The “dynamic nature of body constituents” is best illustrated by the cycling of
amino acids between protein synthesis and degradation. The cycling of amino acids in and out of proteins requires
biological energy in the form of ATP.
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attention to amino acids as intermediates of
myocardial energy metabolism. Secondly,
we draw attention to amino acids as an
integral part of myocardial ammonia
metabolism, as it has been demonstrated in
studies using [13N]ammonia, which is avidly
extracted by the myocardium and retained as
glutamine.30 The positron-emitting tracer
[13N]ammonia is commonly used as tracer for
myocardial blood flow.

Amino acids which are metabolized to
acetyl-CoA (Fig. 7.2) may become an efficient
source of energy and compete with other sub-

strates for the fuel of respiration. A case in
point is the amino acid leucine. Leucine is tran-
saminated, decarboxylated, and further me-
tabolized in heart muscle to yield both acetyl-
CoA and acetoacetyl-CoA. The high Km of
branched-chain amino transferase for leucine
assures that leucine is oxidized only when
present in high plasma concentrations
(∋ 2.5 ∝mol/L), as it is the case after a pro-
tein-rich meal. Early studies of cardiac sub-
strate metabolism, using coronary sinus cath-
eterization to measure A-V differences, suggest
that as much as 40% of the fuel for respira-

Fig. 7.2. Salient features of anaerobic amino acid metabolism in heart muscle. Enhanced rates of glycolysis result
in the accumulation of lactate, alanine, succinate, and CO2, as well as the depletion of glutamate and alpha-
ketoglutarate. Substrate level phosphorylation occurs at two sites by mechanisms indicated on the scheme. See text
for further discussion.

Table 7.1. Main features of myocardial amino acid metabolism

1. Amino acids and myocardial energy metabolism
Source of acetyl-CoA
Precursors of citric acid cycle intermediates
Shuttle of reducing equivalents across the inner mitochondrial membrane

2. Amino acids and myocardial ammonia metabolism
Glutamine synthesis
Glutamate synthesis
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tion can be supplied by amino acids.4 Leucine
oxidation by heart muscle has been demon-
strated by several investigators.22,31,32 The
physiologic importance of the control of
amino acid metabolism by Km seems evident.
Since dietary protein and amino acids cannot
be stored in major quantities, amino acids
ingested in the form of protein are distributed
in the blood stream, and degradation of any
excess amino acids takes precedence over the
degradation of carbohydrate and fat.33

Amino acids which may be metabolized to
citric cycle intermediates are, in addition to
leucine, alanine, glutamate, aspartate, valine,
and isoleucine (Fig. 7.2). The oxidation of
glutamate by heart muscle homogenates and
mitochondria34,35 is thought to be of particu-
lar importance. Because heart muscle does not
contain the enzyme glutamate dehydrogenase,
glutamate is transaminated to alanine and
alpha-ketoglutarate in an anaplerotic reaction
of the citric acid cycle. A similar transamina-
tion process occurs with the conversion of
aspartate to alanine and oxaloacetate.

Amino Acid Metabolism
in Oxygen-Deprived Heart

Ischemia and reperfusion alter the pattern
of myocardial amino acid metabolism in sev-
eral ways. First, the efficient transfer of energy
through moiety-conserved cycles is replaced
by less efficient linear pathways. Secondly,
amino acids are no longer oxidized to acetyl-
CoA. Third, alanine and succinate accumu-
late, while glutamate is catabolized (Fig. 7.3).
This short pathway supports the substrate-level
phosphorylation of GDP.

When we discovered alanine accumulation
in ischemic heart muscle, we postulated that
alanine was, like lactate, a product of anaero-
bic glucose metabolism.36 Indeed, in patients
with coronary artery disease alanine release
paralleled the release of lactate and was accom-
panied by increased utilization of glutamate.37

We thought of alanine as a marker for
ischemia, however, quantitatively much less
pyruvate is converted to alanine than to lac-
tate,7 and rigorous testing of this hypothesis
has never been carried out.

An important aspect of anaerobic amino
acid metabolism is the conversion of glutamate
to succinate.8 As already shown, this pathway
is linked to substrate-level phosphorylation in
part of the citric acid cycle. Unlike glycolysis,
glutamate utilization can be augmented by a
simple mass action effect and this pathway may
represent a source of energy during O2 depri-
vation. Sanborn et al38 studied the mechanism
of glutamate conversion to succinate and
found that in oxygen deprived papillary
muscles of the rabbit decarboxylation of alpha-
ketoglutarate continued under hypoxic con-
ditions, whereas complete oxidation of alpha-
ketoglutarate was inhibited. More recent work
by Lazar et al9 and by Bittle and Shine39 dem-
onstrated the beneficial effect of glutamate on
cardiac function when glutamate was added
to the perfusion medium of reversibly
ischemic, reperfused rabbit heart. In an effort
to quantitate the amount of ATP production
from the conversion of glutamate to succinate,
Wiesner et al40 measured succinate production
from other amino acids in regional ischemia
in dog hearts. The investigators calculated that
glutamate accounted for 20% of the ATP gen-
erated during the ischemic period. Although
exogenous supplementation of glutamate leads
to an increased uptake,41 the amount of ATP
production from glutamate metabolism dur-
ing ischemia when glutamate was supple-
mented is not known.

A second aspect of anaerobic amino acid
metabolism is the conversion of aspartate to
fumarate. Fumarate may be metabolized to
succinate by the enzyme fumarate reductase
regenerating FAD+ and ATP in the process.42

However, the concept of anaerobic ATP pro-
duction through reduction of fumarate to suc-
cinate has been questioned based on insignifi-
cant reduction of fumarate during ischemia.43

Other concepts on the mechanism of pro-
tection against ischemic damage by amino
acids include the maintenance of glycolytic
activity during ischemia by regeneration of
cytosolic NAD+ through the malate aspartate
shuttle or by the reduction of feedback inhi-
bition of glycolysis by lactate since part of the
pyruvate is transaminated to alanine and does
not enter the lactate pool.44
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All findings indicate that carbohydrate and
amino acid metabolism in oxygen-deprived
heart muscle are linked through the transami-
nation of pyruvate with glutamate and the
resultant formation of alanine and succinate.
Since the conversion of glutamate to succinate
occurs in the mitochondrial matrix, it appears
that the matrix enzymes still function during
brief periods of oxygen deprivation. As will be
discussed further below, the advanced hypoth-
eses have to be viewed with caution because
they depend on proper functioning of the
malate-aspartate shuttle which may be
impaired in its activity during ischemia and
reperfusion.45

Amino Acids as Substrates
for Metabolic Support
During Reperfusion

There is good experimental evidence that
amino acids are capable of decreasing the
amount of injury caused by ischemia or
reperfusion or both, although the results are
not all consistent.32 Some of the discrepancies
may be explained by the different models used
by different investigators. Beneficial effects can

be observed when the perfusion medium is
supplemented before, during, and after
ischemia39,44,46 or during reperfusion alone.9,46

Most of the studies have focused on aspartate
and glutamate, because these substrates are the
key amino acids of the malate-aspartate shuttle,
an important transport mechanism for the
transfer of cytosolic reducing equivalents in
to the mitochondrial matrix, and because
glutamate is readily transaminated to alpha-
ketoglutarate, a citric acid cycle intermediate
(see “anaplerosis” above).

Several concepts have been advanced on
the mechanism of the protective effects of
amino acids and their metabolites during
reperfusion. First, as already described above,
maintenance of anaerobic glycolysis and ATP
generation through substrate level phospho-
rylation in the formation of succinate reduce
injury during ischemia thereby improving
recovery during reperfusion.8,9,40 Secondly, the
replenishment of the intermediates of the
malate-aspartate shuttle (e.g., glutamate,
which is depleted during ischemia) during
reperfusion promotes oxidative metabolism,
specifically glucose oxidation.46 Third, aspar-
tate gives rise to ATP when converted to suc-

Fig. 7.3. Amino acids as precursors or products of citric acid cycle intermediates. The amino acids glutamate, valine,
isoleucine, and aspartate may be important carbon sources for the replenishment of the citric acid cycle upon
reperfusion after ischemia. See text for further discussion.
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cinate.42 Fourth, fumarate, the integral inter-
mediate in the conversion of aspartate to suc-
cinate during ischemia, may also function as
free radical scavenger during reperfusion and
contributes to Ca2+ transport.47 The first three
concepts reflect the rationale behind the
addition of aspartate and glutamate to car-
dioplegia (see below). The fourth concept was
the basis for a study on neonate piglets, where
the hearts were arrested for 120 min with
blood cardioplegia supplemented with fuma-
rate.47 The investigators found full recovery
of contractile function during reperfusion in
the group with fumarate supplementation
compared to approximately 70% of recovery
of function in the hearts without fumarate
addition.

However, all the suggested mechanisms
depend more or less on the exchange of
metabolites across the inner mitochondrial
membrane through the malate-aspartate
shuttle. This aspect may render the advanced
mechanisms only hypothetical, since
Lewandowski et al45 demonstrated that the bi-
directional part of the malate-aspartate shuttle
(malate/alpha-ketoglutarate exchanger) is
reduced in its activity during ischemia and
reperfusion in rabbit heart. This decreased
activity of the malate-aspartate shuttle may
contribute to a persisting proton accumula-
tion in the reperfused, “stunned” myocar-
dium48 and may explain why in our hands
glutamate failed to improve contractile func-
tion during and following ischemia in isolated
rabbit hearts perfused with glucose.32 Thus,
while some experimental results suggest pro-
tective effects of amino acids against ischemic
injury, the mechanisms for this protective
effect are not yet understood. An important
step in the validation of the above discussed
mechanisms would be the demonstration of
normal or increased activity of the malate-as-
partate shuttle in the setting where amino acid
supplementation leads to reduction in
ischemic injury and improvement of postis-
chemic function. For the systemic application
of glutamate in patients to improve recovery
in postischemic cardiac function, one has to
bear in mind that high concentrations of
glutamate result in neurotoxicity.49,50 This

effect of glutamate may limit the clinical use
of this amino acid to the enrichment
cardioplegia.

Substrate Enhancement
of Cardioplegic Solutions
by Amino Acids

The observation that amino acids reduce
ischemic injury in vitro has led to the next
logical step, the addition of various amino ac-
ids to cardioplegic solutions for the protection
of ischemic heart muscle in vivo. Myocardial
utilization of amino acids, especially of
glutamate, has been demonstrated clinically
in patients during aorto-coronary bypass sur-
gery.51 Most studies showed evidence for
reduced ischemic injury with amino acid
supplementation in cardioplegia (mainly blood
cardioplegia).39,47,52,53 Rosenkranz et al54 dem-
onstrated an additive benefit of glutamate and
aspartate supplementation of blood cardiople-
gia on postreperfusion ventricular function in
adults (Fig. 7.4). These findings are consistent
with the concepts of anaerobic ATP genera-
tion through two different pathways, both
resulting in the production of succinate (see
Fig. 7.3 and the above). However, the impor-
tance of these pathways has never been dem-
onstrated under the conditions tested, and like
in the experimental data in vitro, the results
of other studies argue against a benefit of
amino acids in cardioplegic solutions.55,56

Perhaps the most striking observations in
the clinical setting of myocardial stunning after
cardioplegia are those of Beyersdorf et al.57 The
investigators used glutamate/aspartate-en-
riched blood cardioplegia during the coronary
revascularization procedure in patients with
perioperative sudden death. Despite the grim
prognosis in this group of patients, 78% of
them recovered completely and were dis-
charged with significantly improved ejection
fractions (Fig. 7.5). Still, the results need to
be viewed with caution. The obvious difficul-
ties in obtaining a control group for this
complex clinical study did not allow conclu-
sions whether the excellent outcome was due
to or at least influenced by amino acid
addition.
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Fig. 7.4. Benefit of glutamate and aspartate enrichment of blood cardioplegia on postreperfusion ventricular
function in adults. LAP, left atrial pressure; SWI, stroke work index. Reprinted with permission from Rosenkranz
ER, Okamoto F, Buckberg GD et al. Safety of prolonged aortic clamping with blood cardioplegia: Aspartate
enrichment of glutamate-blood cardioplegia in energy-depleted hearts after ischemic and reperfusion injury. J
Thorac Cardiovasc Surg 1986; 91:428-435.

Fig. 7.5. Global ejection fraction (EF) of the left ventricle before (Pre-Op) and after (Post-Op) operation and
during cardiopulmonary resuscitation (CPR). Note a) the moderate reduction of EF before operation and before
intractable ventricular fibrillation occurred (open bar), b) the significant reduction of EF in those patients with
preoperative or postoperative arrest (filled bar), and c) significant improvement (p<0.05) of EF postoperatively
(hatched bar). Reprinted with permission from Beyersdorf F, Kirsh M, Allen BS. Warm glutamate/aspartate-
enriched blood cardioplegic solution for perioperative sudden death. J Thorac Cardiovasc Surg 1992; 104:1141-1147.
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It is possible that the inconsistencies
observed in the different studies are due to dif-
ferent experimental designs. It appears neces-
sary to further define indications for amino
acid enrichment of cardioplegic solutions for
the use in human heart. A better understand-
ing of the underlying mechanisms is therefore
of paramount importance. It should, however,
be noted that none of the studies demonstrated
any detrimental effects of amino acid enrich-
ment of cardioplegia.

Conclusions and Outlook
Amino acids are the building blocks of

myocardial proteins. Certain amino acids are
also important intermediates of energy sub-
strate metabolism in aerobic and anaerobic
heart. The conversion of glutamate to succi-
nate during oxygen deprivation is coupled to
substrate-level phosphorylation of GDP to
GTP. The conversion of aspartate to succinate
via fumarate reductase has also been suggested
as a source of anaerobic energy. Because amino
acids appear to improve ischemia tolerance in
vitro, solutions fortified with amino acids have
been successfully employed for cardioplegia
and reperfusion in vivo. Although some reports
record spectacular results and no adverse effects
of amino acid infusions have been observed,
the well known neurotoxicity of glutamate
may limit the unrestricted use of this amino
acid in patients with ischemic heart disease.
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H ypothermic hyperkalemic cardiople-
gia is currently the preferred method
of myocardial preservation for the

performance of cardiac operations. At present
research efforts of many laboratories focus on
approaches to enhanced myocardial protection
by various pharmacological agents. During the
past 15 years amino acids are being extensively
studied among other natural metabolites
potentially capable to attenuate ischemic and
reperfusion injury. A minor significance of
amino acids as energy producing substrates is
generally accepted since less than 5% of oxy-
gen consumed by the heart is used for their
oxidation.1 Although amino acids are involved
in intracellular metabolism and operating spe-
cific transport systems of the plasma mem-
brane, they do not affect cardiac function un-
der normal conditions.2 However, there is a
growing body of evidence that certain of them
may be vital for myocardial function and sur-
vival during ischemia/reperfusion stress. In this
respect glutamate (Glu), aspartate (Asp), tau-
rine (Tau), branched chain amino acids
(BCAA), histidine (His) and methionine (Met)
seem to be the most important. Mechanisms
of their action, in conditions relevant to cardiac
surgery, are briefly discussed in this chapter.

Glutamate and Aspartate
The first evidence of Glu importance for

ischemic myocardium was observed more than
20 years ago in clinical studies showing that
hearts of patients with coronary artery disease

extracted more L-glutamate than did hearts
of individuals with normal coronary arteries.3

Later enhanced myocardial extraction of
L-13N-Glu in the areas with a reduced blood
flow was confirmed in human heart by
positron-emission tomography.4 Together with
Asp, myocardial Glu content dramatically
decreases during periods of ischemia and
hypoxia. It was shown that catabolism of both
amino acids may be coupled with anaerobic
and aerobic energy formation.

Anaerobic Action
The key enzymes controlling the entry of

these amino acids into the energy generating
pathways are cytosolic alanine and aspartate
aminotransferases, leading to formation of
2-oxoglutarate and oxaloacetate.5 Oxidation
of 2-oxoglutarate to succinate in mitochon-
dria leads to substrate phosphorylation of
GDP in the succinic thiokinase reaction and
then formation of ATP by the nucleoside
diphosphate kinase. Oxaloacetate can be con-
verted to fumarate in successive reactions cata-
lyzed by cytosolic malate dehydrogenase and
mitochondrial fumarase. Further NADH-de-
pendent reduction of fumarate to succinate is
coupled with ATP formation in complex 1 of
the respiratory chain. Probably, electron trans-
fer from NADH to fumarate occurs from
NADH dehydrogenase through ubiquinone
to succinate dehydrogenase.6 Both succinate-
producing routes may operate with the com-
mon mitochondrial NAD+/NADH pair to
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maintain the redox potential of the cell
unchanged.7 Succinate is the end product of
anaerobic metabolism of Glu and Asp and does
not undergo further conversions in the absence
of oxygen.

Glu and Asp may also exert stimulatory
effects on anaerobic glycolysis. Conversion of
Asp to oxaloacetate and then to malate con-
sumes cytosolic NADH in the malate dehy-
drogenase reaction, thus, relieving glycolytic
flux through the glyceraldehyde 3-phosphate
dehydrogenase.8 Additionally, transamination
of glycolytic pyruvate with glutamate may
reduce lactate accumulation in myocardial tis-
sue and diminish inhibition of glycolysis at
the lactate dehydrogenase step. Intracellular
acidosis favors this reaction, since Km of ala-
nine aminotransferase for pyruvate decreases
with decreasing pH.9 Alternatively, transport
of Glu and malate into mitochondria may
stimulate operation of mitochondrial part of
the malate-aspartate shuttle. Dismutation of
malate to oxaloacetate and succinate in oxy-
gen-deprived rat heart mitochondria7 provides
the formation of reducing equivalents and
their prompt removal by the mitochondrial
fumarate reductase.10 According to this
hypothesis, dehydration of malate to fumarate
may serve as an alternative electron acceptor
promoting deinhibition of glycolysis.

Coupling of Glu and Asp degradation with
the energy-producing pathways in the cytosol
and mitochondria is well-documented in stud-
ies with labeled amino acids and intermedi-
ates of the tricarboxylic acid cycle and
presented in Figure 8.1. Importance of tran-
samination, as a necessary step for further
energy production, was justified by elimina-
tion of the protective effect of Glu by adding
aminooxyacetate, an inhibitor of mitochon-
drial and cytosolic transaminases.11,12 Numer-
ous animal experiments testify that exogenous
Glu and Asp improve myocardial tolerance to
ischemia and enhance postischemic functional
recovery via stimulation of anaerobic and aero-
bic energy formation. These observations pro-
vided a solid rationale for the use of these com-
pounds as beneficial additives to cardioplegic
solutions. Both amino acids separately enhance
the protection afforded by blood and crystal-

loid cardioplegia.13-16 Moreover, aspartate en-
richment of Glu-blood cardioplegia further
improves myocardial protection.17 Beneficial
effects of Glu/Asp-blood cardioplegia are not
confined to adult hearts. Abundant experi-
mental data obtained by Buckberg and col-
leagues clearly demonstrate advantages of
amino acid-enriched blood cardioplegia in
immature hearts.18 Addition of Glu or Asp to
crystalloid cardioplegic solutions can also pro-
long the safe limits for cold storage techniques
used in cardiac transplantation.19-21

Aerobic Action
Noteworthy, exogenous Glu and Asp pro-

mote recovery of oxidative metabolism after
periods of ischemic arrest restoring depleted
intracellular pools of tricarboxylic acid cycle
intermediates and amino acids.11,12,15,19,22

Replenishment of these reactants is of critical
importance for operation of the tricarboxylic
acid cycle23 and malate-aspartate shuttle,
which transfers reducing equivalents of
NADH from the cytosol to the respiratory
chain of mitochondria.24 Further, these amino
acids take part in binding of ammonia excess
in glutamine and asparagine synthesis. Cyto-
toxic effects of ammonia, a by-product of
adenine nucleotide degradation, are associated
with the inhibition of isocitrate dehydrogenase
and activation of mitochondrial pyrophos-
phatase catalyzing degradation of NADPH to
nicotinamide.25 They may impede coordina-
tion of tricarboxylic acid cycle activity with
electron transfer in mitochondrial respiratory
chain.23 Correction of these metabolic disor-
ders may reduce the impact of reperfusion
injury after cardiac surgery and, therefore,
incidences of postoperative myocardial stun-
ning. In turn, providing higher cytosolic con-
centrations of ATP and ATP/ADP ratios in
compartments close to ion pumps and
myofibrils, Glu and Asp supplementation
favors cellular membrane integrity, mainte-
nance of ionic gradients, and removal and
binding of Ca2+ by myofibrils.26 Recent stud-
ies suggest that supplementing the prime
of cardiopulmonary bypass circuit with Glu
and Asp attenuates lipid peroxidation and
myocardial dysfunction after reoxygenation.
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This effect may be attributed to amino acid
inhibition of L-arginine uptake by myocardial
cells leading to subsequent reduction of •NO
formation.27

In agreement with these findings, there are
a number of experimental reports demon-

strating superior recovery of high-energy
phosphates, stroke volume index and compli-
ance after cardioplegic arrest followed by reper-
fusion or reoxygenation with Glu and
Asp.16-18,28,29 In experimental coronary artery
occlusion, the intravenous infusion of Glu and

Fig. 8.1. Stimulation of anaerobic energy formation in cytosol (A) and mitochondria (B) by Glu and Asp supple-
mentation. G-3P, glyceraldehyde 3-phosphate; 1,3-DG, 1,3-diphosphoglycerate; Mal, malate; Fum, fumarate; FP,
flavoprotein of the succinate dehydrogenase complex in the oxidized (ox) or reduced (red) form.
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Asp may reduce infarct size due to improve-
ment of the myocardial metabolism stimulat-
ing reparative processes.30,31 Additionally, the
intravenous compositions containing both
amino acids exhibit salutary effects on the con-
tractility of viable remote myocardium in coro-
nary occlusion32 implying that metabolic sup-
port of cardiomyocytes can be helpful before
coronary artery bypass grafting.

Clinical Experience
In routine cardiac surgical practice, the

main interest concerning Glu and Asp supple-
mentation is focused on enhancement of myo-
cardial protection during the periods of aortic
cross-clamping. As a rule, separate or com-
bined enrichment of blood and crystalloid car-
dioplegia with these amino acids improves
postoperative hemodynamic recovery even in
high-risk coronary patients and enhances
restoration of myocardial energy metabolism
in congenital surgical patients.13,33,34 Anti-
ischemic effects of Glu were also observed in
the preoperative setting. Thus, intravenous
administration of Glu to patients with coro-
nary artery disease was associated with
increased tolerance to ischemia in regard to
chest pain and electrographic changes during
exercise testing and pacing.35

In the early postoperative period, blood-
born amino acids and endogenous intracellu-
lar constituents are appeared to be the prefer-
able substrates oxidized by the heart, while
uptake of free fatty acids and carbohydrates is
significantly compromised.36 It is very likely
that under these conditions, augmented myo-
cardial consumption of amino acids, and first
of all Glu, precedes an adequate recovery of
aerobic metabolism. The high fractional
extraction of Glu exhibits a consistent corre-
lation to its arterial plasma level.37 These
interesting observations suggest that a relative
shortage of myocardial glutamate following
cardiac arrest38 persists during the first hours
after unclamping of the aorta and, therefore,
substantiate administration of exogenous Glu
after operations. Accordingly, positive effects
of postoperative Glu infusion on myocardial

metabolism were revealed in patients treated
with dopamine because of cardiac failure. They
were associated with an increased Glu myo-
cardial uptake, a change from lactate release
to its uptake, a cessation of ammonia release
and simultaneous improvement of hemody-
namic performance.39

Other Amino Acids

Histidine
The idea for using His as a protective agent

against myocardial ischemia/reperfusion injury
was developed from several studies demon-
strating a lesser degradation of Ca2+-ATP
activity of sarcoplasmic reticulum, reduction
of sarcolemmal Na+-K+-ATPase activity, inhi-
bition of lipid peroxidation and delayed gen-
esis of arrhythmias in isolated hearts challenged
with singlet oxygen generation in the presence
of this amino acid.40-42 Additionally, His is a
well-known scavenger of OH• radicals.43

The use of high His concentrations
(150-200 mM) in cardioplegic solutions pro-
vides superior intracellular buffer capacity to
stimulate anaerobic energy production during
oxygen deprivation. His-buffered hearts dis-
play effective recovery of cardiac function
coincident with more normal pH and PCO2 in
the coronary sinus effluent at the termination
of ischemia.44 The rationale for this type of
solution is 2-fold. His exerts the maximal buff-
ering near the pH of neutrality, since pKa of
its imidasole group is 7.0 at 25oC. In contrast
to bicarbonate buffer solutions, the buffering
capacity of His does not depend upon the par-
tial pressure of CO2 which may dramatically
change during global myocardial ischemia.
Due to these cardioprotective effects His con-
taining Bretschneider’s cardioplegic solutions
have a sound reputation in clinical and experi-
mental practice for long years.45

Branched Chain Amino Acids
A mixture of leucine, isoleucine and valine

added to crystalloid cardioplegic solutions
maintains myocardial ATP at higher levels
during experimental ischemia.46 This effect is
accompanied by a reduced release of adenine
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nucleotide catabolites from the heart and bet-
ter sarcolemmal integrity during the early
phase of reperfusion.47 The mechanisms of
BCAA action on myocardial energetics remain
obscure.

Increased extracellular concentrations of
these amino acids facilitate their uptake by
cardiomyocytes.48 There are experimental facts
suggesting that the reduced intracellular pH
during myocardial ischemia favors the
transport of BCAA from cytosol into the
mitochondrial matrix, where they are tran-
saminated.49 These reactions yield branched
chain 2-oxoacids and Glu, which is a power-
ful antiischemic agent itself. However, further
catabolism of BCAA is probably inhibited,
since it involves steps catalyzed by NAD+ and
FAD-dependent dehydrogenases and by ATP-
linked carboxylases which are blocked under
ischemia.50

It has been claimed that after cardioplegic
arrest, increased intracellular concentrations of
BCAA stimulate formation of acetyl-CoA and
succinyl-CoA depleted during ischemia, thus
enhancing recovery of oxidative phosphoryla-
tion on reperfusion.47 As Glu and Asp, BCAA
are the only exogenous substrates extracted by
the human heart early after cardiac surgery.
Myocardial uptake of these amino acids cor-
relates positively with their arterial concentra-
tions and oxygen consumption.37,51 This sug-
gests that the accessibility of these substrates
to myocytes may be one of the factors deter-
mining postischemic recovery of energy
metabolism. Other potential benefits of
increased intracellular levels of BCAA are usu-
ally attributed to the promotion of protein
synthesis and reduction of proteolysis.52 Fur-
ther clinical studies investigating the metabolic
and functional effects of BCAA in postopera-
tive settings are, therefore, warranted.

Taurine
This is the most abundant amino acid of

the mammalian heart comprising about 50%
of the total free amino acid pool.53 Although
its physiological function remains undefined,
Tau exhibits an extensive cardiovascular phar-
macology as an antiarrhythmic agent,54 a

modifier of Ca2+ fluxes through the sarco-
lemma55 and a membrane stabilizer.56

The normal heart maintains Tau content
in cytosol by several selective transport mecha-
nisms, so that intracellular concentration of
this free amino acid is extremely high
(20-40 mM).57 However, lowered Tau con-
tents have been reported in cardiomyopathies
induced by hypoxia and ischemia58 and in
hearts subjected to calcium paradox.59 Recent
assessment of Tau release into the interstitial
fluid by microdialysis technique revealed its
potential significance as a marker of myocar-
dial cell injury in experimental coronary
occlusion.60 Profound Tau losses were associ-
ated with irreversible damage of myocytes and
accompanied by increased plasma levels of cre-
atine phosphokinase MB fraction. The loss of
myocardial Tau and other !-amino acids was
also observed in patients undergoing cold car-
dioplegia with St. Thomas’ Hospital cardio-
plegic solution.61 Accordingly, postoperatively
increased Tau levels were found in the blood
of patients subjected to major surgical proce-
dures.62 As a rule, correction of Tau depletion
results in improvement of myocardial dam-
age.59 Franconi et al63 found a good positive
relation between intracellular and extracellu-
lar concentrations of Tau, suggesting that
administration of high doses of Tau increases
its content in the myocardium. In this regard,
the addition of Tau to cardioplegic and
reperfusate solutions or in organ storage media
may be a worthwhile measure to prevent the
loss of !-amino acid pool and disturbances of
energy metabolism.64,65

Tau has been shown to possess antioxidant
activity suppressing lipoperoxide formation
and membrane phospholipid degradation,
which could also account for its cardio-
protective action. This “membrane-stabilizing”
effect is accompanied by a lesser release of
myocardial reduced glutathione, creatine
phosphokinase and diminished depletion of
ATP.66,67 A free-radical scavenging action of
Tau was observed in patients during myocar-
dial revascularization. Reduction of reper-
fusion injury due to preoperative intravenous
infusion of Tau was associated with reduced
lipoperoxidation and significantly lesser dam-



95Metabolic and Antioxidant Support with Amino Acids

age of cardiomyocyte ultrastructure assessed
in biopsy samples.68 Surprisingly, despite abun-
dance of promising experimental data the rela-
tive benefit of myocardial support with Tau
has not been properly evaluated in cardiac
surgery.

Methionine and Cysteine
Met deficiency is mainly associated with

disturbances in lipid metabolism and myocar-
dial lesions, since this essential amino acid is
required for transmethylation of membrane
phospholipids.69,70 In patients with coronary
artery disease, Met potentiates the hemody-
namic effects of acutely administrated intra-
venous nitroglycerin.71 This observation sup-
ports the concept that nitroglycerin action
requires sulfhydril groups (SH) to form
S-nitrosothiols in vascular smooth muscle.
These, in turn, activate guanilate cyclase,
which stimulates the production of cyclic
GMP, which is known to mediate vasodilata-
tion.72 Met contains no SH groups, but it is
converted to Cys, SH-amino acid and, thus,
may provide additional formation of S-nitro-
sothiols leading to increased cyclic GMP levels.

As a powerful OH• radical scavenger,73 Met
is effective in reducing myocardial damage
induced by oxygen free radical formation fol-
lowing ischemia and reperfusion. Thus, addi-
tion of Met to the St. Thomas’ Hospital
cardioplegic solution enhances postischemic
functional recovery and cell membrane
integrity in the isolated working heart model
of cardiopulmonary bypass and ischemic car-
diac arrest.74 As Met is not freely permeable
through the cell membrane,75 its scavenging
effect may be mediated extracellularly, on cell
surfaces and in the capillary endothelium.
There are several reports of Met ability to pre-
vent changes in myofibrillar ATPase activities
induced by hypochlorous acid (HOCl) and
H2O2.76,77 This effect, associated with a lesser
oxidation of myofibrillar SH groups, suggests
that Met can also protect the basic contractile
machinery of the myocardial cell against the
adverse influence of oxygen free radicals.

Like Met, Cys potentiates vasodilating
effect of nitroglycerin through formation of
S-nitrosothiols which activate guanilate
cyclase.78 Cys reverses structural changes of mi-
tochondrial membranes and restores the aor-
tic flow in rat heart perfused with uncouplers
of oxidative phosphorylation.79 This effect is
attributed to preventing interaction of
uncouplers with SH and amino groups at the
inner mitochondrial membrane which results
in reduction of a depletion of high energy
phosphates. There were no attempts to
enhance postischemic recovery of cardiac func-
tion and metabolism using Cys as a donor of
SH groups in cardioplegic and reperfusate
solutions.

Conclusion
Under conditions relevant to cardiac sur-

gery, mechanisms of action of the majority of
amino acids, except Glu and Asp, have not
yet been thoroughly elucidated. Presumably,
they are closely linked with adaptive derange-
ment of myocardial metabolism induced by
ischemic and reperfusion injury. As seen,
amino acid intervention may affect interme-
diary and energy metabolism, ion homeosta-
sis, scavenging oxygen-derived free radicals,
and subsequently membrane integrity and
myocardial performance. In view of such mul-
tifactorial effect on the state of myocardial
metabolism, it seems logical to use these natu-
rally-occurring compounds in various set-
tings of cardiac surgery. Further studies are
needed to delineate the optimal regimens of
myocardial treatment with individual amino
acids or their combination.
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Ischemia/Reperfusion Injury

E normous advances in surgical,
pharmacological, and interventional
techniques resulting in early restoration

of infarct artery patency significantly improved
outcome in patients with acute coronary syn-
dromes.1 However, time-consuming prepara-
tions in patients with acute myocardial
ischemia scheduled for emergency bypass sur-
gery, prolonged interventional procedures in
patients with complex coronary lesions, and
early re-establishment of coronary blood flow
in acute myocardial infarction by means of
thrombolytic agents or primary angioplasty
may result in myocardial tissue damage partly
related to reperfusion of oxygenated blood into
ischemia-damaged myocardial areas.2 Myocar-
dial stunning,3 ventricular arrhythmias,4 or
even lethal cell injury in the sequel of success-
ful reperfusion therapy5 were observed and
confirmed the clinical relevance of reperfusion
injury in acute myocardial infarction.

Coronary reperfusion within a critical pe-
riod is essential for survival of ischemic myo-
cardium. In experimental conditions coronary
occlusion followed by reperfusion revealed
progression of irreversible injury of ischemic
myocardium from the endocardium toward
the subepicardium with potentially salvageable
myocardium for up to 3-6 hours.6 The course
of events is similar in man depending on degree
of coronary stenosis, size of the ischemic area,
size and number of pre-existing collateral

vessels, and hemodynamic complications.
Early reperfusion damages vascular endothe-
lium and capillary structures of the coronary
microcirculation by formation of oxygen-de-
rived free radicals, activation of the comple-
ment system and disturbance of the calcium
homeostasis.7 Increasing evidence of reper-
fusion-induced myocardial damage in routine
revascularization therapy of infarct patients
stimulated interest in therapy strategies to
attenuate myocardial ischemia/reperfusion
injury in acute myocardial ischemia.

As a rule the more time elapsed the higher
is the danger of formation of oxygen-derived
radicals leading to changes in microcirculation
as shown by Komamura et al.8 In this trial a
decrease of coronary vein flow during
reperfusion after myocardial infarction was
shown, demonstrating again that arterial early
reperfusion does not necessarily salvage myo-
cardium. As a conclusion, time should be the
determining factor whether to choose arterial
reperfusion, as after acute vessel occlusion or
ischemia in the cath lab, or venous retrograde
reperfusion when the exact time of the occlu-
sion is unknown.

Coronary Sinus Interventions
Coronary sinus techniques comprising the

methods of retroinfusion,9 synchronized
retroperfusion (SRP),10-13 selective suction and
retroperfusion (SSR),14 intermittent coronary
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sinus occlusion (ICSO),15-17 and pressure-con-
trolled intermittent coronary sinus occlusion
(PICSO)18-30 are based on the experimental
studies of Pratt in the isolated heart31 to main-
tain residual myocardial blood flow via the
coronary venous system. The coronary venous
vasculature, a dense meshwork with numer-
ous interconnections, has three different drain-
age systems, the coronary sinus, the lymphatic
system, and the Thebesian system. The differ-
ent compartments are connected with each
other and create a vast and normally unused
volume capacity. This capacitance and the
numerous interconnections such as arterio-
venous, lymphatic, and venovenous anasto-
moses provide the essential basis and the
mechanism of all coronary sinus interventions.

Evidence of beneficial effects of coronary
sinus interventions in experimental ischemia
and clinical studies renewed interest in coro-
nary sinus interventions to protect ischemic
myocardium from irreversible damage due to
ischemia/reperfusion injury in patients with
acute ischemia by extension of the filling
capacity of the smallest cardiac veins (SCV)
and through improvement of myocardial per-
fusion. Today’s role of coronary sinus inter-
vention in the therapy of coronary artery dis-
ease is based on the theory of temporary
protection of jeopardized myocardium in
patients with acute coronary syndromes
undergoing early revascularization procedures.

Pressure-Controlled Intermittent
Coronary/Sinus Occlusion
(PICSO)

The technique of PICSO developed by
Mohl and coworkers19 is based on a forced
redistribution of venous blood flow into the
coronary beds in the setting of coronary artery
occlusion to reduce infarct size, improve
regional myocardial function, and enhance
washout of ischemic metabolic byproducts
(Fig. 9.1). The PICSO device is composed of
a balloon-tipped catheter positioned in the ori-
fice of the coronary sinus by means of fluo-
roscopy, a pneumatic pump device, and a
decentral process computer connected by a
four knots Field Bus Controller Area Network

(CAN). The knot “user interface” is a stan-
dard industry personal computer, the knot
“master” is a microcontroller system connected
to an instrumentation amplifier linked to a
pressure sensor, the knot “electrocardiogram
(ECG)” is a serial linked I/O (SLIO) control-
ler connected to an ECG amplifier, and the
knot “balloon” is a SLIO controller connected
to an amplifier linked to a sensor measuring
the balloon pressure and to a motor balloon
pump.

The PICSO system redistributes coronary
venous blood flow by changes in pressure gra-
dients throughout the coronary venous sys-
tem in the setting of coronary artery occlu-
sion (Fig. 9.2). The pump automatically
inflates/deflates the balloon according to the
occlusion/release timing obtained from the
closed-loop feedback algorithm of the system
(Fig. 9.3). During balloon inflation there is a
slow increase in systolic and diastolic coronary
sinus pressure with the effect of redistribution
of the coronary venous blood flow from nor-
mal to underperfused, ischemic areas (redis-
tribution period). Gradual rise of systolic coro-
nary sinus pressure to a plateau, and a
concomitant increase of systolic pressure in the
perfusion area of the infarct-related coronary
artery, results in exchange of toxic metabolic
products (equilibrium period). The occlusion
period is automatically terminated when the
exponential curve fitted to the systolic coro-
nary sinus pressure peaks 95% of its predicted
plateau value. In healthy controls, plateau val-
ues of 60-80 mmHg are usually observed, and
occlusion times approximately range from 6-
10 seconds. In patients with myocardial inf-
arction, due to the loss of myocardial contrac-
tility, however, slope of the peak values will be
drastically reduced resulting in decreased pla-
teau values and substantially prolonged occlu-
sion times. Following termination of the
PICSO cycle by deflation of the balloon, coro-
nary sinus pressure abruptly decreases and
coronary sinus flow is released, facilitating an
enhanced drainage of the venous system and
reestablishing flow currents that promote
washout of accumulated toxic wastes in the
ischemic area (washout phase). After a release
period of approximately 6-7 heart beats and
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Fig. 9.1. Illustration of a thermographic study of retrograde myocardial blood supply during coronary sinus
intervention in experimental ischemia. Note the disappearance of the dark color during coronary sinus occlusion
(D) determining improved perfusion. During coronary sinus release (E) washout takes place (recurrence of dark
color).
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complete return of coronary sinus pressure to
baseline levels, the balloon is automatically
inflated in order to initiate the next PICSO
cycle. The intermittent nature of the inflation/
deflation cycle prevents potential complica-
tions of hemorrhage, edema, thrombosis, ar-
rhythmias, or conduction disturbances in spite
of an individual peak coronary sinus pressure
of 60 mmHg or more.

Experimental Studies
In experimental myocardial infarction

ICSO and PICSO demonstrated a significant
reduction of infarct size compared to controls
(Fig. 9.4). In 31 mongrel dogs with experi-
mental infarction due to ligation of the left
anterior descending coronary artery (LAD) for
6 hours Mohl et al20 showed a significant in-
crease of myocardial salvage by PICSO com-
pared to controls. In 41 dogs subject to a 3
hours occlusion of the proximal LAD Ciuffo
et al16 showed a significant reduction of is-
chemic necrosis and significant increase of
myocardial perfusion in the ICSO therapy
group compared to controls. In 22 dogs sub-
ject to 3 hours ligation of the LAD followed
by 8-12 days or reperfusion Guerci et al26

showed a significant increase of myocardial
salvage in the ICSO therapy group compared
to controls. In 22 mongrel dogs with LAD
occlusion for 3 hours followed by 3 hours of
reperfusion Jacobs et al23 showed a significantly
enhanced myocardial salvage of ischemic myo-

cardium in the PICSO group compared to
controls. In two experimental occlusion/
reperfusion models, however, PICSO15 and
ICSO,25 respectively, did not significantly re-
duce infarct size or afford myocardial protec-
tion. The negative results of these trials could
be related to the insufficient increase of sys-
tolic coronary sinus pressure during coronary
sinus intervention and inadequate individual
adaptation of the PICSO algorithm.

Recent experimental studies on pigs have
shown that PICSO effectively reduced both,
infarct size and myocardium at risk after coro-
nary artery occlusion.27-29 In addition to
reduction of infarct size in experimental myo-
cardial infarction a significant improvement
of regional ischemic myocardial function due
to temporary intravascular balloon occlusion
of the proximal LAD by PICSO has been
demonstrated.21

Clinical Studies
Safety and efficacy of PICSO was evalu-

ated in a randomized trial of 30 patients with
coronary artery disease undergoing bypass sur-
gery.30 To analyze changes of sectional and seg-
mental wall motion during extracorporeal
circulation intraoperative two-dimensional
echocardiography was performed from the
short-axis cross-sectional view. PICSO was
started after aortic declamping and continued
for one hour during early reperfusion.
Although sectional wall motion did not sig-

Fig. 9.2. Schematically illustration of myocardial blood supply in normal conditions, during acute ischemia, and
during coronary sinus intervention (PICSO).
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Fig. 9.3 Schematic illustration of a PICSO cycle during acute ischemia and depicts the increase in venous perfusion
in relation to the coronary sinus pressure.

Fig. 9.4. Summary of the effects of PICSO and ICSO in experimental reperfused myocardial infarction.



Ischemia-Reperfusion Injury in Cardiac Surgery104

nificantly change, hypokinetic segments were
preserved better in the PICSO therapy group
compared to placebo coronary sinus interven-
tion. Coronary artery bypass grafting was per-
formed, and PICSO was applied after reopen-
ing of the aorta while the patient was still on
cardio-pulmonary bypass. Note the sudden
increase of the systolic plateau during open-
ing of the bypass graft (Fig. 9.5).

In patients with anterior acute myocardial
infarction treated with thrombolytic therapy
implementation of ICSO was obtained in 12
patients and compared 12 patients treated with
thrombolysis alone.18 In the absence of adverse
effects ICSO therapy slightly improved enzy-
matic infarct size, myocardial lactate metabo-
lism, left ventricular wall motion, and
scintigraphically documented perfusion
defects compared to controls.

Future Directions
Based on the positive effects of PICSO and

ICSO in experimental myocardial ischemia
and clinical studies randomized clinical stud-
ies are elaborated to evaluate the safety and
efficacy of PICSO in patients with unstable

angina or emerging myocardial infarction,
during high-risk interventional procedures,
and during cardiac arrest in bypass surgery.
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Discovery, Definition,
and Capabilities

T raditional ways to improve ischemia
tolerance in patients with obstructive
coronary artery disease include

pharmacological and mechanical interven-
tions. Recently, ischemic preconditioning has
emerged as a third modality. Observations in
the laboratory have developed into a strategy
for the protection of the ischemic heart which
may prove to be of clinical usefulness. Ischemic
preconditioning was first described more than
a decade ago as a phenomenon that increases
myocardial tolerance against ischemic injury
by pre-exposure of the heart to one or more
brief episodes of ischemia.1 In the original
work, Murry et al1 found a 75% reduction in
infarct size caused by a 40 min occlusion of a
coronary artery when the occlusion was pre-
ceded by four episodes of 5 min ischemia and
5 min of reperfusion (Fig. 10.1). In the fol-
lowing years the use of the term ischemic pre-
conditioning has been extended to include
endpoints other than reduction of infarct size.
Ischemic preconditioning was shown to pro-
tect against postischemic contractile dysfunc-
tion2-4 (Fig. 10.2), postischemic dysrhyth-
mia,5,6 autonomic nerve dysfunction,7 vascular
dysfunction,8,9 generation of free oxygen
radicals,10,11 and myocardial stunning12

(Table 10.1).

The phenomenon could be observed in all
animal species studied in both in vivo and in

vitro preparations, and with global as well as
regional ischemia. Most studies have used as
experimental models, dogs,1,13,14 pigs,15-17 rab-
bits,2,18-21 or rats,4,7,10,22 preconditioning effects
in man.22-26,27 It is of interest that the protec-
tive effects of ischemic preconditioning can
also be induced by nonischemic interventions
such as hypoxia,28 rapid pacing,29 or pharma-
cological agents30,31 e.g., adenosine agonists32

(Table 10.1). Ischemic preconditioning has
also been observed in patients undergoing
angioplasty. It was noted that balloon infla-
tions with occlusion of the vessel subsequent
to the first occlusion were associated with a
reduction of ST-segment elevation, with re-
duced lactate release into the coronary sinus,
and with less severe pain of angina pecto-
ris.22,23,33 More recent reports suggest that
preinfarction angina may have a protective
effect.26,34-36 The suggested presence of is-
chemic preconditioning in patients with coro-
nary artery disease is also supported by the
observation that patients with a transmural
myocardial infarction and a history of angina
within 7 days prior to infarction have a lower
morbidity and a better clinical outcome than
patients without preinfarction angina.36

Limitations of Ischemic
Preconditioning

Despite the described pluripotency of
ischemic preconditioning, the efficacy of the
intervention is limited by a number of factors.
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The adaptive response of the heart to the pre-
conditioning stimulus occurs quickly (within
2-15 min) and is relatively short-lived. If the
duration of reperfusion between precondition-
ing and sustained ischemia exceeds 120 min
(in dogs, 60 min in rats) the protective effects
are largely lost. Furthermore, if the duration
of sustained ischemia exceeds 60-180 min no
protective effects can be detected.6,37-39

Recent evidence suggests the existence of a
“second window of protection”, a slower adap-
tive response where protective effects are
detectable 24h after the preconditioning
stimulus.40 The mechanisms involved in this
late protection appear to involve the regula-
tion of gene expression, especially the expres-
sion of a group of stress proteins termed heat
shock proteins.40,41

Another limitation is the poor reproduc-
ibility of results. Despite keeping to the
described time frames several investigators did
not find protection by ischemic precondition-
ing with protocols that have been shown as
protective.42-44 Different protocols also
produce conflicting results. It has been
reported that in the rat heart three cycles of

preconditioning ischemia/reperfusion are nec-
essary to reduce infarct size,45 while others have
shown before that one cycle protects as good
against infarction as 12 cycles.46 Liu and
Downey45 compared a protocol with three
cycles of 5 min ischemia and 5 min of
reperfusion with a protocol with one cycle of
5 min ischemia and 10 min of reperfusion and
concluded that the rat heart has a higher
threshold of preconditioning than other ani-
mal species. On the contrary, we4,47 and oth-
ers48 have found that only one cycle of ischemic
preconditioning (5 min of ischemia with
10 min of reperfusion) is necessary in the iso-
lated rat heart to improve postischemic recov-
ery of contractile function4,47 or to reduce in-
farct size.48 Thus, it seems difficult to establish
thresholds of ischemic preconditioning for
individual animal species, although species
differences may be of importance in situations
where several mediators elicit the same
response (see section 4a).

The literature also contains controversy
about the response of the contractile apparatus
of preconditioned hearts during ischemia.
Both the delay and early onset of ischemic

Fig. 10.1. Reduction of infarct size by ischemic preconditioning without a change in collateral flow. Ischemic
preconditioning with four cycles of 5 min ischemia followed by 5 min of reperfusion ( ) resulted in a 75%
reduction of infarct size after a 40 min sustained occlusion of the circumflex artery compared to nonpreconditioned
control hearts (        , panel A). At the same time collateral flow was unaltered (panel B). Mean ± SEM, *
p < 0.001 compared to Control. Reproduced, with permission from Murry et al. Circulation 1986; 74:1124-1136.
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Fig. 10.2. Effects of 15 min ischemia on the recovery of contractile function of isolated working rat hearts perfused
with Krebs-Henseleit buffer containing glucose (10 mM). Control hearts (❍ ), ischemically preconditioned hearts
( ▼ ), hearts from fasted animals where lactate and insulin were added to the perfusate ( ●  ). Note, that both
ischemic preconditioning as well as the metabolic interventions resulted in an almost complete recovery of func-
tion. Mean ± SEM, * p < 0.05 compared with last measurement before ischemia. Reproduced, with permission
from Doenst et al. Am. J. Physiol. 1996; 270:H1607-H1615.

Table 10.1. Ischemic preconditioning

A) Ways to assess the effects on the myocardium

- Reduction in infarct size1,48,134

- Improvement in recovery of postischemic contractile function2,4,42,50,135

- Reduction of postischemic dysrhythmia5

- Reduction in nerve dysfunction7,136

- Reduction of the generation of free oxygen radicals10

- Reduction of the endothelial damage8

- Reduction of stunning12

B) Ways to induce the effects

- Ischemia1,4,38

- Hypoxia28

- Rapid pacing29

- Transient substrate withdrawal95,137

- Pharmacological interventions30,32

- Cyclic variations of coronary flow138
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contracture as well as both decreased and
increased end diastolic stiffening during
ischemia have been reported.4,49-52 In contrast,
there is no disagreement on the ability of pre-
conditioning to improve postischemic cardiac
function.

Similar discrepancies can be found
throughout the literature on precondition-
ing. These discrepancies may possibly be
explained by the different animal models and
animal species used as well as the different
degrees of “inadvertent” preconditioning35

during the preparation of the model (cannu-
lation of hearts,53,54 surgery,35 or cardiopulmo-
nary bypass54).

Effects of Ischemic
Preconditioning on Cardiac
Metabolism

Since the protection afforded by ischemic
preconditioning is short-lived it seems reason-
able to assume that acute adaptive responses
of the metabolism, or of the regulation of ion
homeostasis, or of both, are involved in the
mechanism of ischemic preconditioning.
Quite a few such responses have been identi-
fied and are summarized in Table 10.2. Three
metabolic concepts emerged from these find-
ings. Those are described in detail below and
they are included in Table 10.3 and the sche-
matic of Figure 10.3.

Preservation of ATP—Conservation
of the Moieties

The first difference observed between the
ischemic metabolism of preconditioned and
nonpreconditioned hearts was the preservation
of the ATP pool in preconditioned hearts.55-57

This discovery was already made before
ischemic preconditioning got its name.56 The
authors proposed that the tissue ATP content
could be further depleted if an ischemic epi-
sode was divided into several short periods of
ischemia interrupted by a short episode of
reperfusion. The hypothesis was based on the
observation that during a long period of
ischemia ATP depletion occurred in an expo-
nential fashion. The results were unexpected.

If hearts were subjected to 40 min of total
ischemia in 8 episodes of 5 min ischemia,
interrupted by short reperfusion periods, the
tissue ATP content at the end of ischemia was
significantly higher than in hearts subjected
to one episode of 40 min ischemia. Five years
later the same laboratory demonstrated that
this strategy was also capable of reducing inf-
arct size.1

The preservation of ATP during ischemia
in preconditioned hearts has since been con-
firmed by many others.50,57,58 The mechanism
for the “ATP-sparing effect”57,59 is still a mat-
ter of debate. A reduction in energy demand
or an inhibition of the mitochondrial F0F1

ATPase, which hydrolyzes ATP during
ischemia,60 have been proposed as plausible
mechanisms. However, it is important to
remember that contractile function is sup-
ported by the turnover and not the tissue con-
tent of ATP. Myocardial ATP and phospho-
creatine stores would be used up within
seconds if regeneration did not occur. There-
fore, it is reasonable to ask whether the term
“ATP-sparing” is not misleading, and whether
the estimation of ATP turnover from measure-
ments of tissue ATP content at selected time
points61 is reliable. The preserved ATP levels
at the end of ischemia may either reflect a high
degree of ATP production or a decrease in ATP
demand. The contradictory findings on the
glycolytic rate during ischemia (the main pro-
vider of ATP in the absence of oxygen) in pre-
conditioned hearts make it impossible to reach
a firm conclusion at this time.

We have demonstrated that the depletion
of ATP during ischemia is independent of
postischemic functional recovery as long as the
adenine nucleotide pool remains large enough
to maintain sufficient ATP turnover upon
reoxygenation.62,63 The preservation of the key
components of metabolism (moieties), e.g.,
ATP, and adenine nucleotides is a fundamen-
tal principle of metabolism63 which can also
be incorporated into the concepts governing
the mechanism of ischemic preconditioning.
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Table 10.2. Documented effects of ischemic preconditioning on metabolism,
contractile function, and ion homeostasis

Preservation of ATP1,139

Inhibition of mitochondrial F0F1-ATPase60

Depletion of glycogen48,65

Reduction in lactate accumulation48,50,139

Attenuation of acidosis48,57,67,73

Decreased accumulation of long chain acyl-carnitine138

Decreased generation of oxygen-derived free radicals10

Increased glycolytic rate18

Decreased glycolytic rate48,50,57,73,140

Decreased and delayed ischemic contracture10,50

Increased and early onset of ischemic contracture4,49,51

Protection against stunning12,141

Reduction of Ca2+ and Na+ overloading91,92

Inhibition of Na+/H+ exchange91,92

Table 10.3. Suggested mechanisms of ischemic preconditioning: metabolic concepts

Approach Mechanism of Action Pro Con

- ATP-preservation preservation Murry et al 1986,19901,57

of energy charge Jennings et al 1991142

Yellon et al 199324

Abd-Elfattah et al 199555

- due to inhibition Vuorinen et al 199560 Kobara et al 1996140

of F0F1 ATPase

- Glycogen depletion reduction of H+ and Asimakis et al 199250 Schaefer et al 199567

lactate accumulation Wolfe et al 199348 Asimakis 199674

Reimer et al 199461 Doenst et al 1996,19974,47

Barbosa et al 199665 King and Opie 1996143

- Reduced anaerobic reduction of H+ and Murry et al 199057 Fralix 1992144

glycolysis lactate accumulation Asimakis et al 199250 Janier et al 199418

Wolfe et al 199348 Doenst et al 1996,19974,47

Finegan et al 199573

Schaefer et al 199567

- Inhibition of Ca2+ avoid Ca2+ overloading Steenbergen et al 199391

channels Zucchi et al 1995145

- Inhibition of Na+/H+ avoid Na+/Ca2+ Fralix et al 1993146 Ramasamy et al 199592

exchange overloading Steenbergen et al 199391

Bugge and Ytrehus 1995147
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The Glycogen Hypothesis—
An Epiphenomenon?

The observation that ischemic precondi-
tioning depletes preischemic glycogen content,
reduces lactate accumulation, and attenuates
intracellular acidosis led to a reexamination of
the hypothesis that H+ could replace Ca2+ on
the myofilaments64 which would result in
impaired contractile function and ischemic
injury. Wolfe and his  co-workers48,65

demonstrated a positive correlation between
preischemic tissue glycogen and postischemic

infarct size. They suggested that preischemic
glycogen depletion by preconditioning-is-
chemia reduced substrate availability for
anaerobic glycolysis during ischemia, thus re-
ducing lactate and H+ production, and thereby
attenuating acidosis. At least three observations
argue against this hypothesis.

First, we demonstrated in the isolated
working rat heart model that the protection
afforded by ischemic preconditioning is
independent from the preischemic glycogen
content.4,47 We also demonstrated that lactate
accumulation does not affect postischemic

Fig. 10.3. Schematic of the signal transduction cascades possibly involved in the mechanism of ischemic precon-
ditioning. Several sequences are included: preconditioning ischemia leads to the release of adenosine, bradykinin,
noradrenaline, and acetylcholine. Most of these mediators activate a Gi-protein which can have several effects.
Adenosine A1-receptor activation leads to activation of phospholipase D (PLD) which gives rise to phosphatidic
acid (PA) from phosphatidylcholine (PCh). PA is metabolized to diacyl-glycerol (DAG), which is the primary
activator of protein kinase C (PKC). The muscarinic M2-receptors and the alpha-adrenergic receptor lead to the
activation of phospholipase C (PLC) which gives rise to DAG and inositol-1,4,5,-trisphosphate (IP3) from
phosphinositolphosphate (PIP2). IP3 leads to the release of Ca2+ from the sarcoplasmic reticulum (SR) which also
activates PKC. G-proteins also reduce the sensitivity of K+-channels for ATP. A reduction in cellular ATP would
result in the opening of the channel and a shortening of the action potential. Finally, Gi proteins reduce the activity
of adenylate cyclase activity which suppresses cAMP production. Stimulation of the bradykinin receptor (B2-
receptor) causes an increase in intracellular cGMP which activates a cGMP-sensitive phosphodiesterase. Both the
reduction in cAMP and the increase in cGMP cause an inhibition of the L-type Ca2+-channel and thereby reduce
Ca2+ overloading. Preconditioning ischemia also leads to translocation of glucose transporters to the cell membrane
increasing the glucose transport capacity. Inhibition of the FoF1-ATPase which is responsible for a major part of
ischemic ATP breakdown may also account for the ATP-sparing effect.
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recovery of function. Secondly, if glycogen
depletion were involved in the mechanism of
ischemic preconditioning, depletion of
preischemic glycogen without ischemia (e.g.,
by anoxia, or by substrate-free perfusion)
should also result in protection. We66 and oth-
ers67 were unable to confirm this hypothesis
in isolated rat hearts.

In contrast, we demonstrated that raising
glycogen before the onset of ischemia was
beneficial for the return of postischemic con-
tractile function4,68-70 and that the addition of
lactate or lactate and insulin to the perfusate
before or after ischemia improved postischemic
recovery.4,66 The third argument against the
glycogen hypothesis is the fact that pharma-
cological preconditioning does not deplete
preischemic glycogen.71 We therefore con-
clude that glycogen depletion through
ischemic preconditioning appears to be an
epiphenomenon.

Glycolysis—A Major Player
in Ischemic Preconditioning?

The majority of the studies investigating
glucose metabolism in preconditioned hearts
suggest that the glycolytic rate during sustained
ischemia is decreased which results in less lac-
tate and proton production implementing
attenuation of acidosis for the protective ef-
fects of ischemic preconditioning.48,50,57,67,72-74

In contrast, one group of investigators18

demonstrated increased glycolytic flux during
ischemia after preconditioning in a model of
low-flow ischemia, and another group reports
an inverse relationship between the rate of gly-
colysis and ischemic injury.75 The anaerobic
production of cytosolic ATP during ischemia
has been linked to the maintenance of ion-
pump activity in the sarcolemma for the pres-
ervation of cellular integrity.76 In addition,
adenosine increases glycolytic flux through an
A1-receptor-dependent pathway.77 The same
receptor may be involved in the transfer of the
ischemic preconditioning stimulus to the cel-
lular level,43 (see below).

It is difficult to resolve this controversy.
Low-flow ischemia differs from total ischemia.
Assessment of glycolytic rates during total

ischemia relies on indirect measures, such as
glycogen depletion or lactate accumulation, or
both, and does not provide changes as a func-
tion of time or actual rates.

However, if the rate of anaerobic glycoly-
sis is reduced in preconditioned hearts, so is
ATP production. Preservation of ATP is there-
fore only possible if energy consumption is
decreased before ATP is depleted. Possible
mechanisms could include an inhibition of the
mitochondrial F0F1 ATPase60 (a major culprit
for ischemic ATP hydrolysis) or an early
reduction of contractile function. Another pos-
sibility is an increased rate of anaerobic glyco-
lysis maintaining residual ATP generation.76

The latter proposal is opposed by the major-
ity of studies reporting decreased lactate pro-
duction and attenuation of acidosis during
ischemia.35,50,67,72-74 Thus, there appears to be
some intervening influence to decrease con-
tractile function before total ATP depletion.
This influence is even more necessary in the
setting of ischemic preconditioning if anaero-
bic glycolysis is indeed decreased (the major
source of ATP production during ischemia)
and ATP levels in the cell are maintained. In
this context, reduction of lactate accumula-
tion and attenuation of acidosis may just be
the consequence of reduced energy demand.

Delivery of Preconditioning—
How Is Protection Mediated?

Despite extensive investigation of signal
transduction pathways and other possible
mediators, the exact mechanisms underlying
ischemic preconditioning remain elusive. Sev-
eral hypotheses have been advanced.

At least one of the mechanisms of ischemic
preconditioning can be triggered by the inter-
action between endogenous factors produced
within the heart and cardiac myocytes. Oth-
erwise, the efficacy of ischemic precondition-
ing could not be explained in isolated
hearts?4,19,47,73 In addition, it may well be that
remotely produced factors activate the same
or a similar response in the heart.78, 79

McClanahan et al79 demonstrated that a prior
episode of renal ischemia and reperfusion
reduced myocardial infarct size in rabbits.
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Several endogenous ischemic byproducts
have been identified which may have the
potential to mediate protection against
ischemic injury of the heart, whether in a
paracrine or an endocrine fashion. These
mediators generally exert their effects through
the interaction with specific receptors and the
activation of transduction cascades. The most
widely discussed candidates are adenos-
ine12,17,19,31,38,60,80 and noradrenaline.21,81-84

Other mediators include bradykinin,85,86

prostanoids,5,29 endorphins,87 acetylcho-
line,30,88 and oxygen derived free radicals.20,57

The “delivery systems” associated with the
individual receptors are believed to be protein
kinase C,89 the ATP sensitive K+ channel,90 the
Na+H+ exchanger,91,92 and the L-type Ca2+

channel.93,94 Figure 10.3 summarizes the most
commonly advanced hypotheses into a simple
schematic. In this scheme adenosine and
noradrenaline are endogenous mediators. Pro-
tein kinase C and K+ ATP channels are pos-
sible effectors distal to the receptor. The con-
cepts are discussed in detail in the following
section. Please refer to Table 10.4 and Fig-
ure 10.3 for summary information.

Two Possible Endogenous Mediators
of Protection

Adenosine—Sufficient but not
Mandatory for Preconditioning

The increase in tissue AMP during
ischemia causes an increased production of
adenosine through 5' nucleotidase. The gen-
eration of adenosine takes place within min-
utes and its release during preconditioning
reperfusion with subsequent activation of A1

or A3 or both adenosine receptors is thought
to be involved in the mechanism of ischemic
preconditioning.4,15,19,95,96 Evidence for this
hypothesis was provided by experiments where
selective A1 receptor agonists (but not A2

receptor agonists) could mimic the reduction
in infarct size,38,97 while the addition of
adenosine receptor blockers (8-p-sulpho-
phenyl theophylline or PD115199) prevented
the infarct size reduction normally observed
with ischemic preconditioning80 (Fig. 10.4).
Adenosine may exert its cardioprotective ef-

fects in several ways: 1) by activation of ATP
sensitive K+ channels98 (see below), 2) by trans-
location of protein kinase C89 which is believed
to be initiated by activation of phospholipase
D99, 100 (see below), 3) by inhibition of cat-
echolamine action through activation of Gi

proteins and reduction of adenylate cyclase
activity,101 4) by the reduction of norepineph-
rine release from sympathetic nerve endings102

(in contrast to a1 adrenergic receptor hypoth-
esis, see below), 5) by blockade of cardio-
myocyte L-type Ca2+ channels,93,94 6) by the
stimulation of glucose uptake and utilization.77

At this time, it is unclear which of these mecha-
nisms are predominant. Since adenosine re-
lease during reperfusion ceases after the first
cycle, a logical problem emerges when adenos-
ine release is implicated in the mechanism of
preconditioning in a model where several
cycles of preconditioning/reperfusion are nec-
essary for protection. This effect can be ob-
served in pigs103 and rats.45 Hence, it is not
surprising that certain studies were not able
to confirm the adenosine hypothesis,104-106 and
some investigators even question whether
adenosine is involved in the mechanism of
ischemic preconditioning.107,108

An explanation for these discrepancies may
come from the different animal species used
or may be provided by the threshold hypoth-
esis of Downey and his colleagues.45,71 Accord-
ing to this hypothesis, the stimulus provided
by adenosine release may not be sufficient to
induce the protective effects and may require
supplementation by other mediators. Vice
versa, if the adenosine stimulus is blocked, e.g.,
through an A1-receptor blocker, the stimula-
tion of the protective effects through alterna-
tive mediators has to be increased or protec-
tion will not be detectable. In conclusion,
endogenous adenosine appears to be sufficient
but not mandatory for the induction of
ischemic preconditioning.

Noradrenaline and the !!!!!1-Receptor—
Independent from Adenosine?

Other investigators have demonstrated that
ischemic preconditioning may be mediated by
increased release of norepinephrine from
autonomic nerve terminals.21,81,82 On the ba-
sis of selective !1-adrenergic blockade and
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Table 10.4. Suggested mechanisms of ischemic preconditioning: Pharmacological agents,
receptors, and intracellular mediators

Pharmacological Receptor Mechanism Pro Con

Agent of Action

- Adenosine: A1 receptor activation of Gi protein Kirsch et al 199098 Cave et al 1993106

PKC-translocation Liu et al 1991-199419,80 Hale et al 1993105

A3 receptor K+
ATP channel- Downey et al 199338 Hendrikx et al 1993104

opening Lasley, Mentzer 1993148 Li and Kloner 1993108

Burns et al 199554 Liu and Downey 1993149

Kerensky et al 199532 Armstrong et al 199495

Schulz et al 199531 Yabe et al 199528

Woolfson et al 199596

Auchampach, Gross 1993119

- Noradrenaline: !1 receptor translocation of PKC Banerjee et al 199381 Richardt et al 1987102

Mitchell et al 199583 Thornton et al 1993123

Toombs et al 199321 Bugge, Ytrehus 1995150

Tsuchida et al 199484 Weselcouch et al 1995151

Burns et al 199554

Kitakaze et al 199582

- Bradykinin: BK2 receptor translocation of PKC Vegh et al 1994, 19955,29 Bugge, Ytrehus 1996152

Nitric oxide Wall et al 199486

- Prostanoids: Nitric oxide Vegh et al 1990153 Weselcouch et al 1995154

Woolfson et al 199596

- Endothelin: translocation of PKC Wang et al 1996155

- Acetylcholine M2-receptor activation of Gi proteins Yao and Gross 199330

Hendrikx et al 1993156

Przyklenk et al 199588

- Morphine opiate activation of K+
ATP Schultz et al 1995,199687,157

receptor channel

- Angiotensin II ATII receptor translocation of PKC Liu et al 1995158

- K+
ATP channel- direct activa- Auchampach et al Kitzen et al 1992124

openers tion of K+
ATP 1991,1992121,122 Grover et al 1993160

channel Cole et al 19933 Thornton et al 1993123

Steenbergen et al 199391 Yabe et al 199528

Schulz et al 199415

Tomai et al 199422

Mizumura et al 1995159

Hu et al 1996112

- PKC activators direct translo- Liu et al 1994161 Armstrong et al 199495

cation and Speechly-Dick et al 1994117 Vogt et al 1994118

activation of Ytrehus et al 199489 Przyklenk et al 199514

PKC Mitchell et al 199583

Hu et al 1996112

Kitakaze et al 1996162
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stimulation experiments it was concluded that
ischemic preconditioning is mediated through
an !1-adrenergic mechanism.81 The activation
of !1-adrenergic receptors leads to the activa-
tion of phospholipase C, which in turn leads
to transient increases in diacylglycerol (DAG)
and inositol-1,4,5-trisphosphate (IP3).109,110

DAG is the primary physiological activator of
protein kinase C, a serine-threonine kinase
implicated in the preconditioning effects83,111

(see below and Fig. 10.3).
Some investigators suggest that the

!1-adrenoceptor is still capable of reducing
infarct size despite the presence of an adenos-
ine receptor blocker.84 Thus, it appears that
both adenosine receptors and !1-
adrenoceptors share certain parts of the same

transduction cascade but are able to acti-
vate them independently.

Two Possible Effectors Distal
to the Receptors

Protein Kinase C—
The Common Denominator

Protein kinase C (PKC) is a promiscuous
enzyme which is considered to be involved in
most of the transduction cascades implicated
with ischemic preconditioning.83,89,112 PKC
belongs to the serine threonine kinase family.
Its 11 or more isoforms are associated with a
variety of receptors and physiological effectors.113

PKC participates in the regulation of ion
homeostasis, vascular tone, myocyte contractility,

Fig. 10.4. Prevention of the preconditioning-induced reduction in infarct size by the adenosine receptor antago-
nists 8-p-sulphophenyl theophylline (SPT) and PD115199 in rabbit hearts subjected to a 30 min occlusion of the
left coronary artery followed by three hours of reperfusion. Preconditioning was induced by a single cycle of 5 min
ischemia and 10 min of reperfusion. * p < 0.001 compared to Control. Reproduced with permission from Liu et
al. Circulation 1991; 84:350-356.
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gene expression, hypertrophy, and in phospho-
rylation of specific cellular proteins.111,113 The
a, d, and e isoforms are predominant in the
heart.83,114 Upon stimulation of e.g., adenos-
ine A1-receptors, !1-adrenoceptors, or during
ischemia, DAG and IP3 are formed resulting
in the activation and translocation of protein
kinase C to the myocyte membrane.19,83,115 An
as yet unidentified, membrane bound target
protein has been proposed to undergo phos-
phorylation by PKC, thereby inducing the pro-
tective effects of ischemic preconditioning.19,89

However, support for the concept that PKC
translocation by ischemic preconditioning is
responsible for the reduction of infarct size is
mainly indirect. In rat and rabbit hearts as well
as in rabbit myocyte preparations pretreatment
with PKC blockers (staurosporin, polymyxin
B, or calphostin C) abolishes the protection
of ischemic preconditioning.19,83,89,95,116,117

Vice versa, the activation of PKC with potent
PKC activators (4b-phorbol, 12-myristate, or
13-acetate) mimics the cardioprotective effects
of preconditioning.19,83,89,95,116,117 Mitchell et
al83 demonstrated, with the use of isoform
specific antibodies to PKC in the rat heart,
that ischemic preconditioning causes a trans-
location of the d-isoform to the sarcolemma
and of the e-isoform to the nucleus. The
authors proposed the d-isoform to be involved
in the acute protection afforded by ischemic
preconditioning.

In dog hearts, a short period of ischemia
induced no significant translocation of PKC.14

In addition, not all the pharmacological evi-
dence has been supportive of the PKC trans-
location hypothesis.14,118 The issue is further
complicated by the demonstration that
blockers of protein kinase C (bisimdolyl,
maleimide, or staurosporin) elicit their own
effects limiting infarct size.118

Thus, if PKC is involved in precondition-
ing, the end effector is still unknown. Activa-
tion of the K+ ATP channel may be a possibility
(see below). An alternative hypothesis has been
suggested by Kitakaze et al82 who suggested
that the activation of PKC precedes and is
responsible for the release of adenosine
through activation of ecto-5'nucleotidase and
its translocation to the cell membrane.

K+
ATP—A Possible End Effector

of the Transduction Cascades
The ATP sensitive K+-channel is one of the

most abundant ion channels on the sarco-
lemma. Studies on ischemic preconditioning
suggest that activation of the K+

ATP channel
in myocardial fibers limits the detrimental
effects of ischemia, probably because of the
shortening of the action potential duration,
which in turn results in a reduction in both
Ca2+ inflow and ATP depletion.3,90,91,119,120

The mechanism by which the activation of
K+

ATP-channels during a brief ischemic period
protects the myocardium during subsequent
ischemic episodes is unknown, but it has been
shown in a number of studies and animal spe-
cies that the inhibition of channel opening
(e.g., with glibenclamide90,119) also abolished
the protective effects afforded by ischemic pre-
conditioning. Vice versa, the stimulation of
the channel opening was able to mimic pre-
conditioning.121,122

Although several investigations do not sup-
port the hypothesis of an involvement of the
K+

ATP channel in the mechanism of ischemic
preconditioning,123,124 recent studies suggest
a role for K+

ATP channels in preconditioning
of human myocardium.22,112 Hu et al112 linked
the activation of PKC in human and rabbit
myocytes to the opening of ATP-sensitive K+

channels. In their study, protein kinase C
reduced the channels’ sensitivity for ATP ren-
dering it open under conditions of decreasing
ATP.

Preconditioning Without
Preconditioning?

The search for a common mechanism
underlying the phenomenon of ischemic and
pharmacological preconditioning is compli-
cated further by observations that simple meta-
bolic or nutritional changes, such as fasting in
vivo, can increase ischemia tolerance in vitro
to the same extent as ischemic precondition-
ing.4 As shown in Figure 10.2, the addition of
lactate and insulin to the perfusion medium
of hearts from fasted animals improved post-
ischemic cardiac function to the same extent
as ischemic preconditioning. The two experi-
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mental groups shared two other findings which
were different from the control group. First,
we observed a reduction of the release of the
ischemically accumulated lactate. We sug-
gested that the ability to oxidize lactate dur-
ing the reperfusion period is a strong indica-
tor for postischemic return of function.
Secondly, we observed a biphasic behavior of
glucose uptake in the reperfusion period, mea-
sured with the positron-emitting glucose tracer
analogue [18F]-2-deoxy-2-fluoroglucose
(FDG). An initially high uptake rate was fol-
lowed by a suppression in the late phase. In
both, ischemically preconditioned hearts and
hearts subjected to the metabolic manipula-
tions, there was an early increase in glucose
uptake compared to control, suggesting an
early need for glucose substrate. Other reports
add support to this hypothesis. Insulin like
growth factor (IGF2)114 as well as the calcito-
nin gene-related peptide125 mimic the protec-
tive effects of ischemic preconditioning. Both
agents are known for their stimulating effect
on glucose uptake. Ischemia also results in the
translocation of GLUT-1 and GLUT-4 trans-
porters to the plasma membrane.126 The pro-
tective role of increased glucose uptake is not
new, but it is often overlooked that glucose
uptake, and not its supply, is the limiting factor.

Clinical Aspects—Implications
for the Cardiac Surgeon

Ischemic preconditioning has also been
documented in the human heart.22-26 It can
be observed in infarct patients with preceding
angina, in patients undergoing coronary
angioplasty, as well as in patients undergoing
surgery with cardiopulmonary bypass and
hypothermic ischemic arrest of the myocar-
dium. One of the most persuasive evidences
for the occurrence of ischemic precondition-
ing in human heart is presented by Yellon et
al.24 In this study patients undergoing coro-
nary artery bypass grafting were subjected to
cross-clamp fibrillation for 10 min with or
without two 3 minute episodes of prior aortic
cross clamping. Biopsies taken during the sur-
gery showed significantly higher ATP tissue
contents at the end of the 10 min cross-clamp-

ing episode when patients were subjected to
the two 3 min episodes of prior cross-clamp-
ing. See, however, our earlier reservations
about ATP levels as markers for ischemic
injury.

The protective effects induced by ischemic
preconditioning seem to be additive to those
afforded by cardioplegia or hypothermia or
both.127-131 The additive effects rank from
overcoming the lack of protection by car-
dioplegia due to impaired delivery of car-
dioplegia,130 through reversing the detrimen-
tal effects of aprotinin on the ischemic
myocardium,131 to the better recovery of the
implanted, ischemically preconditioned,
donor hearts.128

Some investigators, however, suggested
from their experiments on sheep hearts that
the use of cardiopulmonary bypass alone is
stimulus enough to elicit the preconditioning
effects.54 The authors compared infarct size of
preconditioned and nonpreconditioned hearts
with or without the use of cardiopulmonary
bypass.

It is certainly desirable to “bottle” the dif-
ferent variants of protection afforded by the
mechanisms of ischemic preconditioning. We
hope that further research in this field will lead
to the development of safe drugs mimicking
the effect of preconditioning.34,99 However,
characterization of the exact mechanism is a
prerequisite to achieve this goal.

Conclusions
Ischemic preconditioning protects the

myocardium from ischemic injury by prob-
ably more than one mechanism. One of the
mechanisms involves the release of adenosine
or noradrenaline during preconditioning
reperfusion and subsequent translocation of
PKC and opening of K+

ATP channels. It appears
that simple metabolic interventions induce
protection of the myocardium similar to
ischemic preconditioning. Conventional meta-
bolic interventions such as the administration
of glucose, insulin, and potassium may be
the most valuable for clinical use at the
moment because their safety has been docu-
mented.132,133 The exploitation of ischemic
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preconditioning for clinical practice will only
be possible when the mechanisms of ischemic
preconditioning are fully understood.
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Abstract

Endogenous myocardial protection 
refers  to the natural  defense 
mechanisms available to the heart to

withstand an ischemic injury. So far these
mechanisms have been shown to encompass
two phenomena most likely interrelated:
ischemic preconditioning and stress protein
synthesis. Ischemic PC can be defined as the
adaptive mechanism induced by a brief period
of reversible ischemia increasing the heart’s
resistance to a subsequent longer period of
ischemia. Two different time frames are
defined for preconditioning, one early or clas-
sical preconditioning and one late also called
the second window of preconditioning. The
therapeutic exploitation of these natural adap-
tive mechanisms in cardiac surgery is an
appealing prospect. Preconditioning could be
used before aortic cross-clamping to enhance
the current methods of myocardial protection.
Two major conclusions emerge from the bulk
of experimental data on preconditioning. First,
the adaptive phenomenon reduces infarct size
after regional ischemia in animal preparations
across a wide variety of species but its effects
on arrhythmias and on preservation of func-
tion after global ischemia are less consistent.
This is relevant to cardiac surgery where
postbypass pump failure is more often due to
stunning than to discrete necrosis. Second,

regardless of the various components of the
intracellular signaling pathway elicited by the
preconditioning stimulus, it seems that a major
mechanism by which this pathway leads to a
cardioprotective effect is a slowing of ATP
depletion during the protracted period of
ischemia. If the latter is true, then it can rea-
sonably be predicted that this energy-sparing
effect may become redundant to that of car-
dioplegia. These problems emphasize the
importance of identifying the mechanisms
underlying endogenous myocardial protection
in an attempt to pharmacologically duplicate
the protective action of ischemically induced
preconditioning. Numerous triggers have been
identified as being able to elicit and reproduce
the effects of ischemic preconditioning. The
role of ATP-sensitive potassium channels as
mediators of the cardioprotective effects of
preconditioning has been largely based on the
observations that these effects could be dupli-
cated by potassium channel openers (PCO)
whereas they were abolished by potassium
channel blockers. PCO given before potassium
arrest have the ability to enhance functional
recovery during reperfusion and may be inde-
pendent of the temperature of the cardiople-
gia administered. Currently the application of
these drugs is hampered by the fact that the
anti-ischemic effects are obtained at much
higher doses than those required for relaxation
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of smooth muscle and thus could cause
important hemodynamic effects due to vasodi-
latation before the appearance of the cardio-
protective effects. The modalities of pharma-
cologically-induced preconditioning, although
intellectually appealing, remain to be deter-
mined including the choice of the optimal
agents and regimens. The only clinical situa-
tion in which the ischemic preconditioning
remains logical would be “off-pump” mini-
mally invasive cardiac surgery as the occlusion
of the target vessel during construction of the
distal anastomosis most closely mimics the
experimental scenario that has turned out to
result in reduction of regionally-induced
ischemic damage.

Endogenous myocardial protection mecha-
nisms are available to the heart to withstand
an ischemic injury. So far clinical and basic
research have shown that these mechanisms
include two phenomena most likely interre-
lated: ischemic preconditioning and stress pro-
tein synthesis. Ischemic preconditioning is the
adaptive mechanism induced by a brief period
of reversible ischemia increasing the heart’s
resistance to a subsequent longer period of
ischemia. Two different time frames are
defined for preconditioning, one early (or
“classical” preconditioning) which involves
activation of various membrane receptors and
one late (termed the second window of pre-
conditioning) which is related to changes in
gene expression leading to the synthesis of
cardioprotective stress proteins.1,2 Exploitation
of these natural adaptive mechanisms in car-
diac surgery is an appealing prospect since
preconditioning in one form or another could
be used during aortic cross-clamping or local
control of target vessels to optimize the effi-
cacy of current methods of myocardial pro-
tection. However, major questions have to be
answered before preconditioning can be used
appropriately in patients undergoing heart
surgery. Are these endogenous protection
mechanisms relevant to surgically-induced
myocardial ischemia? How can they be applied
during open-heart procedures and which situ-
ations and patients are they best indicated for?
Data concerning ischemic preconditioning in
the early phase will first be addressed before

discussing pharmacological mediators of
endogenous myocardial protection.

Clinical Trials:
An Apparent Discrepancy

Clinically, the first use of preconditioning
(PC) has been reported by Alkulaifi and
co-workers2 using conservation of adenosine
triphosphate (ATP) as the major end point.
Twenty patients were randomised to either
preconditioning by two 3-minute periods of
cross-clamping separated by 2 minutes of
reperfusion prior to an ischemic insult of 10
minutes ischemia and ventricular fibrillation
done at a temperature of 37°C. The ten con-
trols underwent 10 minutes of cross-clamp-
ing with fibrillation without preconditioning.
The major finding of this study was that pre-
conditioning slowed the rate of ATP deple-
tion to such an extent that at the end of the
10 minute period, the preconditioned group
had a significantly higher ATP content than
controls. The authors should be credited for
demonstrating the adaptive response of the
human heart to an ischemic stress. However,
a major limitation of this study was that the
normothermic ventricular fibrillation tech-
nique studied is not commonly used in many
centers (where it is usually employed with a
moderate degree of hypothermia) and likely
resulted in extensive myocardial injury which
provided room for improvement from the
ischemic stimulus used as preconditioning.

Thus to assess whether this type of
cardioprotective intervention would be rel-
evant to cardioplegic arrest, we4 studied the
effects of ischemic preconditioning (achieved
with 3 minutes of aortic cross-clamping with
2 minutes of reperfusion before the onset of
cardioplegic arrest under cardiopulmonary
bypass support) before continuous retrograde
normothermic blood cardioplegia in twenty
patients undergoing coronary artery bypass
operations. Ten case-matched patients serving
as controls, underwent a 5-minute period of
bypass before the induction of cardioplegic
arrest. At the end of arrest, the release of
CK-MB from the myocardium (calculated as
the difference between coronary sinus and
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radial artery values) was markedly greater than
in controls (5.7 ± 1.7 ng/ml vs. 1.9 ± 1.1 ng/ml,
p=0.05). The transmyocardial lactate gradient
was shifted towards production in the PC group
(+0.22 ± 0.13 ∝mol/L) and towards extraction
in the control group (-0.06 ± 0.21 ∝mol/L).
The lack of additional protection conferred
by ischemic preconditioning was further con-
firmed by the absence of difference in
postarrest myocardial levels of ribonucleic acid
messengers coding for the cardioprotective
heat shock proteins (HSP) 70 between the two
groups. Although, there were no PC-related
adverse clinical events, this trend towards in-
creased initial ischemic insult cannot be dis-
missed, suggesting that a brief prearrest period
of aortic occlusion largely offsets, under the
conditions studied, its putative cardio-
protective action. Since then, similar results
showing a detrimental effect of ischemic pre-
conditioning before normothermic aerobic
arrest have been shown by Kaukoranta and
associates5 with preconditioned patients show-
ing a greater release of creatine kinase MB
isoenzymes and troponin T indicating a greater
amount of tissue injury compared with non-
preconditioned controls.

The apparent discrepancy in the results
obtained with either noncardioplegic and
cardioplegic techniques may be explained by
two basic observations. First, preconditioning
reduces infarct size but has little effect on stun-
ning and beneficial effects are only detectable
in situations of unprotected ischemia. Indeed,
only a few studies have concomitantly assessed
function and infarct size to shed light on this
observation.6 Such studies have conclusively
demonstrated that preconditioning improves
postischemic myocardial function by a reduc-
tion of the size of the infarct and not by
decreasing the amount of stunning of revers-
ibly injured myocardium. Moreover, this con-
clusion applies both to regional ischemia mod-
els such as obtained through transient
occlusion of a coronary artery as well as to glo-
bal ischemia induced by a period of aortic
cross-clamping.7,8 Indirect evidence of this
also comes from Qiu’s study performed in a
conscious porcine model in which
preconditioning significantly reduced the size

of infarction secondary to a 40 minute period
of occlusion but did not reduce either infarct
size nor improve regional function when re-
produced 24 hours later.9 Similar results were
obtained recently in our laboratory on an iso-
lated buffer-perfused rabbit heart preparation.
Sixty minutes of normothermic hyperkalemic
arrest caused only minimal necrosis (< 10%
of the left ventricle) as assessed by tri-
phenyltetrazolium staining after 60 minutes
of reperfusion. Ischemic preconditioning with
5 minutes of zero-flow ischemia followed by
5 minutes of reperfusion before cardioplegic
arrest failed to enhance recovery of myocar-
dial function or coronary flow compared with
nonpreconditioned hearts. Conversely, a simi-
lar preconditioning stimulus improved func-
tional recovery after 45 minutes of unprotected
global ischemia11 but infarct size was not mea-
sured. We duplicated this protocol and showed
that 45 minutes of unprotected global is-
chemia caused a massive infarction of the left
ventricle thereby lending room for precondi-
tioning to reduce the extent of necrosis and
hence functional recovery. These data suggest
that the pertinence of preconditioning in rou-
tine cardiac surgery may be limited since
postbypass failure is more often secondary to
global reversible dysfunction than to discrete
necrosis.12

An important observation is that most
experimental studies having documented the
salutary effects of preconditioning have done
so in models of unprotected ischemia while a
number of studies have shown that the ben-
efits of preconditioning are lost when some
protective strategies are added such as hypo-
thermia or cardioplegic arrest.13 One such
study is that of Cleveland et al14 which showed
that preconditioning improved mechanical
recovery of human right atrial trabeculae
exposed to hypoxia at normothermia but was
lost under conditions of hypothermia. This can
be explained by the fact that regardless of the
precise mechanisms by which precondition-
ing exerts its protective effect, slowing of the
decay of high energy phosphates and glyco-
gen depletion, which leads to slower lactate
accumulation, during the early phase of
sustained ischemia, appears to be important
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phenomena.15,16 It is therefore plausible that
these energy sparing effects and prevention of
intracellular acidosis may become redundant
to that of cardioplegia. This hypothesis is con-
firmed by the observation, made in isolated
rat hearts subjected to 35 minutes of global
ischemia, that both ischemic preconditioning
and cardioplegia independently improved
functional recovery compared to control hearts
but these effects were not additive.17 More-
over, combination of preconditioning with
magnesium based cardioplegia fails to improve
results over that obtained with cardioplegia
alone.18 For these reasons, it is conceivable that
preconditioning may enhance the effects of
normothermic ventricular fibrillation used by
Alkhulaifi3 which is expected to cause a major
decline in myocardial ATP levels and intracel-
lular pH. In confirmation of this, such preser-
vation of ATP was lost in a study by the same
investigators when preconditioning was used
before induction of ventricular fibrillation at
lower temperatures.19 In the same line of rea-
soning, the satisfactory outcomes reported in
patients undergoing coronary artery bypass
surgery under intermittent aortic cross-
clamping and ventricular fibrillation may be
explained by the fact that cumulative myocar-
dial injury by successive no-flow intervals
could be limited by the initial period of
aortic occlusion acting as a preconditioning
stimulus.20

Possible Clinical Indications
of Preconditioning in Cardiac
Surgery

From the above data, it results that pre-
conditioning may be indicated electively in
certain situations when the potential exists for
suboptimal myocardial protection and conse-
quently and increased risk of myocardial inf-
arction and it could be anticipated that the
extent of the infarct will be reduced by pre-
conditioning and serve to preserve function.
This scenario has been investigated in experi-
mental studies in which preconditioning con-
ferred additional protection to that of hypo-
thermia and cardioplegia when ischemic times
were prolonged21-23 and when distribution of

cardioplegic solutions were suboptimal due to
proximal occlusions of coronary arteries.24 It
is likely that in these situations, precondition-
ing reduces the amount of necrosis, as shown
by lower postischemic creatine kinase release,
resulting from suboptimal protection. Thus in
clinical practice, high risk situations that could
benefit from preconditioning may include
1) extensive coronary disease with poor
collaterals that increases the risk of cardiople-
gia maldistribution even with the use of com-
bined antegrade/retrograde perfusion, 2) severe
left ventricular hypertrophy, 3) anticipated
long ischemic times including those of cardiac
allografts are exposed to during cold storage,
4) the senescent myocardium, more prone to
developing calcium overload injury,25 although
the capacity of the aged heart for becoming
preconditioned remains unclear.26,27 One final
situation in which preconditioning may find
a niche is, 5) beating heart minimally invasive
coronary artery bypass operations where the
necessary control and occlusion of target ves-
sels sometimes results in distal ischemia, not
unlike the experimental models of regional
ischemia in which the infarct-limiting effect
of preconditioning has been best demon-
strated. Potential benefits notwithstanding, the
clinical use of a potentially deleterious ischemic
stimulus is unappealing hence the importance
of identifying the mediators of this endog-
enous adaptive phenomenon to best exploit it
therapeutically.

Pharmacological Preconditioning
According to the commonly accepted

scheme, the preconditioning ischemia activates
various membrane receptors, including those
for adenosine, catecholamines, acetylcholine,
bradykinin and opioids. The respective role
of these receptors may vary among species as
exemplified by the adenosine receptor which
mediates preconditioning in rabbit, dog, swine
and human but not rats and the precise level
of activation of preconditioning triggers
required to reach the effective threshold for
cardioprotection may also vary.28 Stimulated
receptors then initiate an intracellular signaling
pathway leading to activation of protein kinase
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C (PKC) although its predominant role
remains questionable considering other kinases
such as mitogen-activated protein kinases
(MAP kinases) may also be involved.29 Evi-
dence supports that activation of PKC leads
to its translocation from the cytosol to the
membrane where it phosphorylates substrate
proteins that ultimately increase the resistance
to ischemia. The end-effectors of the precon-
ditioning pathway are not complementaly
characterized but the most likely candidate is
the ATP-dependent potassium channel, sup-
ported by evidence in rabbits that PKC can
activate potassium channels at physiological
levels of ATP.30 It is generally accepted that
opening of the potassium channels shortens
the duration of the action potential and
reduces calcium influx and the attendant tis-
sue damage. This hypothesis has been chal-
lenged recently by data showing that the
potassium channel opener bimakalim induces
cardioprotection without modifying the
duration of the action potential,31 raising the
possibility of alternate protective mechanisms
either at the intracellular level (in mitochon-
drial membranes) and/or extracellularly by
preventing adhesion of neutrophils.32 Another
way for preconditioning to reduce acidosis
during ischemia could be through decreasing
the sodium/proton exchange18 leading to a
lesser rise in intracellular sodium and second-
arily a reduced rise in intracellular calcium
through preservation of sarcolemmal sodium/
potassium ATPase.33 Of great interest is that
all end-effectors under consideration share the
common property of reducing intracellular
accumulation of calcium and ultimately
enhancing tissue viability. This framework is
convenient for classifying interventions tar-
geted at pharmacological induction of precon-
ditioning in the myocardium.

Interventions Targeted
at the Triggers

The most widely used trigger has been
adenosine as stimulation of adenosine A1
receptors have been successful in duplicating
the cardioprotection conferred by ischemic
preconditioning except in rats. Data in human

myocardium is more dismal and based on iso-
lated in vitro preparations of human atrial tra-
beculae or cultured ventricular myocytes.
Recently, clinically relevant data has been
reported by Lee et al34 which showed that in-
fusion of adenosine prior to cardiopulmonary
bypass improved postoperative ventricular
function in patients under CABG. However a
period of drug-free intervening reperfusion,
necessary for qualifying as preconditioning
rather than pretreatment was not used, and
could have falsely improved the extent of
recovery.35 A more convincing study published
by Leesar and co-workers36 showed that the
intracoronary infusion of adenosine 10 min-
utes before percutaneous transluminal coro-
nary angioplasty rendered the myocardium
significantly more resistant to subsequent
ischemia induced by successive balloon infla-
tions. In the surgical context, however, the use
of adenosine can be fraught with several prob-
lems including down-regulation of the recep-
tors with uncoupling of the intracellular
signaling pathway as well as systemic vasodi-
latation and subsequent hypotension. It
remains to be determined whether these po-
tential side effects will be eliminated by the
more selective A1 agonists currently under
development.

Activation of !1-adrenergic receptors37 for
induction of preconditioning is another inter-
esting possibility as agonists of such receptors
are available for human use such as phenyl-
ephrine. The clinical applicability of this
approach remains unproven which holds true
for stimulation of bradykinin receptors which
may mediate the antiarrythmic effects of pre-
conditioning through a pathway related to
nitric oxide.38

Interventions Targeted
at the Mediators

A number of PKC agonists have been stud-
ied and shown to reproduce the cardio-
protective effect of ischemic preconditioning
but they remain solely mechanistic tools
because of their tumor-promoting effects.
Recent evidence seems to suggest that calcium
chloride could effectively precondition the
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heart through a PKC-dependent mechanism
and could perhaps become a useful drug if the
benefits and safety of an increase in inotropism
before going on bypass is established.

Interventions Targeted
at the End-Effectors

Since potassium channel openers duplicate
the cardioprotective effects induced by precon-
ditioning, the ATP-dependent potassium
channel is currently considered one of the
major effectors of the signaling pathway.40 This
has been shown to be true in numerous spe-
cies as well as in man as demonstrated by pro-
tection of human right atrial trabeculae against
hypoxic injury by preconditioning induced by
hypoxia or cromakalim41 and by the absence
of such a protective effect in trabeculae from
diabetic patients on potassium-blocking
hypoglycemic drugs.42 Several reports have also
documented the capacity of potassium chan-
nel openers to enhance functional recovery at
reperfusion when given before standard depo-
larized arrest43-45 but again some of these agents
were given as pretreatment rather than true
preconditioning. We have shown in an iso-
lated model rat heart model that the protec-
tive effects of ischemic preconditioning
(achieved by 5 minutes of zero-flow ischemia
followed by 5 minutes of reperfusion before
arrest) on post cardioplegia systolic and dias-
tolic function after 45-minute normothermic
potassium arrest could be duplicated by
nicorandil (10 mM/L) given as a true precon-
ditioning regimen.46 In addition, both forms
of preconditioning similarly lengthened the
time before peak contracture and its magni-
tude. Glibenclamide, a potassium channel
blocker, completely abolished the cardio-
protective effects of nicorandil precondition-
ing confirming its action through modulation
of potassium channels, whereas it only par-
tially blunted those of ischemic precondition-
ing suggesting that other end-effectors may be
involved, at least in the rat heart. Similar re-
sults were obtained with the more commonly
used conditions of hypothermic cardioplegic
arrest.47 The mechanism by which myocardial
cells retain the memory of the transient expo-

sure to potassium channel openers before ar-
rest is unclear but may include a lowering of
the threshold for potassium channels opening
favoring a greater activation during the subse-
quent period of global ischemia.48 Unfortu-
nately, the clinical usefulness of these drugs in
clinical cardiac surgery is currently hampered
by their sole enteral route of administration.
Furthermore, antiischemic effects related to
potassium channel opening can only be ob-
tained at doses also causing smooth muscle cell
relaxation because of their poor cardiac selec-
tivity and may cause important hemodynamic
changes before the occurrence of cardio-
protective effects.49

Confounding Factors
in Cardiac Surgery

During cardiac operations, numerous pre
and intraoperative confounding factors may
skew the preconditioning effect and should be
controlled for in both experimental and clini-
cal studies. These include, in particular, the
use of opioids agonists, aprotinin and cardio-
pulmonary bypass itself which may all have
preconditioning effects.

In the rat heart, opioid receptor stimula-
tion by morphine results in a reduction in
infarct size similar to that produced by
ischemic preconditioning and is blocked by
glibenclamide suggesting its mediation by
potassium channel opening.50 We have spe-
cifically identified the (-opioid receptor as a
target for pharmacological interventions
duplicating the effects of preconditioning in a
rabbit model of prolonged cold storage
(unpublished observation).

Preconditioning has been shown to
decrease the increase in infarct size caused by
aprotinin in a sheep model of regional
ischemia.51 Should these observations be con-
firmed in the clinical setting, preconditioning
could be useful in patients requiring aprotinin
therapy.

Finally, the same group of investigators has
also shown that cardiopulmonary bypass itself
could act as a preconditioning stimulus
through the stimulation of release of mem-
brane activating mediators like adenosine and
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catecholamines.52 This hypothesis is based on
the observation that a period of cardiopulmo-
nary bypass could duplicate the reduction in
infarct size achieved by short bursts of pre-
conditioning and was abolished by adenosine
and !-1 adrenoreceptors antagonists. If this
hypothesis is correct, it would imply that, in
any clinical study of preconditioning, “con-
trol” patients might be already preconditioned
which could lessen the likelihood of dem-
onstrating an added benefit from any
superimposed intraoperative precondition-
ing intervention.

In conclusion, preconditioning is an
extremely effective mechanism for limiting
ischemia-induced cell necrosis and, conse-
quently, preserving myocardial function. As no
current methods of cardioplegia is perfect,
additional protection could be obtained in
selected cases through the use of precondition-
ing. This requires, however, the characteriza-
tion of the endogenous mediators of this phe-
nomenon to develop new agents or exploit
current drugs to duplicate the cardioprotective
effects of preconditioning. The clinical evalu-
ation of these agents may be difficult consid-
ering the numerous confounding factors. Nev-
ertheless, this should not deter us from
applying continued research efforts for under-
standing and exploiting therapeutically this
endogenous adaptive defense system which has
proven so far to be one of the most effective
infarct-limiting strategies available.
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M yocardial preservation in cardiac
surgery has evolved rapidly during
the last decades. Some authors of

this book have made major contributions to
this development. A variety of methods to pro-
tect the heart are available and complex pro-
cedures can be safely performed. Inappropri-
ate protection of the heart during aortic
cross-clamping is now an uncommon cause
of major myocardial damage. A recent survey
at our institution showed that PMI (periop-
erative myocardial infarction) in association
with valvular surgery was rare.1 When PMI
occurred in these cases, the myocardial dam-
age was usually caused by evident technical
problems. Thus, PMI in our hands was a sig-
nificant problem in association with surgery
for ischemic heart disease (despite shorter
cross-clamp times). Furthermore, in this set-
ting PMI was mainly associated with unstable
angina (preoperative ischemia) or poor con-
ditions for revascularization. The role of pre-
operative ischemia as a risk factor for PMI has
been documented by Slogoff and Keats in a
classic paper.2 Moreover, postoperative
ischemia after coronary artery bypass surgery
is common and may also play a role for the
development of PMI.3 Postischemic myocar-
dial metabolic derangement that is further
aggravated by the systemic neuroendocrine
stress response to operative trauma may,
together with reperfusion injury, cause cardiac

failure.4 In light of this, we believe that addi-
tional measures to improve outcome and
reduce permanent myocardial damage in car-
diac surgery should focus on the preoperative
and the postoperative phase of CABG surgery.
Furthermore, efforts should be instituted to
reduce reperfusion injury and minimize per-
manent myocardial damage in long standing
or severe myocardial ischemia.

The basic principles to address myocardial
ischemia imply improving the ratio between
oxygen delivery and myocardial oxygen
demand. If, however, ischemia is severe enough
to cause cardiac failure, or if it is followed by
cardiac failure after revascularization due to
stunning or myocardial damage, the treatment
traditionally employed (inotropic drugs) is less
than ideal for the ischemic or postischemic
heart. Traditional treatment of cardiac failure
with inotropic drugs improves the hemody-
namic state, but at the price of a marked
increase in myocardial expenditure.5-8 In ani-
mal experiments adrenergic drugs aggravate
ischemia and precipitate myocardial infarc-
tion.9 Inotropes have also been shown to cause
de-energization of the myocardium, and if
instituted prematurely it may imply that the
condition of the heart is aggravated by further
metabolic derangement.8 The detrimental
effects of premature use of inotropic drugs for
weaning from CPB have been documented in
animals.10 Therefore, alternative measures that
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can enhance myocardial recovery and function
without putting further strain on the heart are
desirable. It is with this perspective intrave-
nous metabolic support will be addressed in
the following presentation.

A brief review of myocardial metabolism
in association with ischemia and cardiac sur-
gery will be presented. After that, the current
state of metabolic support with GIK (glucose-
insulin-potassium) and amino acids will be
surveyed. Finally, a preliminary report on our
clinical experience with metabolic support will
be given.

Myocardial Substrate
Metabolism

The myocardial ATP content is limited
and, therefore, the myocytes must continually
resynthesize high-energy phosphates to main-
tain contractile function and cellular viabil-
ity.11 To cope with this the heart can use a
variety of substrates for energy production.12

The choice in a given situation is normally
determined by the availability of substrates.
In the fasting state arterial levels of FFA (free
fatty acids) are elevated and FFA oxidation
then dominates. After a carbohydrate meal a
shift toward glucose oxidation occurs, and
during vigorous exercise lactate may become
the dominating fuel. In conditions of starva-
tion or diabetic ketosis ketones may account
for a significant amount of myocardial energy
production. Cardiac function is not affected
by the specific substrate utilization under nor-
mal circumstances.12 However, in conditions
where myocardial perfusion is, or has been
inadequate, the preference of substrates may
obtain functional significance.

Myocardial ischemia enhances the use of
glucose (glycolysis) and the use of amino acid
metabolites in the Krebs cycle.12,17 Ischemic
heart disease in humans is characteristically
associated with an increased myocardial uptake
of glutamate.13,14,18 Glutamate facilitates gly-
colysis and provides an alternative anaerobic
pathway for regeneration of high-energy phos-
phates by substrate level phosphorylation in
the Krebs cycle.17,19 These changes serve as
adaptive measures to endure myocardial

ischemia and to facilitate postischemic recov-
ery. The role of these substrates is illustrated
by the importance of the myocardial
glutamate/aspartate pool and myocardial
glycogen content for myocardial recovery after
ischemia.20,23 Furthermore, administration of
glucose or glutamate enhances myocardial tol-
erance to ischemia, improves the metabolic
and functional recovery of the postischemic
heart and reduces the size of myocardial inf-
arct in experimental coronary ligation.4,6,24,28

In contrast to the beneficial effects of carbo-
hydrates and amino acids, FFA metabolism
may be harmful in association with myocar-
dial ischemia. High plasma levels of FFA
impede myocardial uptake of glucose.12 Under
normal conditions FFA metabolism requires
12% more oxygen per mole ATP produced,
compared with glucose utilization.12 In con-
ditions associated with high levels of circulat-
ing catecholamines, such as trauma or
treatment with adrenergic drugs, the oxygen-
wasting effect of FFA metabolism is markedly
aggravated.29 Accumulation of intracellular
FFA metabolites may exert toxic effects and
high levels of circulating FFA depress myo-
cardial function and increase the incidence of
arrhythmias during ischemia.30,33

Oxidative metabolism which normally
accounts for more than 90% of myocardial
energy production11 is impeded after severe
ischemia in animal experiments.34,36 Loss of
Krebs cycle intermediates during ischemia has
been proposed as an explanation to this phe-
nomenon.36,38 Another mechanism that may
contribute is inactivation of pyruvate dehy-
drogenase enzyme during ischemia.6,39 This
postischemic mitochondrial dysfunction seems
to occur also in humans after cardiac opera-
tions. Teoh et al demonstrated zero oxidation
of FFA during early reperfusion utilizing crys-
talloid cardioplegia, and minimal oxidation
after blood cardioplegic arrest.40 Svensson et
al could not demonstrate significant myocar-
dial uptake of FFA or carbohydrates in the first
hours after coronary surgery.41 After cardiac
operations with limited ischemic insult these
metabolic abnormalities are minor.42 However,
when postischemic metabolic derangement
occurs the conditions for recovery are unfa-
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vorable because of the systemic neuroendo-
crine response elicited by cardiac surgery.43

Krebs cycle intermediates are replenished pri-
marily by amino acids and carbohydrate sub-
strates.37,44 As the systemic neuroendocrine
stress response is associated with elevated FFA
levels and a state of insulin resistance, the
myocardial uptake of carbohydrate substrates
is impeded.45 Thus, the relative importance
of amino acids for the recovery of myocardial
oxidative metabolism is enhanced in this set-
ting.46 Accordingly, myocardial uptake of
glutamate has been shown to precede the
recovery of oxidative metabolism after
CABG.43 A relative shortage of glutamate in
this setting is suggested by the high fractional
extraction rate of glutamate from plasma
(Fig. 12.1).43,46

Metabolic Intervention
The ideal condition for metabolic inter-

vention is a state of functional disorder sec-
ondary to a correctable metabolic abnormal-
ity. This may be exemplified by coma
secondary to severe hypoglycemia. In this con-
dition the administration of a small amount
of glucose will have dramatic effects. In con-
ditions where there is no lack of glucose, the
addition of glucose will not affect brain func-
tion. If we were to treat all comatose patients
with glucose, the results would soon become
discouraging. This may serve as a simple and
illustrative example of the importance of
delineating what we are treating. Since the
heart can use a wide range of substrates, it
implies that under many conditions the addi-
tion of extra substrates may have little influ-
ence on the metabolic and hemodynamic func-
tion. Therefore, it would be surprising to find
one substrate that in every experimental con-
dition improved the metabolic and hemody-
namic function of the heart.47 Our knowledge
about the precise indications and dosages of
substrates still is limited. It is only in the last
decade that we have began to understand the
transport mechanisms of glucose and amino
acids across the cell membrane of the
cardiomyocytes. In vivo and in vitro experi-
ments on animal hearts have contributed to

our knowledge by permitting the purification
of experimental conditions. They allow sophis-
ticated analyses that are not possible to per-
form in humans. However, these studies have
limitations, not only due to species differences,
but also because some of them are conducted
under unphysiological conditions and some-
times with irrelevant dosages. In vitro studies
cannot take systemic interactions or neuro-
endocrine responses into account. Further-
more, important interactions between differ-
ent substrates and metabolites may be
overlooked. However, the number of studies
concerning myocardial metabolism and meta-
bolic intervention in humans are still few. Lack
of commercial interest and the tradition
regarding therapeutic policies have not helped
to promote metabolic studies nor the intro-
duction of metabolic treatment. With guid-
ance of the knowledge gained from animal
studies we have to identify metabolic states in
humans that may be accessible to metabolic
interventions. From such studies metabolic
interventions that are appropriate regarding
indication, choice of substrate and dosage can
be evolved. So far, the limited data available
show that metabolic trials in humans that have
tried to define the rationale for the treatment,
and proved that the metabolic objectives were
achieved, have been successful also regarding
variables of clinical interest.

GIK (Glucose-Insulin-
Potassium)

Basic research suggests that glucose is ben-
eficial to the ischemic myocardium and may
influence the preservation of mechanical func-
tion, structure, histology and ionic balance.48

The glucose for glycolysis originates from both
breakdown of myocardial glycogen stores and
the uptake of glucose from blood.49 Myocar-
dial glucose uptake is stimulated during
ischemia by translocation of glucose transport-
ers from the intracellular pool to the sarcolem-
mal membrane.49,51 However, in severe
ischemia glucose uptake may decrease due to
inadequate glucose delivery or accumulation
of protons and lactate.12,49
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Myocardial uptake of glucose is not depen-
dent on insulin. However, insulin stimulates
glucose uptake by translocation of glucose
transporters to the sarcolemmal membrane
and possibly by improving their capacity.52

Plasma FFA level is reduced and myocardial
glycogen synthesis is promoted.6,23 The effects
of ischemia and insulin on glucose uptake seem
to be additive.50 Furthermore, insulin activates
hexokinase and causes transfer of hexokinase
to the mitochondrial membrane, thus increas-
ing phosphorylation of free glucose in the
cytoplasm.53 It has also been proposed that
insulin may stimulate the pyruvate dehydro-
genase enzyme and thereby enhance Krebs
cycle metabolism after ischemia.6,39

The need for insulin in non-diabetics is
debatable. Endogenous insulin production
responds to changes in nutritional state and
activity of other hormones. Furthermore, the
myocardial sensitivity to insulin may increase
as an adaptive measure, as demonstrated in
patients with severe valvular aortic stenosis.54

However, the reverse—a state of insulin resis-
tance—is observed after trauma and other
conditions that activate the neuro-endocrine
system.45,55 Therefore, the need for exogenous
insulin to achieve metabolic effects with GIK
treatment may be expected to be most pro-
nounced in states of relative insulin deficiency,
such as diabetes mellitus, surgical stress and
other states of insulin resistance.

As substrate levels normally play a role for
the substrate preference by the heart, blood
glucose level obviously has to be considered.56

After cardiac surgery, when systemic glucose
uptake is severely restricted in spite of using
high insulin doses, systemic glucose uptake can
be further enhanced by increasing blood
glucose.57

Interactions between substrates have to be
considered. High FFA levels impede myocar-
dial glucose uptake and this is at least partly
caused by inward translocation of glucose
transporters.50 Myocardial uptake of glutamate
correlates with myocardial uptake of glucose

Fig. 12.1. Relationship between arterial plasma concentration of glutamate and the arterial-coronary sinus plasma
concentration difference of glutamate in 18 patients 4 to5 hours after coronary surgery. Each square denotes one
patient. Reprinted with permission from: Svedjeholm et al. J Thorac Cardiovasc Surg 1991; 101:688-94. © Mosby-
Year Book Inc.
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and other carbohydrate substrates in coronary
patients.14 This may, however, merely reflect
the substrate preference of the ischemic heart.
Exposure of the isolated heart to pyruvate and
lactate leads to a reduction in glucose uptake.58

In the preoperative setting most of the
interest concerning GIK has focused on myo-
cardial glycogen content. Experimental data
suggest that elevation of myocardial glycogen
content improves tolerance to ischemia.12,59

Preoperative GIK given during preoperative
fasting has been shown to enhance myocar-
dial glycogen level. This was associated with
improved myocardial preservation and post-
operative course.21-23 However, the value of
preoperative GIK is attenuated by the fact that
fasting per se promotes maintenance of myo-
cardial glycogen. This is due to the inhibition
of glycolysis caused by the elevated plasma FFA
in the fasting state.60 The impact of preopera-
tive GIK may be expected to be most pro-
nounced in energy depleted hearts.

Whereas small doses of insulin and glucose
seem to have been adequate during preopera-
tive fasting,21-23,60 little is known about the
requirements of insulin and glucose in the early
stages of surgery.61-63 Recent data (unpub-
lished) suggest that insulin resistance and
impeded glucose uptake is an issue of concern
primarily during the early postoperative
period. In the anesthetized patient we found
substantial myocardial uptake of glucose dur-
ing early reperfusion. In the early postopera-
tive setting the rationale for GIK treatment is
more evident. A pronounced insulin resistance
and a markedly impeded uptake of glucose
have been demonstrated. Whereas moderate
doses of insulin may suffice to reduce plasma
FFA, insulin doses up to 1 IU/kg/hour may
be required to achieve full metabolic effects
early after cardiac surgery.41,45,55,64 Several stud-
ies on GIK have failed to take the insulin
resistance caused by the postoperative neu-
roendocrine stress response into account. It
appears that studies on prebypass GIK have
been successful when a sustained postopera-
tive metabolic effect could have been expected,
either due to high doses of insulin given
prebypass or by treatment extended into the
postoperative course.61,65,66 The administra-

tion of small doses of insulin and glucose from
the induction of anesthesia to the start of CPB
in elective CABG failed to influence the post-
operative hemodynamic state or the release of
cardiac enzymes compared with controls (16
patients in each group of whom 75% received
counteracting treatment with dopamine).63

Inasmuch as preoperative fasting per se pro-
motes maintenance of myocardial glycogen,
stable coronary heart disease may not be the
ideal condition for studies on prophylactic
GIK treatment.60 In patients undergoing
urgent CABG due to unstable angina an
improved hemodynamic recovery and clinical
outcome have been demonstrated.66 In the
postoperative setting positive hemodynamic
effects have been obtained with supra-physi-
ological doses of insulin.67,68 The hemody-
namic effects of very large doses of insulin
though, are caused by insulin per se. Insulin
has both vasodilative and inotropic properties
according to animal experiments.69,70 In
humans the vasodilative effect has been dem-
onstrated, while the inotropic effect has been
more difficult to evaluate.71,72

Gradinac et al demonstrated favorable
effects of postoperative GIK treatment in
patients requiring IABP (intra-aortic balloon
pump).73 The early hemodynamic recovery
was improved, the time on IABP was short-
ened and the requirement for inotropic drugs
reduced. These results were achieved in spite
of moderate doses of insulin (0.08 IU/kg/hour
for up to 48 hours) not known to exert any
hemodynamic effects. Therefore, it is conceiv-
able that the results obtained were due to meta-
bolic effects. As this study lacked a metabolic
correlate, we do not know to what extent the
metabolic objectives were achieved. It is pos-
sible that larger doses of insulin would have
amplified the impact of GIK treatment.

The metabolic effects of high-dose GIK on
the heart, have been demonstrated in patients
after CABG surgery. Svensson et al observed a
significantly improved myocardial uptake of
carbohydrate substrates one hour after sur-
gery.41,45 Furthermore, even in patients treated
with dopamine the addition of high-dose
insulin induced a shift of energy substrate pref-
erence toward carbohydrate oxidation at the
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expense of FFA. The hemodynamic efficacy
of dopamine was improved by high-dose GIK
without further increasing myocardial oxygen
demand.6

It is important to consider that the rate of
glucose uptake, glycogen synthesis and break-
down, and the rate of glycolysis and glucose
oxidation are controlled at multiple sites. In
postischemic hearts, high rates of glycolysis and
low rates of glucose oxidation (due to
inhibition of pyruvate dehydrogenase by FFA
metabolism) may lead to an uncoupling of
glycolysis from glucose oxidation. The conse-
quent production of protons can contribute
to ischemic injury and myocardial dysfunc-
tion.49 Adrenergic inotropic drugs may by their
metabolic actions be expected to aggravate this
metabolic condition. Accordingly, elevation of
plasma FFA and a myocardial release of pyru-
vate correlating with myocardial oxygen
demand was found during dopamine stimu-
lation in nondiabetic patients after CABG.
The addition of high-dose GIK to dopamine
reverted this relationship to an uptake of pyru-
vate which correlated positively with myocar-
dial oxygen demand.6 Therefore, it appears
that pyruvate oxidation was stimulated.
Whether this beneficial effect was caused by
the reduction of plasma FFA or by direct
intracellular action of insulin on the pyruvate
dehydrogenase enzyme, or both, remains to
be clarified.6,39 Also in the diabetic heart a
defect in pyruvate oxidation rather than a
defect in glucose uptake has been demon-
strated during dobutamine stimulation.74 In
acute myocardial infarction it has been dem-
onstrated that insulin-glucose infusion fol-
lowed by a multidose insulin regime improves
one-year survival in diabetics patients.75 It is
plausible that GIK treatment will prove to be
of particular benefit in diabetic patients un-
dergoing cardiac surgery.

The introduction of GIK in clinical prac-
tice has been offset by a reputation of con-
flicting data in the medical literature. How-
ever, the number of inconclusive trials in the
literature are surprisingly few compared with
the number of papers demonstrating beneficial
effects of GIK for the ischemic and postis-
chemic heart. In recent years beneficial effects

of glucose metabolites, such as lactate and
pyruvate, on postischemic recovery have also
been reported.8,76,77 In an extensive review
Stanley recently concluded that metabolic in-
terventions aimed at enhancing glucose utili-
zation and pyruvate oxidation at the expense
of FFA oxidation is a valid therapeutic
approach to the treatment of myocardial
ischemia.53 The introduction of pharmaco-
logic agents which enhance full glucose oxi-
dation at the expense of FFA may create the
commercial interest necessary to achieve a
widespread use of metabolic therapies.53

Amino Acids
Amino acids are not quantitatively impor-

tant substrates for myocardial energy produc-
tion. However, increasing evidence suggest that
amino acids are qualitatively important for the
intermediary metabolism of the cardio-
myocytes.15,19,37,44 Their importance is fur-
ther enhanced during ischemia and after
ischemia.15-17,78-80 Amino acids associated with
the malate-aspartate shuttle (glutamate, aspar-
tate, arginine, ornithine) are of particular
importance in this respect.17,19 The effects of
these amino acids are partly related to their
role in the malate-aspartate shuttle, transport-
ing reducing equivalents across the mitochon-
drial membrane, regulating the NAD/NADH
balance in the cytosol of the cells, and thereby
enhancing anaerobic glycolysis during
ischemia. Furthermore, glutamate and aspar-
tate contribute to an alternative anaerobic
pathway for regeneration of high-energy phos-
phates, by substrate level phosphorylation in
the Krebs cycle. Glutamate also improves the
clearance of lactate and NH3 excess, by taking
part in the reactions involving transamination
of pyruvate to alanine and of glutamate to
glutamine. During reperfusion glutamate and
aspartate serve as substrates for the replenish-
ment of Krebs cycle intermediates lost during
ischemia.15-17,20,36,78-81

BCAA (branched chain amino acids—leu-
cine, isoleucine, valine) are with glutamate the
amino acids that are preferentially taken up
by the heart after CABG surgery.46,82 Based
on a study using mixed amino acid solutions
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enriched with BCAA it was suggested that
BCAA improve the metabolic and functional
recovery of the heart after ischemia.83 How-
ever, the relative impact of BCAA compared
with other amino acids contained in the solu-
tion may be difficult to evaluate. Other inves-
tigators suggest that increased intracellular
concentrations of BCAA stimulate formation
of acetyl-coenzyme and succinyl-CoA and,
thus, recovery of oxidative metabolism.84 On
the other hand, it is uncertain whether exog-
enous administration alone would influence
myocardial BCAA uptake after CABG, as no
relationship between plasma levels of BCAA
and myocardial uptake has been found.46,82

Thus, the role of BCAA in this setting remains
to be clarified. Other amino acids of interest
for myocardial protection and metabolism in
association with ischemia include taurine,
methionine, cysteine and histidine. A compre-
hensive review on this subject has been given
by Pisarenko.84

Of the amino acids associated with the
malate-aspartate shuttle, glutamate and aspar-
tate have by far gained the greatest attention
as regards the heart and metabolic interven-
tion. Arginine has received attention recently
mainly due to its metabolism to nitric
oxide.85,86

In cardiac surgical practice most of the
interest concerning amino acids has focused
on their use as additives in cardioplegic and
reperfusion solutions. The glutamate and
aspartate enrichment of these solutions relies
on basic metabolic research and studies on
myocardial preservation in animal models.
These studies show that glutamate and aspar-
tate improve myocardial tolerance to ischemia,
and enhance metabolic and functional recov-
ery of the heart after ischemia.15,17,36,87-92 The
relative clinical impact of substrates in
cardioplegic/reperfusion solutions remains to
be clarified in humans. Improved postopera-
tive hemodynamic recovery when applied to
high-risk coronary patients and an improved
myocardial ATP maintenance in congenital
surgical patients have been suggested.93-96 It
has also been demonstrated that alpha-
ketoglutarate, a metabolite of glutamate,
improves myocardial preservation in humans

undergoing CABG surgery when added to
blood cardioplegia.97 Based on the knowledge
about amino acid transporters that has
emerged there is reason to question whether
cardioplegic solutions are ideal for delivery of
amino acids to the heart. Glutamate and
aspartate are transported into muscle cells by
Na+-dependent and Na+-independent sys-
tems.98 Suleiman has suggested that delivery
of glutamate and aspartate by cardioplegia
could be self defeating due to the anticipated
effect on the amino acid transporters.99 Myo-
cardial loss of glutamate has now been dem-
onstrated both after crystalloid cardioplegic
arrest and during cold blood cardiople-
gia.97,99,100 This may explain some conflicting
data regarding amino acid enrichment of
cardioplegic solutions.101,102 However, it can-
not yet be excluded that loss of glutamate is
attenuated by glutamate enrichment of the
cardioplegic solution. Furthermore, plasma
levels of glutamate and aspartate are markedly
increased during reperfusion and these amino
acids will be available to the postischemic
heart.103

Intravenous infusions offer an alternative
to amino acid enhancement of cardioplegic
solutions. As glutamate is reported to improve
myocardial tolerance to ischemia in coronary
patients, intravenous glutamate administration
offers the prospect of improving myocardial
protection during the pre- and postoperative
periods of CABG surgery.25,104 Furthermore,
glutamate and aspartate may eventually play a
role in the treatment of myocardial infarcts as
the infusion of glutamate and aspartate reduces
the size of myocardial infarcts in experimental
coronary artery occlusion.27,105 Moreover,
infusion of these amino acids together with
GIK had salutary effects on the contractility
of viable remote myocardium in experimental
coronary occlusion.106 This is a significant
finding, since failure of remote myocardium
to sustain the compensatory contractility
required to maintain cardiac output may play
an important role in the development of car-
diogenic shock.

Due to the importance of glutamate for
the recovery of oxidative metabolism after
ischemia36,80 and the shortage of glutamate
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demonstrated early after coronary surgery, a
rationale for metabolic intervention is pro-
vided in this setting.46,82 Postoperative
glutamate infusion has been shown to improve
the metabolic and functional state of the heart
after routine CABG and in postoperative car-
diac failure (Figs. 12.2 and 12.3).26,107

Glutamate has no inotropic effects per se.
Therefore, it is conceivable that the hemody-
namic effects during postoperative treatment
were due to the improved metabolic state of
the heart. In keeping with this, the hemody-
namic impact of postoperative glutamate
infusion seems to be related to the magnitude
of metabolic derangement before treatment.

In animal experiments glutamate and
aspartate have additive effects on myocardial
recovery after ischemia.108 Based on data from
the isolated rat heart it has been claimed that
aspartate may be more important than
glutamate for the recovery of myocardial me-
tabolism after cardioplegic arrest.109 However,
in humans early after CABG we were unable
to detect any beneficial effect of aspartate on
myocardial metabolism or function (unpub-
lished). Intravenous aspartate infusion caused
an increase of myocardial aspartate uptake but
considerable interactions with glutamate com-
patible with competitive inhibition of
glutamate uptake were observed. These obser-
vations agree with findings in the rat heart
where aspartate and glutamate compete for the
same Na+ dependent amino acid carrier.110 In
humans the arterial plasma aspartate level is
very low and mainly glutamate is taken up by
the ischemic and postischemic heart, suggest-
ing a physiologically more important role for
glutamate.13,14,46,82 Current knowledge, thus,
indicates that glutamate is of particular
importance for the ischemic and postischemic
human heart, whereas similar data for aspar-
tate is lacking.

Dosage and Toxicity of Glutamate
In rodents exogenous administration of

glutamate is associated with dose dependent
neurotoxicity.111 In primates glutamate does
not pass the blood brain barrier and the
administration of glutamate has, therefore, not

been shown to cause cerebral damage.112 The
possible influence of extracorporeal circulation
on the blood brain barrier has to be consid-
ered in cardiac surgery. However, extensive
experience with amino acid enhanced blood
cardioplegia is not reported to be associated
with an increased incidence of cerebral com-
plications.113 On the other hand, glutamate
causes a transient but unpleasant side effect
known as the “Chinese restaurant” syndrome.
It is considered to be caused by stimulation of
the peripheral nervous system, and may be re-
lated both to individual susceptibility and dos-
age of glutamate.114,115

A high turnover of glutamate in the human
body is suggested by the rapid decrease of
arterial levels after discontinuation of
glutamate infusion.26 If arterial levels play an
important role for adverse reactions, it implies
that the time during which glutamate is
administered may be more important than the
amount given. Accordingly, Thomassen
observed short-lasting symptoms compatible
with the “Chinese restaurant syndrome” in a
patient with coronary artery disease receiving
an intravenous injection of only 2.5 mg/kg
BW. The arterial plasma levels reported were
only moderately increased, but the peak levels
may not have been caught due to rapid clear-
ance of glutamate.25 Adverse effects were not
seen in patients receiving 1.5 mg/kg BW
intravenously or 40 mg/kg BW orally.104

Excess amounts of glutamate seem to have
been employed in cardioplegic and reperfusion
solutions.103 In anesthetized patients the issue
of transient adverse effects is of little signifi-
cance and explains why the issue of dosages
has received limited attention. However,
potential applications for intravenous gluta-
mate infusions include awake patients during
the pre- and postoperative course, and patients
with acute myocardial ischemia in the coro-
nary care unit. Therefore, establishing a dos-
age of glutamate that would supply the needs
of the heart with a minimum risk of side effects
is desirable.

After CABG surgery myocardial glutamate
uptake is closely related to arterial plasma lev-
els.43,46 However, due to the high capacity of
the heart to extract glutamate, a moderate
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Fig. 12.2. Change in myocardial flux of substrates in controls and patients treated with intravenous glutamate
infusion (early after elective CABG) from the basal state to 60 minutes (mean ± SEM). Hatched bars = Control
group. Grey bars = Glutamate group. Glut = glutamate, Lact = lactate, Ala = alanine, Gluc = glucose and FFA =
free fatty acids. * Indicate statistically significant differences compared with the basal state, * p<0.05, **p<0.01.
Reprinted with permission from: Svedjeholm et al, J Thorac Cardiovasc Surg 1996; 112:1468-77. © Mosby-Year
Book Inc.

Fig. 12.3. Change in hemodynamic state in controls and patients treated with intravenous glutamate infusion
(early after elective CABG) from the basal state to 60 minutes expressed in percentages (mean ± SEM). Hatched
bars = Control group. Grey bars = Glutamate group. CI = cardiac index, HR = heart rate, MAP = mean arterial
pressure, SVRI = systemic vascular resistance index, LVSWI = left ventricular stroke work index. * Indicate
statistically significant differences compared with the basal state, * p<0.05, **p<0.01. Reprinted with permission
from: Svedjeholm et al, J Thorac Cardiovasc Surg 1996; 112:1468-77. © Mosby-Year Book Inc.
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increase of arterial glutamate sufficed to opti-
mize myocardial glutamate uptake after elec-
tive CABG. A significant increase in the myo-
cardial uptake of glutamate was observed
during glutamate infusion but increasing
arterial (whole blood) levels by more than
100-200 mmol/L was not associated with a
further substantial increment in myocardial
glutamate uptake (Fig. 12.4). Glutamate
infusion caused a dose dependent linear
increase of arterial glutamate levels and an
infusion rate of 30-40 mg/kg BW/hour may
be sufficient to supply the needs of the heart
(unpublished data). The adequacy of this dos-
age remains to be confirmed in high-risk
patients.

Recently published data show the pH-de-
pendence of L-glutamate transport in sar-
colemmal vesicles from rat heart. Intravesicular
acidosis enhanced Na+-dependent glutamate
transport, whereas acidification of the in-
cubation medium enhanced Na+-indepen-
dent uptake of glutamate.110 Therefore, aci-
dosis in ischemic heart regions could
explain the increased uptake of glutamate
observed in ischemic and postischemic
hearts.13,14,46,82,107,112,116 It remains to be clari-
fied to what extent myocardial glutamate
uptake is governed by myocardial require-
ments (acidosis) and to what extent it may be
limited by saturable carriers.

Clinical Experience
with Metabolic Support
in Cardiac Surgery

The majority of patients undergoing car-
diac surgery will do well independent of the
treatment given postoperatively. Therefore, it
is tempting to consider the hazards associated
with adrenergic stimulation of the heart to be
of theoretical interest only. Paradoxically over-
use of inotropes may give an impression of
efficiency that may be lacking when these
drugs are really “needed”. Many patients are
treated with inotropes because of low blood
pressure caused by low systemic vascular re-
sistance or hypovolemia. Furthermore, hearts
with benign causes of cardiac failure, such as
residual depressant effect of cardioplegia or

limited ischemic insult, may be expected to
respond better to inotropic stimulation than
seriously injured hearts. In cardiac failure
caused by severe myocardial ischemia or evolv-
ing myocardial infarction the use of inotropic
drugs can be detrimental. Basic science has
demonstrated that adrenergic stimulation
aggravates ischemia and precipitates myocar-
dial infarction.9 Inotropes have also been
shown to cause de-energization of the myo-
cardium, and if instituted prematurely it may
imply that the condition of the heart is aggra-
vated by further metabolic derangement. 8

However, as the clinical usefulness of
alternative treatments other than mechanical
circulatory support has not been demon-
strated, conventional pharmacological treat-
ment has prevailed in clinical practice. It has
been assumed that inotropic drugs are required
to treat myocardial stunning and to avoid det-
rimental effects of hypoperfusion. These issues
will be challenged below by a metabolic strat-
egy that implies reliance on metabolic mea-
sures for the enhancement of myocardial
recovery.

Metabolic Strategy
Parallel to metabolic studies, our research

group has applied metabolic treatment in clini-
cal practice, to gain experience and to find out
to what extent metabolic support can replace
traditional treatment of cardiac failure. As data
from metabolic studies have emerged and our
experience has increased, a metabolic strategy
has gradually evolved. This strategy is com-
piled of metabolic, pharmacological and physi-
ological principles that have been found to
enhance myocardial tolerance to ischemia and
to promote recovery after ischemia. Metabolic
support found to be adequate regarding dos-
age and choice of substrates has been chosen
and modified to achieve metabolic effects with
stable hemodynamic conditions. Therefore,
the metabolic strategy includes general mea-
sures in all patients to reduce the metabolic
stress on the heart, and metabolic support in
selected cases. Contrary to common belief we
have found that these principles can replace
traditional treatment as the main therapy in
the postoperative setting after cardiac surgery.
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General Measures
The general measures include conventional

pharmacological treatment of myocardial
ischemia and unconventional measures to
reduce myocardial energy expenditure and sys-
temic oxygen demand.117 In patients with car-
diac failure care is taken to reduce strain on
the heart by reducing systemic oxygen
demand, which is, in fact the main determi-
nant of cardiac output. Mixed venous oxygen
saturation (SvO2) reflects the balance between
cardiac output and systemic oxygen consump-
tion and indicates whether cardiac output can
adequately provide the peripheral tissues with
oxygen. This physiological approach toward
the treatment of postoperative cardiac failure
helps to avoid overtreatment, that is, stimu-
lating cardiac output more than necessary. In
patients with signs of inadequate hemodynam-
ics, systemic oxygen demand is lowered by
sedatives and muscle relaxants. Inotropic drugs
increase myocardial energy expenditure
directly by increasing myocardial oxygen
demand and indirectly by increasing systemic
oxygen demand.6,7 The negative effects of ino-
tropic drugs may be expected to be particu-
larly pronounced during early reperfusion

where myocardial energy reserve may be lim-
ited and in impending or evolving myocardial
infarction. Accordingly, Lazar showed detri-
mental effects of premature use of inotropic
drugs for weaning from CPB.10 Inotropic
drugs for weaning from CPB are therefore
avoided or the use of them delayed. As car-
diac failure is usually apparent on weaning
from CPB, prolonged unloading of the heart
on CPB and metabolic support are used to
enhance myocardial recovery. Volume work by
the heart (in favor of pressure work) is pro-
moted by after load reduction with nitroprus-
side. In patients with severe postoperative car-
diac failure a systolic blood pressure of
80-100 mm Hg is accepted if urinary output
is adequate and the patient has no critical
arterial stenosis. If SvO2 or urinary output
suggests that cardiac output is inadequate,
inotropes are used in low dosages. A mechani-
cal assist device is preferred in favor of increas-
ing the dose of inotropic drugs such as
dobutamine above 4-5 ∝g/kg/min.

Metabolic Support
Metabolic support has been used in selected

patients and included the use of glutamate

Fig. 12.4. Myocardial glutamate uptake (∝mol/min) [bars] and arterial glutamate level during intravenous glutamate
infusion early after CABG (∝mol/L) [straight line + squares] according to whole blood analyses (Mean ± SEM).
* Indicate statistically significant differences compared with the basal state, * p < 0.05, ** p < 0.01. Reprinted with
permission from: Svedjeholm et al, J Thorac Cardiovasc Surg 1996; 112:1468-77. ©Mosby-Year Book Inc.
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infusion and high-dose GIK (glucose-insulin-
potassium). Although theoretically attractive,
the role of prophylactic treatment with GIK
or glutamate in cardiac surgery remains to be
clarified. At present preoperative GIK is con-
sidered in energy depleted hearts. As glutamate
improves myocardial tolerance to ischemia in
coronary patients during exercise tests and
pacing we have used glutamate preoperatively
in severely unstable patients.25,104 In contrast,
the rationale for postoperative metabolic
treatment in cardiac surgery has been more
clearly defined. First the metabolic abnor-
malities and the state of insulin resistance
have been demonstrated.41,45,82 The desired
metabolic effects, and positive hemody-
namic effects, have been achieved with
glutamate and high-dose GIK.6,26,41,45 For
treatment of cardiac failure after CABG the
combined use of glutamate and GIK seems
advisable by addressing the metabolic conse-
quences of both myocardial ischemia and the
systemic neuroendocrine stress response.4

However, it remains to be shown that the com-
bined use of glutamate and GIK provides ad-
ditional metabolic benefit.

Glutamate Infusion
Glutamate infusion has been used preop-

eratively and during the early stages of sur-
gery to increase myocardial tolerance to
ischemia in severely unstable patients. As
glutamate enhances postischemic recovery of
myocardial metabolism it has also been used
to treat or prevent cardiac failure on weaning
from CPB. According to data that we are about
to publish an infusion rate of 30-40 mg/kg/
hour should be adequate in most patients to
optimize myocardial uptake of glutamate. In
clinical practice an infusion rate of 1.5 ml/kg/
hour of a 0.125M solution has been employed
and has so far not been associated with any ill
effects. The total volume infused has usually
been 250 ml, however, in exceptional cases the
infusion has been continued to a total volume
of 500 ml. As we have sometimes experienced
that the patients “sag” a little after stopping
glutamate, we now reduce the infusion rate to
half the original when 1/2 hour remains
according to the original infusion rate.

High-Dose GIK (Glucose-Insulin-
Potassium)

GIK (glucose-insulin-potassium) treatment
has mainly been used to treat or prevent car-
diac failure on weaning from CPB and in the
early postoperative setting. The rationale in
this setting is to counteract the negative effects
of systemic trauma metabolism on the heart;
reduce plasma FFA, give the heart carbohy-
drate substrates and enhance full glucose oxi-
dation.43 Due to the insulin resistance after
cardiac surgery, high doses of insulin may be
required to achieve these objectives.41,43,45 We
have employed a high-dose GIK regime that
will ensure maximal metabolic effects in most
patients, without having the pronounced
vasodilative properties of the “hemodynamic
doses” of insulin described in previous stud-
ies.72,118 The reason is that after load reduc-
tion with nitroprusside is easier to control in
critically ill patients. Moderate hyperglycemia
is employed as systemic glucose uptake after
cardiac surgery can be further enhanced (in
spite of high plasma insulin) by increasing
blood glucose up to 10 ∝mol/L.57

In clinical practice a 30% glucose solution,
supplemented by 10 ∝mol Mg and 40 mmol
of phosphate/1000 ml, is infused at a rate of
60-100 ml/hour. We have found it advisable
to start with approximately 1ml/kg/hour. The
infusion rate is determined by regular checks
of s-glucose to achieve a stable blood glucose
level between 7-12 ∝mol/L. We prefer to keep
blood glucose just below 10 ∝mol/L.

Insulin of a fast-acting type (Actrapid
Novo) is infused at a rate of 1 IU/kg/hour for
6 hours. A bolus dose of 25 IU is injected i.v.
after 5 minutes to achieve an early steady state
metabolic effect. After the insulin infusion has
been completed, the glucose infusion is main-
tained for another 8-18 hours, the infusion
rate gradually decreased according to blood
glucose level. This treatment is a hyper-
insulinemic glucose clamp, therefore, blood
glucose levels in the short perspective are
influenced only by the rate of glucose infu-
sion. Consequently, the high-dose GIK treat-
ment is easy to manage and stable glucose lev-
els are routine. However, this treatment
requires careful attention and the glucose
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infusion should not be stopped until the ef-
fect of insulin has subsided.

Potassium is infused separately but s-
potassium is allowed to decrease to 3.5 ∝mol/
L to avoid rebound hyperkalemia at the dis-
continuation of insulin infusion.

As the treatment proceeds, some degree of
vasodilation will develop in most patients.
Nitroprusside is discontinued and in approxi-
mately one third of the cases small to moder-
ate doses of a counteracting drug (angiotensin
II or noradrenaline) has to be instituted.

Metabolic Support in Severe
Cardiac Failure

Initially metabolic support was used mainly
in patients with severe cardiac failure to gain
experience and to find out to what extent meta-
bolic support can be used to replace inotropes
and mechanical assist devices.119 In 16 (3.1%)
out of 515 patients cardiac failure on weaning
from CPB (cardiopulmonary bypass) was con-
sidered severe enough to have justified the use
of IABP treatment. The average systolic arte-
rial blood pressure (SAP) was 54 ± 19 mmHg
when the decision to start metabolic support
was taken. The condition of most patients was
too poor to allow further hemodynamic mea-
surements or blood sampling. The first SVO2

and cardiac index (CI) obtained were on average
45 ± 7% and 1.6 ± 0.4 L/min/m2 respectively.
These patients were treated by unloading of
the heart with prolonged CPB and metabolic
support with glutamate and high-dose GIK.

Thirteen out of 16 patients could be
weaned from CPB after an estimated average
prolongation of CPB with 75 minutes. A rapid
improvement of hemodynamic performance
was seen in the first hour after weaning from
CPB, and almost full recovery within 6 hours
(Fig. 12.5). The average dobutamine dose in
the first 6 hours was 2.2 ± 1.8 ∝g/kg/min.
Three patients failed to wean from CPB and
required a mechanical assist device. None of
these patients, however, showed any signs of
reversible cardiac failure and they subsequently
died. One further patient died of sepsis one
week postoperatively. Thus, with a question-
mark for one patient, metabolic support was
associated with a 100% success rate in revers-

ible cardiac failure. It may be argued that it
was time and prolonged unloading of the heart
by CPB rather than metabolic treatment that
improved the condition of the hearts. How-
ever, there is no contradiction between the use
of prolonged CPB and metabolic support.
Other investigators have achieved encourag-
ing results in critically ill patients after cardiac
surgery employing the principles of substrate
enhancement and unloading of the heart.93

Both principles enhance the recovery of myo-
cardial metabolism. In experimental coronary
ligation the beneficial effects of GIK and IABP
on myocardial metabolism are additive.120 We
have found substantial uptake of both glucose
and glutamate in the anesthetized patient dur-
ing CPB (unpublished). Metabolic support,
however, may enhance the speed of recovery
by improving myocardial uptake of glucose
and glutamate and by reducing plasma FFA.
Furthermore a sustained effect is acquired by
continuing metabolic support into the early
postoperative course when the consequences
of the neuro-endocrine stress response may
become more obvious. The hemodynamic
recovery within six hours compared with the
2-3 days generally required with conventional
mechanical assist devices is in keeping with
this assumption.73,121

These results should not be interpreted as
though avoidance of IABP or other mechani-
cal assist devices is a major objective of the
metabolic strategy. Unloading of the heart is
an attractive mode of treatment from a meta-
bolic point of view.122,123 In fact due to this
early encouraging experience we have broad-
ened the indications for both metabolic sup-
port and mechanical assist devices to reduce
the need for inotropic drugs further.

Metabolic Strategy in Surgery
for Ischemic Heart Disease

Data from 785 consecutive patients oper-
ated by our group for ischemic heart disease
(745 CABG and 40 CABG + valve procedures)
according to the metabolic strategy are cur-
rently undergoing analysis (unpublished). The
average age was 65 years and the proportion
of females was 20%. 229 patients had unstable
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angina (29.2%) and 108 patients (13.8%) had
severely compromised left ventricular function
preoperatively (ejection fraction ∀ 0.35). Over-
all 96% of the patients were weaned from CPB
without inotropic drugs. In Table 12.1 the use
of dobutamine and metabolic support from
1991-1995 is shown. Despite an increasing
proportion of high risk patients, the need for
inotropes for weaning from CPB was gradu-
ally abolished as the use of metabolic support
increased. This was not achieved at the price
of a poorer hemodynamic state according to
SvO2 measurements on arrival to ICU. How-
ever, in the ICU a small dose of dobutamine
to stimulate urinary output was later insti-
tuted in 18% of the patients overall. The
average dose of dobutamine when used was
2.2 ± 1.4 ∝g/kg/min. The maximum dobu-
tamine dose in an individual patient was
5.7 ∝g/kg/min and during the last two-year
period no patient received a dobutamine dose
exceeding 5 ∝g/kg/min. PDA inhibitors were
used in 0.5% and mechanical assist devices in
1.4% of the cases. One patient required dialy-
sis because of postoperative renal failure

(0.1%). No patient developed evident signs
of intestinal ischemia. Average stay in the ICU
was 1.6 days and the median time on the ven-
tilator 8 hours. The 30-day mortality was
0.9%.

Inotropic drugs improve cardiac output
and thus can contribute to termination of
CPB. However, there are to our knowledge
no evidence that these drugs improve outcome
in cardiac surgery. After cardiac surgery
inotropic drugs cause a marked increase in
myocardial oxygen demand and aggravate the
metabolic condition of the heart.6 From car-
diology practice we know that reduction of
adrenergic stress with beta-blockers reduces
mortality in myocardial infarction.124 There
is no reason to believe that a myocardial inf-
arct in association with cardiac surgery would
differ in this respect. A high incidence of myo-
cardial ischemia and myocardial infarction has
been reported when inotropes are used to ter-
minate CPB.125 Another negative aspect is that
adrenergic drugs also increase the metabolic
rate in the peripheral tissues.6,7 As the main
purpose of the heart is to supply the periph-

Fig. 12.5. Hemodynamic recovery in patients with severe cardiac failure on weaning from CPB treated with
intravenous glutamate and high-dose GIK (n=13). The change in systolic arterial blood pressure (SAP, n=13; right
axis) and cardiac index (CI, n=7; left axis) after institution of metabolic support and the change in mixed venous
oxygen saturation (SVO2, n=13; right axis) after weaning from CPB. Data are presented as mean ± SEM. The
horizontal bars depict the time used for metabolic treatment. G = glutamate, GIK = high-dose Glucose-Insulin-
Potassium. Reprinted with permission from: Svedjeholm et al, Ann Thorac Surg 1995; 59:S23-30. © Elsevier
Science Inc.
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eral tissues with oxygen and substrates, this
therapy is to some extent self defeating. It has
been claimed that phosphodiesterase inhibi-
tors are less noxious to the diseased heart, but
this remains to be proved. In chronic conges-
tive heart failure these drugs have been associ-
ated with a significant increase in overall mor-
tality.126 Although most patients tolerate
inotropes, there is now reason to believe that
they may have a detrimental influence on out-
come in a subset of patients with cardiac fail-
ure caused by a serious ischemic insult or evolv-
ing myocardial infarction.

One further disadvantage of inotropic
treatment is that the natural course of myo-
cardial recovery is concealed by the effects of
these drugs. As down regulation of beta
receptors in the myocardium occurs the drug
requirements are increased. Deteriorations in
the hemodynamic condition are therefore fre-
quently addressed by increasing the dosage of
inotropic drugs. This implies that identifica-
tion of other causes for deterioration may be
delayed or even overlooked. By employing the
metabolic strategy we have improved our
understanding of the natural postoperative
course.

Since, this is a report of clinical experience
and not a formal scientific trial, we have no
data on the metabolic effects of metabolic sup-
port in these patients. However, in previous
studies the desired metabolic effects, and posi-
tive hemodynamic effects, have been achieved
with glutamate and high-dose GIK.41 After
elective CABG, the parallel sequence of
metabolic and functional recovery of the heart
suggests a casual link between metabolic and
contractile dysfunction.43,26,127 In animal
experiments a close relationship between
mitochondrial respiration and myocardial
function during reperfusion has been demon-
strated.128 It is, therefore, conceivable that the
recovery of myocardial function observed dur-
ing glutamate and high-dose GIK was caused
by recovery of myocardial metabolism. The
maintenance of intracellular calcium homeo-
stasis and force development by the contrac-
tile apparatus are dependent upon the free
energy derived from ATP hydrolysis. This
energy of hydrolysis is determined by the myo-

cardial phosphorylation potential.77 It has been
demonstrated that pyruvate enhances contrac-
tility in stunned myocardium by enhancing
myocardial phosphorylation potential.77 Simi-
lar effects may be expected by other substrates
that can enhance pyruvate oxidation such as
GIK and glutamate.6,26

Renal function is a sensitive parameter of
the adequacy of hemodynamic treatment.
Also, splanchnic circulation may be jeopar-
dized in low output syndrome. In our five-
year experience only one patient (0.1%)
required dialysis because of postoperative renal
failure and we found no obvious case of intes-
tinal ischemia. In contrast, an incidence of
renal impairment requiring dialysis of
1.2-2.5% has been reported from comparable
centers after adult cardiac surgery.129,130 How-
ever, less pronounced changes of renal func-
tion may have to be evaluated to assess the
adequacy of hemodynamic treatment. The
incidence of postoperative renal failure,
defined as a postoperative increase of s-creati-
nine by 50% or more compared with preop-
erative values, was 2.8% in our experience. In
contrast, a 16% incidence of postoperative
renal failure (same definition) after routine
CABG was recently reported.129 Multiple
logistic regression analysis singled out the use
of adrenergic drugs as the most important
determinant for development of postoperative
renal failure. It may be argued that it was the
need for, rather than the use of these drugs
that was the causative factor. However, our
experience shows that cardiac failure can be
treated with a low incidence of renal prob-
lems.119 If adrenergic drugs are used in high
doses, vasoconstrictive properties predominate
and renal perfusion may be adversely affected.
In contrast, GIK and amino acid infusion may
enhance renal perfusion.131 Also, the negative
effects of inotropic drugs on myocardial
recovery may contribute to more severe and
prolonged states of low output syndrome.
Therefore, the choice of treatment may have
a decisive influence on maintenance of renal
function. A similar link between the use of
inotropic drugs and the development of
intestinal ischemia may also be suspected.
Thus, the use of inotropic adrenergic drugs
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may be two-edged, not only from a myocar-
dial point of view.

Several indices of improved outcome
(improved hemodynamic recovery, less need
for inotropes and IABP, less need for ventila-
tor treatment, fewer serious complications,
lower incidence of postoperative arrhythmias,
shorter ICU and hospital stay) have been
reported with GIK in high risk patients.23,66,73

Although it remains to be proved that meta-
bolic interventions improve survival in cardiac
surgery, metabolic treatment evidently offers
several advantages over traditional inotropic
treatment, 1) Myocardial metabolic derange-
ment—an important cause of postoperative
cardiac failure is treated. Whereas inotropic
drugs impede metabolic recovery 2) Glucose
and amino acids add energy to the heart
whereas inotropes drain energy from the heart
3) Glucose and amino acids increase myocar-
dial tolerance to ischemia whereas inotropes
aggravate ischemia and may precipitate myo-
cardial infarction 4) GIK and amino acids are
reported to improve renal perfusion whereas
adrenergic drugs in high doses impair renal
perfusion.

Summary
The availability of different metabolic sub-

strates can evidently influence postischemic
functional recovery and the damage incurred
during episodes of myocardial ischemia. It is
no longer a question of whether metabolic
support is of benefit to the heart or not, rather
a question of defining the conditions under
which metabolic interventions are beneficial.
Basic research, studies on human myocardial
metabolism after cardiac surgery and available
experience of metabolic interventions provide
a solid rationale for metabolic support in post-
operative cardiac failure. The rationale for
metabolic treatment of postoperative cardiac
failure is further supported by the drawbacks
of traditional treatment. Adrenergic inotropic
drugs improve the hemodynamic condition,
but at the price of a marked increase in myo-
cardial energy expenditure.5,6,10 This puts fur-
ther strain on the already compromised energy
metabolism of the heart, and may precipitate

myocardial ischemia and infarction.9 However,
as the clinical usefulness of alternative treat-
ments has not been shown, conventional phar-
macological treatment has prevailed in clini-
cal practice. Our clinical experience over a
five-year period proves that traditional treat-
ment with inotropes can be replaced by meta-
bolic measures, involving metabolic support
with glutamate and high-dose GIK in selected
patients. Intravenous infusions of glutamate
and high-dose GIK have provided a consis-
tently effective alternative in the treatment of
postoperative cardiac failure. The overall re-
sults have been satisfactory and the low inci-
dence of renal problems has been particularly
gratifying. Further studies, though, are needed
to delineate the optimal metabolic treatment
for postischemic cardiac failure. More impor-
tant, the role of prophylactic metabolic treat-
ment in cardiac surgery and myocardial
ischemia remains to be clarified.

References
1. Svedjeholm R, Dahlin LG, Olin C. Periop-

erative myocardial infarction (PMI) in cardiac
surgery—risk factors and clinical outcome.
Brit J Anaesth 1996; 76:(Abstract)

2. Slogoff S, Keats AS. Does perioperative myo-
cardial ischemia lead to postoperative myo-
cardial infarction? Anesthesiology 1985;
62:107-114.

3. Smith RC, Leung JM, Mangano DT. Post-
operative myocardial ischemia in patients
undergoing coronary artery bypass graft sur-
gery. Anesthesiology 1991; 74:464-473.

4. Svedjeholm R, Håkanson E, Vanhanen I.
Rationale for metabolic support with amino
acids and glucose-insulin-potassium (GIK) in
cardiac surgery. Ann Thorac Surg 1995;
59:S15-S22

5. Fowler MB, Alderman EL, Oesterle SN et al.
Dobutamine and dopamine after cardiac sur-
gery: greater augmentation of myocardial
blood flow with dobutamine. Circulation
1984; 70 (suppl I):I 103-111.

6. Svedjeholm R, Hallhagen S, Ekroth R et al.
Dopamine and High-dose Insulin infusion
(Glucose-Insulin-Potassium) after a cardiac
operation. Effects on myocardial metabolism.
Ann Thorac Surg 1991; 51:262-270.



Ischemia-Reperfusion Injury in Cardiac Surgery152

7. Hiesmayr M, Haider WJ, Grubhofer G et al.
Effects of dobutamine versus insulin on car-
diac performance, myocardial oxygen de-
mand, and total body metabolism after coro-
nary artery bypass grafting. J Cardiothorac &
Vasc Anesth 1995; 9:653-658.

8. Zhou Z, Lasley RD, Hegge JO et al. Myo-
cardial stunning: a therapeutic conundrum. J
Thorac Cardiovas Surg 1995; 110:1391-1400.

9. Maroko PR, Kjekshus JK, Sobel BE et al.
Factors influencing infarct size following ex-
perimental coronary artery occlusions. Circu-
lation 1971; 43:67-82.

10. Lazar HL, Buckberg GD, Foglia RP et al.
Detrimental effects of premature use of ino-
tropic drugs to discontinue cardiopulmonary
bypass. J Thorac Cardiovasc Surg 1981;
82:18-25.

11. Lewandowski ED, Ingwall JS. The physiologi-
cal chemistry of energy production in the
heart. In: Schlant RC, Alexander RW, eds.
Hurst ’ s  The Heart. 8 ed. New York:
McGraw-Hill, 1994:153-164.

12. Opie L: Carbohydrates and Lipids. In: The
Heart. 1 ed. London: Grune & Stratton,
1984:111-135.

13. Mudge GH, Mills RM, Taegtmeyer H et al.
Alterations of myocardial amino acid metabo-
lism in chronic ischemic heart disease. J Clin
Invest 1976; 58:1185-1192.

14. Thomassen A, Nielsen TT, Bagger JP et al.
Myocardial glutamate and alanine exchanges
related to carbohydrate metabolism in pa-
tients with normal and stenotic coronary ar-
teries. Clin Physiol 1984; 4:425-434.

15. Taegtmeyer H. Metabolic responses to hy-
poxia; increased production of succinate by
rabbit papillary muscles. Circ Res 1978;
43:808-815.

16. Sanborn T, Gavin W, Berkowitz S et al.
Augmented conversion of aspartate and
glutamate to succinate during anoxia in rab-
bit heart. Am J Physiol 1979; 237:H535-
H541.

17. Rau EE, Shine KI, Gervais A et al. Enhanced
mechanical recovery of anoxic and ischemic
myocardium by amino acid perfusion. Am J
Physiol 1979; 236:H873-H879

18. Pisarenko OI, Baranov AV, Pomerantsev EV
et al. Myocardial metabolism of glutamate
and left ventricular function in patients with
coronary arterial disease. Int J Cardiol 1989;
23:43-52.

19. Safer B. The metabolic significance of the
malate-aspartate cycle in heart. Circ Res 1975;
37:527-533.

20. Pisarenko OI, Oleynikov OD, Shulzhenko VS
et al. Association of myocardial glutamate and
aspartate pool and functional recovery of post-
ischemic heart. Biochem Med Metab Biol
1989; 42:105-117.

21. Berggren H, Ekroth R, Herlitz J et al. Im-
proved myocardial protection during cold
cardioplegia by means of increased myocar-
dial glycogen stores. Thorac Cardiovasc Surg
1982; 30:389-392.

22. Lolley DM, Ray JFI, Myers WO et al. Im-
portance of preoperative myocardial glycogen
levels in human cardiac preservation. Prelimi-
nary report. J Thorac Cardiovasc Surg 1979;
78:678-687.

23. Oldfield GS, Commerford PJ, Opie LH. Ef-
fects of preoperative glucose-insulin-potassium
on myocardial glycogen levels and on com-
plications of mitral valve replacement. J
Thorac Cardiovasc Surg 1986; 91:874-878.

24. Thomassen A, Nielsen TT, Bagger JP et al.
Antianginal and cardiac metabolic effects of
low-dose glucose infusion during pacing in
patients with and without coronary artery
disease. Am Heart J 1989; 118:25-32.

25. Thomassen A, Nielsen TT, Bagger JP et al.
Antiischemic and metabolic effects of gluta-
mate during pacing in patients with stable
angina pectoris secondary to either coronary
artery disease or syndrome X. Am J Cardiol
1991; 68:291-295.

26. Svedjeholm R, Vanhanen I, Håkanson E et
al. Metabolic and hemodynamic effects of
intravenous glutamate infusion early after
coronary surgery. J Thorac Cardiovasc Surg
1996; 112:1468-1477.

27. Engelman RM, Rousou JA, Flack JE et al.
Reduction of infarct size by systemic amino
acid supplementation during reperfusion. J
Thorac Cardiovasc Surg 1991; 101:855-859.

28. Maroko PR, Libby P, Sobel BE et al. Effect
of Glucose-Insulin-Potassium infusion on
myocardial infarction following experimental
coronary artery occlusion. Circulation 1972;
45:11601175

29. Simonsen S, Kjekshus JK. The effect of free
fatty acids on myocardial oxygen consump-
tion during atrial pacing and catecholamine
infusion in man. Circulation 1978; 58:
484-491.

30. Vik-Mo H, Mjos OD. Influence of free fatty
acids on myocardial oxygen consumption and
ischemic injury. Am J Cardiol 1981; 48:
361-365.

31. Liedtke AJ, Nellis S, Neely JR. Effects of
excess free fatty acids on mechanical and
metabolic function in normal and ischemic
myocardium in swine. Circ Res 1978; 43:
652-661.

32. Henderson AH, Craig RJ, Gorlin R et al. Free
fatty acids and myocardial function in per-
fused rat hearts. Cardiovasc Res 1970; 4:
466-472.

33. Borst P, Loos JA, Christ EJ et al. Uncou-
pling activity of long-chain fatty acids.
Biochim Biophys Acta 1962; 62:509-518.



153Intravenous Metabolic Support in Cardiac Surgery

34. Lucas SK, Kanter KR, Schaff HV et al. Re-
duced oxygen extraction during reperfusion:
A consequence of global ischemic arrest. J
Surg Res 1980; 28:434-441.

35. Kanter KR, Glower DD, Schaff HV et al.
Mechanism of defective oxygen extraction
following global ischemia. J Surg Res 1981;
30:482-488.

36. Lazar HL, Buckberg GD, Manganaro AJ et
al. Reversal of ischemic damage with amino
acid substrate enhancement during reper-
fusion. Surgery 1980; 80:702-709.

37. Peuhkurinen KJ. Regulation of the tricarboxy-
lic acid pool size in heart muscle. J Mol Cell
Cardiol 1984; 16:487-495.

38. Pisarenko O, Studneva I, Khlopkov V et al.
An assessment of anaerobic metabolism dur-
ing ischemia and reperfusion in isolated
guinea pig heart. Biochim Biophys Acta 1988;
934:55-63.

39. Kobayashi K, Neely JR. Effects of ischemia
and reperfusion on pyruvate dehydrogenase
activity in isolated rat hearts. J Mol Cell
Cardiol 1983; 15:359-367.

40. Teoh KH, Mickle DAG, Weisel RD et al.
Decreased postoperative myocardial free fatty
acid oxidation. J Surg Res 1988; 44:36-44.

41. Svensson S, Svedjeholm R, Ekroth R et al.
Trauma metabolism and the heart. Uptake of
substrates and effects of insulin early after
cardiac operations. J Thorac Cardiovasc Surg
1990; 99:1063-1073.

42. Svedjeholm R, Vanhanen I, Hakanson E et
al. Metabolic and hemodynamic effects of
intravenous glutamate infusion early after
coronary operations. J Thorac Cardiovas Surg
1996; 112:1468-1477.

43. Svedjeholm, R. Myocardial uptake of sub-
strates early after cardiac surgery. A clinical
study of metabolic derangement and recov-
ery with special reference to effects of dopam-
ine and insulin. 7-54. 1990. Acta Universita-
tis Upsaliensis. Thesis/Dissertation

44. Safer B, Williamson JR. Mitochondrial-cyto-
solic interactions in perfused rat heart. Role
of coupled transamination in repletion of cit-
ric acid cycle intermediates. J Biol Chem
1973; 248:2570-2579.

45. Svensson S, Ekroth R, Milocco I et al. Glu-
cose and lactate balances in heart and leg af-
ter coronary surgery: influence of insulin in-
fusion. Scand J Thorac Cardiovasc Surg 1989;
23:145-150.

46. Svedjeholm R, Ekroth R, Joachimsson PO et
al. Myocardial uptake of amino acids and
other substrates in relation to myocardial oxy-
gen consumption four hours after cardiac
surgery. J Thorac Cardiovasc Surg 1991;
101:688-694.

47. Apstein CS, Gravino FN, Haudenschild CC.
Determinants of a protective effect of glucose
and insulin on the ischemic myocardium.
Effects on contractile function, diastolic com-
pliance, metabolism, and ultrastructure dur-
ing ischemia and reperfusion. Circ Res 1983;
52:515-526.

48. Rackley CE, Russel RO, Rogers JW et al.
Glucose-Insulin-Potassium in acute myocar-
dial infarction. Ann Rev Med 1982; 33:
375-383.

49. Lopaschuk GD, Stanley WC. Glucose me-
tabolism in the ischemic heart [editorial com-
ment]. [Review] [22 refs]. Circulation 1997;
95:313-315.

50. Wheeler TJ, Fell RD, Hauck MA. Translo-
cation of two glucose transporters in heart:
effects of rotenone, uncouplers, workload,
palmitate, insulin and anoxia. Biochim
Biophys Acta 1994; 1196:191-200.

51. McNulty PH, Sinusas AJ, Shi CQ et al. Glu-
cose metabolism distal to a critical coronary
stenosis in a canine model of low-flow myo-
cardial ischemia. J Clin Invest 1996; 98:
62-69.

52. Zaninetti D, Greco-Perotto R, Assima-
copoulos-Jeannet F et al. Effects of insu-
lin on glucose transport and glucose trans-
porters in rat heart. Biochem J 1988; 250:
277-283.

53. Stanley WC, Lopaschuk GD, Hall JL et al.
Regulation of myocardial carbohydrate me-
tabolism under normal and ischaemic condi-
tions. Potential for pharmacological interven-
tions. [Review] [184 refs]. Cardiovasc Res
1997; 33:243-257.

54. Ekroth R, Berggren H, Björntorp J et al.
Effect of valvular aortic stenosis on insulin
sensitivity. Scand J Thorac Cardiovasc Surg
1982; 16:141-144.

55. Nilsson F, Ekroth R, Milocco I et al.
Splanchnic glucose balance and insulin resis-
tance in the early postoperative phase of car-
diac surgery. JPEN J Parenter Enteral Nutr
1988; 12:574-578.

56. Zaninetti D, Greco-Perotto R, Jeanrenaud B.
Heart glucose transport and transporters in
rat heart: regulation by insulin, workload and
glucose. Diabetologia 1988; 31:108-113.

57. Nilsson F, Bake B, Berglin E et al. Glucose
and insulin infusion directly after cardiac sur-
gery: effects on systemic glucose uptake, cat-
echolamine excretion, O2 consumption, and
CO2 production. JPEN J Parenter Enteral
Nutr 1985; 9:159-164.

58. Fischer Y, Bottcher U, Eblenkamp M et al.
Glucose transport and glucose transporter
GLUT4 are regulated by product(s) of inter-
mediary metabolism in cardiomyocytes. Bio-
chemical Journal 1997; 321:629-638.



Ischemia-Reperfusion Injury in Cardiac Surgery154

59. Scheuer J, Stezoski SW. Protective role of
increased myocardial glycogen stores in car-
diac anoxia in the rat. Circ Res 1970;
27:835-849.

60. Wiese S, Askanazi J. Glucose/Insulin/Potas-
sium therapy: A reevaluation of myocardial
benefits during cardiopulmonary bypass. J
Cardiothorac Vasc Anesth 1992; 6:517-520.

61. Girard C, Quentin P, Bouvier H et al. Glu-
cose and insulin supply before cardiopulmo-
nary bypass in cardiac surgery: A double-blind
study. Ann Thorac Surg 1992; 54:259-263.

62. Haider W, Eckersberger F, Losert U et al.
Improved myocardial protection in open heart
surgery by massive preoperative insulin sup-
ply. Anaesthesist 1982; 31:124-128.

63. Wistbacka JM, Paivi KK, Nuutinen LS.
Prebypass glucose-insulin-potassium infusion
in elective non-diabetic coronary artery sur-
gery patients. J Cardiothorac Vasc Anesth
1992; 6:517-520.

64. Nilsson F, Ekroth R, Milocco I et al. The
effect of insulin on the leg and splanchnic
balance of glucose and gluconeogenic sub-
strates after cardiac surgery. Thorac
Cardiovasc Surg 1988; 36:343-347.

65. Brodin LA, Dahlgren G, Ekestrom S et al.
Influence of glucose-insulin-potassium on left
ventricular function during coronary artery
bypass grafting. Scand J Thorac Cardiovasc
Surg 1993; 27:27-34.

66. Lazar HL, Philippides G, Fitzgerald C et al.
Glucose-insulin-potassium solutions enhance
recovery after urgent coronary artery bypass
grafting. J Thorac Cardiovas Surg 1997;
113:354-60; discussion 360-2.

67. Svensson SE, Berglin-W-OE, Ekroth R,
Milocco I et al. Haemodynamic effects of a
single large dose of insulin in open heart sur-
gery. Cardiovasc Res 1984; 18:697-701.

68. Haider W, Benzer H, Coraim F et al. Post-
operative therapy by means of acute
parenteral alimentation (APA) with high doses
of insulin and glucose after open heart sur-
gery (author’s transl). Anaesthesist 1981;
30:53-63.

69. Lucchesi BR, Median M, Kniffen FJ. The
positive inotropic action of insulin in the
canine heart. Eur J Pharmacol 1972; 18:
107-115.

70. Reikerås O, Gunnes P, Sörlie D et al.
Haemodynamic effects of high doses of insu-
lin during acute left ventricular failure in
dogs. Eur Heart J 1985; 6:451-457.

71. Svedjeholm R, Ekroth R, Joachimsson PO et
al. High-dose insulin improves the efficacy of
dopamine early after cardiac surgery. A study
of myocardial performance and oxygen con-
sumption. Scand J Thorac Cardiovasc Surg
1991; 25:215-221.

72. Svensson S, Ekroth R, Nilsson F et al. Insu-
lin as a vasodilating agent in the first hour
after cardiopulmonary bypass. Scand J Thorac
Cardiovasc Surg 1989; 23:139-143.

73. Gradinac S, Coleman GM, Taegtmeyer H et
al. Improved cardiac function with Glucose-
Insulin-Potassium after aortocoronary bypass
grafting. Ann Thorac Surg 1989; 48:484-489.

74. Hall JL, Stanley WC, Lopaschuk GD et al.
Impaired pyruvate oxidation but normal glu-
cose uptake in diabetic pig heart during
dobutamine-induced work. Am J Physiol
1996; 271:H2320-H2329.

75. Malmberg K, Ryden L, Efendic S et al. Ran-
domized trial of insulin-glucose infusion fol-
lowed by subcutaneous insulin treatment in
diabetic patients with acute myocardial inf-
arction (DIGAMI study): effects on mortal-
ity at 1 year. J Am Coll Card 1995; 26:57-65.

76. Teoh KH, Mickle DAG, Weisel RD et al.
Improving myocardial metabolic and func-
tional recovery after cardiac arrest. J Thorac
Cardiovasc Surg 1988; 95:788-798.

77. Lasley RD, Bunger R, Zhou Z et al. Meta-
bolically based treatment of stunned myocar-
dium. J Card Surg 1994; 9:469-473.

78. Gailis L, Benmouyal E. Endogenous alanine,
glutamate, aspartate and glutamine in the
perfused guinea pig heart: effect of substrates
and cardioactive agents. Can J Biochem 1973;
51:11-20.

79. Bittl J, Shine K. Protection of ischemic rab-
bit myocardium by glutamic acid. Am J
Physiol 1983; 245:H406-H412

80. Burns AH, Reddy WJ. Amino acid stimula-
tion of oxygen and substrate utilization by
cardiac myocytes. Am J Physiol 1978; 235:
E461-E466.

81. Pisarenko OI. Regulation of cardiac metabo-
lism by amino acids in ischemia and hypoxia.
Sov Med Rev A Cardiol 1989; 2:133-167.

82. Svedjeholm R, Svensson SE, Ekroth R et al.
Trauma metabolism and the heart; studies of
heart and leg amino acid flux after cardiac
surgery. Thorac Cardiovasc Surg 1990;
38:1-5.

83. Schwalb H, Izhar U, Yaroslavsky E et al. The
effect of amino acids on the ischemic heart.
Improvement of oxygenated crystalloid car-
dioplegic solution by an enriched branched
amino acid formulation. J Thorac Cardiovasc
Surg 1989; 98:551-556.

84. Pisarenko OI. Mechanisms of myocardial pro-
tection by amino acids: facts and hypotheses.
[Review] [88 refs]. Clin & Exper Pharmacol
& Physiol 1996; 23: 627-633.



155Intravenous Metabolic Support in Cardiac Surgery

85. Morita K, Sherman MP, Buckberg GD et al.
Studies of hypoxemic/reoxygenation injury:
Without aortic clamping. V. Role of the
L-arginine-nitric oxide pathway: the nitric ox-
ide paradox. J Thorac Cardiovas Surg 1995;
110:1200-1211.

86. Sato H, Zhao ZQ, McGee DS et al. Supple-
mental L-arginine during cardioplegic arrest
and reperfusion avoids regional postischemic
injury. J Thorac Cardiovas Surg 1995;
110:302-314.

87. Sanborn T, Gavin W, Berkowitz S et al.
Augmented conversion of aspartate and
glutamate to succinate during anoxia in rab-
bit heart. Am J Physiol 1979; 237:H535-
H541

88. Haas GS, DeBoer LWV, O’Keefe DD et al.
Reduction of postischemic myocardial dys-
function by substrate repletion during reper-
fusion. Circulation 1984; 70(suppl I):65-74.

89. Lazar HL, Buckberg GD, Manganaro AJ et
al. Myocardial energy replenishment and re-
versal of ischemic damage by substrate en-
hancement of secondary blood cardioplegia
with amino acids during reperfusion. J Thorac
Cardiovasc Surg 1980; 80:350-359.

90. Weldner PW, Myers JL, Miller CA et al.
Improved recovery of immature myocardium
with L-glutamate blood cardioplegia. Ann
Thorac Surg 1993; 55:102-105.

91. Engelman RM, Dobbs WA, Rousou JH et
al. Myocardial high-energy phosphate replen-
ishment during ischemic arrest: aerobic ver-
sus anaerobic metabolism. Ann Thorac Surg
1982; 33:453-458.

92. Kimose HH, Helligso P, Randsbaek F et al.
Improved recovery after crystalloid cardiople-
gia using low-dose glutamate enrichment dur-
ing reperfusion after aortic unclamping: a
study in isolated blood-perfused pig hearts.
Thorac Cardiovasc Surg 1996; 44:118-125.

93. Beyersdorf F, Kirsh M, Buckberg GD et al.
Warm glutamate/aspartate-enriched blood
cardioplegic solution for perioperative sudden
death. J Thorac Cardiovasc Surg 1992;
104:1141-1147.

94. Allen BS, Buckberg GD, Schwaiger M et al.
Early recovery of regional wall motion in
patients following surgical revascularization
after eight hours of acute coronary occlusion:
Published erratum appears in J Thorac
Cardiovasc Surg 1987 Jan;93(1):140. J
Thorac Cardiovasc Surg 1986; 92:636-648.

95. Rosenkranz ER, Buckberg GD, Laks H et al.
Warm induction of cardioplegia with gluta-
mate-enriched blood in coronary artery pa-
tients with cardiogenic shock who are depen-
dent on inotropic drugs and intra-aortic bal-
loon support. J Thorac Cardiovasc Surg 1983;
86:507-518.

96. Pisarenko OI, Portnoy VF, Studneva IM et
al. Glutamate-blood cardioplegia improves
ATP preservation in human myocardium.
Biomed Biochim Acta 1987; 46:499-504.

97. Kjellman UW, Björk K, Ekroth R et al. Ad-
dition of alpha-ketoglutarate to blood car-
dioplegia improves cardioprotection. Ann
Thorac Surg 1997; 63:1625-1634.

98. Low SY, Rennie MJ, Taylor PM. Sodium-
dependent glutamate transport in cultured rat
myotubes increases after glutamine depriva-
tion. FASEB J 1994; 8:127-131.

99. Suleiman MS, Chapman RA. Changes in the
principal free intracellular amino acids in the
Langendorff perfused guinea pig heart dur-
ing arrest with calcium-free or high potassium
media. Cardiovasc Res 1993; 27:1810-1814.

100. Kimose HH, Ravkilde J, Helligsö P et al.
Myocardial loss of glutamate after cold chemi-
cal cardioplegia and storage in isolated blood-
perfused pig hearts. Thorac Cardiovasc Surg
1993; 41:93-100.

101. Bical OM, Gerhardt MF, Paumier D et al.
Effects of two different crystalloid cardioplegic
solutions assessed by myocardial pH, tissue
lactate content and energy metabolism. Eur
J Cardiothorac Surg 1996; 10:417-421.

102. Reed MK, Barak C, Malloy CR et al. Effects
of glutamate and aspartate on myocardial sub-
strate oxidation during potassium arrest [see
comments]. J Thorac Cardiovas Surg 1996;
112:1651-1660.

103. Wistbacka J-OM, Lepojärvi MVK, Karlqvist
KEV et al. Amino acid-enriched glucose-in-
sulin-potassium infusion improves hemody-
namic function after coronary surgery. Infu-
sions Ther Transfusions Med 1995; 22:82-90.

104. Thomassen A, Bötker HE, Nielsen TT et al.
Effects of glutamate on exercise tolerance and
circulating substrate levels in stable angina
pectoris. Am J Cardiol 1990; 65:173-178.

105. Singh J, Garg KN, Garg D et al. Effect of
aspartate and glutamate on experimental myo-
cardial infarction in rats. Indian J Exp Biol
1989; 27:621-624.

106. Beyersdorf F, Acar C, Buckberg GD et al.
Studies on prolonged acute regional ischemia.
V. Metabolic support of remote myocardium
during left ventricular power failure. J Thorac
Cardiovasc Surg 1989; 98:567-579.

107. Pisarenko OI, Lepilin MG, Ivanov VE. Car-
diac metabolism and performance during L-
glutamic acid infusion in postoperative car-
diac failure. Clin Science 1986; 70:7-12.

108. Rosenkranz ER, Okamoto F, Buckberg GD
et al. Safety of prolonged aortic clamping
with blood cardioplegia. III. Aspartate enrich-
ment of glutamate-blood cardioplegia in en-
ergy-depleted hearts after ischemic and
reperfusion injury. J Thorac Cardiovasc Surg
1986; 91:428-435.



Ischemia-Reperfusion Injury in Cardiac Surgery156

109. Pisarenko OI, Rosenfeldt FL, Langley L et
al. Differing protection with aspartate and
glutamate cardioplegia in the isolated rat
heart. Ann Thorac Surg 1995; 59:1541-1548.

110. Dinkelborg LM, Kinne RK, Grieshaber MK.
Characterization and pH dependence of L-
glutamate transport in sarcolemmal vesicles
from rat hearts. Am J Physiol 1995; 268:
H194-201.

111. Daabees TT, Finkelstein MW, Stegink LD
et al. Correlation of glutamate plus aspartate
dose, plasma amino acid concentration and
neuronal necrosis in infant mice. Food Chem
Toxicol 1985; 23:887-893.

112. Thomassen AR. Myocardial uptake and ef-
fects of glutamate during non-ischaemic and
ischaemic conditions. A clinical study with
special reference to possible interrelationships
between glutamate and myocardial utilization
of carbohydrate substrates. Dan Med Bull
1992; 39:471-488.

113. Loop FD, Higgins TL, Panda R et al. Myo-
cardial protection during cardiac operations:
Decreased morbidity and lower cost with
blood cardioplegia and coronary sinus perfu-
sion. J Thorac Cardiovasc Surg 1992; 104:
608-618.

114. Schaumburg HH, Byck R, Gerstl R et al.
Monosodium L-glutamate: Its pharmacology
and role in the “Chinese restaurant syn-
drome”. Science 1969; 163:826-828.

115. Kenney RA, Tidball CS. Human susceptibil-
ity to oral monosodium L-glutamate. Am J
Clin Nutr 1972; 25:140-146.

116. Knapp WH, Helus F, Ostertag H et al. Up-
take and turnover L-(13N)-glutamate in the
normal human heart and in patients with
coronary artery disease. Eur J Nucl Med
1982; 7:211-215.

117. Håkanson E, Svedjeholm R, Vanhanen I.
Physiologic aspects in postoperative cardiac
patients. Ann Thorac Surg 1995; 59:S12-4.

118. Svedjeholm R, Ekroth R, Joachimsson PO et
al. High dose insulin improves the efficacy
of dopamine early after cardiac surgery. A
study of myocardial performance and oxygen
consumption. Scand J Thorac Cardiovasc
Surg 1991; 25:215-221.

119. Svedjeholm R, Huljebrant I, Håkanson E et
al. Glutamate and high-dose glucose-insulin-
potassium (GIK) in the treatment of severe
cardiac failure after cardiac operations. Ann
Thorac Surg 1995; 59:S23-S30

120. Pissarek M, Goos H, Nohring J et al. Ben-
eficial effect of combined glucose-insulin-po-
tassium and mechanical support in acute
myocardial ischaemia. Biomedica Biochimica
Acta 1986; 45:629-636.

121. Creswell LL, Rosenbloom M, Cox JL et al.
Intraaortic balloon counterpulsation: patterns
of usage and outcome in cardiac surgery pa-
tients. Ann Thorac Surg 1992; 54:11-20.

122. Allen BS, Okamoto F, Buckberg GD et al.
Reperfusion conditions: critical importance of
total ventricular decompression during re-
gional reperfusion. J Thorac Cardiovasc Surg
1986; 92:605-612.

123. Waldenberger FR, Andres J, Flameng W.
Effects of unloaded reperfusion on mitochon-
drial function in the postischemic myocar-
dium. Artif Organs 1994; 18:206-213.

124. Herliz J, Elmfeldt D, Hjalmarson Å et al.
Effect of metoprolol on indirect signs of the
size and severity of acute myocardial infarc-
tion. Am J Cardiol 1983; 51:1282-1288.

125. Dupuis JY, Bondy R, Cattran C et al.
Amrinone and dobutamine as primary treat-
ment of low cardiac output syndrome follow-
ing coronary artery surgery: a comparison of
their effects on hemodynamics and outcome.
Journal of Cardiothoracic & Vascular Anes-
thesia 1992; 6:542-553.

126. Andrews R, Cowley AJ. Phosphodiesterase
inhibitors. Do the risks outweight the ben-
efits?. [Review] [38 refs]. Drug Safety 1993;
9:404-409.

127. Wesslén, Ö. &1-blockade early after coronary
surgery. A hemodynamic, metabolic and
electrophysiologic study with special reference
to effects of metoprolol. 7-45. 1990. Acta
Universitatis Upsaliensis. Thesis/Dissertation

128. Weinstein ES, Spector ML, Adams EM et al.
Mitochondrial and myocardial performance.
Response to ischemia and reperfusion. Arch
Surg 1986; 121:324-329.

129. Andersson LG, Ekroth R, Bratteby LE et al.
Acute renal failure after coronary surgery—a
study of incidence and risk factors in 2009
consecutive patients. Thorac Cardiovasc Surg
1993; 41:237-241.

130. Frost L, Pedersen RS, Lund O et al. Progno-
sis and risk factors in acute, dialysis-requir-
ing renal failure after open-heart surgery.
Scand J Thorac Cardiovasc Surg 1991;
25:161-166.

131. Jeppsson A, Ekroth R, Kirno K et al. Insulin
and amino acid infusion after cardiac opera-
tions: effects on systemic and renal perfusion.
J Thorac Cardiovas Surg 1997; 113:594-602.



Section IV:
Surgical Techniques

A. Temperature of Blood Cardioplegia



CHAPTER 13

Cold/Tepid Cardioplegia
Hendrick B. Barner and Andrew C. Fiore

Ischemia-Reperfusion Injury in Cardiac Surgery, edited by Friedhelm Beyersdorf. ©2001 Eurekah.com.

H ypothermia has been an essential
component of myocardial protection
for cardiac operations since the

beginning.1 The evolution of cardioplegia from
crystalloid solutions of intracellular composi-
tion to those of extracellular composition and
finally to blood based solutions has had the
common theme of cardiac and systemic hy-
pothermia.2

The focus of many investigators has been
that of reducing myocardial metabolism to the
lowest possible level during the ischemic
interval so that myocardial energy stores
(adenosine triphosphate and glycogen) are
maintained and tissue acidosis is avoided
during the ischemic interval. Myocardial
oxygen consumption of the working heart is
10-12 ml/100 g/min and of the nonworking
vented heart 6-8 ml/100 g/min.3 The potas-
sium paralyzed heart has a myocardial oxygen
consumption of 0.31 ml/100 g/min at 22˚C3

which is reduced to 0.135 ml/100 g/min at
10-12˚C.4

The optimal degree of hypothermia for
intraoperative myocardial protection has never
been determined. Myocardial hypothermia to
0.5˚C in the absence of ischemia does not
appear to be harmful to the heart.5 St. Tho-
mas’ solution provided optimal protection to
the isolated rat heart at 12˚C but the advan-
tage over 25˚C was not statistically signifi-
cant.6,7 Tyers and associates8 found that myo-
cardial recovery after crystalloid cardioplegia

was best when the heart was maintained at
10-15˚C, but Flaherty and co-workers found
that 10-20˚C was no better than 27˚C for
protecting the myocardium during one hour
of crystalloid cardioplegia.9 Since the intro-
duction of cardioplegia it has been common
clinical practice to use systemic hypothermia
of 25-30˚C and cardioplegia temperature of
4-12˚C with topical cardiac cooling to achieve
a myocardial temperature of 10-20˚C. Many
surgeons have believed and practiced the prin-
ciple that “the colder the heart the better”.
Thus, the introduction of normothermic
(warm) blood cardioplegia in 1989 represented
a sudden, dramatic shift in the strategy for
intraoperative myocardial protection and has
resulted in a reassessment of the need for myo-
cardial and systemic hypothermia during car-
dioplegia.10-12 Despite enthusiasm for and suc-
cess with warm heart operations some clinical
and experimental studies have indicated
potential limitations of normothermia and it
has been proposed that an intermediate tem-
perature (tepid) for the body and the heart may
be preferable.12,13 “Tepid” was defined as a car-
dioplegia temperature of 29˚C which resulted
in a myocardial temperature of 28.4˚C13 or
29.2˚C14 while systemic temperature drifted
to 33 ± 1˚C. Others have considered “tepid”
as 32˚C for blood cardioplegia and systemic
temperature. Therefore, this chapter broadly
defines tepid as 28-32˚C for cardioplegia, car-
diac and systemic temperatures.
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Goals of Cardioplegia

Myocardial Protection
The primary goal of cardioplegia is that of

preservation of the heart during conduct of a
cardiac operation which requires a quiet field
(absence of mechanical activity) and good
visualization (blood free). Until recently the
major focus has been that of preserving myo-
cyte contractility to prevent pump failure
which includes conserving cell energy by
reducing metabolism to a low level which
allows continued support of vital cell activi-
ties such as ion pumping to maintain the
internal millieu. New knowledge about endo-
thelial function and its pivotal role in the
behavior of the microvasculature as well as
reperfusion injury has shifted the investigative
focus toward this area. Not only is there cur-
rent interest in the cardiac and systemic tem-
perature during cardioplegia but also in the
effect of cardioplegia on the endothelium.
Thus, endothelial preservation may be as
important as myocyte preservation.

The excellent clinical results attained with
warm blood cardioplegia have suggested that
earlier observations on impairment of some
cell functions by hypothermia may be more
relevant than previously thought. These
include reduced: membrane stability;15 abil-
ity to utilize glucose,16 and fatty acids;17 mito-
chondrial generation of adenosine triphos-
phate18 leading to depressed cell membrane
function;19 activity of the adenosine triphos-
phatase system,20 leading to impaired cell vol-
ume regulation21,22 and decreased ability of the
sarcoplasmic reticulum to bind calcium;23

mitochondrial state respiration and activity of
citrate synthetase;24 control of intracellular
pH;25 and activity of the sarcoplasmic reticu-
lum with regard to calcium uptake.23,26

Current Research

Ventricular Function
Reperfusion recovery of global left ven-

tricular function as determined by the slope
of the preload recruitable strike work relation-
ship after 30, 60 and 90 minutes of reperfusion

was comparable after 90 minutes of single
coronary occlusion followed by 60 minutes of
continuous retrograde blood cardioplegia at
18˚C or 28˚C with the same systemic tem-
perature.27 Systolic ventricular function (maxi-
mum elastance) and diastolic function (stress-
strain relationship) showed comparable
recovery in the same two groups.27

Left ventricular stroke work indices were
better in the tepid (29˚C) than in the cold
(4˚C) blood cardioplegia groups after inter-
mittent antegrade and continuous retrograde
infusion when measured at one and four hours
after cardiopulmonary bypass. Following
60 ± 3 minutes (cold) or 54 ± 4 minutes
(tepid) of aortic cross clamping.14

We measured left ventricular stroke work
index after 78 minutes of 4˚C or 70 minutes
of 29˚C intermittent antegrade blood car-
dioplegia and found that at 12 hours postop-
eratively tepid cardioplegia was associated with
a significantly (p< .05) better index and that
at 24 hours the stroke work index in the tepid
group had exceeded the pre-bypass value
(p< .05) whereas the cold group had not.28

In these same patients we assessed left ven-
tricular function by volume loading after ter-
mination of cardiopulmonary bypass and
measurement with transesophageal echo-
cardiographic sagittal and transverse images to
allow calculation of the ejection fraction which
increased significantly over the control value
in the tepid group (p< .03) but not in the cold
group.28

Myocardial Metabolism

Oxygen Consumption
During clinical intermittent antegrade

combined with continuous retrograde blood
cardioplegia myocardial oxygen consumption
during antegrade infusion was greater for tepid
(29˚C) than for cold (9˚C) (p < .05) cardiople-
gia (3.8 vs 1.5 ml/min).14 Immediately after
cross-clamp release there was an increase in
myocardial oxygen extraction which continued
to increase 10 minutes later and 10 minutes
after discontinuation of bypass with no dif-
ference between the two groups.14
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We measured myocardial oxygen extraction
immediately after cross-clamp release and also
found no difference between 78 minutes with
4˚C and 70 minutes with 29˚C intermittent
antegrade blood cardioplegia although both
groups had depressed oxygen uptake compared
to control.28 After five minutes of reperfusion
oxygen consumption had returned to pre-cross
clamp levels in both groups and exceeded these
values ten minutes after termination of car-
diopulmonary bypass (p=ns).

Myocardial oxygen consumption during
the first hour of reperfusion after 90 minutes
of single coronary occlusion followed by 60
minutes of continuous retrograde blood car-
dioplegia at 18˚C or 28˚C was 5.4 ± 1.4 ml
02/min/100g and 4.7 ± 1.1 ml 02/min/100g
(p=ns) respectively.27

Lactate Release
During clinical intermittent antegrade and

continuous retrograde blood cardioplegia lac-
tate release during antegrade infusion was
greater for tepid (29˚C) than for cold (9˚C)
(0.1 vs 0.03 ∝mol/min, p<.05) hearts.14 With
cross-clamp release there was no difference in
lactate production between cold and tepid
cardioplegia. Ten minutes later and 10 min-
utes after bypass was discontinued there was
comparable lactate uptake in both groups.

We observed significant lactate washout
with cross-clamp release in the tepid group,
when comparing 4˚C and 29˚C intermittent
antegrade blood cardioplegia (0.84 ± 014 vs
2.2 ± 1.2 ∝mol/L, (p=0.0001).28 Ten minutes
later hearts receiving 4˚C cardioplegia were
extracting lactate while tepid hearts contin-
ued to release lactate (p=ns). Ten minutes after
discontinuation of cardiopulmonary bypass
lactate consumption was present in the tepid
group and continued in the cold group (p=ns).

Acid Release
Acid release during intermittent antegrade

and continuous retrograde blood cardioplegia
was greater for tepid (29˚C) than cold car-
dioplegia (9˚C) (p < .05).14 Immediately after
cross-clamp release acid production was simi-
lar for tepid and cold hearts but reduced over
pre-cross-clamp measurements while 10

minutes later and 10 minutes after discontinu-
ation of bypass acid production was comparable
to that measured before aortic clamping.14

We found that acid production with cross-
clamp release was significantly greater in hearts
receiving tepid (29˚C) intermittent antegrade
blood cardioplegia than in these receiving 4˚C.
cardioplegia (4.5 ± 0.9 vs 0.46 ± 1.1 ∝mol/L,
p < .05).28 The cold group released less acid than
prior to cross-clamping (control 6.1 ± 0.9 ∝mol/
L, p < .05) whereas the warm group released a
comparable amount (5.0 ± 0.6 ∝mol/L). At
subsequent times (5 and 10 minutes after
cross-clamp release and 10 minutes after ter-
mination of cardiopulmonary bypass) acid
release was comparable for each group and not
significantly different from control.

Sarcoplasmic Reticulum
Antegrade cold blood (6-10˚C) cardio-

plegia infused intermittently for two hours
resulted in impaired sarcoplasmic reticulum
calcium uptake (p < .05), and reduced activity
of calcium-adenosine triphosphatase (p < .05)
compared to continuous normothermic
(37˚C) blood cardioplegia.26 This difference
only became significant after 60 minutes of
reperfusion. The effect of tepid cardioplegia
on sarcoplasmic reticulum was not determined.

Myocardial Enzyme Release
The total release of creatinine kinase—

myocardial band (CK-MB) in the 48 hours
after operation was similar for intermittent
antegrade/continuous retrograde 9˚C or 29˚C
blood cardioplegia.14 We found that total
CK-MB release in the 24 hours after opera-
tion was greater for 4˚C than for 29˚C inter-
mittent antegrade blood cardioplegia (1120
± 141 vs 767 ± 89 U x h/L; p < .04).28 In a
third report peak CK-MB was similar for in-
termittent antegrade/continuous retrograde
blood cardioplegia at 8-10˚C (cold) or 32˚C
(tepid).29
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Electrical Stability
After continuous blood cardioplegia at

18˚C or 28˚C there was a trend for more
countershocks (1.8 ± 1.2 vs 0.6 ± 0.5, p = 0.07)
to restore an organized cardiac rhythm in the
colder group.27 We also found that electrical
defibrillation was more common after 4˚C
blood cardioplegia than after 29˚C blood car-
dioplegia (0.74 ± 0.9 vs 0.08 ± .27, defib-
rillations per patient p<.001).28

Inotropic Support
We observed a greater need for inotropic

drug infusion in the postoperative interval in
hearts protected with 4˚C versus 29˚C inter-
mittent antegrade blood cardioplegia (9/25 vs
2/27; p<.05).28

Neurologic Dysfunction
Hypothermia has been the traditional

means of brain protection during cardiopul-
monary bypass since its inception. The cur-
rent interest in warm heart surgery has
prompted reassessment of neurologic function
after cardiopulmonary bypass. In some reports
maintenance of normothermia during car-
diopulmonary bypass has been associated with
increased risk of neurologic or neuro-
psychologic dysfunction30-32 while others have
reported no increased risk of adverse neuro-
logic outcome.33-35 In one report tepid (32˚)
cardioplegia and body temperature had the
lowest (2%) incidence of abnormal neurologic
examinations prompting computed tomo-
graphic scanning while normothermia had an
intermediate incidence (9.3%) and cold
(8˚-10˚C) had the highest (18.9%) (p=ns).29

Postoperative cognitive function was similar
for patients maintained at 34˚-35˚C (n=30)
or at 28˚C (n=24) with both groups receiving
intermittent cold (4˚C) blood cardioplegia.36

The data of Mora et al suggest that if the
systemic temperature is maintained at 35˚C
or more by warming during cardiopulmonary
bypass there is an increased risk of neurologic
events after coronary bypass grafting.31 Also
this study and the one by Regragui and

associates observed a higher incidence of
neuropsychologic deficit after normothermic
versus tepid or hypothermic cardiopulmonary
bypass.32 To maintain a body temperature of
35˚-37˚C requires active warming during car-
diopulmonary bypass which may achieve a
perfusate temperature greater than 37˚C and
initiate or exacerbate neuronal injury. Tem-
perature management strategy during cardiop-
ulmonary bypass did not influence perfor-
mance on postoperative neuropsychological
tests.31

At this time there is not sufficient infor-
mation to indicate the optimum perfusion
temperature to minimize the potential for
adverse neurologic outcome. Hyperthermic
perfusion (active warming) during cardiopul-
monary bypass is inappropriate and a tepid
temperature during perfusion may be more
promising.29,31

Fibrinolytic Potential
Engelman and others determined that there

is an increased potential for fibrinolysis in
patients receiving warm (37˚C) blood cardio-
plegia as opposed to those receiving tepid
(32˚C) or cold (20˚C) blood cardioplegia.29

Summary
Both clinical studies14,28 observed better left

ventricular function after tepid blood car-
dioplegia; one report was at one and four hours
post cardiopulmonary bypass, which were the
only intervals studied, and the other at 12 and
24 hours but not at earlier intervals.

The data14,28 on oxygen consumption, lac-
tate uptake (and release) and acid production
suggests that with tepid cardioplegia myocar-
dial metabolic activity is greater than with cold
cardioplegia. Intermittent infusion of car-
dioplegia is associated with greater washout
of lactate and acid with reperfusion in the tepid
group indicative of greater metabolic (anaero-
bic) activity, but with rapid return of meta-
bolic activity to control levels with reperfusion.

Only our report28 found reduced release
of CK-MB following operation in the tepid
group compared to 4˚C cardioplegia. Electrical
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stability was greater and the need for inotropic
drugs reduced in clinical tepid cardioplegia.28

Future Applications
Since 1990 there have been striking

changes in the utilization of cardioplegia
involving route of delivery (antegrade/retro-
grade), mode (intermittent/continuous) tem-
perature (tepid/normothermic) and to a lesser
degree of composition. Some surgeons have
adapted normothermic or mildly hypothermic
(tepid) cardioplegia with a parallel systemic
temperature. At this time it is unclear whether
a consensus will be reached regarding the ideal
temperature or optimal management of the
other parameters. It is likely that there will be
continued assessment of the changes initiated
in this interval, with the result that new infor-
mation will continue to be assimilated into
the arena of cardioplegia as we seek to achieve
the best possible myocardial preservation with
the fewest systemic complications.

New Research
Current interest in the microcirculation

and the apparent major role of the endothe-
lium in influencing cardiac tolerance to is-
chemia/reperfusion will include examination
of the role of temperature on endothelial func-
tion in relation to cardioplegia. It appears that
4˚C blood cardioplegia or crystalloid car-
dioplegia with albumin is not associated with
endothelial injury37 whereas crystalloid car-
dioplegia without albumin results in an im-
mediate injury which was reversible in one
study.38

Normothermic myocardial ischemia (45
minutes) did not result in reduced vascular
responses to acetylcholine nor did the addi-
tion of one hour of intermittent 4˚C antegrade
blood cardioplegia, but if either event was
followed by reperfusion then vascular relax-
ation was impaired.39 Addition of nitric oxide
donor agent (SPM-5185) in low (1 ∝mol/L)
or high (10 ∝mol/L) dose to the blood car-
dioplegia after 30 minutes of normothermic
myocardial ischemia followed by 60 minutes
of 4˚C intermittent cardioplegic infusion

preserved left ventricular function in the high
dose group.40 In coronary arteries isolated from
these hearts endothelium-dependent maxi-
mum relaxation was completely preserved in
the high dose group, 18% impaired in the low
dose group and 27% impaired in the control
group.40 Additionally, neutrophil accumula-
tion in the postischemic myocardium was
elevated in the control and low dose groups,
but significantly reduced in the high dose
group. Using a similar model with 90 min-
utes of regional ischemia but with inhibition
of basal endothelial nitric oxide release by add-
ing L-nitro-arginine to the blood cardioplegia
there was increased postischemic/reperfusion
injury associated with neutrophil adherence.41

Thus, cold blood cardioplegia does not appear
to be associated with endothelial injury nor
does continuous antegrade normothermic
blood cardioplegia42 so that it is likely that
tepid blood cardioplegia is not harmful to the
endothelium.

The optimal temperature for myocardial
protection during intermittent cardioplegia
and the ideal length of the intervals between
infusions must be defined. Other parameters
which might influence outcome are the vol-
ume of infusate and composition. There is not
consensus on the best temperature for central
nervous system protection which may prove
difficult to determine because of the many
variables and the problems inherent in the
conduct of randomized clinical trials.

Anticipated Developments
The authors believe that tepid cardiople-

gia with a comparable systemic temperature
will prove advantageous with regard to myo-
cardial protection and rapidity of cardiac and
systemic metabolic recovery from cardiople-
gia and mild hypothermia. Intermittent rather
than continuous cardioplegia facilitates con-
duct of the operation (better visualization).
Determining the optimal cardiac and systemic
temperature for stroke prevention will be dif-
ficult because of the many variables and the
great numerical size needed for a randomized
study to provide statistically useful data. It
seems clear that tepid conduct of the operation
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provides some margin of safety should systemic
circulation be suddenly and unavoidably
interrupted (pump failure) and that the need
for hyperthermic perfusion may be less than
that required for hypothermic or normother-
mic conduct of the operation.
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Hypothermic techniques of myocardial
preservation (crystalloid or blood
cardioplegia) have been utilized in

recent years and represent an important
development in cardiac surgery. It can be stated
that results of cardiac surgery are largely due
to precision in surgical techniques and myo-
cardial protective strategies. Among strategies
available to cardiac surgeons are the use of
either crystalloid (delivered cold) or blood (de-
livered either warm or cold) cardioplegic
solutions. The mode of delivery, i.e., antegrade,
retrograde, alternately antegrade/retrograde, or
simultaneously delivered antegrade/retrograde
are all important routes of administration
available in any cardiac procedure. The use of
intermittent delivery of cardioplegia implies
that the heart is subjected to a period of is-
chemia which, if for short periods of time (<
10 minutes each), may be inconsequential.
However, longer periods of aortic clamping
and/or the presence of ventricular hypertro-
phy or acute ischemic syndromes, may lead to
an adverse outcome, should the intermittent
method be utilized. Warm blood cardioplegia
was developed in search of prevention of is-
chemia during the period of aortic clamping.
The implication of the original concept was
that the heart would be continuously perfused
during the period of aortic clamping.

Conceptual Framework
As mentioned earlier, the conceptual frame-

work of warm blood cardioplegia (WBC) is
prevention of ischemia during the period of
aortic cross-clamping. Utilized by Gott et al1,2

who used continuous retrograde warm blood
perfusion for aortic valve surgery, the method
was further developed by Bomfim et al3 who
administered continuous cold blood cardiople-
gia and by our group in Toronto who redis-
covered the technique, modified it, and applied
it clinically.4-7 Over the years, there have been
important developments regarding the tech-
nique, some of which are related to the car-
dioplegia composition, route of administra-
tion and changes in the temperature of the
cardioplegia. More importantly, for precision
during coronary artery surgery, the intermit-
tent method of WBC was reported8,9 and its
efficacy and principles were reported by
Deslauriers and her group at the National
Research Council10 Canada. What follows is
a current view of the warm cardioplegic
method, with emphasis on some of the most
important aspects of the technique.

Techniques

Antegrade Warm Blood
Cardioplegia (AWBC)

Although there are concerns in the litera-
ture regarding the flow distribution of car-
dioplegia distal to coronary stenoses, AWBC
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is one of the simplest methods of myocardial
protection. It can be utilized in all forms of
cardiac procedures, including coronary and
valvular surgery and other procedures. The
current technique is usually via the “mini-
plegia” route, i.e., from the oxygenator blood
is extracted and is infused into the aorta with
the aid of a roller pump; the “miniplegia” is
simply KCl and Mg, which are infused directly
into the cardioplegic line.11 The advantages of
this method is that hemodilution is avoided
and higher hemoglobin and oxygen carrying
capacity are achieved. When crystalloid solu-
tions are used and mixed with blood in a 4:1,
8:1 or other dilutions, severe hemodilution
may occur if the period of aortic clamping is
prolonged. Left ventricular distention may be
avoided either by intermittently venting the
aorta during very short periods of cardioplegic
interruptions, or by venting the left heart.
Patients with moderate or severe aortic insuf-
ficiency pose problems during antegrade
cardioplegic delivery as most of the solution
goes into the left ventricle via an incompetent
aortic valve, leading to inadequate myocardial
protection. Furthermore, in coronary artery
surgery, the presence of blood in the coronary
artery makes visualization at times difficult
unless the artery is snared, shunted, or a blower
device is used. For these reasons, intermittent
warm blood cardioplegia (IWBC) was devel-
oped and was shown experimentally8,10 to be
safe. Periods of less than or equal to 10 min-
utes are used, with reinfusion of cardioplegia
at these intervals. This replenishes the energy
stores and is well tolerated by the normal heart.
Recently, Calafiore et al utilized this method
in hypertrophied hearts (aortic stenosis) with
excellent results. Due to other technical diffi-
culties such as LV distention during construc-
tion of a circumflex anastomosis, the concern
of maldistribution of flow and other technical
problems during surgery, retrograde continu-
ous warm blood cardioplegia was rediscovered
and was applied clinically.

Retrograde Continuous Warm
Blood Cardioplegia (RCWBC)

As mentioned, this technique was rediscov-
ered, and it was first utilized by Gott et al.1,2

The development of the retrograde catheter
by Buckberg et al, in which insertion is via
the transatrial approach, simplified the
method. After aortic clamping, an infusion of
antegrade cardioplegia arrests the heart alter-
natively. Aortic clamping is followed by retro-
grade delivery of cardioplegia without
antegrade infusion. The infusion pressure,
measured at the distal port of the coronary
sinus catheter, should be < 50 mmHg,
which usually corresponds to flows of
250-300 ml/min of cardioplegia. Blood in the
operative field is minimized, i.e., when the
coronary artery is opened, venous blood exits
from the arteriotomy. This is easily controlled
by the blower, flowrester or suture devices.
Ventricular distention does not occur and the
presence of aortic insufficiency does not pre-
clude its use. There have been excellent stud-
ies in the literature dealing with flow distribu-
tion during RCWBC, including elegant MRI
studies in pigs by Deslaurier’s group at the
National Research Council.12 In these studies
the RV region is not adequately perfused dur-
ing RCWBC, although there have been no
human studies showing that the right ventricle
is poorly protected.

Alternate Retrograde/Antegrade
Cardioplegia

Elegant studies by Buckberg et al13 suggest
that antegrade versus retrograde cardioplegia
perfuses different vascular beds. It is therefore
reasoned that for “ideal” cardioplegic protec-
tion, the cardioplegia must be administered
antegradely followed by the retrograde route.
This method was defined for and used by uti-
lizing cold intermittent blood cardioplegia.

Simultaneous Antegrade/
Retrograde Cardioplegia

During a complex cardiac procedure, the
aortic clamp was released while retrograde car-
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dioplegia was being administered. This lead
to the clinical observation that the pressure in
the distal port of the coronary sinus catheter
did not change. We therefore began to deliver
continuously simultaneous antegrade (into the
grafts or coronary ostia) and retrograde (into
the coronary sinus) cardioplegia during all
types of cardiac surgery. Experimental work14

and clinical data confirmed the safety of the
technique, which, in our view, represents one
of the most effective method of myocardial
protection, addressing all concerns of mal-
distribution of flow during cardioplegic
administration. Again, in all these methods,
“miniplegia” is used without any additives such
as Asparate/Glutamate, delivered at 37˚C and
without interruption. Experimental and clini-
cal work14 attests to the safety and efficiency
of this modality of myocardial protection.

Warm Cardioplegia Techniques
for Valvular Surgery

Currently we have modified the cardiople-
gia technique for valvular surgery with or with-
out combined coronary surgery. We simply
clamp the aorta and deliver blood under pres-
sure (line resistance 130 mmHg and distal
coronary sinus port pressure < 50 mmHg)
which usually equates to mean flows of
300 ml/min. The heart beats throughout the
operation and, if needed, boluses of KCl are
infused for brief periods to ensure continued
cardiac arrest. During aortic valvular surgery,
after aortic clamping and delivery of blood into
the coronary sinus, the aortotomy is performed
and a PolystanTM cannula is placed in the left
and right coronary ostia and simultaneous
coronary sinus and ostia blood flow are estab-
lished. If the right ostium is small, only the
coronary sinus and the left ostium are perfused
simultaneously. As each coronary artery bypass
is performed, blood flow is delivered into
the coronary sinus and into each vein as the
distal anastomosis is completed. The whole
procedure is performed during a single aortic
clamping period. For mitral valve replacement
or repair only retrograde perfusion of blood
or “miniplegia” is infused while the procedure
is performed on a clamped aorta. Despite con-

cerns regarding right ventricular protection in
hypertrophied hearts and in patients with pul-
monary hypertension, right ventricular failure
has not been observed clinically.

Normothermic Perfusion
During the cardiac procedure, the systemic

temperature is maintained at normothermia
(37˚C). This usually requires warming the
patient as soon as cardiopulmonary bypass is
established. Although there were initial con-
cerns regarding the adverse effects of normo-
thermia on the central nervous system, recent
studies have failed to confirm this observation
and normothermia appears to be safe.15

Peripheral dilatation usually occurs and
requires administration of alpha constrictors
during and sometimes postoperatively. Some
believe that the beneficial effects of warm heart
surgery are due to normothermic systemic per-
fusion and its sequellae, i.e., peripheral dilata-
tion. Shivering is avoided postsurgery allow-
ing for more stability hemodynamically and
for early extubation of the patient.

Intermittent Techniques
of Warm Blood Cardioplegia

These have been championed by Calafiore
et al.8 There is no doubt that for coronary
artery surgery this technique has many advan-
tages, such as simplicity, decreased cost, and
excellent early results. Although warm blood
cardioplegia (WBC) was not designed to be
delivered intermittently, i.e., the principle is
prevention of ischemia and not to subject the
heart to normothermic ischemia, this method
is being extensively used in coronary artery
surgery in Europe. Its scientific basis has been
established16 but surgeons are still skeptical
about the safety of warm ischemia in high risk
patients and acute syndromes.

Myocardial Resuscitation
The goal of the WBC method was to allow

for maintenance of aerobic metabolism and,
hopefully resuscitation of the damaged heart
by continuous perfusion of WBC, based on
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the principle that only WBC resuscitates the
heart. Unfortunately, this has not been con-
firmed and studies on Asparate/Glutamate in
the cardioplegia failed to confirm the incor-
poration of these additives in the TCA cycle
and failure to prove a beneficial effect. This
has lead us to abandon the use of these addi-
tives in a clinical solution. The idea of resusci-
tation of the injured heart to our knowledge
remains elusive.

Monitoring of Cardioplegia
Delivery

Nowhere is monitoring more important
than during WBC techniques. As mentioned,
the principle of the method is continuous
delivery of WBC into the coronary sinus. Fail-
ure to monitor flow and/or distal coronary
sinus catheter port pressure, may lead to
excessive pressure thereby the risk of rupture
of the coronary sinus or alternatively, dislodg-
ment of the coronary sinus catheter into the
right atrium without warning. This may lead
to a false sense of security when in actual fact
flow of WBC has been interrupted and the
heart is subjected to prolonged periods of nor-
mothermic ischemia. Therefore, WBC is more
cumbersome to the perfusionist, who must be
constantly attendant during the period of aor-
tic clamping, while the surgeon is busy with
the technical details of the procedure. This is
in contrast with intermittent techniques of car-
dioplegia delivery, in which case the perfusion-
ist only monitors the time period of the
cardioplegic interruption. One of the most
important pitfalls of the RCWBC method is
coronary sinus injury and catheter displace-
ment leading to normothermic ischemia.

Advantages and Disadvantages
of Warm Blood Cardioplegia

Theoretically the single greatest advantage
of WBC is to reduce or prevent myocardial
ischemia during aortic cross-clamping for per-
formance of cardiac operations. A review of
the clinical studies reported over the last 7 years
(since the introduction of WBC in 1989) show
that opinions vary from no minimal advantage

of warm versus cold cardioplegia techniques
to actual resuscitation of the myocardium with
WBC particularly in shock hearts and in hy-
pertrophic hearts (patients undergoing valve
surgery).

Use of retrograde warm blood perfusion
of the myocardium was first reported by Gott2

et al in 1957. This was later replaced by direct
coronary ostial perfusion, until crystalloid
hyperkalemic arrest and the hypothermic
blood cardioplegic techniques become widely
used in the 1970s. Warm blood cardioplegia
was rediscovered by the group in Toronto and
reported in 1989.16

It has been shown in a prospective, ran-
domized study of 20 patients undergoing car-
diac surgery that oxidative stress is minimized
with warm blood cardioplegia,17 but this
reduction in oxidative stress did not corre-
late with postoperative hemodynamic
measurements.

In another study, the beta adrenergic
receptor function of the heart was compared
in a group of 20 patients, each undergoing
CABG with either cold intermittent or inter-
mittent warm cardioplegia.18 This study
showed improved preservation of the auto-
nomic sympathetic function of the heart with
warm cardioplegia.

Myocardial ultrastructure was compared in
the two cardioplegia groups19 and was noted
that only mild to moderate and reversible
ultrastructure changes occur during continu-
ous retrograde warm blood cardioplegia
(WBC) and cold blood cardioplegia (CBC)
for CABG operation. In another study of
ultrastructure, WBC was shown to be supe-
rior to CBC techniques.20

Numerous clinical studies, both retrospec-
tive8,21-30 and prospective randomized31-37 have
reported that WBC is at least as efficacious or
better than CBC techniques for CABG. Of
note are the two large prospective, random-
ized clinical trials comparing WBC versus
CBC in patients undergoing CABG.32,37 The
first of these trials32 was conducted at Emory
University in Atlanta and randomized 1001
patients undergoing CABG surgery to either
continuous WBC with systemic normother-
mia or intermittent cold oxygenated, crystal-
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loid cardioplegia and moderate systemic hy-
pothermia. The preoperative variables were
similar in the two groups. The postoperative
results showed that the mortality (warm 1.0%
and cold 1.6%), Q wave infarction (warm
1.4%, cold 0.8%) and need for intra-aortic
balloon pump (IABP) (warm 1.4% and cold
2.0%) were similar in the 2 groups. Total neu-
rologic events (warm 4.5% and cold 1.4%;
p<0.005) and perioperative strokes (warm
3.1% and cold 1.0%; p<0.02) were signifi-
cantly higher in the warm group. In the
Toronto prospective trial37 1732 patients
undergoing CABG were randomized to warm
and cold blood cardioplegia for myocardial
preservation. The baseline demographics were
similar. The all-cause mortality was 2.5% in
the cold group and 1.4% in the warm group
(p < 0.12), as was the incidence of nonfatal
Q-wave infarction (warm 10.1%, cold
11.1%). In this study, however, there were no
differences in the rate of stroke, reoperation
for bleeding or tamponade, or sternal compli-
cations. They concluded that warm heart sur-
gery is a safe and effective alternative to con-
ventional hypothermic techniques for patients
undergoing CABG surgery.

Technical Considerations
in WBC

Obviously the most important consider-
ation in any myocardial preservation technique
is the ability to perform a perfect anastomosis
while performing CABG, which requires a still
heart and clear blood vessels. To obtain a still
heart in WBC, larger amounts of cardioplegic
solution is required to be infused antegrade or
retrograde continuously. This resulted in large
volume of cardioplegia solution to be deliv-
ered resulting in hypervolemia as well as
hyperkalemia. These problems were largely
resolved with the introduction of “miniplegia”
techniques.11 In this method, blood from the
arterial pump is infused into the aortic roof or
the coronary sinus, and small amounts of crys-
talloid solution containing K+ and Mg++ are
added to maintain a still heart.

Visual Enhancement
During WBC

Three techniques and innovations have
been used to improve conditions for coronary
anastomoses during CABG surgery with
WBC. These include use of Flowresters and
use of blowers which blow saline with a mist
of O2 to blow away blood from coronary ar-
teries. The third technique is to use intermit-
tent WBC, where cardioplegia delivery is
interrupted for up to 10 minutes while
performing the anastomoses. In a series of very
elegant articles, Calafiore et al from Chieti,
Italy have demonstrated that safety and effi-
cacy of using intermittent WBC9,28,38 in vari-
ous cardiac operations. In one study8 compar-
ing intermittent antegrade WBC (IAWBC)
used in the first 250 patients undergoing
CABG with this technique to the last 250
patients who had CABG using intermittent
antegrade CBC, Calafiore et al showed that
the mortality was lower in the warm group
(0.8% versus 3.6%; p < .05). Further, in-hos-
pital mortality for high risk patients was 0/53
in the warm group compared to 2/28 (p <
0.05) in the cold group. Circulatory assistance
was needed in 0 versus 4 patients in Group A
and B. The rates of postoperative myocardial
infarction and strokes were similar in the two
groups.

To determine if intermittence in WBC was
harmful, the Toronto Warm Heart Investiga-
tors studied 720 CABG patients with particu-
lar attention to the longest single time off
(LTOC) and the time off cardioplegia as per-
centage of the cross-clamp time (PTOC).39

Longer LTOC was found to be harmful
whereas longer PTOC was protective. It was
further shown that repeated interruptions of
warm blood cardioplegia are unlikely to lead
to adverse clinical results as single interrup-
tions are greater than or equal to 13 minutes.

Inadequate RV Protection
with WBC

That the right ventricle is inadequately
protected in WBC has been a concern, par-
ticularly when the delivery of WBC is through
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the retrograde approach via the coronary sinus.
However, this has not been found to be a clini-
cal problem. Two studies need be cited in this
regard. The first by Menasche et al21 where 75
patients were carefully studied to determine
the RV function after cardiac operation using
RWBC. In the first part of this three-part
study, they showed that the anaerobic metabo-
lism was similar in RV and LV. In a second
part, the RV stroke work index was compared
in 15 patients where RWBC was used to case
match 15 patients where cold antegrade crys-
talloid cardioplegia was used. Again the results
were similar in the two groups. In part three,
function was determined in 30 patients
undergoing mitral valve procedures where RV
was at higher risk of ischemia (15 each in warm
and cold groups). Again there were no differ-
ences in postoperative RV function.

The second study was reported by
Christakis et al from Toronto.40 They ran-
domized 52 patients to either intermittent
warm or cold blood cardioplegia during
CABG surgery. The RV ejection fraction was
greater at six hours (warm 0.46 ± 0.06; cold
0.37 ± 0.08; p < 0.05) and at 8 hours (warm
0.43 ± 0.08; cold 0.37 ± 0.08; p < 0.05) in the
warm group. The RV end diastolic volume
index was less in the warm group at eight hours
postoperatively.

Thus RV dysfunction after WBC is not a
clinical problem.

Coronary Sinus Injuries
Coronary sinus injuries during placement

of retrograde coronary sinus catheter have been
reported by Panos et al.41 These are of course
not related to warm or cold cardioplegia, but
to the route of delivery. One must be cautious
in placing of these catheters. The catheters
should never be pushed forcefully. The guide
should be pulled back about a centimeter
before advancing the catheter in the coronary
sinus, so as to have the soft tip of the catheter
on the leading edge as it is advanced. After an
initial learning curve, this maneuver becomes
easier and injuries to the coronary sinus very
rare.

Postoperative Neurological
Deficits and Stroke Rates
after WBC and Normothermic
Cardiopulmonary Bypass

Concern regarding increased incidence of
neurological deficits and stroke rates follow-
ing CABG surgery with normothermic car-
diopulmonary bypass and WBC were first
raised by the Emory University group. In their
randomized trial32 of warm versus cold car-
dioplegia which was summarized earlier, they
reported a significantly higher incidence of
total neurologic events (4.5% versus 1.4%)
and perioperative strokes (3.1% versus 1.0%)
in the warm cardioplegia group. Since then,
many additional studies have been reported
looking at this problem.42-45 In a review article,
Christakis et al46 analyzed all available con-
trolled studies of warm versus cold and
antegrade versus retrograde cardioplegia, to
assess the incidence of perioperative stroke and
adverse neuropsychological outcomes. Nine
randomized trials and two studies with im-
mediate historical controls were included. The
pooled event rates for perioperative stroke were
1.5% for warm antegrade, 3.14% for warm
retrograde, 1.7% for cold antegrade and
0-1.2% for cold retrograde. In further analy-
sis, they determined that the differences found
are unlikely to be due to temperature, but may
be related to antegrade versus retrograde coro-
nary perfusion.

Tepid Cardioplegia
Warm cardioplegia implies perfusate tem-

perature of 37˚C. Some groups have taken the
middle of the road approach in order to get
the maximum benefits of both warm and cold
blood cardioplegia, while simultaneously
reducing the disadvantages of the two
extremes. They are proponents of the tepid
(or lukewarm) cardioplegia.45,47,48 Good results
are reported with lukewarm (32˚C) tempera-
ture of cardioplegia.
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Cold Agglutinins and Warm
Blood Cardioplegia

The technique of normothermic cardio-
pulmonary bypass with warm blood cardiople-
gia is an advantageous technique for perform-
ing cardiac surgical procedures in patients with
cold autoimmune disease. Several case reports
have documented this advantage49-51

Future Perspectives
As with any technique of myocardial pro-

tection, WBC received great attention as we
searched for the “ideal solution” to the
cardioplegic method. The initial crystalloid
solutions added to blood in different mixtures
(4:1 or 8:1) caused many problems such as
hemodilution, hyperglycemia, hyperkalemia
and others. “Miniplegia” solved these issues
and, more recently, perfusion of the coronary
sinus with blood seems to us to be even more
advantageous. We are now performing com-
plete revascularization on a beating heart with-
out cardiopulmonary bypass. The role of car-
diopulmonary bypass and cardioplegia in
coronary artery surgery is being reassessed by
our group, who has spent the last 20 years
working on myocardial protection. Some of
the techniques and developments in cardiople-
gia are already of historical value. All of them
have made cardiac surgery safer but, with ad-
vancement of technology, are being replaced
by innovative techniques aimed at a simpler
and safer operations. There will always be the
need for cardioplegia in cardiac surgery for as
long as we have to perform intracardiac repair
and/or complex ascending aorta and arch sur-
gery. Simultaneous antegrade/retrograde infu-
sion of warm blood (or WBC) comes close to
being the “ideal” method of myocardial pro-
tection. Surgeons can now utilize a variety of
myocardial protective strategies which
compliment each other during cardiac surgery.
There should be no adversarial position of one
method against the other. Each technique is
tailored to each patient’s needs.
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W arm blood cardioplegia has
emerged as an alternative method
of myocardial protection. Initial

retrospective clinical studies using warm blood
techniques showed good myocardial protec-
tion; however, prospective studies comparing
warm blood cardioplegia with cold blood
cardioplegia were lacking.1,2 Furthermore,
the ability of warm blood cardioplegia to
adequately protect acutely ischemic myocar-
dium was unknown. This prompted us to
undertake an experimental study to compare
the effectiveness of warm blood cardioplegia
versus cold blood cardioplegia in protecting
areas of ischemic myocardium.3 In 40 adult
pigs, the second and third diagonal coronary
arteries were occluded with snares for 90 min-
utes, followed by 45 minutes of cardioplegic
arrest and 180 minutes of reperfusion during
which time the coronary snares were released.
During the period of cardioplegic arrest,
10 pigs received antegrade continuous
warm blood cardioplegic solution (37˚C) at
100 ml/min; 10 animals received retrograde
continuous warm blood cardioplegic solution
at 100 ml/min; 10 received intermittent,
antegrade cold blood cardioplegic solution
(4˚C), and 10 received intermittent, antegrade/
retrograde cold blood cardioplegic solution.
Our results showed that antegrade continu-
ous warm blood cardioplegia resulted in the
least optimal myocardial protection in the area
at risk. Although retrograde continuous warm
blood cardioplegia resulted in significantly

lower areas of necrosis than in the antegrade
warm blood cardioplegia group, it did not
achieve any superior protection to that
obtained with antegrade/retrograde cold blood
cardioplegic techniques. During the period of
cardioplegic arrest, both warm cardioplegic
techniques had significantly lower tissue pH
values in both the area at risk and in unob-
structed myocardium than the cold cardiople-
gia groups. Upon reperfusion, pH values
returned to preischemic values in the unob-
structed myocardium in all cardioplegic
groups. In addition, wall motion scores were
not significantly different in the unobstructed
myocardial segments, suggesting that tempera-
ture and the route of delivery are not as criti-
cal in myocardial tissue with normal coronary
anatomy. In contrast, the method of cardio-
plegic delivery was an important determinant
in the degree of necrosis seen in the area at
risk. All retrograde cardioplegic techniques,
regardless of temperature, had much lower
areas of necrosis when compared with
antegrade delivery. This suggested that it was
the adequacy of distribution and not the tem-
perature of the cardioplegic solution that is
most critical in achieving optimal myocardial
protection.

A potential disadvantage of warm blood
cardioplegia techniques is that the continuous
infusion of cardioplegia will obscure the
operative field necessitating that the cardiople-
gia be interrupted. However, the effects of
interrupting warm blood cardioplegia during
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the revascularization of acutely ischemic myo-
cardium were unknown. We, therefore, added
another group to our previous study of 90
minutes of coronary occlusion followed by 45
minutes of cardioplegic arrest and 180 min-
utes of reperfusion.4 In 10 pigs, the retrograde
infusion of warm blood cardioplegia (37˚C at
100 ml/min) was interrupted for three con-
secutive 7 minute periods. This group of ani-
mals were compared to our previous groups
of continuous retrograde warm blood car-
dioplegia and intermittent, antegrade/retro-
grade cold blood cardioplegia.3 After 45 min-
utes of cardioplegic arrest, pH increased in
hearts receiving antegrade/retrograde cold
blood cardioplegia, remained the same in the
continuous retrograde warm blood cardiople-
gia group, and actually decreased in the ani-
mals when the retrograde warm blood car-
dioplegia was interrupted. This was reflected
in the wall motion scores in the area at risk
which were significantly lower in the inter-
rupted retrograde warm blood cardioplegia
group. Furthermore, wall motion scores in
non-ischemic areas of the myocardium were
also significantly lower in the interrupted
group. This resulted in an area of necrosis
which was significantly higher when warm
blood cardioplegia was interrupted. We con-
cluded that interrupting warm blood car-
dioplegia accentuates damage in acutely
ischemic myocardium and may also be detri-
mental to areas of myocardium without
obstructed vessels.

Our experimental work raised serious ques-
tions about the safety of interrupting warm
blood cardioplegia. While our results showed
that regional ischemia was accentuated by in-
terrupting warm blood cardioplegia, the effects
of interrupting warm blood cardioplegia in
myocardium supplied by unobstructed myo-
cardium was still unknown. Lichtenstein, Abel,
and Salerno suggested that interrupting warm
blood cardioplegia actually preconditioned the
heart to subsequent periods of ischemia.1 This
was based on studies of regional ischemia in
the beating heart which showed that brief
intermittent episodes of normothermic
ischemia reduces myocardial stunning and lim-
its necrosis after subsequent periods of

prolonged regional ischemia.5 However, inter-
rupting warm blood cardioplegia after global
ischemic arrest differs from a beating heart sub-
jected to repeated episodes of regional
ischemia. Several important issues needed to
be resolved before the efficacy of interrupting
warm blood cardioplegia could be established.
These included determining

1. The flow rates that would be necessary
to meet the metabolic needs of the myo-
cardium in both normal and hypertro-
phied hearts, and in obstructed and
unobstructed territories of the myocardium,

2. how long the cardioplegia could be in-
terrupted in normal and acutely is-
chemic muscle,

3. what clinical methods could be used to
monitor ongoing ischemia during
cardioplegic interruption, and

4. what technique could be used to reverse
ischemic changes following periods of
intermittent warm blood cardioplegic
delivery.

The aim of this chapter will be to review
the current status of interrupting warm blood
cardioplegia in the clinical practice of cardiac
surgery. Recent experimental and clinical stud-
ies will be highlighted in an attempt to fur-
ther defined the limits and role of this tech-
nique as a method of myocardial protection.

Experimental Studies
Carrier and his co-workers6 sought to

determine the effects of interrupting cold and
warm blood cardioplegia on myocardial pH
and the release of metabolic markers in a
canine model. Following sequential arrest
periods of 5, 10, 20, and 40 minutes, hearts
were reperfused with either cold (12˚C) or
warm (37˚C) blood cardioplegia at 100 ml/min
for 10 minutes. Although pH decreased
significantly in both groups there was no
difference in the absolute pH or )pH between
warm and cold blood cardioplegia. The
amount of lactate production and creatine ki-
nase release was also similar in both groups.
The release of troponin T was higher in the
warm blood cardioplegia group but this did
not reach statistical significance. Their results
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also showed that periods of warm ischemic
arrest > 10 minutes and periods of cold is-
chemic arrest > 20 minutes were more likely
to result in greater pH changes and more re-
lease of lactate, creatine kinase, and troponin.
This suggests that the margin of safety for is-
chemic arrest is prolonged when hypothermic
rather than warm blood techniques are used.
In another canine model, Ko and his col-
leagues7 arrested three groups of seven dogs
with antegrade warm blood cardioplegia. The
control group received continuous warm blood
cardioplegia while the other two groups re-
ceived multidose warm blood cardioplegia ad-
ministered every 5 or 10 minutes during a 30
minute period of ischemic arrest. Systolic and
diastolic recovery was impaired after arrest in
animals that had received intermittent warm
blood cardioplegia every 10 minutes, and mild
stunning was observed when warm blood car-
dioplegia was administered every 5 minutes.
Landymore and co-workers8 extended the
period of interruption to 15 minutes in a dog
model comparing intermittent antegrade
warm blood cardioplegia to intermittent
antegrade cold blood cardioplegia. Hearts were
arrested by giving an initial dose of 30 ml/kg
delivered at a rate of 150 ml/min. Subsequent
infusions were given every 15 minutes
(10 ml/kg) at a rate of 150 ml/min during the
90 minute arrest period. Left ventricular sys-
tolic elastance and end-diastolic elastance was
assessed using pressure-volume loops. Systolic
function was well preserved whereas diastolic
function decreased slightly in both groups.
High energy phosphates decreased signifi-
cantly in both groups during reperfusion. This
study used global parameters to assess LV func-
tion in normal animals without coronary
artery lesions or ventricular hypertrophy.
Landymore could not demonstrate any supe-
riority for interrupting warm blood cardiople-
gia over established cold blood cardioplegia
techniques in this model.

Further insight into the metabolic effects
of interrupting warm blood cardioplegia was
provided by Tian and co-workers9 using NMR
techniques. Isolated blood perfused pig hearts
were divided into three groups. One group
received continuous warm blood cardioplegia

(37˚C) for 90 minutes. Another group received
six 5 minute periods of warm blood cardiople-
gia infusion followed by six 20 minute periods
of ischemia. The last group had no ischemia
during the 150 minutes of perfusion. NMR
studies showed that a 10 minute interruption
of warm blood cardioplegia decreased creat-
ine phosphate levels and intracellular pH by
approximately 47% (p < 0.01) and 0.12 units
(p < 0.05). Resumption of cardioplegia for 5
minutes resulted in almost complete recovery
of creatine phosphate and intracellular pH
values. More importantly, subsequent inter-
ruptions did not result in any cumulative
changes in creatine phosphate levels or intrac-
ellular pH beyond those changes observed after
the initial cardioplegic interruption. During
reperfusion, there were no significant differ-
ences in ATP and creatine phosphate levels
among the groups. Recovery of contractility
as assessed by balloon function curves did not
differ amongst the groups. Hence, in this
experimental study using normal, isolated
hearts, interruption of warm blood cardiople-
gia for up to 10 minutes appeared to be well
tolerated. Similar results were reported by Tonz
and co-workers10 in an intact pig model.
Antegrade warm blood cardioplegia was given
for 15 minutes followed by a 5 minute inter-
ruption or for 10 minutes followed by a 10
minute period of interruption during a 180
minute period of ischemic arrest. Interrupt-
ing antegrade warm blood cardioplegia for 10
minute intervals resulted in no significant dif-
ference in systolic or diastolic function com-
pared to 5 minutes of interruption or to those
animals which received 180 minutes of con-
tinuous cardioplegic perfusion. Torracca and
co-workers11 also concluded that 10 minutes
of antegrade warm blood cardioplegia inter-
ruption was safe in an isolated blood-perfused
rabbit model. Antegrade warm blood car-
dioplegia was stopped for 10 minutes followed
by 5 minutes of reperfusion. The sequence was
repeated three times for a total of 45 minutes.
Compared to continuous warm blood car-
dioplegia, the intermittent group had no sig-
nificant changes in ATP content or contrac-
tility as assessed by balloon function curves.
However, there was a transient but significant
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release of creatine kinase and lactate after
the first minute of reperfusion suggesting
anaerobic glucose metabolism. This may be
potentially harmful in areas of acutely ischemic
myocardium or when cross-clamp times are
longer than 45 minutes which is frequently
seen in clinical practice.

In summary, experimental studies seem to
suggest that antegrade warm blood cardiople-
gia can be interrupted for as long as 10 min-
utes without significant changes in high energy
phosphate levels or contractility after a period
of reperfusion. However, it should be noted
that these studies were performed in normal
hearts without coronary lesions or periods of
ongoing ischemia, or ventricular hypertrophy.
Based on these experimental results, clinical
studies were conducted to further define the
efficacy of the intermittent warm blood car-
dioplegia technique in clinical practice.

Clinical Studies
Yau and co-workers12 performed a random-

ized trial comparing continuous antegrade
warm blood cardioplegia with intermittent
cold blood cardioplegia in patients undergo-
ing elective coronary artery bypass graft sur-
gery performed by a single surgeon. The cases
were of low risk; over 80% of patients had an
ejection fraction ∃ 40%. Proximal and distal
anastomoses were performed under a single
cross-clamp period. After an initial arresting
dose of 500 ml; antegrade, warm blood car-
dioplegia was infused at 80 ml/min and inter-
rupted “whenever necessary” to allow adequate
visualization of each distal anastomosis. After
the interruption, a “catch-up” infusion was
given through the aortic root and in each com-
pleted vein graft. The volume of this infusion
was calculated by the perfusionist to precisely
compensate for the period of cessation of flow
and to maintain the preset cardioplegic flow
rate. These patients were not actively cooled;
systemic temperatures were allowed to drift
toward 30-32˚C. In the cold blood group, after
an arresting dose of 500 ml; 100 ml of low K+
(10 mEq/L) cardioplegia was infused intermit-
tently into each vein graft after completion of
each distal anastomosis, and a 400 ml infu-

sion was delivered into the aortic root. Myo-
cardial temperatures were maintained between
12 and 18˚C. Patients were systemically cooled
to 25-28˚C. Warm blood cardioplegia was
delivered during 60 ± 3% of the arrest period;
while cold blood cardioplegia was delivered
only 28 ± 5% of the cross-clamp time
(p = 0.009). There were no significant differ-
ences between operative mortality, sternal
infections, perioperative myocardial infarc-
tions, strokes, and the need for inotropic or
intra-aortic balloon support between the
groups. Immediately after removal of the cross-
clamp, warm hearts showed more washout of
accumulated lactate (p < 0.05 versus cold).
This lactate production was thought to be re-
lated to the inadequate delivery of cardioplegic
solution in the LAD distribution which was
grafted with an internal mammary artery and
was the last territory to be grafted. Unfortu-
nately, regional function in the LAD distribu-
tion was not assessed in this study but end-
systolic elastance and preload recruitable stroke
work index were not depressed in the warm
blood group. Furthermore, the MB fraction
of creatine kinase was lower in the warm hearts.
Since the incidence of infarcts was similar in
both groups, this suggests that the increased
release of creatine kinase in the cold hearts may
have been due to reversible disruption of
sacrolemnal integrity, allowing transient trans-
membrane loss of these high-molecular weight
proteins. In summary, interrupting antegrade
warm blood cardioplegia appeared to have
been well tolerated in these low risk patients.
Delivering cardioplegia through the completed
vein grafts undoubtedly decreased ischemic
damage in some areas of the heart with criti-
cal coronary stenoses. Nevertheless, concern
is raised about the increased lactate washout
in the warm blood group; especially in the
LAD distribution. This potentially could have
resulted in regional dysfunction in more
acutely ischemic myocardium.

A similar prospective, randomized study
was performed by Pelletier and co-workers13

comparing intermittent, warm blood car-
dioplegia and intermittent cold blood car-
dioplegia in 200 low risk CABG patients. After
an initial arresting dose of 300 ml of high K+
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cardioplegia, a low K+ antegrade, warm blood
cardioplegic solution was administered
(200-300 ml) after each distal anastomosis.
The maximal single time of interruption was
12-15 minutes; cardioplegia was delivered
30-40% of the cross-clamp period. In 13% of
the intermittent warm blood group, a sus-
tained electromechanical arrest could not be
achieved and these patients crossed over to the
cold blood group. The cold blood group had
similar rates of infusion through the aortic
root. The mortality (1% vs 1%) and infarct
rates (2% warm, 4% cold) were similar in each
group. There was no difference in the need
for pharmacologic or mechanical support
between the two groups. The serum levels of
postoperative creatine kinase were again sig-
nificantly lower in the warm blood group sug-
gesting that hypothermia may result in tem-
porary membrane dysfunction resulting in a
higher leak of creatine kinase which is not
indicative of permanent injury or myocardial
necrosis. These results appear to confirm
Yau’s12 observation that warm blood cardiople-
gia can be safely interrupted in low risk surgi-
cal patients. However, it should be noted that
Pelletier and his co-workers had to alter their
cardioplegia technique in 13% of patients
because a sustained electromechanical arrest
could not be achieved.

In a further attempt to define the safe
period that warm blood cardioplegia can be
interrupted, Lichtenstein and co-workers14

conducted a randomized study of 720 patients
comparing cold blood cardioplegia with warm
blood cardioplegia. Following an initial arrest-
ing dose of high K+ cardioplegia, a low K+

solution was delivered at 50-150 ml/min. After
periods of interruption, warm blood cardiople-
gia was delivered at 200-300 ml/min after
which the rate was reduced to 50-150 ml/min.
Cardioplegia was also administered through
completed vein grafts. No retrograde infusions
were given. Seventeen percent of patients in
the warm group crossed over to the cold blood
group because of excessive coronary “flooding”
or difficulty achieving or maintaining a cardiac
arrest. In this study, warm blood cardioplegia
was interrupted for approximately 50% of the
cross-clamp time. The longest single ischemic

interval averaged 11.4 ± 4.0 minutes but ex-
tended from 6.8 ± 5.4 to 15.3 ± 5.0 minutes
according to the individual surgeon. In this
study, repeated interruptions of antegrade
warm blood cardioplegia were less likely to lead
to adverse clinical results if single interruptions
were ∀ 13 minutes. Their results were similar
to earlier experimental studies which suggested
that the longest ischemic interval was more
important than the cumulative ischemic
time.9,10 Nevertheless, their results also showed
that the chance of an adverse outcome in-
creased when the period of interruption ex-
ceeded 13 minutes; especially in patients with
left main disease, decreased LV function, and
those requiring more urgent surgery.

Chritakis and his co-workers15 studied the
effects of intermittent antegrade, warm blood
cardioplegia on postoperative right ventricu-
lar (RV) function in 52 isolated CABG
patients. Patients were randomized to receive
either intermittent antegrade, warm blood car-
dioplegia (37˚C) with systemic pump flow at
35-37˚C or intermittent antegrade, cold blood
cardioplegia (5-8˚C) with systemic tempera-
tures ranging from 25-30˚C. All hearts re-
ceived an arresting high K+ dose of 200-300
ml/min followed by a continuous low K+ in-
fusion of 100-150 ml/min. Cardioplegia was
interrupted only during the construction of
the distal anastomoses. After the completion
of each distal, a 500 ml bolus of cardioplegia
was given at 200-300 ml/min after which the
rate was decreased to 100-150 ml/min.
Cardioplegia was also given through each
completed vein graft and both groups received
a terminal infusion of 350 ml of warm (37˚C)
cardioplegia prior to removing the cross-clamp.
Total ischemic time was longer in the cold
group (42 ± 8 vs 31 ± 14 min; p < 0.001).
Right ventricular ejection fraction, RV end-
diastolic volume index, and RV end-systolic
volume index, as derived from a thermodilu-
tion REF-1 catheter, were found to be signifi-
cantly higher in the warm blood group at 6
and 8 hours after bypass. However, these mea-
surements are affected by changes in RV
afterload, and their significant improvement
over the cold group most likely reflect the
decreased pulmonary vascular resistance and
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warmer systemic temperatures in the warm
blood group. This may be a beneficial effect
of normothermic cardiopulmonary bypass and
not warm blood cardioplegia. Furthermore, at
6 and 8 hours postop, nearly one-third to one-
quarter of the patients in both groups were
excluded because they required either
inotropes or afterload reducing agents, or were
shivering and had a tachycardia. Christakis
noted in his discussion that ischemic times
were longer in the cold group “because all sur-
geons felt more confident with the luxury of
hypothermia” and that “surgeons were more
expeditious when constructing anastomoses in
the warm group.” Their data actually showed
that the increased ischemic time taken to per-
form the distal anastomoses in the cold group
had no detrimental effects on right ventricu-
lar or left ventricular function.

Our earlier experimental studies showed
that the presence of an LAD occlusion limits
cardioplegia delivery when given in an
antegrade fashion and that this damage may
be accentuated when warm antegrade car-
dioplegia is used for myocardial protection.3,4

Although continuous retrograde cardioplegia
results in better delivery of cardioplegia beyond
a coronary occlusion,3 it may still provide lim-
ited perfusion to the posterior septum and
right ventricle.16 Hayashida and his col-
leagues17 therefore postulated that a combi-
nation of antegrade and retrograde delivery of
cardioplegia might be required to provide bet-
ter perfusion of the myocardium when warm
blood cardioplegia techniques are used. They
undertook a prospective, randomized clinical
study in low risk patients undergoing CABG
comparing intermittent, warm antegrade
blood cardioplegia, intermittent, retrograde
warm blood cardioplegia, and a combination
of antegrade/retrograde warm blood cardiople-
gia. Both antegrade and retrograde groups
received an initial arresting antegrade dose of
500 ml of high K+ cardioplegia. Cardioplegia
was then administered either retrograde or
antegrade at 200 ml/min. The cardioplegia was
interrupted when necessary for visualization
of the anastomosis. A “catch-up” infusion was
then given, averaging 150-200 ml/min to com-
pensate for the period of cessation of cardiople-

gia. Cardioplegia was also administered
directly into each completed vein graft in both
groups. In the patients receiving antegrade/
retrograde cardioplegia, a continuous infusion
of retrograde cardioplegia was interrupted only
for visualization of the anastomosis. Intermit-
tent infusions (250 ml) of antegrade cardiople-
gia were given after completion of each proxi-
mal anastomosis. Infusion of cardioplegia was
never done simultaneously in an antegrade and
retrograde manner. Cardioplegia was least in-
terrupted in the combined group (17 ± 3%
combined vs 28 ± 4% retrograde vs 36 ± 4%
antegrade p < 0.05). The combined group also
received significantly more cardioplegic solu-
tion (6.3 ± 0.4 L combined vs 4.8 ± 0.3 L
retrograde; vs 4.6 ± 0.2 L antegrade; p <
0.001). No differences in clinical outcomes
were found among the groups. Myocardial lac-
tate concentrations were highest in the LAD
territory during antegrade cardioplegia deliv-
ery. Retrograde cardioplegia had greater lac-
tate production in the right and left ventricles
and decreased ATP concentrations. The com-
bination of antegrade and retrograde car-
dioplegia resulted in the best preservation of
ATP, least lactate production and accumula-
tion, and the best global LV and RV function.
Hence, the technique which resulted in the
most cardioplegic delivery and least interrup-
tions gave the best myocardial protection.

Summary and Conclusions
This chapter has reviewed the experimen-

tal and clinical studies in the development of
techniques used to interrupt warm blood car-
dioplegia. Most experimental studies have been
performed in animals without coronary artery
disease or ventricular hypertrophy. Many in-
volve isolated preparations which may not be
analogous to clinical practice. The majority of
clinical studies have been performed on low
risk patients with normal ejection fractions,
no previous infarcts, and without any on-go-
ing ischemia. Assessment of left ventricular
performance has generally been global with
load dependent indices. Since many of the cold
blood cardioplegia patients were cooled to
25-28˚C, their systemic vascular resistance
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tended to be higher in the earlier postop
period, thus resulting in lower stroke work
indices compared to patients treated with
warm blood cardioplegia. Despite these limi-
tations, certain conclusions can be drawn
regarding the technique of interrupting warm
blood cardioplegia.

How long can warm blood cardioplegia be
safely interrupted? It appears that interrupt-
ing warm blood cardioplegia for up to 10 min-
utes in low risk patients without active
ischemia is well tolerated and results in no in-
creased mortality or infarct rate and that glo-
bal left ventricular function appears to be pre-
served.6,9-11,14 The length of the period of
interruption of cardioplegia and not the total
ischemic time is the most important param-
eter in determining myocardial performance
and patient outcome.9,14 The safe period for
interrupting warm blood cardioplegia in
actively ischemic patients is still undetermined.
It appears however, that when cardioplegia is
interrupted for longer than 13 minutes, there
is a greater likelihood of an adverse outcome
in patients with left main disease, decreased
left ventricular function, and those requiring
urgent surgery.14

What are the optimal flow rates to meet
the needs of the myocardium when warm
blood cardioplegia is interrupted? The exact
flow rates for normal, ischemic, and hyper-
trophied myocardium have yet to be deter-
mined. Nevertheless, experimental and clini-
cal studies using antegrade techniques suggest
that an arresting dose of high K+ cardioplegia
(25-30 mEq) at 100-150 ml/min should be
adequate for the nonischemic, nonhyper-
trophied myocardium. Following the interrup-
tion of cardioplegia, a “pay-back” dose of
200 ml/min is usually given for 2-3 min-
utes followed by the baseline flow rate
(100-150 ml/min).15,17

What clinical methods can be used to
monitor ongoing ischemia during the period
of cardioplegic interruption? NMR is imprac-
tical in the operating room and may not be
able to localize abnormalities in regional myo-
cardial metabolism. Lactate washout is also
non-specific and impractical in clinical cardiac
surgery. ATP levels may not always be corre-

lated with ongoing ischemia in the arrested
heart and could not be used as an on-line
measurement of active ischemia. Myocardial
pH has been used to reliably detect regional
ischemia during cardiac surgery and can give
on-line data.18 Surgeons using warm blood car-
dioplegia in patients where the solution must
be interrupted for greater than 10 minutes may
wish to consider monitoring pH values.

What techniques could be used to reverse
ischemic changes following periods of inter-
mittent warm blood cardioplegic delivery? It
is the adequacy of distribution of cardioplegia
and not the temperature which is the most
important factor in limiting ischemia during
aortic cross-clamping. In the presence of sig-
nificant coronary stenoses, antegrade car-
dioplegia alone may not provide adequate
myocardial protection.3,19 This may result in
further ischemic injury when warm blood car-
dioplegia is interrupted.4 Infusing cardiople-
gia through completed vein grafts is one
method by which cardioplegic distribution
may be improved. Furthermore, continuous
infusion of cardioplegia through completed
vein grafts during the time that antegrade flow
is interrupted may limit problems with visu-
alization in the operative field while still
adequately perfusing other areas of the myo-
cardium. Another technique to maximize
cardioplegic distribution is the combination
of antegrade/retrograde delivery. Hayashida
and his colleagues17 demonstrated that inter-
mittent antegrade infusions of warm cardio-
plegic solution during continuous warm ret-
rograde cardioplegic delivery provided more
homogenous distribution and prevented
ischemic myocardial injury during warm heart
operations. It would seem that the combina-
tion of antegrade/retrograde cardioplegia plus
infusion of cardioplegia through the completed
vein grafts would provide the most optimal
myocardial protection in those instances when
warm blood cardioplegia must be interrupted.

What is the role of interrupting warm
blood cardioplegia in the current practice of
cardiac surgery? Randomized clinical studies
have yet to show a clear-cut superiority of
warm blood cardioplegia over cold blood
cardioplegic techniques. It is important to
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remember that cardioplegia is merely an
adjunct to the surgeons’ main goal which is to
perform a technically perfect operation. This
is even more important in the current prac-
tice of cardiac surgery where optimal visual-
ization is needed to bypass vessels which are
smaller with more diffuse disease, to recon-
struct valves, and to replace valves with
advanced deterioration. Surgeons must rely on
cardioplegic techniques which provide an
unobscured field to construct a perfect tech-
nical anastomosis as well as afford excellent
myocardial protection for acutely ischemic
hearts with lower ejection fractions. Surgeons
employing intermittent warm blood cardiople-
gia must understand the limitations of this
technique and be able to alter their method-
ology when necessary in order to safely achieve
both these goals.
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Integrated Myocardial
Management
The goal of every cardiac operation must be a
technically perfect anatomic result contribut-
ing to functional improvement that requires
adequate visualization in a quiet, bloodless
operative field without postoperative deterio-
ration in cardiac function. The essential pre-
requisite for a successful cardiac operation is
the use of simple and safe cardioprotective
techniques to avoid myocardial damage, while
maintaining a quiet, bloodless field.

A variety of myocardial protection strate-
gies have been developed, and the clinical
effectiveness of each strategy has been con-
firmed.1-4

This chapter describes an integrated tech-
nique of myocardial protection with warm and
cold blood cardioplegia in conjunction with
the combined use of antegrade and retrograde
delivery for routine adult cardiac operations.
This approach of integrated myocardial man-
agement, developed by Buckberg and associ-
ates,5 combines the advantages of various
cardioprotective strategies to compensate for
their individual shortcomings and incorporates
the strategies of warm/cold blood cardiople-
gia, antegrade/retrograde delivery, continuous/
intermittent infusion, and blood/blood
cardioplegic perfusion during a single period
of aortic clamping.

This method is based on the following
principles:

1. Adequate visualization for surgical pre-
cision is optimized by a still, bloodless
field, accomplished by intermittent
administration of cold potassium blood
cardioplegia.

2. Uniform myocardial distribution of
cardioplegic solution is ensured by the
combination of antegrade and retro-
grade cardioplegic delivery.

3. Warm blood cardioplegia is used for
active resuscitation of preoperatively
impaired myocardium and/or avoid-
ance of reperfusion injury, in addition
to cold multidose blood cardioplegia.

4. Ischemia is unnecessary under the cir-
cumstances of the procedure when
visualization is nonproblematic and
continuous coronary perfusion is pos-
sible in an arrested myocardium.

5. Continuous blood perfusion of the cold
arrested heart does not require car-
dioplegic solution. Noncardioplegic
normal cold blood can be used to maintain
arrest.
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Background and Logic
of Integrated Myocardial
Management

Combined Cold
and Warm Blood Cardioplegia

The primary advantage of cold blood car-
dioplegia is that it couples the myocardial
nourishment by intermittent oxygenation and
substrates supply with the capacity to lower
myocardial oxygen demands and the rate and
development of ischemic damage in the
hypothermic arrested heart.1

Despite the theoretical advantage of con-
tinuous warm blood perfusion to prevent
ischemia,2,3 the use of cold blood cardiople-
gia and subsequent myocardial hypothermia
may be essential to prevent myocardial dam-
age during intentional ischemia when blood
supply must be interrupted for surgical preci-
sion. The capacity of cold intermittent blood
cardioplegia to prevent ischemic damage in the
normal myocardium is adequaet for up to 4
hours of the aortic clamping, as shown experi-
mentally.6 Intermittent cold blood cardiople-
gia techniques, however, can only prevent fur-
ther deterioration but cannot correct metabolic
defects that may compound the underlying
mechanical cardiac disorder requiring correc-
tion. The method may be insufficient in the
energy- and substrate-depleted heart, and
impaired function may persist, as demon-
strated experimentally.7

Warm blood cardioplegia was initially
introduced as “warm blood cardioplegic
reperfusion” to limit reperfusion injury by a
brief period of administration of warm blood
cardioplegia at the initial phase of reperfusion
(before aortic unclamping).8-10 Subsequently,
the concept of “warm cardioplegic induction”,
delivery of warm blood cardioplegia to induce
cardiac arrest after aortic clamping, was intro-
duced to actively resuscitate the ischemically
damaged, energy-depleted heart and improve
its tolerance to subsequent intervals of cold
ischemia.7 Administration of warm blood
cardioplegic solution restores aerobic ATP pro-
duction by maximizing myocardial metabolic
activity by normothermic blood perfusion and

supplementation of depleted substrates, while
keeping the heart arrested to lower its oxygen
demands.8 Thus, ATP is channeled to repara-
tive processes in myocardial metabolism. The
formulation of warm cardioplegic solution
must be modified (hypocalcemic, alkalotic and
enriched with amino acids, glutamate and
aspartate) to limit calcium influx during reflow,
buffer acidosis9 and replenish key Krebs cycle
intermediates depleted during ischemia.10

The clinical study by Teoh and associates10

demonstrated that warm cardioplegic reper-
fusion (terminal warm blood cardioplegia)
accelerates myocardial metabolic recovery after
reperfusion. It is now generally accepted that
warm, controlled reperfusion provides a pow-
erful tool to limit reperfusion injury and nul-
lify the adverse effects of prolonged aortic
clamping.12 Additionally, the clinical benefits
of warm induction in energy-depleted hearts
were demonstrated in coronary patients with
cardiogenic shock13,14 and advanced valvular
disease.15 In the integrated management strat-
egy, multidose cold blood cardioplegia to allow
interrupting coronary perfusion for surgical
precision is incorporated with warm blood
cardioplegic induction and reperfusion in
order to combine the individual benefits of
warm and cold cardioplegia to maximize the
cardioprotective effects of blood cardioplegia.

Antegrade/Retrograde Cardioplegic
Delivery

The benefits of cardioplegia are provided
only if the solutions are distributed to all
myocardial regions in sufficient amounts.
Antegrade cardioplegia is used by most sur-
geon and produces prompt cardiac arrest, but
is distributed poorly in coronary patients with
severely stenotic or occluded coronary arter-
ies unless it is delivered through the vein
graft.4,16,17 These strategies are ineffective in
patients who receive arterial grafts or who have
diffuse coronary artery disease. Further limi-
tation of antegrade cardioplegia include:
poor distribution in patients with aortic
regurgitation unless the aorta is opened and
the coronary ostia are perfused directly; risk
of potential ostial injury during aortic valve
procedure from direct perfusion; and the need
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to interrupt the continuity of mitral valve op-
erations to remove the retractors and avoid
aortic distortion during cardioplegic replen-
ishment. These limitations of antegrade car-
dioplegia can be overcome by the use of retro-
grade cardioplegic delivery.4,16 In the presence
of complete coronary artery occlusion, this
method would appear to result in a better per-
fusion of the ischemic myocardial area.4

The development of transatrial coronary
sinus cannulation technique has made simple,
safe, and rapid access to the coronary sinus
feasible,18 and retrograde cardioplegia is now
generally accepted as a routine method for
intraoperative myocardial protection. Never-
theless, experimental17 and clinical19-21 studies
have shown that the right ventricle and poste-
rior septum are not adequately perfused with
retrograde cardioplegia. Inconsistent right ven-
tricular protection may be problematic in
patients with marked right ventricular hyper-
trophy or pulmonary hypertension. This rec-
ognized limitation of right ventricular
hypoperfusion can be counteracted partially
by cold cardioplegic perfusion, inasmuch as
coronary sinus retroperfusion provides right
ventricular hypothermia as the effluent
traverses conductance vessels, and therefore
confers hypothermic lowering of oxygen
demands to counteract this limited nutritive
oxygen supply due to veno-veno shunts. This
benefit is achieved only if hypothermia is used
in conjunction with retrograde cardioplegic
delivery.

Aforementioned limitations of antegrade
and retrograde perfusion have stimulated the
use of combined antegrade/retrograde infusion
of cardioplegia (alternating between antegrade
and retrograde20-24 or simultaneous antegrade/
retrograde perfusion25). In an editorial com-
ment, Menasche4 suggested that a combined
antegrade and retrograde approach may be
safer and more effective in obtaining a more
uniform myocardial distribution of blood car-
dioplegia.

Intermittent Blood Cardioplegia
and Continuous Perfusion
of Noncardioplegic Cold Blood

A dry, quiet operative field is a prerequi-
site for a technically precise cardiac procedure.
Most surgeons arrest the heart with high
dose potassium blood cardioplegia (20 mEq/L)
and use multidose low dose potassium
(8-10 mEq/L) as interrupting coronary per-
fusion for the remainder of the operation. In
a routine adult cardiac operation, however,
ischemia is unnecessary under the circum-
stances, when visualization is nonproblematic,
and therefore continuous coronary perfusion
is feasible if the hearts can be kept arrested.

For that purpose, continuous blood perfu-
sion of the cold arrested heart does not require
cardioplegic solution (noncardioplegic normal
cold blood is possible).

Our recent experimental study26 showed
that cold arrested hearts remain quiescent and
both ventricles recovered completely when
perfused with cold 4-10c retrograde non-
cardioplegic blood. Consequently, the advan-
tages of continuous perfusion and nourish-
ment to shorten real ischemic interval can be
achieved without the drawbacks of excessive
hemodilution and cardioplegic overdose.
These benefits are possible only with “cold”
noncardioplegic blood since electromechani-
cal activity (i.e., beating or fibrillation) returns
and myocardial oxygen demands rise when
warm blood is delivered.

Method of Integrated Myocardial
Management and Surgical
Techniques

The Cardioplegic Solution
The blood cardioplegic formulations for

the standard 4:1 ratio (Blood:Cardioplegia) is
listed in Table 16.1. The formulation is
modified for the other ratio (i.e., 8:1
Blood:Cardioplegia), as reported previously.5

For standard protocol, four cardioplegic
solutions are prepared: a high and low K+

amino acid enriched solution for warm induc-
tion and reperfusion, and a high and low K+

nonamino acid enriched solution for cold
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induction and maintenance doses. Currently,
only two cardioplegic solutions: a high K+

amino acid enriched solution and a low K+

nonamino acid enriched solution are made up
for each procedure, as the solution for warm
induction is used also for cold induction and
warm reperfusion in a routine procedure to
simplify the preparation. Glutamate and
aspartate are not added to the maintenance
solution, as peripheral vasodilatation may

occur when large volumes of amino acids are
used.

Cardioplegic Delivery System
Blood cardioplegia delivery system used for

the integrated myocardial management con-
tains a single roller pump, heat exchanger for
altering cardioplegic temperature, and coro-
nary perfusion- monitoring set for alternating
between antegrade and retrograde routes
(Fig. 16.1). The blood component of cardio-

Table 16.1. The blood cardioplegic formulations for the standard 4:1 ratio
(Blood:Cardioplegia) in the integrated myocardial management. The formulation is
modified for the other ratio (i.e., 8:1 Blood:Cardioplegia), as reported previously.5

Cardioplegic Volume Component Concentration
Additive Added(mL) Modified Delivered

Cold Induction

Tham (0.3M) 200 pH 7.7-7.8
CPD 50 Ca++ 0.5-0.6 mM/L
5% dextrose & H2O 550 Osm 340-360 mOsm
KCL (2mEq/mL) 30 K+ 18-20 mEq

Warm induction

Tham (0.3M) 225 pH 7.5-7.6
CPD 225 Ca++ 0.15 mM/L
50%dextrose 40 Glucose > 400mg
KCL (2mEq/mL) 40 K+ 20-25 mEq
Glutamate 13 mM/L

250 substrate
Aspartate 13 mM/L
5% dextrose & H2O 220 %Osm 380-400 mOsm

Cold Maintenance

Tham (0.3M) 200 pH 7.7-7.8
CPD 50 Ca++ 0.5-0.6 mM/L
5% dextrose & H2O 550 Osm 340-360 mOsm
KCL (2mEq/mL) 10 K+ 8-10 mEq

Warm Reperfusion

Tham (0.3M) 225 pH 7.5-7.6
CPD 225 Ca++ 0.15-0.25 mM/L
50%dextrose 40 Glucose > 400mg %
KCL (2mEq/mL) 15 K+ 8-10 mEq
Glutamate 13 mM/L

250 substrate
Aspartate 13 mM/L
5% dextrose & H2O 200 Osm 380-400 mOsm
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plegic solution is withdrawn from the coro-
nary port of the oxygenator. The blood is
mixed in a ratio of 4:1 (blood:cardioplegia)
by fixing the calibers of the tubing coming
from the cardioplegic solution and coronary
port of the oxygenator. The tubes are then
routed through a single occlusive roller pump,
with an insert to accommodate the different
sizes of the tubing and into a heat exchanger
with the capacity of rapid alteration of blood
temperature so that the cardioplegic solution
can be delivered either warm (37˚C) or cold
(8-10˚C) as required under different
circumstances.

As a heat exchanger, standard Advance
BCDTM or more recently developed Buckberg
BCD VanguardTM (Sorin Biochemical Inc.,
Irvine, CA) is exclusively utilized.

Two heater/coolers (one for the cardio-
plegic solution, and the other for systemic
perfusion) are required in order to control tem-
perature of the heart and body independently.

A heat exchanger,  Buckberg BCD
VanguardTM (Fig. 16.2) has efficient heat
exchange performance, rapid priming capac-
ity and low priming volume (35 mL device
only), integral filter, bubble trap and pressure
monitoring port.

The pressure port is essential so the perfu-
sionist can determine if there is obstruction
in the system during cardioplegic administra-
tion, and make adjustments to avoid disrup-
tion of the heat exchanger by excessive
pressure.

The outlet arm of the heat exchanger is
connected to a cardioplegic infusion line. For
alternating between antegrade and retrograde
delivery, we use antegrade/retrograde
infusion and pressure monitoring set
(MIS-001-CP) (Research Medical Inc.,
Midvale, Utah) containing two arms of each
infusion and pressure monitoring line specially
designed to allow rapid switching from
antegrade to retrograde cardioplegia and simul-
taneous monitoring of aortic and coronary
sinus pressure. The side arm attached to the
retrograde cardioplegic delivery arm permits
perfusion via vein graft or coronary ostial can-
nula (Fig. 16.3).

Antegrade Cannula
An aortic cannula containing ports of

monitoring perfusion pressure and aortic vent-
ing is required for delivery of antegrade car-
dioplegia, when used in combination with ret-
rograde cardioplegia. The aortic vent line is
outfitted with a one-way pop-off valve which
is kept on low suction throughout the proce-
dure. Alternatively, the vent line can be con-
nected to a Y-connector in the venous line to
provide gravity drainage.

Aortic pressure monitoring is crucial to
ensure cardioplegic delivery and it allows:
A) detection of aortic regurgitation; B) inad-
vertent failure to close the aortic vent line;
C) determination of optimal flow rate in
hypertrophied ventricle; and D) regulation of
the pressure during controlled reperfusion.

Clinical cardioplegic perfusion pressure of
80-100 mmHg are safe during cardioplegic
induction. Conversely, keeping perfusion pres-
sure at or below 50 mmHg during reinfusion
and reperfusion will be desired to protect
edema formation and endothelial integrity.

Retrograde Cannula
The cannula for retrograde delivery of

choice is used routinely to deliver retrograde
cardioplegia via coronary sinus and simulta-
neously monitoring coronary sinus pressure.
We exclusively use a RetroplegiaTM cannula
with the self-inflated textured balloon (RC-
014-T, Research Medical, Inc., Midvale, Utah)
containing a specially designed stylet with a
low pressure, self inflating and deflating bal-
loon and an integral second lumen to permit
pressure monitoring. The flow lumen is
designed to have the small holes distal to the
balloon and larger holes present within the
balloon. This design allows the balloon to
become self inflated as the cardioplegic solu-
tion flows through the cannula, and therefore
occludes back flow from the coronary sinus as
the remainder of the solution flows through
the smaller distal holes. This also allows the
balloon to be self deflated spontaneously when
the infusion is completed. The inflated bal-
loon is only 1.8 cm in diameter and contains
allow intraluminal pressure, so that it cannot
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Fig. 16.1. Cardioplegic delivery system containing a single occlusive roller pump, tubing system, heat exchanger
with the capacity of rapid alteration of blood cardioplegic temperature and mixture of blood and cardioplegic
solution, heater/cooler, and the specially designed cardioplegic infusion line for alternating between antegrade and
retrograde delivery. As a heat exchanger, standard Advance BCD TM or Buckberg BCD Vanguard TM (Sorin
Biochemical Inc., Irvine, CA) is routinely utilized.

Fig. 16.2. Buckberg BCD VanguardTM (Sorin Biomedi-
cal Inc. Irvine, CA) used for warm/cold blood
cardioplegic delivery. This heat exchanger has efficient
heat exchange performance, rapid priming capacity and
low priming volume (35 mL device only), integral filter,
bubble trap and pressure monitoring port.
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damage the coronary sinus by over inflation
and produce barotrauma during infusion.

The coronary sinus pressure must be dis-
played so that the surgeon and perfusionist can
be aware of it during infusion.

Placement of Retroplegia
The Retroplegia cannula is always placed

after venous cannulation to avoid inadvertent
dislodgment when the IVC cannula is inserted.

Retroplegia cannulation is accomplished most
readily before starting extracorporeal circula-
tion or can be done on partial bypass. A 3-0
prolene suture is placed in the low right atrium,
near the IVC junction, and is withdrawn
through a rubber tourniquet. This low posi-
tion for placement is selected to avoid dislodg-
ment of the retroplegia cannula during retro-
perfusion or retraction of the heart for

Fig. 16.3. Schematic for delivering antegrade/retrograde blood cardioplegia and pressure monitoring. Antegrade/
retrograde infusion and pressure monitoring set (MIS-001-CP) (Research Medical Inc., Midvale, Utah) is utilized
for cardioplegic infusion, and Retroplegia TM with self-inflated textured balloon (RC-014-T, Research Medical,
Inc., Midvale, Utah) is used for retroperfusion
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exposure of the circumflex and distal branches
of the right coronary artery.

The stylet and cannula are introduced into
the right atrium through a small puncture
anterior to the two-stage cannula, and inserted
far enough to advance the balloon into an
intra-atrial position. The suture and tourni-
quet are snagged to prevent bleeding. Place-
ment of the index finger at the IVC-right atrial
junction will allow palpation of the tip of the
cannula, guide its entrance into the coronary
sinus and verify its correct placement position.
By this maneuver, advancement of cannula
into coronary sinus can be accomplished
readily. Normally coronary sinus course is in
a direction that extends at a approximate 45˚
angle directly toward the left shoulder from
its orifice to its position beneath the left atrial
appendage. Verification of the correct place-
ment of the stylet is made by palpating the
course of the coronary sinus behind the heart.
When the proper positioning is confirmed, the
cannula is advanced little further over the stylet
until it meets any resistance, while holding the
stylet in place. This maneuver will place can-
nula at the coronary sinus great coronary vein
junction beneath the left atrial appendage. The
stylet is then withdrawn while cannula is held
in place. The pressure port is connected to
ensure coronary sinus pressure. A high coro-
nary sinus pressure (i.e., > 20 mmHg) indi-
cates the catheter is wedged.

Pressure Monitoring During
Retrograde Cardioplegia

The coronary sinus pressure ranges usually
30-50mmHg when retrograde cardioplegia is
delivered at 200-250 mL/min. The surgeon
and perfusionist must be aware of the coro-
nary sinus pressure during infusion so that the
appropriate correction can be made if the coro-
nary sinus pressure is either too high or too
low. A coronary sinus pressure > 50 mmHg
means the catheter is lodged too far into the
coronary sinus or is in the posterior descend-
ing coronary vein and this can be corrected by
reducing the flow rate immediately, with-
drawing the catheter and restarting retro-
grade flow. Conversely, a coronary sinus pres-
sure < 20 mmHg during infusion indicates

that the self-inflating balloon is not occluding
the coronary sinus completely, or that the cath-
eter is dislodged.

Under these circumstances, the position of
the catheter tip must be tested by palpation of
the coronary sinus. The adequacy of retro-
perfusion can be assumed when the catheter
has been retracted, but remains in the coro-
nary sinus, by simply compressing the coro-
nary sinus-right atrial junction against the IVC
cannula. This always results in a prompt rise
in coronary sinus pressure and avoids the need
for repositioning the cannula. Sometimes the
cannula is retracted and slipped away from the
coronary sinus due to the back pressure in the
coronary sinus at the initiation of retrograde
infusion. A gradual increase of the flow rate
over 12-15 seconds will minimize catheter
retraction during infusion. Failure to en-
sure adequate coronary sinus pressure
(20-50 mmHg) during cardioplegic infusions
will result in inadequate retrograde myocar-
dial protection and therefore retrograde car-
dioplegia must be abandoned.

Standard Protocol for Integrated
Blood Cardioplegia

The cardioplegic dose is generally divided
by alternating between antegrade and retro-
grade delivery in a standard protocol for a
routine adult open heart surgery. Flow guide-
lines used for alternative administration of
antegrade and retrograde blood cardioplegia
for induction, maintenance, reperfusion and
continuous noncardioplegic cold blood per-
fusion are listed in Table 16.2.

Cardioplegic Induction
Antegrade cardioplegia is always given first

to produce prompt arrest, followed by
retroperfusion of the remainder of the
cardioplegic dose, except aortic valve insuffi-
ciency patients. Failure to achieve prompt
arrest (i.e., 1-2 minutes) suggests that either
there is incomplete aortic clamping, aortic
regurgitation, or inadequate venous drainage
with admixture of cardioplegia with blood that
escapes the venous return cannula. Reappli-
cation of the aortic clamp will ensure that the
aorta is occluded completely. The presence of
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aortic regurgitation will be noted in case of a
low aortic perfusion pressure during cardio-
plegic induction, and the most common cause
of this is distortion of the noncoronary cusp
by venous cannula. This can be corrected
readily by retracting the venous cannula down-
ward and to the right. Clinically unsuspected
mild aortic regurgitation can be handled by
increasing the flow rate of the antegrade car-
dioplegia to 500 mL/min, and by compress-
ing the right ventricular outflow with a sponge
stick to push the septum against the posterior
left ventricular wall beneath the aortic valve.
Failure of these maneuvers to restore satisfac-
tory aortic perfusion pressure at the increased
flow rate immediately should lead to abandon-
ment of the antegrade cardioplegic infusion
and to complete reliance upon retrograde
cardioplegia as the only method of myocar-
dial protection.

Cold Induction
Cold cardioplegic induction with 8-10˚C

blood cardioplegia is used during all elective
operations where preoperative cardiac function
is reasonable (i.e., LVEF > 40%). The
antegrade dose is given at 300-350 mL/min
for 2 minutes to stop the heart and the
remainder of the induction dose is delivered
retrograde at 200-250 mL/min for 2 minutes.
The cardioplegic volume and infusion rate are
increased in hypertrophied hearts (2-minute
antegrade at 350 mL/min, and 2-minute ret-
rograde at 250 mL/min). After the comple-
tion of retrograde cardioplegic perfusion, coro-

nary perfusion is interrupted when there is a
need to ensure a bloodless operative field, oth-
erwise retrograde perfusion of noncardioplegic
cold blood is continued. The conversion from
antegrade to retrograde cardioplegia is made
by turning the stopcock and activating the
aortic vent line.

The aortic vent line is kept open until the
next antegrade cardioplegia to provide cardiac
decompression and to evacuate air from the
aorta when the next antegrade infusion is
started.

Warm Induction
The heart is stopped with a warm (37˚C)

substrate enriched (glutamate/aspartate) high
potassium (20-25 mEq/L) cardioplegic solu-
tion (Table 16.1) when there is clinically sig-
nificant preoperative impairment of cardiac
function (i.e., cardiogenic shock, advanced
valve disease, extending myocardial infarction).
The purpose of warm induction is to “resusci-
tate” the heart and improve its tolerance to
subsequent ischemia. Warm induction is
achieved by circulating warm water from the
heater/cooler into a heat exchanger. Warm
induction is delivered antegradely first. The
initial infusion is started at 300-350 mL/min
until the heart stops, and the infusion rate is
then slowed to 150-200 mL/min. The total
dose is divided relatively equal between
antegrade and retrograde delivery. The total
period of warm infusion is 5 minutes (2.5
minutes antegrade and 2.5 minutes retrograde)

Table 16.2. Flow guidelines used for alternative administration of antegrade and
retrograde blood cardioplegia for induction, maintenance, reperfusion and continuous
noncardioplegic cold blood perfusion. The flow rates are increased by 50-100mL/min
for hypertrophied hearts.

Cardioplegia Antegrade Retrograde

Cold Induction 300 mL/min (2 min) 200mL/min (2min)
Warm induction 300 mL/min until arrest 150 mL/min (2.5 min)

then 150 mL/min (2.5 min)
Maintenance 200 mL/min (1 min) 200 mL/min (1 min)
Noncardioplegic Blood 150 mL/min
Warm reperfusion 150 mL/min (2 min) 150 mL/min (2 min)
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Warm induction is followed always by a 3-4
minute infusion of cold cardioplegia (8-10˚C)
at 200-250 mL/min (1/2 antegrade and 1/2
retrograde) with the low K+ cardioplegic solu-
tion to ensure cardioplegic distribution and
cooling. For this purpose, one to two minutes
before the completion of initial warm induc-
tion, the heater/cooler is switched to the
maximum cooling mode to lower the tempera-
ture of cardioplegic solution rapidly down to
10˚C.

Multidose Administration of Cold
Blood Cardioplegia (Cold
Maintenance Cardioplegia)

Multidose administration of cold low K+

blood cardioplegia are repeated to replenish
the solution washed away by noncoronary
collateral flow at approximately 20-25 min-
utes intervals. Reinfusion are delivered at
200-250mL/min for 2 minutes, with 1-minute
antegrade and 1-minute retrograde, whether
or not electromechanical activity returns for
the following reasons: maintains arrest; restores
hypothermia; buffers acidosis; washes away
acid metabolites; and replenishes substrates.

In coronary operations, all reinfusions are
divided equally between antegrade and retro-
grade routes of delivery (1 minute antegrade
and 1 minute retrograde). Conversely, all
reinfusions during mitral and aortic valve
operations are delivered retrograde for 2 min-
utes so that the procedure can proceed unin-
terrupted, unless the right ventricle starts to
contract. If this occurs, 1 minute infusion is
delivered at 20-25 minutes intervals via the
antegrade route in mitral operations or the
right coronary ostia in aortic valve procedures
in order to ensure right ventricular protection.

Noncardioplegic Cold Blood
Retroperfusion

After the completion of antegrade and ret-
rograde reinfusion of cold blood cardioplegia,
retrograde cold noncardioplegic blood is con-
tinuously perfused usually at 150 mL/min,
when it does not compromise visualization
during the aspects of the procedure (i.e., proxi-
mal anastomosis of coronary graft, placing

sutures into the prosthetic valve or annulo-
plasty ring and closure of the atriotomy or
aortotomy).

A one-minute infusion of the cardioplegic
maintenance solution is delivered every
10-20 minutes during prolonged cold
noncardioplegic blood perfusion or if electro-
mechanical activity returns spontaneously.
This ensures maintenance of arrest and avoids
cold noncardioplegic blood perfusion of the
heart with electromechanical activity.

Perfusion is always stopped if blood
obscures vision, as visualization is never com-
promised to maximize surgical precision.

Warm Reperfusion
The objective of warm reperfusion is to

limit reperfusion injury by lowering energy
demands. This is done by keeping the heart
arrested during the initial period of reflow, and
optimizing metabolic rate of repair by raising
the temperature to normothermia, while add-
ing substrates, buffering acidosis, and limit-
ing the calcium load.27 Warm reperfusate
(Table 16.1) is delivered before aortic
unclamping in all patients at 150 mL/min for
3-5 minutes, while monitoring perfusion pres-
sure and is divided equally by alternating
between antegrade and retrograde delivery.
During application of warm reperfusion, it is
crucial to maintain persistent cardiac arrest
without any electromechanical activity and to
avoid distention of the left ventricle. Further-
more keeping perfusion pressure at or below
50 mmHg during antegrade warm reperfusion
by controlling flow rate will be desired to pro-
tect edema formation and endothelial integ-
rity. Rewarming of the blood cardioplegic
solution is started approximately 2-3 minutes
before starting the warm reperfusate, and is
accomplished by switching the heater-cooler
to warming mode. The duration of warm
cardioplegic reperfusion is prolonged to 20
minutes when the operation is for acute evolv-
ing myocardial infarction, since prolonged
controlled reperfusion enhances early func-
tional recovery after regional ischemia, as
experimentally shown in a report by Allen and
associates.27



193Myocardial Protection Strategies in Routine Coronary and Valve Operations

Special Consideration
for the Type of Surgical
Procedure

Coronary Operation
In general, the aforementioned standard

protocol for integrated management is applied
to all coronary patients. In coronary opera-
tions, all infusions of cardioplegia are divided
equally between antegrade and retrograde
routes of delivery, inasmuch as the adequate
distribution of cardioplegic solution is of cru-
cial importance in patients with coronary dis-
ease. The current strategies for coronary bypass
grafting include constructing all anastomoses
during a single period of aortic clamping,
delivering the cardioplegic solution through
either aortic root or coronary sinus, and per-
fusing cardioplegic solution through the graft
after each distal anastomosis if needed. Graft
perfusion is particularly important if the right
coronary artery is revascularized with the vein
graft, since the right ventricle may not be suf-
ficiently perfused and protected with either
antegrade aortic root perfusion or retro-
perfusion. The side arm of cardioplegic infu-
sion set is used for graft perfusion. Alterna-
tively, cardioplegic delivery is ensured by
antegrade perfusion provided that each proxi-
mal anastomosis is accomplished immediately
after each distal anastomosis.

After antegrade and retrograde cardioplegic
induction, cold ischemia is often required
during distal anastomosis, but continuous
retroperfusion of noncardioplegic cold blood
is used when it does not compromise visual-
ization (i.e., dissection of coronary arteries,
preparation of arterial grafts, or proximal anas-
tomosis of vein grafts). The obligatory
prolongation of aortic clamping is counter-
balanced by the improved cardioplegic
distribution.

Anterograde warm reperfusion is started ret-
rogradely prior to the completion of proximal
anastomosis and followed by antegrade warm
reperfusion. During antegrade warm
reperfusion, the clamps of vein grafts are released
so that antegrade perfusion is delivered to the
segments that were revascularized.

Valve Operations

Aortic Valve Operation
In aortic stenosis, an antegrade cardioplegic

induction is started antegradely, followed by
retrograde delivery as the aorta is opened. With
aortic regurgitation, cardiopulmonary bypass
is initiated normothermically to prevent
ventricular distention and ventricular fibrilla-
tion; cardioplegia is administered retrograde
at a higher flow rate than the standard proto-
col, while the aorta is opened. The coronary
perfusion cannula connected to the side arm
of cardioplegic infusion set is available for
selective coronary ostial perfusion. The left and
right coronary ostia is cannulated promptly
in patients with aortic regurgitation and car-
dioplegia is delivered until the standard dose
for antegrade induction is completed and elec-
tromechanical activity completely disappears.
A coronary perfusion cannula must be intro-
duced into the right coronary ostia to ensure
right ventricular protection.

Retrograde cold cardioplegia is given for 2
minutes each 20-25 minutes exclusively at
200 mL/min to avoid ostial perfusion for valve
excision, placement of sutures in the annulus,
and securing the prosthesis.

Cold noncardioplegic blood is infused con-
tinuously at 150 mL/min while sutures are
placed from the annulus to the valve ring, and
while the aortotomy is closed. Particularly in
complicated aortic and mitral operation (i.e.,
double valve replacement with annular
enlargement procedure), a relatively extended
period of continuous perfusion is technically
feasible to shorten ischemic interval.

The color of the effluent blood from the
coronary ostia is inspected during retro-
perfusion. A well oxygenated effluent is inter-
preted to reflect adequate ventricular perfu-
sion (sufficient flow to meet the low demands
of arrest during hypothermia) and operation
is performed exclusively with retroperfusion
via the coronary sinus with blood cardiople-
gia and noncardioplegic blood. Conversely,
intermittent right coronary ostial perfusion is
mandatory if the right coronary effluent is very
desaturated, as this is considered to indicate
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that right ventricular perfusion is potentially
deficient.

The retrograde warm blood cardioplegic
reperfusate is initiated approximately 4-5 min-
utes before it is anticipated that the aortotomy
incision will be closed and is followed by
antegrade perfusion after the aorta is de-aired
completely.

The clamp is removed and replaced imme-
diately 1/3-1/2 way across the site of clamp-
ing to create a dome to purge retained air.

Mitral Valve Operation
After antegrade and retrograde cardioplegic

induction (1/2 antegrade and 1/2 retrograde),
cold cardioplegic or blood perfusion is exclu-
sively retrograde for the remainder of the
operation with the exception of the period of
warm reperfusion. Primary reliance is placed
upon retrograde perfusion, since mitral retrac-
tors may make the aortic valve incompetent
and make antegrade perfusion ineffective.

Cold cardioplegia is given for 2 minutes at
20-25 minute interval exclusively via retro-
grade route at 200 mL/min for valve repair,
valve excision, placement of sutures in the
annulus, and securing the prosthesis. During
mitral procedures, however, the coronary
effluent from the retroperfusion drainage
which comes from the coronary ostia is suc-
cessfully harvested from suction placed into
the left ventricle, and continuous perfusion of
noncardioplegic cold blood is maintained
without compromising visualization in most
of the aspects of mitral procedure. Perfusion
is always stopped if blood obscures vision, as
visualization is never compromised to maxi-
mize surgical precision.

Intermittent doses of the cardioplegic
maintenance solution are administered for one
minute every 10-20 minutes of prolonged cold
noncardioplegic blood retroperfusion or when-
ever electromechanical activity returns.

The retrograde warm blood cardioplegic
reperfusate is initiated as the atriotomy clo-
sure is begun. The antegrade portion of the
warm reperfusate is then delivered

Combined Valve and Coronary
Procedures

The distal coronary anastomoses are always
constructed first in all combined valve and
coronary procedures using cold intermittent
doses of antegrade and retrograde blood car-
dioplegia as described previously. This allows
all subsequent cardioplegic infusions to be
delivered from the graft (if needed).

The vein introducers in the coronary graft
are connected to the cardioplegic infusion set
containing one or more side arms so that the
cardioplegic solution can be delivered via the
grafts during the valve procedure. Myocardial
management during aortic and mitral proce-
dures are as described previously. Retro-
perfusion of cold noncardioplegic blood is
continued as the proximal anastomoses are
started. During antegrade warm reperfusion,
the clamps of vein grafts is released so that
antegrade perfusion is delivered to the seg-
ments that had antegrade revascularization.
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T he surgical approach to myocardial
infarction during the acute evolving
phase has been controversial and its

role has changed during the last decades. In
fact emergency coronary bypass surgery has
been adopted in some centers since the
1970s.1-3 Results were acceptable, but far from
satisfactory. However, this applied to medical
therapy as well. Thus, research was directed
towards improvement of both, surgical and
nonsurgical, strategies. What is certainly well
documented is that revascularization proce-
dures should preferably be accomplished
within approximately 6 hours from the onset
of myocardial ischemia. This fact rises logistic
problems in the standardization of in-hospi-
tal treatment of such a widely diffused and life-
threatening disease.

Initial reports of surgically treated patients
with acute evolving myocardial infarction
documented mortality rates as low as 2%,1,2

but selection certainly played an important
role: factors such as three-vessel disease or
transmural infarction, as well as cardiogenic
shock, adversely affected outcome raising over-
all mortality to about 25%. The advent of
thrombolytic therapy for acute coronary
occlusion has added knowledge to the effect
of early reperfusion on myocardial function
and survival, and has gradually become the
most widely adopted treatment for acute evolv-
ing infarction, due to its simplicity. Many tri-
als have shown improvement in left ventricu-
lar function and survival if reperfusion is

achieved within 4-6 hours from the onset of
symptoms.4

In parallel, the other technique that has
been developed for the treatment of acute
evolving myocardial infarction is percutane-
ous transluminal angioplasty (PTCA) of the
diseased vessel. Reperfusion of the ischemic
area can be achieved in about 90% of cases,
in-hospital mortality is around 10% and sys-
tolic left ventricular function improves in more
than 50%. On the other hand, an early
reocclusion rate up to 30% has been docu-
mented and results are not satisfactory in case
of elderly patients, women, multivessel coro-
nary artery disease, poor left ventricular func-
tion and acute infarction associated with car-
diogenic shock.5,6 PTCA as an adjunctive
procedure associated with successful throm-
bolysis does not appear to provide clear ben-
efits compared with isolated thrombolysis and
is correlated with higher morbidity.7,8

Most data concerning surgical revascular-
ization in acute myocardial infarction are
nonrandomized and selection of patients is
likely to be linked to encouraging results. A
randomized trial has demonstrated low mor-
tality rates (2.9%) when bypass surgery was
accomplished at a mean of 4.3 hours from the
onset of ischemia.9 On the contrary, mortal-
ity was 8.8% in the medically treated patients.
This trial, however, excluded patients over 65
years of age, or with a history of cardiogenic
shock or prior myocardial infarction, but it is
interesting to notice that mortality, at an 18
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months follow-up, raised to 20% in the medi-
cal series, while all surgical survivors where
alive.

It appears that some form of revasculariza-
tion, simple thrombolysis of the acutely
occluded coronary vessel, PTCA, or surgical
bypass, during the acute phase of evolving
myocardial infarction, i.e., during the first 6
hours from the onset of ischemia, is beneficial
in reducing the necrotic area of myocardium
and hospital mortality.10 In particular, surgi-
cal revascularization offers some advantages to
the alternative and less invasive procedures:

1. it allows complete revascularization in
virtually all patients (in 100% of pa-
tients that could benefit from PTCA or
thrombolysis) reducing the incidence of
recurrent infarction and angina pecto-
ris, and reducing mortality at 1 year af-
ter infarction from 10% to about 2-
3%;11

2. specific protocols of myocardial protec-
tive measures can be aggressively insti-
tuted to allow recovery of optimal meta-
bolic conditions of the acutely ischemic
and energy-depleted myocardium: this
obviously applies to the nonperfused
segment depending from the acutely
occluded coronary artery, but also, and
very importantly, to the viable, and
hypercontractile, remaining remote
myocardium;

3. despite suboptimal mortality rates,
around 15% for elderly patients with
multivessel disease or left ventricular
dysfunction and often well over 20-
25% for patients presenting in cardio-
genic shock,10,12-15 it gives the possibil-
ity to improve results in high-risk
situations compared to conventional
therapy. In this respect, it is worth re-
membering that mortality in medically
treated patients in cardiogenic shock
due to acute evolving myocardial inf-
arction approaches 100% and that
pump failure is the most common cause
of death in this population.

Despite the considerations cited above,
coronary artery bypass grafting for acute evolv-
ing myocardial infarction is seldom performed,

in the current era, in the absence of complica-
tions and additional risk factors. Patients are
generally selected for surgery when they
present with diffuse coronary artery disease, a
history of prior myocardial necrosis often with
left ventricular dysfunction of varying sever-
ity, and especially when the hemodynamic
state is unstable or cardiogenic shock is already
present. Surgical treatment for acute myocar-
dial infarction is also widely considered the
treatment of choice in case of failed PTCA
procedures or unsuccessful thrombolytic
therapy. In the latter case coronary bypass sur-
gery has been performed with mortality rates
of about 15%, but often bleeding complica-
tions represent a major concern.11,16,17 Obvi-
ously, patients with mechanical complications
of myocardial infarction are surgical candi-
dates, almost invariably on an urgent basis or
as true emergencies. Encouraged by the good
results obtained with the myocardial protec-
tive strategies suggested by Buckberg and as-
sociates, and taking into account that the high
mortality and morbidity regarding the surgi-
cal treatment of patients with acute evolving
myocardial infarction reported in the litera-
ture are possibly determined by selection of
poor candidates for revascularization proce-
dures in general and not to coronary bypass
surgery itself, we started since 1994 to per-
form coronary operations in selected patients
with acute myocardial infarction.18,19

Indications for Operation,
Preoperative Management
and Surgical Technique

Indications for Operation
and Preoperative Management

Patients are selected for coronary artery
bypass grafting during acute evolving myocar-
dial infarction not only in emergency condi-
tions or after failed thrombolysis or PTCA,
but also in case of hemodynamically stable
patients with ongoing ischemia and extensive
areas of jeopardized myocardium. In other
words, surgery is performed not only in the
case no other therapeutic option is available,
but is primarily selected in some patients. The
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extension of the myocardial area at risk of
necrosis is the critical issue in the indication
for immediate operation: when the infarct
results in a loss of approximately 40% or more
of the left ventricular mass, cardiogenic shock
results. In this respect, the extension of the
critically ischemic area is dependent also on
other important factors such as the presence
of prior myocardial infarction or left ventricu-
lar dysfunction (not necessarily on an ischemic
basis) and the gradual dysfunction of the
hypercontractile remote ischemic muscle, the
severity of which is generally well correlated
with the presence of multivessel coronary
artery disease.

Summarizing, we select for surgery patients
in the following conditions:

Acute Evolving Myocardial Infarction
(Within 6 Hours from the Onset
of Myocardial Ischemia)

1. anterior infarction with ST segment el-
evation in at least 4 leads;

2. infarction with concomitant inferior,
posterior and lateral extension;

3. infarction with inferior, but biven-
tricular involvement;

Cardiogenic Shock Secondary to Acute
Myocardial Infarction (Within 3 Hours
from the Onset of Shock)

It is to be noted, however, that indication
for operation may still be present despite an
interval longer than 6 hours from the onset of
ischemia because the rationale for surgery in
this setting is primarily based on the principle
that survival is dependent on reperfusion of
the reversibly ischemic peri-infarct segments
and remote areas of hypercontractile myocar-
dium supplied by critically stenotic coronar-
ies. Cardiogenic shock is clinically defined as
the presence of hypotension (mean arterial
pressure < 60 mmHg), anuria (urine output
< 0.5 ml/Kg/hr) and metabolic acidosis. As
outlined previously, mortality of medically
treated cardiogenic shock approaches 100%.
Although intra-aortic balloon counter-
pulsation can reverse this state in about 80%

of cases, the majority of these patients become
balloon-dependent and eventually die in the
hospital: the one-year mortality rate is around
95%.15

On admission, primary diagnosis is estab-
lished by electrocardiography and echo-
cardiography. If the patient’s clinical picture
corresponds to one of the conditions listed
above, no attempt to perform successful
thrombolysis is made and the coronary
anatomy is immediately outlined by angiog-
raphy. The patient is then transferred to the
operating room as quickly as possible. Preop-
erative intra-aortic balloon counterpulsation
is instituted when necessary, namely, in case
of hemodynamic instability or cardiogenic
shock. A widespread use of aortic counterpul-
sation in this setting would be reasonable from
a theoretical and pathophysiologic standpoint,
but may often necessitate additional time to
insert the balloon (especially if percutaneous
techniques are unsuccessful, e.g., in the pres-
ence of severe peripheral vascular disease);
therefore we do not recommend its routine
use.

Not all patients that present in the afore-
mentioned clinical conditions are surgical can-
didates. Although absolute and relative
contraindications for operation may be present
(as for any other surgical candidate), they are
not related to the severity of the hemodynamic
status, except for moribund patients. Patients
over 75 years of age have not yet been consid-
ered for immediate coronary surgery, but this
limit is probably arguable.

What must finally be emphasized is the
importance of logistic and organizational as-
pects of such a therapeutic strategy. Coordi-
nation between cardiologists, cardiac surgeons,
anesthesiologists, the emergency department
and, eventually, physicians or cardiologists
from other hospitals in the surrounding area,
is crucial in avoiding time loss and is greatly
responsible in determining a successful out-
come: more in particular, it is essential to per-
form coronary angiography as soon as possible.

Surgical Technique
The general planning of the operation is

similar to standard coronary artery bypass
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grafting. However, some details in surgical
technique and especially in myocardial pro-
tective strategies are, in our opinion, impor-
tant and should be emphasized. In fact, we
started this surgical protocol encouraged by
the good results obtained adopting the method
of myocardial management suggested by
Buckberg and associates. In our experience,
this consideration applies, in particular, to
coronary artery surgery in patients with
unstable angina or severe left ventricular dys-
function, and to energy-depleted hearts in
general.

Cardiopulmonary bypass is maintained at
moderate levels of systemic hypothermia
(32˚C). In patients with acute myocardial in-
farction, as in patients with left ventricular
dysfunction, the left ventricle is vented
through the right superior pulmonary vein.
An aortic root vent is also placed as it is part
of the cardioplegia circuitry. As already stated
above we follow the Buckberg protocol for all
cardiac operations. More in particular, in this
population the strategy for energy-depleted
hearts20-22 is applied in all cases. This con-
sists of the infusion of antegrade and retro-
grade (coronary sinus) normothermic blood
(blood:cardioplegia ratio 4:1) substrate-en-
riched cardioplegic induction (KCl 20-25
mEq/L, glutamate and aspartate 13 mM/L,
37˚C, 2.5 minutes antegradely and retro-
gradely respectively), followed by hypother-
mic induction (KCl 8-10 mEq/L, 4-8°C,
1.5 minutes antegradely and retrogradely),
maintaining infusions (KCl 8-10 mEq/L,
nonsubstrate-enriched, 4-8°C, 1 minute
antegrade and retrograde) and controlled
antegrade reperfusion (500 ml, KCl
8-10 mEq/L, 37°C, substrate-enriched; then
unmodified blood for 2 minutes to wash-out
the cardioplegic solution prior to aortic
unclamping). When surgery is performed for
acute myocardial infarction, the protocol
includes 20 minutes of additional controlled
reperfusion of the infarcted area through a
saphenous vein graft after aortic unclamping,
with the heart beating and unloaded. It is to
be remarked that, if the indication for opera-
tion is acute evolving myocardial infarction,
grafts should be performed to reperfuse the

acutely ischemic region first in order to pro-
vide maximal cardioplegic protection in the
most vulnerable area. In contrast, in the pres-
ence of cardiogenic shock secondary to myo-
cardial infarction, emergency surgery is indi-
cated primarily to rescue the stunned remote
viable muscle as this situation often ensues after
6 hours from the onset of ischemia: conse-
quently, the bypass graft to be constructed last
should be the one supplying the acutely
occluded vessel.

In the clinical practice, we have slightly
modified this operative protocol. This relates
in particular to a wider use of retrograde car-
dioplegia. In fact (not only in this subset of
patients) we frequently infuse maintaining
doses for 2 minutes retrograde rather than 1
minute antegrade and 1 minute retrograde, as
originally suggested, because this does not in-
terrupt the flow of the operation (it is
undoubtedly an ideal route for continuous car-
dioplegia). In addition to several technically
convenient situations (aortic valve surgery and
regurgitation; severely calcified or porcelain
ascending aorta; mitral valve operations after
exposure of the left atrium with a distorted
aortic valve; aortic dissection), retrograde
infusion, and occasionally induction, may
actually provide superior protection in a num-
ber of patients with diffusely stenotic or
occluded coronary arteries, and in case of left
main disease.23-28

In this respect we perform the 20-minute-
period of controlled reperfusion in a retrograde
fashion at the end of all distal anastomoses.
This technique has, in our opinion, several
advantages:

1. it provides controlled and homoge-
neous controlled reperfusion to all myo-
cardial segments. Some degree of stun-
ning in myocardial regions other than
the infarct (remote myocardium) is
likely to occur in the presence of
multivessel disease or prior myocardial
infarction;

2. even if this technique necessitates aor-
tic clamping, the heart is perfused and,
theoretically, optimally protected. Thus,
the aortic cross-clamp time, tradition-
ally correlated with myocardial damage,
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relates to a somewhat different condi-
tion if compared to standard
cardioplegic arrest;

3. this reperfusion period is ideal (also
from a technical point of view) to con-
struct the proximal anastomoses of the
vein grafts with the heart in a flaccid
and empty state, and avoiding side-bit-
ing clamps on the ascending aorta. In
fact we now perform such anastomoses
during a single aortic cross-clamp pe-
riod for all coronary operations;

4. finally, the internal mammary artery
may more easily be used to revascularize
the left anterior descending coronary ar-
tery (LAD) in selected cases. This op-
tion avoids the necessity to place a vein
graft on the LAD to assure controlled
reperfusion. The construction of two
separate bypass grafts on the LAD has
been advocated,29 but it is probably less
recommendable being time-consum-
ing. In this regard, the choice to use the
internal mammary artery must obvi-
ously be carefully evaluated and the
pedicle should be dissected as expedi-
tiously as possible, eventually after the
institution of cardiopulmonary bypass,
preferably by a senior surgeon. In our
experience, a judicious use of the inter-
nal thoracic artery has been possible in
about 50% of patients with acute myo-
cardial infarction. It has not been used
in case of cardiogenic shock because
long-term prognosis is not the critical
issue in this subset of patients.

Personal Experience
and Conclusive Considerations

As we have reported,19 results can be di-
vided into two groups of patients reflecting
the two different indications for operation. In
particular, results are much more disappoint-
ing in the presence of cardiogenic shock, as it
is with conventional medical therapy. In our
preliminary experience on 23 patients, in-hos-
pital mortality was very low in patients who
underwent operation for acute evolving
myocardial infarction (1/15 due to cerebral

hemorrhage 5 days after surgery) and these
data compare favorably with surgical series pre-
viously reported in the literature,2,17 especially
because, in the latter, surgical candidates were
not primarily selected on the basis of the
extension of the ischemic area.

On the contrary, mortality was 50% (4/8)
in patients with cardiogenic shock. This out-
come is strongly affected by preoperative con-
ditions and confirms the dramatic advantages
of surgical treatment compared with conven-
tional measures. All patients (2/8) requiring
cardiopulmonary resuscitation before opera-
tion died.

Intraaortic balloon counterpulsation is very
useful in this subset of patients. We have placed
a balloon after operation in 20% of patients
with acute myocardial infarction and in all
patients with cardiogenic shock. Preoperative
balloon counterpulsation has been necessary
in 75% of cases with cardiogenic shock. More-
over, 25% of patients with cardiogenic shock
required preoperative cardiopulmonary resus-
citation. Similarly, inotropic support before
operation was needed in 20% of patients with
acute myocardial infarction and in all patients
with cardiogenic shock. Postoperatively, most
cases required intravenous catecholamines
(80% of patients with acute myocardial inf-
arction and in all patients with cardiogenic
shock). Occasionally we performed a delayed
sternal closure in patients showing hemody-
namic deterioration while attempting to close
the sternal edges.30

Peak CK-MB enzyme serum levels in pa-
tients operated for acute evolving infarction
averaged about 70 mg/L and were recorded at
arrival in the intensive care unit in the major-
ity of cases. Left ventricular function appears
to improve after coronary bypass. Although
our data are not statistically significant, mean
left ventricular ejection fraction markedly in-
creased in patients with cardiogenic shock,
especially during the first months following
the operation (22% preoperatively; 25% at
discharge from the hospital; 35% at 6-months
follow-up), while only mild variations were
encountered, in case surgery was performed
for extensive acute myocardial infarction (40%
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preoperatively; 45% at hospital discharge and
follow-up).

Finally, from an economic standpoint, this
technique may appear expensive. It is certainly
a subset of critically ill patients compared to
elective coronary surgical candidates, but it
must be emphasized that the acute ischemic
event and the underlying coronary artery dis-
ease are treated during a single hospitalization,
thus reducing costs. In addition, this particu-
lar population is more likely to require a pro-
longed hospitalization and a higher probabil-
ity to develop congestive heart failure on the
medium-to-long term, if patients are treated
in a more conventional manner.

In conclusion, we are convinced that emer-
gency surgical therapy can play a substantial
role in improving results in patients with acute
evolving myocardial infarction and cardiogenic
shock. If coronary bypass is performed within
6 hours from the onset of ischemia, we feel
that the majority of patients with extensive
ongoing infarction, i.e., patients at risk for
secondary cardiogenic shock or, less dramati-
cally, for the development of congestive heart
failure on the medium-long term, have a bet-
ter prognosis. Myocardial protective strategies
are a crucial issue in performing such surgical
procedures and, in fact, emergency coronary
bypass grafting in this setting may well be con-
sidered a “myocardial protective operation.”
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A s the life-expectancy in patients
undergoing cardiac surgery
has increased, the frequency of cardiac

reoperations for acquired heart disease has
correspndingly increased. Reoperation is
accompanied by difficult problems deriving
from substernal and intrapericardial tissue ad-
hesions, severely compromised heart function
with advanced cardiac lesions, and older and
sicker patients with other organ dysfunc-
tions.1,2  These patients often require pro-
longed cardiopulmonary bypass and aortic
cross clamping.  In such circumstances, we
must maximally preserve  cardiac function by
means of myocardial protection.

The majority of adult cardiac reoperations
involve coronary bypass; for example, in our
hospital over the past several years 70.1-77.0%
are coronary cases. Valve surgery and thoracic
aortic aneurysms are the second and third most
common indications for reoperation, respec-
tively. Myocardial protection techniques dif-
fer more or less based upon the problems in-
herent in the underlying pathology, e.g., the
embolization of atherosclerotic debris from
previously placed vein grafts, annular defects
caused by infectious endocarditis after pros-
thetic valve replacement, and severe aortic re-
gurgitation secondary to proximal extension
of aortic dissection.1-5 In this chapter,
myoprotective strategies will be described in
accordance with these three major categories.

Coronary Bypass Reoperations
The median sternotomy is the standard

access in coronary reoperation as with primary

surgery. There may be, however, danger in ster-
nal re-entry, e.g., injury to substernally adher-
ent structures such as the free wall of the right
ventricle, anteriorly extending aorta, patent
vein grafts overlying heart, in situ internal tho-
racic artery (ITA) grafts crossing the aorta or
pulmonary artery, and so forth.1,4 Often it is
helpful to assess the substernal anatomy by pre-
operative CT scan. In addition, preoperative
coronary angiograms—including vein, ITA
and other arterial grafts—are a prerequisite
regardless of whether patent or occluded in
order not only to plan the newly constructed
coronary bypass, but to avoid unnecessary
injury against these conduits.1,4 If a graft is
occluded, for instance, there is no need to
make special efforts to avoid injuring it. But if
patent, compression trauma or direct injury
during dissection may cause intraoperative
myocardial infarction before cardiopulmonary
bypass is established either by interruption of
blood supply or embolization of easily detach-
able atheromatous debris.1-4 Therefore, exten-
sive intrapericardial dissection, especially
around bypass conduits. should be delayed
until cardiopulmonary bypass is established or
until cardioplegic arrest occurs.3-5

Sometimes arterial and venous access for
cardiopulmonary bypass should be attained
prior to sternal re-entry, usually by femoral ex-
posure (artery and vein)1,2,5 or axillary arterial
approach.4 Once sternal re-entry with subse-
quent prebypass dissection confined to aorta
and right atrium is safely established, the con-
ventional cannulation technique can be un-
dertaken and femoral or axillary access can be
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discontinued. If sternal re-entry is not easily
accomplished, cardiopulmonary bypass via
femoro-femoral access or axillary approach
should be established to decompress the heart,
thereby keeping cardiac structures, including
patent graft conduits, away from the ster-
num.2,4,5 This substantially enhances the safety
of sternal re-entry with an oscillating saw and
the subsequent intrapericardial dissection. In
addition, hemodynamic stability can be main-
tained by cardiopulmonary bypass, even if se-
rious injury to substernal cardiac structures oc-
curs.4 On some occasions, however, dissection
around heart should be  limited to minmize
the risk of intravascular detachment of athero-
matous debrises in diseased, but still patent
vein grafts, even though cardiopulmonary by-
pass is established. Moreover cardiac quies-
cence induced by cardioplegia facilitates  intra-
pericardial dissection.1-5 The technical aspects
of sternal re-entry and a more detailed descrip-
tion of cannulation strategies for cardiopul-
monary bypass are described elsewhere.4

Systemic hypothermia below 25˚C used to
be an indispensable adjunct in cardiac surgery,
but current advancements in myocardial pro-
tection have rendered it redundant.3,7,21 In rou-
tine cardiac operations, we keep the tempera-
ture at subnormothermic levels, around 34˚C;
this can be applied to coronary reoperations
as well. However, whenever a prolonged aor-
tic cross clamp time is expected, the systemic
temperature should be lowered to increase the
margin of safety. For the purpose of placing
ice slush, complete isolation of the heart from
pericardial adhesions is ideal. Yet more and
more institutions, including ours, have aban-
doned topical hypothermia as an adjunct to
myoprotection.6,7

Cardioplegic delivery, either antegrade via
the ascending aorta or retrograde via the right
atrium, or both, should be accomplished  af-
ter cardiopulmonary bypass. Recently com-
bined antegrade and retrograde cardioplegia
has become the method of choice,2,3,5,7 but is
not always indicated in re-do coronary sur-
gery since antegrade cardioplegia sometimes
causes embolization of atheromatous debris
from severely diseased vein grafts and possibly
from advanced native coronary lesions.4 If

embolization is expected, functioning grafts
should be divided1-3,5 and new anastomoses
constructed. Once functioning, but severely
diseased vein grafts are transected, the com-
bined antegrade and retrograde cardioplegic
infusion may be indicated as in routine car-
diac surgery without risk of embolization.
Another option is continuous retrograde cold
blood perfusion following aortic cross clamp-
ing, which gives rise to cardiac quiescence ad-
equate to ensure accurate intrapericardial dis-
section.1-5

Functioning arterial grafts, such as ITA or
gastroepiploic artery (GEA), are problematic2,3

since they tend to reduce the myoprotective
effect and to hamper the operative procedure
by continuously draining noncardioplegic
blood into the myocardium, delaying
cardioplegic arrest and early return of electro-
mechanical activity. The careful dissection of
pedicled arterial grafts and temporary place-
ment of occlusion clamps to interrupt
noncardioplegic blood flow into the myocar-
dium overcomes these problems.1,3 In such
cases, retrograde infusion is extremely useful
to provide relatively uniform distribution of
cardioplegic solution and to optimize myocar-
dial protection, particularly when these arte-
rial conduits supply a considerable amount of
blood flow to the myocardium.3,4  Coronary
anastomoses are usually constructed under in-
duced cardioplegic arrest followed by proxi-
mal anastomoses performed while cold retro-
grade noncardioplegic blood is continuously
infused.3,24

If pedicled arterial grafts are difficult to
dissect, aortic cross-clamping and cardiople-
gia often are effective so the pedicles can be
freed-up under relative cardiac quiescence,
even though electromechanical activity may
resume. With functioning arterial grafts, hy-
pothermic systemic circulatory arrest8 that
does not require clamping arterial pedicles may
be indiccated, but this considerably prolongs
cardiopulmonary bypass and increases the risk
of cerebral ischemia. The distal coronary anas-
tomoses also can be constructed under induced
ventricular fibrillation as conducted in the
past,9 but this tends to underperfuse the
subendocardium with subsequent myocardial
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necrosis.7,10 Intermittent aortic cross-clamp-
ing for each distal anastomosis, with ischemic
arrest or antegrade cardioplegic infusion via
patent native coronary arteries, is another op-
tion although the pedicle has to be clamped
temporarily and the proximal anastomoses
constructed under tangential aortic clamping.3

Neither technique, however, fulfills the
myoprotection obtained in primary surgery.

Right or left thoracotomy11 thoracotomy4,12

are sometimes safer approaches for re-enter-
ing the mediastinum in coronary reoperations,
but they are suited only to the right coronary
system or mainly to posterolateral portions of
the left ventricle (sometimes to left anterior
descending coronary artery-LAD). In these
cases, either  ventricular fibrillation, topical
cardiac hypothermia or intermittent
interruption of coronary blood flow by occlu-
sion snare is needed while the anastomoses are
constructed. Nonetheless, these techniques are
not as effective as conventional myocardial
protection. urgical benefits have to be com-
promised considerably by technical feasibility.
On the other hand, minimally invasive car-
diac surgery likely can be applied to coronary
reoperations, for example, a left ITA to LAD
anastomosis through a limited anterior thora-
cotomy or a right GEA to distal right coro-
nary artery through a divided xyphoid and
small upper abdominal incision.13,14,32

Valve Reoperations
Although recent advances in artificial valve

design have led to excellent long-term clinical
results, there are still reasons for reoperation:
structural defects of mechanical valves, degen-
erative alterations of bioprosthetic valves (por-
cine aortic or bovine pericardium) or hemo-
dynamic impairments of arising from
perivalvular thrombi or fibrotic tissue prolif-
eration.2,15,16,20 In these circumstances, the
patient may have adapted with left and/or right
ventricular distention secondary to pulmonary
hypertension which can interfere with sternal
re-entry.2 In patients who require
reoperative valve surgery repair is sometimes
deferred until the hemodynamic status alread
is deteriorated; accordingly the incidence of
reoperative mortality and morbidity is

elevated.2,17,20 If the functional class of patients
is NYHA-IV, the risk of reoperation is higher
than in NYHA-I to -III patints in whom
operative mortality and morbidity are com-
parable to that seen in primary surgery.2 There-
fore, it is important that reoperative valve sur-
gery be undertaken before the patient’s
hemodynamic status deteriorates.

Infectious endocarditis is another serious
problem in re-do valve operations18 since it
produces impaired left ventricular function,
e.g., perivalvular leakages cause aortic or mitral
regurgitation, and destroys periannular
anatomy with the potential of cerebrovascu-
lar embolism.19,20 In these cases, the meticu-
lous surgical repair of periannular defects along
with the careful re-reimplantation of a new
valve are needed, often requiring long cardio-
pulmonary bypass and aortic cross-clamp
times. For this reason, innovative myo-
protection is required.

Whenever difficulties in sternal re-entry are
expected, prebypass exposures of femoral
artery and vein are recommended to readily
initiate cardiopulmonary bypass and to
decompress the heart by inferior vena caval
drainage; this facilitates meticulous intra-
pericardial dissection.2 The substernally adher-
ent failed right ventricle may be easily injured
because it tends to dilate and its wall thins sec-
ondary to left ventricular failure, often neces-
sitating complicated repair. Therefore, the pre-
operative chest x-ray2 and CT are helpful in
avoiding these dangers. Even if sternal re-entry
is accomplished without installing femoro-
femoral bypass, dissection to establish cardiop-
ulmonary bypass should sometimes be con-
fined to limited areas of the ascending aorta
and right atrium—just enough to permit
cannulation. Further intrapericardial dissec-
tion can be ndertaken after the heart is
decompressed completely during cardiopul-
monary bypass. Because topical hypothermia
has decreased in popularity in recent years,6,7

isolation of the heart from the pericardium is
not necessarily needed to optimize myo-
protection. In any case, this disection is asso-
ciated with persistent intrapericardial bleed-
ing, particularly when the patients are
anticoagulated preoperatively. Nevertheless,
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care must be taken during deairing when the
aorta and/or left atrium are closed after valve
replacement. The intraoperative trans-
esophageal echocardiogram is useful to detect
residual air frequently existing in the left
atrium, which otherwise often enters the right
coronary orifice, leading to postoperative right
ventricular dysfunction and resultant low car-
diac output despite appropriate myocardial
protection.2

The combined use of antegrade and retro-
grade cardioplegia is the method of choice to
protect the heart in re-do valve surgery because
of the uniform distribution of cardioplegic so-
lution.2,21 Although cardiac quiescence can be
more readly achieved by antegrade than retro-
grade cardioplegia, aortic regurgitation delays
cardioplegic arrest considerably, and antegrade
cardioplegia should be used only at the outset
with subsequent immediate retrograde
cardioplegic perfusion.2,3,21 The direct
intracoronary infusion of cardioplegia follow-
ing aortotomy, either as cardioplegic induc-
tion or subsequent to initial infusion of cold
retrograde cardioplegia, may be another alter-
native to induce immediate cardioplegic arrest
in aortic valve reoperations with severe aortic
regurgitation.3,21 But care must be taken not
to inadvertently injure the coronary orifices,
particularly when the aorta is severely calcified.

Once cardiac quiescence is achieved in aor-
tic valve re-do surgeries, we prefer to utilize
simultaneous selective antegrade to right coro-
nary artery and retrograde cardioplegic perfu-
sion to ensure the uniform distribution of car-
dioplegia solution. Since one of the biggest
disadvantages of retrograde perfusion is inad-
equate nutritional flow to the right ventricle
with poor myoprotection despite internal
cooling through the venovenous shunt,22-24 the
additive perfusion of retrograde cardioplegia
simultaneously directed to the right coronary
artery can yield better distribution of
cardioplegic solution. This can be achieved
easily by connecting the intracoronary cannula
to the side-arm of the retrograde perfusion line
as advocated by Buckberg et al.3,24 Unless
extraordinary surgical precision is required as
in repair of periannular defects, removal of a
previously replaced malfunctioning valve,

annular suture placements et cetera, the retro-
grade perfusion of cold plain blood can be con-
tinuous, thereby virtually offsetting the
ischemic insult despite prolonged aortic cross-
clamping. Most surgical procedures (e.g.,
suture placement to a prosthetic valve ring,
refixation of a valve by securing sutures,
aortorrhaphy) can be accomplished without
creating a further ischemic burden in func-
tionally impaired hearts. As a consequence, in
most aortic valve reoperations, the strict use
of combined antegrade and retrograde
cardioplegic perfusion may no longer be
absolutely necessary, and the simultaneous
antegrade to right coronary combined with
retrograde cardioplegia would be a better
choice to reduce technical complexity.

In mitral re-do operations, minimal
intrapericardial dissections mainly around the
right atrium (i.e., trans-septal approach) or
right-sided left atrium allow suffcient access
to the mitral valve, unless a more complicated
procedure like “Cox-maze operation” is
required or visualization of mitral valve is
insufficient.25,26 As performed in other cardiac
re-dos, the initial cardiac quiescence can be
provided by antegrade cardioplegic perfusion
whenever possible, and then followed by ret-
rograde perfusion.2,3,24 If the operative proce-
dure requires a brief period of aortic cross-
clamping—as in a single mitral valve re-re-
placement—, repeated retrograde cardiople-
gia may be adequate to protect the heart. If
reoperation requires a long period of aortic
cross-clamping, the combined use of antegrade
and retrograde  cardioplegia is recommended,
particularly in functionally-compromised
hearts associated with left ventricular dysfunc-
tion. In this case, however, air must not be
pushed inadvertently into coronary arteries
since an open left atrium and empty left ven-
tricle usually accompanies an air-filled aorta.
Regardless of the method of cardioplegia, it
may be useful to perfuse the myocardium ret-
rogradely with cold noncardioplegic blood
throughout surgery where technical precision
is not strictly required, e.g., in valve fixation
with securing sutures, closure of an atrial sep-
tum or left atriorrhaphy.3,21,24 This may also
be helpful in flushing back any intracoronary
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air or emboli toward the coronary orifices in
the aorta; this prevents postoperative impair-
ment of cardiac function.2,3,21,24,33 In excep-
tional cases of re-do mitral valve operations,
as with multiple previous surgeries, a right an-
terior thoracotomy with femoro-femoral
bypass can be employed for access to the mi-
tral valve in order to avoid massive bleeding
from incision by means of a median sterno-
tomy.2,27 Since the conventional myoprotective
strategy of combined antegrade and retrograde
cardioplegia is difficult to conduct in this
approach, systemic hypothermia to 20˚C is
concomitantly utilized to protect the heart.

Thoracic Aortic Aneurysm
Reoperations

Re-do thoracic aortic aneurysm surgery
involving the aortic root is the most difficult
type of reoperative cardiac surgery because
large, adherent ascending aortic aneurysms
sometimes make sternal re-entry extremely
dangerous and distort adjacent cardiac struc-
tures including aortic valves and coronary ar-
teries in unexpected directions.2,28 In order to
ensure safer sternal re-entry, exposure of the
femoral artery and vein for initiation of retro-
grade cardiopulmonary bypass is routine
although there is the risk of fatal cerebral or
even myocardial embolizations from debris
dislodged from the descending aorta and/or
proximal aortic dissection.29 Therefore, care-
ful monitoring by a transesophageal echo is
extremely useful to detect abnormalities in the
descending aorta and if such devastating com-
plications are likely to happen, antegrade car-
diopulmonary bypass via the ascending aorta
or arch should be taken into account. Deep
hypothermic systemic arrest is almost always
required to protect multiple organs, particu-
larly brain as well as heart. The various
modalities for brain protection have inherent
advantages and disadvantages, and the tech-
nical aspects, along with cannulation strate-
gies, are described in detail elsewhere.30,31

Often ascending aortic aneurysms are
associated with aortic regurgitation because of
annular dilatation or direct involvement of dis-
section,2 which then leads to functional

impairment of the left ventricle making it less
tolerant to ischemic insult. Although antegrade
cardioplegic induction via the aortic root pro-
duces prompt cardiac arrest despite aortic
regurgitation, the left ventricle has to be vented
immediately to avoid overdistension, and ret-
rograde cardioplegia should be given to con-
fer more efficient myocardial protection.
Alternatively, the direct intracoronary infusion
of cardioplegia is a delivery option after
aortotomy to ensure reliable myoprotection.
In these cases, where left ventricular hyper-
trophy exists, the total amount of cardiople-
gia should be increased3,21 as much as 1.5 times
with anticipation of more complete distribu-
tion of cardioplegia.

Reoperations of thoracic aortic aneurysms
require extremely difficult and time-consum-
ing reconstruction which should be performed
in a relatively bloodless field. We, therefore,
preferentially utilize retrograde, continuous
noncardioplegic blood perfusions to reduce
ischemia duration whenever. Absolutely
bloodless operative fields are mandatory only
in aortic root reconstructions which include
coronary orifices. As with aortic valve
reoperations, repeated cardioplegic infusions
subsequent to initial induction can be substi-
tuted by simultaneous selective antegrade (to
right coronary artery) and retrograde perfu-
sion even while noncardioplegic blood is being
given.3,24 This avoids the cumbersome place-
ment of intracoronary cannulae at each
cardioplegic interval and prevents traumatic
injury to the coronary ostia. Additionally, any
debris and/or air bubbles can be evacuated
from coronary arteries retrogradely.2,3,24,33

Almost all forms of myoprotection used in
re-do coronary and valve surgery are applicable
in reoperations of thoracic aortic aneurysms.

Summary
The current protection strategies for

reoperations have been  reviewed with regard
to the three major indications for adult car-
diac surgery. Although the fundamental pre-
cepts of myocardial protection in redo surgery
are almost identical to those in primary sur-
gery, there are numerous factors which com-
plicate re-do operations. The complexities in



Ischemia-Reperfusion Injury in Cardiac Surgery208

any individual case cannot be overcome by any
single, universal method. Comprehensive
integration of myoprotective techniques is
required in various re-do surgical situations.
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S afe procurement and effective 
preservation are fundamental features in
heart transplantation. The preservation

technique might influence the rate of early
graft failure as well as the incidence of graft
vasculopathy.1,2

Data from the Registry of the International
Society for Heart and Lung Transplantation
demonstrate, that the early mortality rate after
heart transplantation remains 8-10% and 40%
of these deaths are caused by nonspecific graft
failure.3

One important fact related to early graft
failure may be that brain death is associated
with hemodynamic deterioration, so that
donor hearts often require inotropic support
and are of questionable value.4-6 These inju-
ries are greater in the right ventricle and may
contribute to early right ventricular failure after
transplantation.7

Furthermore, heart excision and preserva-
tion techniques are thought to play a role in
myocardial damage.8 Research efforts are in
progress to develop preservation methods that
would decrease myocardial injury both dur-
ing the period of preservation and during the
period of reperfusion.

There are some special topics of donor
heart preservation in comparison with protec-
tion techniques in other open heart proce-
dures. One topic is that the donor heart is a
completely isolated organ without any collat-
eral blood flow. Therefore, the preservation

solution can not be washed out and periodic
replenishment of cardioplegia is not necessary.

During storage the heart is surrounded by
ice-cold solution at a constant myocardial
temperature of 0-4˚C. This allows extended
periods of storage without extracorporal
circulation.

During heart transplantation 4 Phases of
myocardial protection can be distinguished:9

Phase 1: Preharvesting phase
Phase 2: Cardioplegic induction phase
Phase 3: Organ storage
Phase 4: Reperfusion phase

Preharvesting Phase
Brain death causes myocardial energy and

substrate depletion with a metabolic profile
similar to ischemically damaged hearts.10 Data
confirm depletion of ATP, CP, glycogen as well
as of tissue glutamate, a precursor of the Krebs
cycle intermediate alpha-ketoglutarate.11 Fur-
thermore, dysfunction of the hypothalamic-
pituitary axis results in acute hypothyroidism,
adrenal insufficiency, and diabetes insipidus.
These factors may contribute to early nonspe-
cific graft failure.

Due to the universal shortage of donor
organs, optimal management of the brain dead
patient is essential before organ harvest.
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Pretreatment with Substances
that Limit Ischemic
and Reperfusion Damage

Allopurinol
Controversial results exist concerning the

effect of the xanthine oxidase inhibitor allopu-
rinol. Some experiments have shown a reduc-
tion in irreversible myocardial injury follow-
ing pretreatment with allopurinol, but others
have failed to show an effect.12-14 A possible
explanation for this discrepancy could be that
the concentration of xanthine oxidase varies
widely between species and has been reported
as being undetectable in both the porcine and
human hearts.15, 16

Calcium Channel Blockers
Damage of cardiac membranes after

ischemia and reperfusion may result in a tran-
sient intracellular calcium overload, what may
be responsible for the prolonged postischemic
dysfunction. Calcium channel blockers can
attenuate stunning of the myocardium and
enhance the recovery of wall motion during
reperfusion.17

Furthermore, calcium channel blockers
inhibit superoxide production in human neu-
trophils.18

Ischemic Preconditioning
and Adenosine Pretreatment

Ischemic preconditioning describes the
phenomenon whereby a significant reduction
of cell necrosis, contractile malfunction or
arrhythmias induced by ischemia and reper-
fusion can be achieved if the injurious period
of ischemia is preceded by one or more brief
(2-5 min) periods of ischemia and reperfusion.
Studies in the rat19 and the rabbit20 have shown
that ischemic preconditioning can improve
functional recovery after a prolonged period
of global ischemia.

The mechanism underlying precondition-
ing has not yet been elucidated but one sug-
gestion is that the protective effect is mediated
by adenosine that is released during the short
episode of preconditioning ischemia. Liu et
al21 have shown that an intracoronary infusion

of adenosine can substitute for the 5 min of
ischemia that are required to precondition the
isolated blood perfused rabbit heart against
necrosis. The effects of extracellular adenos-
ine are mediated predominantly via membrane
receptors (A1 and A2 receptors) in the myocytes
and coronary vasculature. The mediated effects
of these receptors include: the stimulation of
glycolysis,22 delaying of ischemic contracture23

and, reduction of neutrophil activation.24

Support for preconditioning in humans
comes from several sources: studies showing
increased tolerance to repetitive balloon infla-
tions during angioplasty, some studies suggest-
ing that preinfarction angina confers an early
beneficial effect and studies showing that
patients can develop sudden tolerance to
repetitive exercise- or pacing-induced ischemia.25

Alkhulaifi (1994) and co-workers per-
formed examinations on patients during
aortocoronary bypass-surgery.26 Ischemic pre-
conditioning was achieved by 2 periods of
cross-clamping for 3 minutes. Following 10
minutes of global ischemia they found better
preservation of myocardial ATP-content when
preconditioning was performed.

Karck et al27 demonstrated in an isolated
rat heart model that ischemic precondition-
ing can improve contractile function after a
10-hr period of hypothermic ischemia. This
endogenous mechanism of cardioprotection
was effective regardless of whether preserva-
tion was accomplished using different
cardioplegic solutions or topical hypother-
mia alone. This may have clinical implica-
tions in myocardial preservation for heart
transplantation.

Rat experiments in a Langendorff model
indicated the benefit of adenosine pretreat-
ment for prolonged cardiac storage.28 In con-
trast, investigations in an isolated ejecting rat
heart preparation showed no evidence to sup-
port the involvement of adenosine to any
major extent in preconditioning induced pro-
tection of postischemic contractile function.29

Acadesine (5-amino-4-imidazole carboxa-
mide reboside) and its derivatives protect
against myocardial injury during ischemia and
reperfusion. This effect is probably mediated
by augmented extracellular adenosine.30
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Pretreatment with Thyroid
Hormone

Myocardial deterioration after brain death
is related to metabolic and hormonal changes.31

Recent studies have shown that thyroid
hormone and vasopressin administration in
the brain dead donor may be beneficial to
long-term graft survival.32 T3 replacement can
reverse the increased anaerobic to aerobic
metabolism and improve hemodynamics in
brain dead animals.11

In contrast, Meyers and co-workers33 found
no significant change in cardiac function of
brain dead pigs after T3 treatment.

Vasopressin
Hemodynamic instability commonly

observed in brain dead patients has been
explained by diabetes insipidus secondary to
vasopressin depletion as the primary mecha-
nism. Hemodynamic support of the brain
dead patient has been based on vasopressin and
catecholamine therapy. Unfortunately, vaso-
pressin, a potent vasoconstrictor, may improve
hemodynamics at the expense of decreasing
splanchnic and myocardial perfusion.34

Cardioplegic Induction Phase
The aim of myocardial protection in this

phase should be to prevent that severely com-
promised hearts enter the storage phase with
substrate depletion.

Metabolic depletion can be reversed by
inducing cardiac arrest with a warm substrate-
enriched blood cardioplegic solution during
harvesting.9,35 Brain dead dogs received a
10 minute infusion of warm blood cardiople-
gia containing glutamate and aspartate. Meta-
bolic investigations of the myocardium
showed a:

1. return of creatine phosphate levels to
normal

2. replenishment of glutamate
3. reduction in myocardial lactate content.
The authors conclude that warm substrate-

enriched blood cardioplegic solution may
increase the tolerance to subsequent ischemia
during organ storage, provide potential
expansion of the donor pool, or improve the

potential function of hearts harvested form
hemodynamically impaired donors.

Usually, cold crystalloid cardioplegic solu-
tions are used for induction of cardiac arrest
of donor hearts. But the initial use of profound
hypothermic solutions may have detrimental
effects.36-38

In the isolated working rat heart model
cardiac arrest was induced with St. Thomas
cardioplegia before the hearts were stored for
6 hours in cardioplegic solution. Thereafter
cardiac output and creatine kinase leakage were
measured. Induction was started with cardio-
plegic solution at 7.5, 22, or 37˚C for 1 minute
and was followed by a secondary infusion (2
minutes) with cold (7.5˚C) cardioplegia. Pri-
mary infusion with warm solutions resulted
in decreased coronary vascular resistance dur-
ing infusion and greater postischemic cardiac
function.

Organ Storage
The period of cold organ storage is one that

“prevents” further injury of hearts but “does
not make a poor donor heart a good one.35

The main principle of organ storage is deep
hypothermia because it

1. reduces metabolic rate
2. avoids cumbersome continuous organ

perfusion
3. prevents swelling and oxygen free radi-

cal injury
It is generally accepted that a temperature

of 4˚C should be used for the cardioplegic
solution. This temperature is believed to be
achieved when the harvested heart is placed
on ice and transported in a cooler. Experimen-
tal assessments in dogs showed that after 4
hours of cooling with ice and saline solution
in a cooler temperature was below 0˚C
throughout the myocardium. Examination
with an electron microscope revealed serial
changes, including moderate-to-severe cyto-
plasmic and nuclear swelling and mitochon-
drial calcium deposits. Cell membranes
remained intact, which suggests that the
damage was not irreversible.39 Nevertheless,
unacceptably low temperatures during organ
storage (< 4˚C) should be avoided.
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In contrast, investigations on isolated
Wistar rat hearts after 6 hours of preservation
with University of Wisconsin solution showed
a better recovery of cardiac function, myocar-
dial adenine nucleotides content, and preven-
tion of myocardial edema when subzero
nonfreezing storage at –1˚C as compared with
4˚C was used.40

An increase in early mortality with an
increase in donor organ ischemic times beyond
4 hours has been reported.41,42

To avoid edema and swelling, slightly
hyperosmolar cardioplegic solutions are used
for heart storage. The optimal osmolality is
280-290 mOsm. Moderate or severe hyperos-
molality can be detrimental to cardiac
function.43

To prevent edema formation and improve
postischemically coronary flow hyaluronidase
has been added to preservation solutions.44

Hyaluronidase acts by specifically reducing the
hyaluronate content of tissues, which is the
principal glycosaminoglycan of the intersti-
tium, has a high water-binding capacity and
exerts a strong osmotic force. Application of
hyaluronidase decreases the interstitial volume
of edematous tissues and prevents ischemically
induced increase in vascular resistance, but
does not change the microvascular permeabil-
ity. Thus, hyaluronidase is very effective to
diminish the no reflow phenomenon.

Myocardial contracture seems to play a
major role in the reduced vasodilatory capac-
ity of coronary vessels after an extended period
of cold storage. This hypothesis is illustrated
by the finding, that rat hearts treated with 2,3-
butanedione monoxime (BDM) showed a
reduced degree of left ventricular stiffness and
an increase in coronary flow after 10 hours of
hypothermic storage.45 BDM is a reversible
inhibitor of cross-bridge formation in the weak
binding state and actively cycling cross
bridges.46

Ischemic and reperfusion injury is associ-
ated with vascular dysfunction. Vasodilation
in the heart is mediated through the release of
nitric oxide by the endothelium.47,48 After
begin of reperfusion nitric oxide release from
the endothelium is impaired.49 Therefore, the
supplementation of cardioplegic solutions

with L-arginine, a nitric oxide precursor can
reduce vascular dysfunction after heart
transplantation.45, 50

Reperfusion Phase
Reperfusion injury occurs when ische-

mically stored heart transplants are abruptly
reoxygenated by the recipient’s blood. Dam-
age to the myocardium is generated through a
variety of mechanisms including free radical
generation, calcium overload, and abnormali-
ties of energetics.

Analysis of coronary sinus and arterial
blood samples in 11 transplant recipients
showed a lactate release and pyruvate uptake
in the first minute of reperfusion. A massive
efflux of nucleotide catabolites was observed
for more than 30 minutes of reperfusion.
There was nearly no oxygen uptake after onset
of reperfusion. The oxygen saturation of
hemoglobin in coronary sinus blood decreased
gradually over the first 45 minutes, indicating
gradual restoration of myocardial oxygen
uptake.51

Postischemic reperfusion damage can be
minimized by a brief (i.e., 3-5 minutes) con-
trolled reperfusion with normothermic, sub-
strate-enriched blood cardioplegia (“hot shot”)
during the initial phase of reoxygenation.52,53

The factors which minimize reperfusion injury
include precise control of the conditions and
composition of the reperfusate. This involves
keeping the heart vented, delivering reper-
fusate normothermically to optimize metabo-
lism, providing a gentle reperfusion pressure
(< 50 mmHg), keeping the heart arrested dur-
ing the initial phase of reperfusion to mini-
mize oxygen demands, lowering reperfusate
calcium, providing a buffer to reverse acido-
sis, replenishing substrates (i.e., amino acid
precursors of Krebs cycle intermediates which
have been depleted during ischemia), provid-
ing hyperosmolarity to limit edema formation,
and providing extra glucose as metabolic sub-
strate. Controlled reperfusion has been shown
excellent results after revascularization of
severely ischemically damaged hearts,54 but
only few clinical studies have assessed this
method after heart transplantation.55-57
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There is increasing evidence that damage
from acute myocardial ischemia is not solely
due to the interruption of nutrient blood flow
nor to the failure to remove metabolic prod-
ucts. Rather, reperfusion initiates a cascade of
reactions, including oxygen-radical formation,
mechanical capillary obstruction by granulo-
cytes, and inflammatory events that markedly
increase the injury. Numerous mechanism
have been proposed, including interactions
between reactive oxygen species, neutrophils,
and the capillary endothelium.

Free radicals cause peroxidation of mem-
brane lipids and denaturation of proteins.
Measurements on isolated rat hearts after
graded ischemia showed a peak of hydroxyl
radical generation 30-90 seconds after the
onset of reperfusion.58

Normally, protective mechanisms are
present in the cell to prevent damage by free
radicals. Superoxide dismutase catalyzes the
dismutation of O2

- to H2O2 and O2. The
cytoplasmic enzymes glutathione peroxidase
and catalase provide the final detoxification
steps with the reduction of H2O2 to H2O.
Glutathione peroxidase seems to be a more
active enzyme than catalase in protecting myo-
cardial cells from H2O2 mediated damage.59

There is increased evidence that oxygen free
radical scavengers i.e., superoxide dismutase
(SOD), catalase (CAT), and mercapto-
propionyl-glycine (MPG) inactivate free radi-
cals and thus ameliorate reperfusion injury.60-62

Sodium lactobionate has been shown to reduce
free hydroxyl radical generation. The com-
pound can complex large amounts of metal
ions. Especially iron ions participate in the
Fenton reaction and Haber-Weiss cycle, the
most important source of hydroxyl radicals.63

Lactobionate is contained in Henry Mondor
and Celsior cardioplegic solution.

The best time for administration of scav-
engers is just before and just after the onset of
reperfusion.61,64

Formerly, the source of the oxygen-radical
superoxide was thought to be xanthine oxi-
dase in the endothelial cell.65 Recent studies
indicated that granulocytes are the major
source of superoxide radicals.66

Granulocytes contain the enzyme NADPH
oxidase, can produce large quantities of
superoxide and are an important origin of oxy-
gen-derived free radicals.67

Experimental68 and clinical69 investigations
showed an accumulation of polymorpho-
nuclear leukocytes in myocardial capillaries
during ischemia and reperfusion. This phe-
nomenon has been termed leukocyte plugging
and is the main mechanism of the capillary
no-reflow phenomenon occurring during the
first 5 hours of reperfusion after an initial
period of reactive hyperemia. Accumulation
of leukocytes results from the rheologic prop-
erties of the granulocyte such that marked
deformation is necessary for capillary transit,
and because of natural adherence, there is a
small safety margin for granulocyte transport
through capillaries. Following 1 hour of
ischemia and brief reperfusion in dogs, 24%
of myocardial capillaries remained obstructed
by granulocytes.68 The phenomenon of leu-
kocyte plugging can not be observed by rou-
tine histologic methods, probably because
single granulocytes obstruct individual capil-
laries in a stochastic fashion, which is quite
different from leukocyte infiltration.

An additional effect of granulocyte activa-
tion during myocardial ischemia and reper-
fusion is degranulation. The effect of enzymes
contained within these granules in ischemic
myocardium is not known. The serine pro-
teinase elastase has been implicated most
consistently in polymorphonuclear leukocyte-
mediated tissue damage. Elastase may hydro-
lyze a host of proteins in the extracellular ma-
trix (i.e., elastin, fibronectin, and collagen) as
well as complement proteins and clotting fac-
tors. In addition, elastase may inhibit platelet
function by proteolysis of platelet membrane
glycoproteins.70

A means to halt the inflammation might
allow reperfusion with granulocyte-depleted
blood and prevent granulocyte-mediated
injury. Furthermore, adenosine and perfluoro-
chemicals have been shown to reduce neutro-
phil adherence and cytotoxicity to endothelial
cell cultures.71

Adenosine may counteract the potassium
chloride-induced vasoconstriction that occurs
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during hyperkalemic reperfusion and may thus
improve coronary flow and myocardial
function.72

Future Directions
The established concept for heart allograft

preservation involves single-dose cardioplegia
and static hypothermia. But intensive research
activities exist to develop effective methods for
long term storage and to improve long term
results after transplantation.

24-Hour Storage
The safe period for clinical heart preserva-

tion remains approximately 4 hours, whereas
clinical liver or kidney preservation times rou-
tinely exceed 12 hours, and exceptionally 24
hours.73

Successful prolonged storage in clinical
practice from 4-8 hours has been reported only
in a few single cases.74,75 Recently, Obadia et
al76 reported 14 heart transplantations per-
formed in exceptional circumstances after a
long preservation period (10-13 hours). The
hearts were perfused with St. Thomas car-
dioplegia number 2 + 100 mg procaine and
stored in the same solution at 4˚C. Immedi-
ately before aortic unclamping cardiopulmo-
nary bypass (CPB) was stopped and CPB flow
rate was increased by 500 ml/min every 30
seconds to achieve low reperfusion pressure of
the heart. A glucose-insulin-potassium (GIK)
infusion was started at the unclamping of the
aorta and maintained for the first hour after
operation. The survival rate was 75% at 1 year
and 71% at 5 years.

The problems resulting from prolonged
heart storage are mainly contracture and
reduced coronary flow which inhibit sufficient
recovery of cardiac function in reasonable time
to guarantee the survival of the recipient. Many
attempts have been made in animal experi-
ments to improve the outcome of prolonged-
stored hearts including continuous perfusion
systems, modifications of storage solutions,
and development of new preservation
solutions.

Rabbit hearts that were arrested, cooled,
preserved for 24 hours in an extracellular

cardioplegic solution and reperfused in a
Langendorff model recovered 84% of control
contractile function.77

Piglet hearts were arrested with crystalloid
cardioplegia, excised, and stored for 12 hours
in saline solution at 0˚C. Initial reperfusion
(10 min) revealed a left ventricular stroke work
index of 3.8 ± 2.3, 14.6 ± 1.3, and 19.8 ± 1.6 x 103

erg/g when whole blood, unmodified perfluoro-
chemical, or aspartate/glutamate-enriched
perfluorochemical cardioplegia was used.78

Kojima et al79 tested a hexanol cardioplegic
solution containing pyruvate in an isolated rat
heart model after 18-hours preservation. The
percent recovery of left ventricular developed
pressure and rate-pressure product were sig-
nificantly better with the hexanol cardioplegic
solution compared with St. Thomas and
Stanford solution.

Wicomb80 tested rabbit hearts in an in vitro
model after 24-hour storage. For perfusion and
storage a simplified UW solution (Cardiosol)
with polyethylene glycol instead of hydroxy-
ethyl starch was used. The mean cardiac out-
put of the hearts reached 80% of controls.

In an in vitro human right atrial muscle
preparation recovery of function after a
24 hour storage period at 4˚C or 12˚C was
assessed. The developed forces (DF) in the 4˚C
group were 59, 77, and 61% of the control
for Euro-Collins, University of Wisconsin,
and Bretschneider solution. For those
cooled to 12˚C, DF were 10, 30, and 96%,
respectively.81

Intermittent Perfusion
In an isolated rat heart model Zhu and

co-workers82 investigated poststorage function
after 24 hour storage at 0˚C and intermitted
perfusion with oxygenated crystalloid cardio-
plegic solution (CP-11EB) for 3 minutes at
10 and 17 hours of storage. Poststorage aortic
flow was 65%, coronary flow 44%, cardiac
output 58% and work 53% of the unstored
controls.

Continuous Perfusion
The concept of continuous normothermic

perfusion with blood was discussed by Lower
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et al83 and was advocated by Robicsek and
co-workers84 in 1969. But logistically problems
and cumbersome methods have prevented it
from being accepted in clinical practice.

In an isolated rat heart model the effects of
glucose, insulin, and aspartate as components
of oxygenated St. Thomas’ solution on recov-
ery of cardiac function after 24-hour preser-
vation were assessed.85 When used for continu-
ous perfusion the best recovery of cardiac
output was achieved at a temperature of 20˚C.
Recovery at 4˚C was significantly lower than
at 20˚C.

The efficacy of oxygenated UWS con-
taining endothelin-A receptor antagonist
FR139317 for 24-hour preservation was tested
in continuously perfused isolated rabbit
hearts.86 Percent recovery rates of cardiac out-
put and coronary flow were 93.3% and 94.3%,
respectively.

In a swine model of heart transplantation
simple hypothermic storage and continuous
hypothermic perfusion with crystalloid solu-
tion were compared. For the hypothermic per-
fusion group there was significant improve-
ment of myocardial function after orthotopic
transplantation.87

Ferrera et al88 compared isolated pig hearts
were preserved in cold St. Thomas solution
for 24 hours either by simple storage or con-
tinuous microperfusion. After reperfusion the
microperfusion group showed higher levels of
tissue adenosine triphosphate and higher mean
left ventricular developed pressure.

Non-Heart-Beating Donors
The use of donor hearts harvested 30 min-

utes or later after circulatory arrest could
expand the donor pool. A number of poten-
tial donors die, before the procurement of
organs can be performed. After cardiac arrest
the organs of these “non-heart-beating donors”
(NHBD) are exposed to unprotected normo-
thermic ischemia.

Experiments in dogs89 and primates90

showed that hearts from NHBD could be
successfully transplanted if the donors received
cardioprotective drugs before cardiac arrest,

i.e., prostaglandins, calcium antagonists and
radical scavengers.

But this is not in conformity with the ethi-
cal premise formulated by the First Interna-
tional Workshop on NHBD that the therapy
of a patient should not be compromised on
the grounds that he is a potential donor and
that a therapy just for the purpose of organ
procurement can also not be accepted.91

Using the in-vivo pig model we harvested
hearts 30 minutes after circulatory arrest. The
animals were not pre-treated with cardio-
protective drugs. We performed a perfusion
with cold leukocyte-depleted blood cardiople-
gia (BCP) containing the Na+-H+-exchange
(NHE) inhibitor HOE 642. NHE inhibitors
have been shown excellent protective efficiency
to reduce ischemia and reperfusion injury in
different in vitro and in vivo models.92,93 After
orthotopic transplantation a second controlled
reperfusion with BCP and HOE 642 was
performed.

The contractility of these hearts expressed
as maximal left and right ventricular stroke
work index was not significantly different as
compared to the control group (transplanta-
tion without normothermic ischemia). In con-
trast, the contractility was reduced significantly
when the reperfusions were performed with-
out HOE 642.94

Preservation Solutions
Currently, the majority of transplant pro-

grams use crystalloid-based cardioplegic solu-
tions for myocardial preservation. The
hypothermic, hyperkalemic crystalloid car-
dioplegia techniques have enabled safe myo-
cardial preservation for up to 4 hours.

Bretschneider’s HTK Solution
In 1979 Bretschneider introduced his His-

tidine-Tryptophane-Ketoglutarate (HTK)
solution into clinical practice (Table 19.1).
Cardioplegia for open heart surgery has been
the first aim of this preservation solution. Ger-
man heart surgeons have used Bretschneider
solution in heart transplantation since 1985.95

Bretschneider solution contains the amino
acid histidine, a biologically compatible,
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administrable buffer system with a high buffer
capacity. HTK solution is a flush solution like
Euro-Collins or University of Wisconsin
solution. To achieve optimal protective effects,
the vascular and extracellular space have to be
equilibrated with the fluid. This is nearly
accomplished after 8-10 minutes of perfusion
with a hydrostatic pressure of 80 mmHg.
Therefore approximately 3000-4000 mL of
cardioplegic solution are required.

In a retrospective study in cooperation with
Eurotransplant and five heart transplant cen-
ters 591 heart transplant patients were
included.42 Immediate postoperative graft fail-
ure was observed in 4.2%. Within the first 30
days 11.8% of organs failed. Acute graft fail-
ure and early mortality correlated with the
length of ischemic time. In addition, a higher
incidence of graft failure was observed when
the perfusion volume was less than 1500 ml.
The 1- and 5-year survival rates were 72 and
63%, respectively. The authors advocate to
avoid ischemic time of more than 4 h.

The efficacy of Bretschneider vs. Univer-
sity of Wisconsin solution (UWS) for long-
term preservation was tested in a primate
allotransplantation model.96 Bretschneider’s
HTK solution allowed storage of hearts for
periods of up to 10 hours. UWS provided
superior results with regard to clinical outcome
and hemodynamic recovery of hearts after
ischemic periods of up to 16 hours.

In contrast, examinations in an in vitro
human atrial muscle preparation showed a
greatly improved recovery of contractility after
24-hour storage in HTK-solution compared
with both Euro-Collins and UW solutions.81

Recovery of developed force was affected by
temperature (0˚C vs. 12˚C) for Euro-Collins
and UW solutions but not for Bretschneider’s
solution.

University of Wisconsin Solution
The University of Wisconsin organ pres-

ervation solution (UWS, Table 19.3) was ini-
tially developed by Belzer and co-workers for
pancreas transplantation.97 It is an intracellu-
lar type solution, with a high potassium
concentration. Components include the
impermeables lactobionate, raffinose, and

hydroxyethylstarch to prevent edema during
hypothermic storage. The benefit of an intra-
cellular potassium solution is an early and more
complete arrest along with prevention of mem-
brane flux during hypothermia. Glutathione
is added at the time of administration and acts
as an antioxidant. The solution also contains
allopurinol to prevent xanthine oxidase-me-
diated production of free radicals. Adenosine
is a metabolic precursor to the formation of
ATP and high-energy phosphates.

In a large number of articles originating
from the University of Wisconsin, but also
from many other groups, UW solution was
claimed to be superior of all other preserva-
tion fluids.98, 99

A clinical trial comparing UWS and
Stanford solution revealed better preservation
of ATP and creatine phosphate levels,
decreased defibrillations, decreased intraopera-
tive pacing, and trend toward decreased
requirement for inotropic support in the UW
group.100

Even for heart preservation the possibility
of prolonged preservation with UW solution
was reported.80,101,102 As shown by Astier and
Paul103 the glutathione component of the UW
changes from the reduced into the oxidized
form with a half-life of about 4 days. UW
solution containing oxidized instead of
reduced glutathione is significantly less effec-
tive for preservation.104,105

The so-called simplified UWS (Cardiosol)
contains polyethylene glycol instead of
hydroxyethyl starch.

The high potassium concentration of UWS
is accused to be responsible for endothelial
injury of the coronary arteries. Investigations
in neonatal pig hearts showed a loss of endo-
thelium-dependent vasodilatation after UWS
caused by the inability of the endothelium to
release nitric oxide. In contrast, blood car-
dioplegia did not result in impaired endothe-
lial function.106

To avoid the deleterious effect of hyper-
kalemic cardioplegic solution on coronary
endothelium a new extracellular UWS formu-
lation was created.107 This solution contains
25 mEq/L of potassium and 129 mEq of
sodium. The solution was tested in an isolated
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Table 19.1. Composition of Bretschneider’s HTK solution

Histidine 180 mmol/L
Tryptophane 18 mmol/L
Mannit 2 mmol/L
K-Ketoglutarate 20 mmol/l
Magnesium chloride 9 mmol/L
Potassium chloride 9 mmol/L
Sodium chloride 15 mmol/L
Total osmolarity 20 mOsm
pH 7.1

Table 19.2. Composition of UWS109

Pentafraction 0.45 mmol/L
Lactobionic acid 100 mmol/L
Magnesium sulfate 5 mmol/L
Raffinose 30 mmol/L
Adenosine 5 mmol/L
Allopurinol 1 mmol/L
Glutathione 3 mmol/L
Dexamethasone 16mg/L
Potassium 140 mEq/L
Sodium 20 mEq/L
Total osmolarity 320 mOsm
pH 7.4

Table 19.3. Composition of Stanford cardioplegic solution109

HCO3 28mEq/L
Mannitol 25gm/L
Glucose 50gm/L
Potassium 30mEq/L
Sodium 28mEq/L
pH 8.0
Osmolarity 450mOsm

piglet heart model. After 24-hours storage
there was no significant difference of stroke
work index, high-energy phosphate stores and
myocardial water content between the two
UWS groups. Experiments in neonatal duroc
piglets suggest that the low-potassium UWS
solution provides superior protection of the
endothelium by preserving the endothelium-
dependent vasodilatory response to nitric oxide
release.108

Stanford Solution
Stanford cardioplegic solution (Table 19.4)

is typical of the class of extracellular type solu-
tions. The solution contains potassium as the
cardioplegic agent, bicarbonate as buffer, and
glucose and mannitol for their osmotic prop-
erties. Furthermore, mannitol acts as a free
radical scavenger. Most centers using this
solution tend to limit the ischemic period to
4 hours.109
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In a retrospective analysis 195 patients were
reviewed for the development of cardiac
allograft vasculopathy with a mean follow-up
of 24 months.75,110 These patients were treated
in identical fashion, except for the type of car-
dioplegia used, Stanford solution or UWS. The
data supported the conclusion that UWS is
associated with an enhanced incidence of
vasculopathy (14% versus 22%, p < 0.03). It
is suggested that the high potassium concen-
tration of intracellular solutions cause myo-
cyte and endothelial cell injury resulting in a
higher incidence of graft atherosclerosis.

St. Thomas Solution No. 2
In 1975 the St. Thomas’ Hospital cardio-

plegic solution No. 1 was introduced into clini-
cal practice. 111 The formulation of this solu-
tion was based on the desire to deviate as little
as possible from the normal extracellular ionic
composition and to minimize the amount of
potassium that had traditionally been used to
ensure rapid and complete arrest. This solu-
tion had widespread clinical use throughout
the world. As a result of numerous experimen-
tal studies the St. Thomas Hospital cardio-
plegic solution No. 2 was introduced in 1981.
The main features of this solution, as com-
pared to the earlier solution, are a reduction
in the sodium and potassium content, a
reduction in calcium by 50%, the omission of
procaine, the incorporation of a small amount
of bicarbonate, and the adjustment of pH to
7.8. In an isolated rat heart model St. Tho-
mas’ Hospital solution No. 2 provided sub-
stantially superior protection compared with
No.1.112

In a prospective, randomized study com-
paring preservation with UWS versus St. Tho-
mas’ Hospital solution (STS, Table 19.4) 39
heart transplant patients were enrolled.
Hemodynamic, electron microscopic, and bio-
chemical evaluation did not reveal any signifi-
cant differences in postoperative myocardial
performance. Only the number of intraopera-
tive defibrillations and the rhythm stability
after reperfusion indicated superiority of
UWS.113

Celsior
Celsior, a new crystalloid cardioplegic

solution (Table 19.5), was developed by
Menasche.114 The development of Celsior has
been conducted according to the following
guidelines:

1. Prevention of calcium overload by the
low calcium concentration of the solu-
tion (100mM), by magnesium at a con-
centration high enough (13mM) to
antagonize calcium fluxes and by main-
taining a slight degree of acidosis (pH
7.30).

2. Prevention of myocardial edema by
mannitol and lactobionate.

3. Prevention of severe intracellular acido-
sis by buffering with histidine. The con-
centration of histidine in Celsior is simi-
lar to that of blood (30mM).

4. Prevention of oxidative damage by
reduced glutathione.

Furthermore, Celsior contains glutamate
to restore the ischemia-induced loss of high
energy phosphates, in particular ATP. Hith-
erto, no controlled prospective clinical trials
with this solution have been published.

Table 19.4. Composition of St. Thomas’ cardioplegic solution112

Sodium chloride 10mmol/L
Potassium chloride 16 mmol/L
Magnesium chloride 16 mmol/L
Calcium chloride 1.2 mmol/L
Sodium bicarbonate 10.0 mmol/L
pH 7.8
Osmolarity 285-300 mOsm
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Blood Cardioplegia
Blood cardioplegia and warm reperfusion

(Table 19.6) have demonstrated enhanced
myocardial protection in standard open heart
operations. But the use of blood cardioplegia
for the procurement of donor hearts in clini-
cal practice might bear problems because of
the cumbersome technique.

Nataf and co-workers55 used blood car-
dioplegia for the preservation of donor
hearts. Harvesting of the donor graft began
with a perfusion of cold crystalloid solu-
tion (Plegisol). Perfusion of a first dose of
blood cardioplegia (8-10˚C) for 3 minutes was
immediately started on the arrival of the graft
in the operating room. Reinfusions were per-
formed each 20 minutes. At the end of the
aortic anastomosis myocardial warm reper-
fusion with glutamate-containing blood
cardioplegia was started. Retrospective com-
parison of two matched cohorts of 50
patients receiving either crystalloid or blood
cardioplegia revealed a significantly better
recovery of cardiac function in the blood car-
dioplegia group.

Briganti and co-workers56 reported success-
ful long-term outcome after transplantation
of hearts with prolonged ischemic time of
more than 300 minutes. Cardioplegia was
achieved with oxygenated St. Thomas’ Hos-
pital No. 2 solution supplemented with aspar-
tate. Allografts received a reinfusion of aspar-
tate-supplemented cold blood cardioplegic

solution at 20-minute intervals from time of
arrival in the recipient theater to the time of
implantation. In addition the hearts were
reperfused with warm blood cardioplegic
solution containing 20 mmol/L aspartate (“hot
shot”) just before aortic cross-clamp removal.
No difference was found in allograft function,
functional capacity, the development of trans-
plant-associated coronary disease or actuarial
survival in the groups with an ischemic time
of less than 241 minutes, 241-300 minutes
and more than 300 minutes.

Conclusions
The majority of available hypothermic,

hyperkalemic crystalloid cardioplegia tech-
niques in heart transplantation have enabled
safe myocardial preservation for up to 4 hours.
Research efforts are in progress to develop pres-
ervation methods that would decrease myo-
cardial injury both during the period of pres-
ervation and during the period of reperfusion.

Attention has to be focused on the best
“myocardial preservation” as well as on the
“best endothelial cell preservation” to avoid an
initial injury may result in early graft failure,
chronic rejection, or the development of car-
diac allograft vasculopathy.

One of the major challenges in transplan-
tation remains the extension of the preserva-
tion period.

Benefit of blood cardioplegic solutions for
the preservation and reperfusion of hearts has
been shown in experimental and clinical

Table 19.5. Composition of Celsior cardioplegic solution82

Lactobionate 80 ∝mol/L
Mannitol 60 ∝mol/L
Reduced glutathione 3 ∝mol/L
Glutamate 20 ∝mol/L
Histidine 30 ∝mol/L
Potassium 15 ∝mol/L
Sodium 100 ∝mol/L
Magnesium 13 ∝mol/L
Calcium 0.26 ∝mol/L
Chloride 41.5 ∝mol/L
Total osmolarity 360 mOsm
pH 7.3
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investigations but it’s use for the procurement
of donor hearts is limited by the cumbersome
technique.
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