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Myocardial reperfusion damage following cardioplegic
ischemic arrest is a key determinant of postoperative organ
functional recovery, morbidity, and mortality in adult and
pediatric patients undergoing open heart surgery. The vulner-
ability of the diseased heart to ischemia and reperfusion is
different for different pathologies or associated disease (e.g.,
coronary disease, hypertrophy, diabetes, etc.) and different
age (e.g., neonate, infant, children, and adult). These differ-
ences and the changing nature of adult patients (e.g., aging
population) present a major challenge in translating novel
interventions. Thus far, hyperkalemic cardioplegic solutions,
which by arresting the heart preserve substrates and delay
the onset of the ischaemic insult, remain the corner stone for
cardioprotection during open heart surgery. Ongoing strat-
egies to improve myocardial protection include the inclusion
of various additives that aim at reducing the damaging effects
of ischemia and reperfusion (e.g., calcium overload, met-
abolic derangement, and accumulation of reactive oxygen
species). Recent and novel strategies have also included gene
and cell therapies.

In this special issue, several reviews and research articles
have provided novel interpretations and data to help in the
search for designing an optimal strategy to reduce myocardial
injury during cardiac surgery and thus improve long term
cardiac functional recovery. For example, a strong argument
has been made for the potential role of inhibiting monoamine
oxidases (MAOs) in cardioprotective strategies (O. M. Duicu

et al.). The activity of this enzyme is linked to oxidative stress
and the central role of mitochondria in disease and death. It is
therefore recommended to test this in a prospective study in
cardiac patients with and without diabetes undergoing heart
surgery. In their review, A. Habertheuer et al. point out the
importance of the changing characteristics of cardiac surgery
patients and propose that better understanding of the asso-
ciated molecular changes could offer new directions for the
design of new more appropriate cardioprotective regimens.
N. Lakusic et al. address the very interesting topic link-
ing changes in heart rate variability after coronary artery
bypass grafting to postoperative morbidity. There is clearly an
important role of the autonomic nervous system in the conse-
quences of ischemia/reperfusion injury. They emphasize the
fact that several studies have shown a reduction in heart rate
variability after coronary artery bypass grafting surgery. They
point out the need for a study investigating the link between
decreased heart rate variability and the outcome of coronary
artery bypass graft surgery patients. R. Wagner et al. focus on
myocardial conditioning and its therapeutic cardioprotective
potential. In this respect, they point out that despite the
extensive experimental studies, almost all cardioprotective
therapies have failed in the third phase of clinical trials. They
propose that the evolutionary young cellular mechanisms
of protection against oxygen handling are not very robust.
An experimental study by T. Sato et al. suggests that insulin
activated survival pathways facilitate preservation of cardiac
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contractility during ischemia-reperfusion injury in the iso-
lated rat heart in a way that could be similar to conditioning-
induced protection.

E. W. Kuhn et al. present data from a pilot trial investigat-
ing the effect of cardioplegia temperature on endothelial
injury in patients undergoing on-pump coronary artery
bypass graft surgery. They demonstrate perioperative endo-
thelial injury and showed that cold is better than warm
blood cardioplegia. A relevant review by Q. Yang et al. points
out that coronary endothelial dysfunction occurring during
cardiac surgery could be due to functional alteration of
endothelial channels and that these channels could be poten-
tial targets for endothelial protection during cardiac surgery.

The developing heart and myocardial protection during
pediatric cardiac surgery is an area in need of more research.
A. Mokhtari and M. Lewis address the very important issue
of controlled reoxygenation in cyanotic paediatric patients
undergoing open heart surgery. The finding that cardiopul-
monary bypass triggers cardiac injury prior to cardioplegic
arrest [1] highlights the need for controlling reoxygenation
during cardiopulmonary bypass. Recent studies have suc-
cessfully demonstrated the benefits of this approach [2]. M.
Cherif et al. investigated the involvement of Gabl (Grb2
associated binding protein 1), a protein required for fibroblast
cell survival and in maintaining cardiac function. They
showed that this protein was upregulated in hearts of cyanotic
children possibly as part of survival signaling response to
hypoxia. Finally, M. Shirakawa et al. have provided evidence
showing that propofol at a clinically relevant concentration
is cardioprotective in the immature heart. This anesthetic
has already been shown to be protective in adult models
when used in cardioplegia [3] and has been included in
cardioplegic solutions during surgery in patients with isolated
coronary artery bypass grafting or aortic valve replacement
using cardiopulmonary bypass [4].

We hope that this special issue provides the readers with
new insights into different approaches used to protect the
adult and the pediatric heart against the damaging effects
of ischemic and reperfusion injury. If anything, the work
described emphasizes the need for a more comprehensive
strategy taking into account pathologies and age.

M-Saadeh Suleiman
Malcolm Underwood
Hajime Imura
Massimo Caputo
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Oxidative stress is a pathomechanism causally linked to the progression of chronic cardiovascular diseases and diabetes.
Mitochondria have emerged as the most relevant source of reactive oxygen species, the major culprit being classically considered
the respiratory chain at the inner mitochondrial membrane. In the past decade, several experimental studies unequivocally
demonstrated the contribution of monoamine oxidases (MAOs) at the outer mitochondrial membrane to the maladaptative
ventricular hypertrophy and endothelial dysfunction. This paper addresses the contribution of mitochondrial dysfunction to the
pathogenesis of heart failure and diabetes together with the mounting evidence for an emerging role of MAO inhibition as putative

cardioprotective strategy in both conditions.

1. Introduction

According to the World Health Organization, cardiovascular
diseases represent the number one cause of death globally
(WHO March 2013). In particular, coronary heart disease is a
leading cause of mortality and morbidity due to heart failure
(HF). With an increasingly aging population and improved
survival after the onset of HF in elderly, the syndrome is
recognized as a growing problem for the health-care systems
worldwide due to its enormous financial burden [1]. Diabetes
mellitus (DM), the most severe metabolic disease, is currently

viewed as a serious threat to global health due to its increasing
prevalence, especially in developing countries; it is predicted
that 592 million people will have diabetes by 2035 [2]. The
association of type 2 DM with increased cardiovascular
morbidity and mortality is widely recognized [3] with both
traditional and nontraditional risk factors being involved
[4]. This is particularly true for the association between
HF and diabetes, since according to the Framingham Study
the frequency of HF was significantly higher in diabetic
patients (mainly in women) as compared to the age-matched
healthy subjects [5]. In the past two decades, mounting
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epidemiological and clinical evidence suggests that DM
increases the risk for the so-called “diabetic cardiomyopathy”
that develops independently of other risk factors such as
coronary disease and hypertension [6].

Oxidative stress is the common pathomechanism that
greatly influences the progression of both cardiovascular
and metabolic diseases. The difficulty to assess the redox
pathophysiology is related to both its spatiotemporal het-
erogeneity and the existence of complex networks of redox
signaling as well as the amplification of ROS generation
that occur in pathological conditions. This latter condition,
known as either “ROS-induced ROS release” [7, 8] or the
“kindling radicals” concept [9, 10], refers to the situation in
which extramitochondrial (or even mitochondrial) ROS are
acting mainly as triggers for mitochondrial ROS production.
From mechanistic point of view, this crosstalk to and from
mitochondria [9] renders the complete characterization of
a pathological entity in a particular model when using the
causal reasoning difficult [11]. However, from therapeutic
point of view, this crosstalk among several ROS generators
appears to be advantageous since there is sound experimental
evidence for the partial or even complete abrogation of
oxidative stress (and of its deleterious consequences) by
inhibiting a single source of ROS [12]. The complexity of the
prooxidative status in patients with HF and DM is further
contributed by the chronic low-grade inflammation with the
induction of a vicious, self-perpetuating circle, responsible
for the: (i) aggravation of the oxidative stress via ROS
generation by the activated monocytes/macrophages [13-15]
that can also interact with cardiac cells [16] and (ii) activation
of the inflammasome and phagocytes by ROS originating in
cardiac mitochondria [17-20].

The prominent sources of cardiovascular oxidative stress
in HF and DM are mitochondria, uncoupled eNOS, and
nicotinamide adenine dinucleotide phosphate (NADPH,
Nox) oxidases (reviewed in [11, 21-25]). Whereas in case of
Nox conflicting data have been reported in the literature,
with both protective [26] and deleterious [27] roles of Nox4-
derived ROS in the development of HE the contribution of
mitochondria and eNOS as major sources of intracellular
oxidative stress is a widely accepted concept [10, 28-30].
However, in the past decade, the contribution of monoamine
oxidases (MAOs), FAD-containing dehydrogenases located
at the outer mitochondrial membrane, as novel sources of
obligatory ROS generation in the cardiovascular pathology,
has become evident [31].

Here, we briefly review the contribution of mitochon-
drial dysfunction to the pathogenesis of heart failure and
diabetes, pointing out the commonalities between these two
conditions. We will further refer to the beneficial effects of
MAO inhibition in relation to cardiovascular pathology and
experimental diabetes. Finally, we will emphasize the need for
a translational approach, assessing the contribution of MAO-
related oxidative stress to the pathogenesis of mitochondrial,
endothelial, and contractile dysfunction in diabetic versus
nondiabetic patients undergoing heart surgery.

2. Mitochondrial Dysfunction in Heart Failure

Mitochondria, the powerhouses of our cells that provide the
main amount of energy required for normal cardiomyocyte
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function, have emerged in the past decades as the major
sources and amplifiers of oxidative damage in the cardiovas-
cular system [32].

Heart failure is a multietiological clinical syndrome that
develops progressively as a consequence of a primary cause
(acute or chronic) that impairs the systolic function (HF
with reduced ejection fraction) and/or the diastolic one (HF
with preserved ejection fraction). In the vast majority of
cases, the primary event is represented by either a chronic
hemodynamic (pressure or volume) overload or an acute
coronary syndrome that triggers the pathological hypertro-
phy and ultimately the development of HE. Several experi-
mental models (mainly mechanically or genetically induced
hypertension and coronary artery ligation) have been used
to mimic these conditions and shed light on the pathophysi-
ology of the syndrome.

In the past decade, mitochondrial dysfunction and
the subsequent disrupted redox signaling have been sys-
tematically reported to underlie both the development of
pathological ventricular hypertrophy and its progression
towards the overt cardiac failure (reviewed in [21, 22, 33,
34]). At variance from physiological (adaptive) hypertrophy,
where mitochondrial function increases in order to maintain
adequate cardiac function [35], pathological (maladaptive)
hypertrophy and heart failure have been reported to share
similar mitochondrial abnormalities [22] with respect to
(i) substrate metabolism (decreased fatty acid oxidation
plus increased/unchanged or decreased glucose oxidation in
advanced stages of HF, responsible for the energetic defi-
ciency [25]), (ii) calcium handling [36, 37], (iii) respiratory
function (decreased in most of the cases; see below), and (iv)
ROS production (variable degrees of oxidative stress [38]).

The contribution of metabolic impairment with the sub-
sequent energetic dysfunction to the pathogenesis of HF
and its therapeutic potential will not be addressed here (the
reader is referred to several excellent reviews [39-43] of the
field). Similarly, the role of impaired calcium uptake, release,
and signaling in the development of cardiac dysfunction has
been comprehensively characterized [36, 37, 44]. We will
focus instead on the alteration of respiratory function and its
consequence, oxidative stress.

Oxidative phosphorylation represents the ultimate source
of aerobic ATP production and requires the coordinated
activity of the electron transport chain (ETC) consisting of
enzymatic complexes I-IV and complex V (ATP synthase)
at the inner mitochondrial membrane. Impairment of the
ETC activity is responsible on one side for the reduced ATP
generation by ATP synthase (complex V) and on the other
side for the increased superoxide production mainly at com-
plexes I and III of the ETC due to partial reduction of oxygen
[45-48]. However, it has to be mentioned that mitochondria
are endowed with a robust ROS-detoxifying network com-
prising both enzymes and nonenzymatic antioxidants that
are able to counteract even a significant oxidative burden in
physiological conditions. Indeed, generation of superoxide,
hydroxyl anions, and hydrogen peroxide by the ETC com-
plexes becomes relevant only in pathological conditions [49].
The term oxidative stress refers to a persistent imbalance
between ROS generation and detoxification; however, the vast
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majority of studies have addressed the issue of ROS emission
(defined as the difference between ROS production and ROS
removal) without concomitant assessment of status of the
antioxidant response [50].

The current evidence for ETC dysfunction and mitochon-
drial ROS production shows a broad variability in animal
models of HF and humans with HF of different etiologies. The
impairment of the ETC activity (in particular, of complexes I
and III as the major sites for ROS production) in the failing
myocardium has been reported in various models of HE. Ide
et al. showed a decreased complex I activity with subsequent
electron leakage and increased superoxide production in a
model of HF induced in dogs by rapid ventricular pacing
whereas the superoxide dismutase activity was not changed
[51]. These authors further demonstrated in the same model
a significant positive correlation between the cardiac produc-
tion of superoxide and hydroxyl radicals (directly assessed by
electron spin resonance spectroscopy) and the left ventricular
contractile dysfunction [52]. The activities of complexes III
and V have also been reported to decrease in the same
experimental model of pacing-induced left ventricular failure
in dogs; this paper also reported increased aldehyde levels
in left failing ventricles as indirect measure of increased
oxidative stress [53, 54].

In an elegant series of studies, the group of Torsten Doenst
analyzed the occurrence of mitochondrial dysfunction in
relation to the type of contractile abnormalities. In the rat
model of HF induced by chronic pressure overload they
reported a decline in complex I (but not in complex II
[22]) supported respiration in isolated mitochondria that
occurred in association with systolic dysfunction (diagnosed
by impaired ejection fraction) 20 weeks after the induction
of transverse aortic constriction (TAC) [55]. Of note, in this
model, diastolic dysfunction occurred prior to the impair-
ment of mitochondrial respiratory capacity. Interestingly, the
same group recently also reported in the same experimental
model (HF with systolic dysfunction 20 weeks after TAC)
that the onset of diastolic dysfunction was coincident with
the maximal ROS production; conversely, the occurrence of
contractile dysfunction at 20 weeks was no longer related
to the ROS production and was not reversed by the antiox-
idant interventions [56]. Similarly, in the rabbit model of
pressure-overload induced HE, dysfunction of mitochondrial
complexes I and II occurred during the transition from
compensated left ventricular hypertrophy to overt failure and
was also independent of ROS production [57]. In another
experimental model of HF due to pressure overload, the
spontaneous hypertensive rat, a defect in complex IV was
demonstrated [58].

ETC defects were also associated with the murine model
of HF induced by the coronary artery ligation. Ide et al.
reported a decrease in enzymatic activity of the complexes
L, III, and IV containing several mitochondrially encoded
subunits (but not of the nuclear encoded complex II) and
a parallel reduction in mtDNA-encoded gene transcripts, a
significant increase in levels of hydroxyl radicals and lipid
peroxides, changes that were associated with ventricular
dilation and decreased contractility [59].

An important decrease in mitochondrial respiratory
capacity was also found in a canine model of moderate
HF induced by coronary microembolization in the presence
of normal activities of ETC complexes, an effect that was
assigned to the lack of assembly of complexes constituting
the so-called respirasomes [60]. Rosca et al. considered the
decrease in functional respirasomes in HF as the primary
event responsible for the decreased oxidative phosphory-
lation and the increased ROS production leading to the
progressive decline in cardiac performance [21, 61]. These
authors also reported that, depending on the experimen-
tal model, mitochondrial subpopulations are differentially
affected: whereas, in the canine model of intracoronary
microembolization, both populations were equally affected,
in the rapid ventricular pacing model, a significant decrease
in oxidative phosphorylation was found in the interfibrillar
mitochondria (but not in the subsarcolemmal population).
Moreover, the isolation technique significantly accounts for
the magnitude of the reported mitochondrial defect and
explains the heterogeneity of the experimental and clinical
data [21].

A great variability also characterizes the defects of
ETC complexes reported to occur in the failing human
heart. An important decrease of the respiratory capacity
was reported in saponin-skinned muscle bundles obtained
from myocardium of explanted human hearts with end-
stage HF: in one study state 3 respiration was found to be
significantly lower in endocardium versus the epicardium
[62] and in the other the impairment of complex I-linked
respiration was reported to occur early in the development
of HF [63]. Similarly, Scheubel et al. reported a moderate
decrease in complex I activity in left ventricular specimens
harvested from explanted human hearts [64]; this decrease
occurred in the absence of mtDNA damage, an observation
that supports the hypothesis that the failing human heart
is not irreversibly damaged [65]. Recently, Stride et al.
reported a marked reduction in oxidative phosphorylation
in left ventricle biopsies obtained from patients with chronic
ischemia and systolic dysfunction (ejection fraction <45%)
for complex II-supported respiration, an increased ROS
production, and a tendency for decreased antioxidant defense
in the ischemic tissue; however, the degree of coupling was
comparable in mitochondria harvested from the ischemic
and nonischemic tissue of the same heart [66]. We have
previously reported that complex I- (but not complex II-)
supported respiration is impaired in atrial appendages
harvested from coronary patients with preserved systolic
function (ejection fraction >50%) [67]. At variance from
all the previous reports, in a recent study performed in
freshly isolated mitochondria from failing ventricles, com-
plex I-dependent respiration was reported to be coupled
and enhanced in the failing hearts, whereas complex II-
dependent succinate respiration was associated with greater
uncoupling [68]. However, no major differences were found
in the capacity of mitochondria to oxidize different substrates
supplied ex vivo, a finding that reinforces the observation
that reversible mitochondrial damage occurs in the failing
hearts. Interestingly, these authors reported a reduced state 3
respiratory rate for succinate in the subgroup of diabetic



patients, an observation suggestive for an impairment of
mitochondrial respiratory capacity in the failing hearts in the
presence of diabetes.

3. Mitochondrial Dysfunction in Diabetes

The term diabetic cardiomyopathy refers to the association
of left ventricular hypertrophy/remodeling with diastolic
dysfunction that precedes the development of systolic dys-
function and may progress to heart failure [69]. Elucidation of
the pathogenesis of diabetic cardiomyopathy is currently an
active field of research. In particular, metabolic impairment
and mitochondrial dysfunction have been systematically
investigated in the past decades in both clinical and experi-
mental settings (reviewed in [70-74]). We will further refer
to the impairment of respiratory capacity and the subsequent
redox imbalance in order to highlight commonalities with the
aforementioned findings in HE. Early studies performed in
rats with type 1 DM pharmacologically induced with strepto-
zotocin firstly mentioned the contribution of mitochondria
to the diastolic dysfunction [75] and reported the decrease
in succinate-supported respiration and complex II activity;
the latter change was attributed to the generation of an
adduct of hydroxynonenal and complex II [76]. However,
most of the knowledge of mitochondrial dysfunction was
gained from genetically modified rodents that recapitulate
the metabolic phenotype of humans with obesity and type 2
diabetes. In spite of some differences in pathophysiological
mechanisms underlying cardiomyopathy in type 1 and type 2
of experimental diabetes, compromised mitochondrial ener-
getics is a common feature in both types of diabetes [77].
Accordingly, depressed state 3 respiration was reported to
occur in experimental models of type 1 [78, 79] and type 2
diabetes [80], and also in obesity with insulin resistance [81].
In the latter study, the decrease in oxidative phosphorylation
capacity was associated with increased production of H,O,
and mitochondrial uncoupling, a process that decreases
cardiac efficiency and may underlie the increased propensity
of diabetic hearts to develop HF [82].

As in the case of HF, whether functional differences
occur in cardiac mitochondrial subpopulations has been
also investigated in a murine model of type 1 diabetes
[83]. Complex II-supported respiration was decreased to a
greater extent in interfibrillar mitochondria (as compared to
subsarcolemmal ones). In the former population, a decrease
in complex I respiration was also reported together with an
increased production of superoxide and a decrease in cardi-
olipin. However, it is not clear if the active ADP-stimulated
respiratory rate as indicator of maximal respiratory capacity
was also depressed in this study.

Mitochondrial dysfunction has also been confirmed
in the diabetic human heart. Neufer’s group reported a
decreased glutamate and fatty acid-supported respiration and
an increased sensitivity to Ca**-induced permeability tran-
sition in permeabilized myofibers prepared from right atrial
appendages harvested from coronary patients with type 2
diabetes; these authors also demonstrated the increase in
oxidative stress as shown by a greater rate of H,O, emission,

BioMed Research International

glutathione depletion, and increased levels of hydroxynone-
nal and nitrotyrosine-modified proteins, respectively. Impor-
tantly, they also reported an inverse relationship between
respiratory capacity and HbAlc [84, 85]. More recently,
a decrease in complex I and fatty acid-mediated active
respiration was found in subsarcolemmal (but not in interfib-
rillar) mitochondria isolated from atrial appendages of type
2 diabetic patients, regardless of the levels of HbAlc and
hyperglycemia [86]. In another elegant study, the impairment
in mitochondrial function and dynamics has been associated
with contractile dysfunction in diabetic (but not in obese)
patients; however, in this case, mitochondrial dysfunction
correlated with the level of glycated haemoglobin [87].

The past decade of research provided convincing evidence
that mitochondrial dysfunction is a central event in the
pathogenesis of HF and DM. This concept extends far beyond
the impairment of respiratory capacity and the generation of
oxidative stress and includes several other pathomechanisms
such as: impaired mitochondrial biogenesis, posttranslational
modification of mitochondrial proteins, metabolic shifts and
remodeling, and abnormal calcium handling that occur
in both pathological conditions. Thus, it becomes more
and more evident that the “common soil” hypothesis [88]
proposed almost two decades ago (postulating that cardio-
vascular diseases and diabetes share common genetic and
environmental risk factors) should be extended to include
mitochondrial dysfunction as well.

4. Monoamine Oxidases as Novel
Sources of Mitochondrial Oxidative Stress in
Cardiovascular System

In the past decade, monoamine oxidases (MAOs) have
emerged as another important mitochondrial source of
oxidative stress in the cardiovascular system (please see [31]
for a recent comprehensive review). MAOs are flavoproteins
located in the outer mitochondrial membrane where they cat-
alyze the oxidative breakdown of endogenous monoamines
and dietary amines, with the constant generation of H,O,,
aldehydes, and ammonia as byproducts. Two isoforms,
MAO-A and MAO-B, with specific tissue distribution and
substrate affinity, have been described [89]; in experimental
settings, pharmacological criteria are useful to characterize
the isoenzymes: MAO-A is selectively inhibited by low doses
of clorgyline and MAO-B is blocked by low doses of deprenyl
(selegiline) [90].

MAOs-related oxidative stress unequivocally contributes
to acute myocardial ischemia/reperfusion injury [91] and to
the mitochondrial dysfunction and pathologic hypertrophy
elicited by pressure overload in a murine model of HF [92,
93]. Of note, MAO-A protein has been reported to be overex-
pressed in all the experimental models of HF induced in rat by
hemodynamic overload (pressure and volume) and coronary
ligation [31]. Also, MAO-A activity has been reported to
increase in response to angiotensin I1, an observation relevant
for the clinical settings of heart failure and diabetes where the
renin-angiotensin system is upregulated [94].
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FIGURE 1: Effects of MAO-A inhibition on vascular function in isolated rat aortas. (a) Acetylcholine-induced endothelium-dependent
relaxation in phenylephrine-preconstricted aortic segments (n = 4, *P < 0.05 with and without diabetes; “P < 0.05 with and without
MAO inhibitor, clorgyline, 10 ygmol/L). (b) Assessment of H,O, formation by ferrous oxidation xylenol orange (FOX) assay in the presence
or absence of the MAO inhibitor (1 = 4, * P < 0.05 with and without diabetes; “ P < 0.05 with and without clorgyline, 10 umol/L).

Also, MAOs have emerged as mediators of experimental
endothelial dysfunction via the excessive H,O, production in
two murine models of acute (induced with lipopolysaccha-
ride, LPS) and chronic (induced with angiotensin II and A
II) oxidative stress, respectively [12]. In this study, we demon-
strated that exposure of mouse aortas isolated in organ bath
to exogenous MAO elicited endothelial function via a ROS-
dependent mechanism. Importantly, both the impairment of
endothelial-dependent relaxation and H,O, emission were
partially reversible in the presence of pharmacological inhi-
bition of MAO-A (with clorgyline and moclobemide) and
MAO-B (with selegiline), respectively. Importantly, in this
model, endogenous vascular catecholamines are sufficient to
activate MAO to induce endothelial dysfunction (no exoge-
nous substrate was added in the experiment). The mechanism
was most probably related to the decreased vascular gener-
ation of nitric oxide since in a separate set of experiments
MAO-A was found to limit the endothelial accumulation of
cyclic guanosine monophosphate. We further investigated,
in organ bath experiments, the contribution of endogenous
MAO as mediator of endothelial dysfunction. We found that
both MAO isoforms are expressed in the vascular system
and induced in response to LPS and A II via the NF-xB
and phosphatidylinositide 3-kinase signaling [95]. In vivo
exposure to A ITand LPS increased MAO expression in aortic
rings and acute MAO inhibition partially restored normal
endothelium-dependent relaxation in vessels harvested from
A II and LPS treated animals; this effect was associated with
a reduction in the vascular formation of H,O, [12].

We also recently demonstrated that MAO-A inhibition
corrects endothelial dysfunction in Zucker diabetic fatty
rat (ZDF), a genetic model of type 2 diabetes [96]. In
organ bath experiments, preincubation for 30 min with the
MAO-A inhibitor, clorgyline, significantly improved the
endothelium-dependent relaxation of the aortic rings isolated
from ZDF rats and had no effect on vascular relaxation in
control aortic rings. Also, vascular H,O, generation was
increased in diabetic vessels and significantly decreased in the
presence of clorgyline (10 ymol/L, Figure 1).

Whether basic science’s predictions on the role of MAO
inhibition in the failing heart hold true in humans is not
known. A pioneering study has recently reported that atrial
activity of MAO assessed in right atrial appendages may
serve as an independent predictor for postoperative atrial
fibrillation in patients undergoing cardiac surgery [97].

Eugene Braunwald pointed out already back to 1997 that
there are two emerging epidemics of cardiovascular disease,
heart failure and atrial fibrillation [98]. MAOs contribution
to both conditions has been documented. In line with our
experimental data, it is conceivable to address the role of the
enzyme in DM which together with obesity are the other two
menacing pandemics of the 21st century. Accordingly, contri-
bution of MAO-related oxidative stress to the pathogenesis
of endothelial, mitochondrial, and contractile dysfunction
in diabetic patients undergoing cardiac surgery should be
thoroughly investigated.



Moreover, several studies reported the contribution of
NADPH oxidase and eNOS uncoupling to the pathological
production of vascular ROS after percutaneous coronary
interventions (reviewed in [99]). In line with previously
reported contribution of MAOs to the experimental endothe-
lial dysfunction it is tempting to speculate that MAO-derived
ROS may be involved in the postprocedural complications
such as restenosis and stent thrombosis.

5. Conclusions

The past decade of research provided convincing evidence
that mitochondrial dysfunction may be an important event
in the development of pathological hypertrophy in both heart
failure and diabetic cardiomyopathy. Not only mitochondrial
but also endothelial dysfunction is a widely investigated
mechanism in cardiometabolic diseases and a valuable ther-
apeutic target. There is an unmet need for novel therapies
tailored to reduce the risk of heart failure in patients with dia-
betes mellitus. Therefore, the design of a prospective study in
cardiac patients with and without diabetes undergoing heart
surgery aimed at providing further mechanistic insights into
the role of MAO as an emerging mitochondrial therapeutic
target for cardio- and vasculoprotection is strongly recom-
mended.
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Heart rate variability is a physiological feature indicating the influence of the autonomic nervous system on the heart rate.
Association of the reduced heart rate variability due to myocardial infarction and the increased postinfarction mortality was first
described more than thirty years ago. Many studies have unequivocally demonstrated that coronary artery bypass grafting surgery
generally leads to significant reduction in heart rate variability, which is even more pronounced than after myocardial infarction.
Pathophysiologically, however, the mechanisms of heart rate variability reduction associated with acute myocardial infarction and
coronary artery bypass grafting are different. Generally, heart rate variability gradually recovers to the preoperative values within
six months of the procedure. Unlike the reduced heart rate variability in patients having sustained myocardial infarction, a finding
of reduced heart rate variability after coronary artery bypass surgery is not considered relevant in predicting mortality. Current
knowledge about changes in heart rate variability in coronary patients and clinical relevance of such a finding in patients undergoing

coronary artery bypass grafting are presented.

1. Introduction

Sinus rate is neither constant nor uniform but is changing all
the time under the influence of the sympathetic and parasym-
pathetic systems. The impact of the autonomic nervous sys-
tem on the occurrence and mortality of malignant arrhyth-
mias was demonstrated on an experimental animal model as
early as some thirty years ago. Decreased parasympathetic
tone or increased sympathetic tone predisposes patients to
the occurrence of malignant arrhythmias, even ventricular
fibrillation. And vice versa, increased parasympathetic tone or
decreased sympathetic tone reduces myocardial vulnerability
and thus the occurrence of ventricular rhythm disturbances
[1]. Such unambiguous experimental evidence has encour-
aged researchers to search for and develop a method to
quantitatively measure autonomic nervous activity. Analysis

of heart rate variability (HRV) is one of such indicators of the
autonomic nervous system activity.

2. Heart Rate Variability: Basic Concept and
Clinical Use

Heart rate variability is a physiological feature that indicates
the effect of the autonomic nervous system on the heart
action, that is, heart rate [2]. In 1996, the Task Force of the
European Society of Cardiology and the North American
Society of Pacing and Electrophysiology issued guidelines
on HRV standards of measurement, physiological inter-
pretation, and clinical use [3]. HRV implies two types of
changes, that is, variability in the duration of consecutive R-R
intervals of the respiratory sinus arrhythmia type and variable
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FIGURE 1: Normal heart rate variability and sympathovagal balance in healthy person (time and frequency domain).

heart rate such as sinus tachycardia oscillations on physical
exertion, normal diurnal sinus rhythm, and nocturnal sinus
bradycardia [3]. HRV is determined by commercial software
from electrocardiograms (ECG) of variable duration, mostly
24-hour Holter ECG recording.

The measures used to express HRV have been obtained by
analysis of the length of RR interval in the time domain and
frequency domain. Only “normal,” nonectopic impulses, that
is, those produced by sinus node depolarization, are included
in the HRV analysis. In daily clinical routine, standard
deviation of all normal RR intervals (SDNN) and mean of
R-R intervals for normal beats (Mean RR) are used for HRV
measurement and basic analysis.

Other HRV measures used in time domain are standard
deviation of the 5-minute means of R-R intervals (SDANNI);
mean of the 5-minute standard deviations of RR intervals
(SDNNI); square root of the mean of the squared successive
differences in R-R intervals (rMSSD); and percentage of
R-R intervals that are at least 50 ms different from the
previous interval (pNN50). The following measures are used
in frequency domain: Total Power (range of frequency 0.0-
0.5 Hz)—variance of all RR intervals obtained by spectral

analysis that corresponds to the SDNN variable in time
domain; components of the ultralow frequency spectrum
(ULF; 0.0-0.0033 Hz); very low frequency spectrum (VLEF;
0.0033-0.04 Hz); low frequency spectrum (LF; 0.04-0.15 Hz);
high frequency spectrum (HF; 0.15-0.4 Hz); and their ratio
(LE/HF) (Figure 1), [3].

The LF component reflects the sympathetic (and vagal)
activity, whereas the HF component along with the rMSSD
and pNN50 measures in time domain reflects vagal activity
in heart rate modulation. In healthy subjects, the ratio of low
frequency and high frequency components (LF/HF) points to
the sympathetic and vagal balance, whereas in patients with
severely decreased HRV, the LF/HF ratio is very difficult to
interpret and its clinical value remains obscure [4]. According
to current recommendations [3], SDNN > 100 ms is consid-
ered as normal HRV. As the criteria distinguishing patholog-
ical from physiological HRV findings have not been clearly
identified after release of the guidelines on HRV use [3],
Milicevi¢ et al. [5] conducted a study on more than 2500
patients in an attempt to define the physiological, moder-
ately decreased, and pathologically decreased HRV values
in various groups of cardiac patients. The SDNN < 59 ms
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FIGURE 2: Normal and significantly decreased heart rate variability (HRV) (time domain analysis); see SDNN and other measures.

was identified as borderline of pathologically decreased HRV
and 93 ms as borderline normal HRV, whereas SDNN values
of 59-92ms were found to indicate mildly to moderately
decreased HRV in the “general cardiologic population” [5]
(Figure 2). Figure 3 shows pathologically decreased HRV in a
patient with subchronic myocardial infarction of the anterior
wall and repetitive, nonsustained ventricular tachycardia.

In addition to the above, the researchers also used
nonlinear analysis and indices of HRV [6].

3. Heart Rate Variability and
Myocardial Infarction

Wolf et al. were the first to describe the association of HRV
reduction and increased postinfarction mortality in 1978.
Analyzing 1-minute ECG recording obtained in a patient with
acute myocardial infarction immediately upon admission
to coronary unit, they concluded that patients with sinus
arrhythmia, that is, with more pronounced sinus impulse
variability, had a lower mortality rate than patients with
less pronounced variability of sinus impulses [7]. Acute
myocardial infarction almost as a rule leads to consider-
able HRV reduction [8]. This is caused by ischaemia and
partial myocardial necrosis. Noncontractile and necrotic left
ventricular segments are known to enhance sympathetic
afferent and efferent activity, which is manifested as HRV

reduction and eventually leads to greater myocardial vul-
nerability and electrical instability, as well as to the risk of
malignant arrhythmias. Furthermore, sympathetic excitation
weakens or inhibits vagus influence on the sinus node, which
also contributes to lesser heart rate oscillations and HRV
reduction. Decreased HRV points to a reduced response of
the heart as the target organ to neural modulation inputs or to
the impact of sinus node oversaturation by the continuously
high sympathetic tone [9, 10].

Bigger Jr. et al. found HRV to be significantly lower in
patients having sustained myocardial infarction even a year
after the acute coronary event as compared to healthy age-
matched subjects [11]. Various other conditions such as heart
failure, heart transplantation, stroke, multiple sclerosis, and
cardiac surgery procedures can also entail HRV reduction
[12-16]. In 1987, Kleiger et al. published their pioneer work
demonstrating that patients with a history of myocardial
infarction and a higher risk of sudden death could be identi-
fied by use of HRV. Analyzing mortality in patients included
in the follow-up study, the authors found the patients with
decreased HRYV, that is, with SDNN < 50 ms, to be at 5.3-
fold greater relative risk of death as those with SDNN >
100 ms [17]. This study was followed by a number of other
studies that unanimously confirmed the results reported by
Kleiger et al. and defined reduced HRV as a strong marker of
rhythmogenic death [18-22].
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FIGURE 3: Severely decreased HRV in a patient with subchronic myocardial infarction (see SDNN) and repetitive, nonsustained ventricular

tachycardia.

4. Heart Rate Variability and Coronary Artery
Bypass Grafting

Many studies have invariably demonstrated that coronary
artery bypass grafting (CABG) generally leads to signifi-
cant HRV reduction, which is even more pronounced than
after myocardial infarction [16, 23-29]. HRV reduction after
cardiac surgery is not exclusively related to CABG, as it
is also recorded in patients undergoing valve surgery [30].
Unlike myocardial infarction where the main reason for this
is ischaemia and myocyte necrosis, the probable reasons
for considerable HRV reduction immediately after CABG
include a combined effect of surgical manipulation during
operative procedure on the heart and adjacent anatomical
structures, prolonged anaesthesia, cardioplegia, and extracor-
poreal circulation.

Analyzing HRV differences between patients operated
on off-pump versus on-pump, Kalisnik et al. conclude that
oft-pump CABG is also followed by extensive adrenergic
activation that is comparable to on-pump CABG [31]. Our
results also suggested that there were no differences in HRV
a few months after surgery between patients undergoing off-
pump and patients undergoing on-pump CABG [32].

Generally, in most patients, HRV recovery to the values
measured before CABG occurs gradually within six months
of the operative procedure [16, 23]. There are reports indicat-
ing that a finding of reduced HRV after CABG is of no rele-
vance in predicting mortality, unlike reduced HRV in patients

having sustained myocardial infarction [33-35]. To put it
more precisely, the authors of those studies conclude that,
unlike the strong prognostic potential of HRV in postmyocar-
dial infarction patients, HRV finding has no prognostic value
in post-CABG patients. It is explained by revascularization of
the ischaemic or viable myocardial tissue, which exceeds the
significance of decreased HRV and autonomic dysfunction
[34]. Also, Stein et al. conclude that excluding CABG and
diabetic patients from HRV analysis significantly increases
the relationship of reduced HRV and mortality rate [33, 35].
Contrary to the reports where decreased HRV after CABG
had no significant prediction of mortality, the results of our
study indicated that postoperative HRV decrease influenced
mortality rate in patients after CABG [35]. Unlike some
previous studies comparing mortality of patients having
sustained myocardial infarction and CABG patients with
reduced HRV [34], we analyzed mortality in the group of
CABG patients with normal versus decreased postoperative
HRYV, which could at least in part explain differences in
the results. In our study, one-third of patients had reduced
and two-thirds had normal postoperative HRV, measured
at a mean of 3.7 months after CABG, with the average 3-
year follow-up after HRV analysis. In the follow-up period,
7.8% of adverse coronary events (death from diagnosed new
myocardial infarction or sudden death) were recorded and
the majority of patients had decreased HRV (P = 0.001) [36].

Accordingly, it is logical to ask why HRV reduction
definitely is of prognostic value in one group of patients like
those with myocardial infarction, whereas in another group
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of patients like those undergoing CABG such a finding is at
least dubious. HRV is decreased to a certain extent in various
clinical conditions, but the underlying mechanisms of this
reduction are different and that is why the finding of reduced
HRV is of different prognostic relevance. In myocardial
infarction, HRV reduction is caused by partial myocardial
necrosis, in stroke by cerebral parenchymal necrosis, in
hyperthyroidism by the effect of elevated thyroid hormone
concentrations in the circulation, and in CABG mostly by
surgical manipulation and all other instrumentation such
as anaesthesia and cardioplegia. For example, treatment
of hyperthyroidism results in decreased thyroid hormone
concentration in the circulation, reduced heart rate, and
consequently HRV normalization [37]. In addition, comor-
bidities in each individual patient should always be taken in
consideration; in CABG patients, these may include diabetes
mellitus, heart failure, and previous myocardial infarction.
HRYV should also be observed in relation to other relevant
indicators available, such as left ventricle ejection fraction and
patient functional capacity, and only then clinical conclusions
can be made. Thus, while a decreased HRV may objectively be
a poor prognostic sign in one patient, in another one it will
be so to a much lesser extent.

Yet, reduced HRV persisting for months after CABG
should raise suspicion in clinicians, in particular if accompa-
nied by a reduced ejection fraction. As ejection fraction cor-
relates well with HRV parameters, prolonged HRV reduction
following CABG can also be perceived as a reflection of the
level of ejection fraction damage [3, 38].

In conclusion, it is clear that, in the majority of patients,
HRYV decreases immediately after CABG, with gradual recov-
ery within a few months of the operation. In our opinion, as a
guideline for daily clinical practice, it is still unclear whether
decreased postoperative HRV several months after CABG
has prognostic relevance for the outcome of CABG patients.
Correlation between postoperatively decreased HRV and
outcome of CABG patients is controversial and additional
studies are needed, the more so as the current guidelines on
HRV analysis do not answer this question either [3]. It is
necessary to conduct studies in a larger sample of patients,
in order to acquire additional knowledge and make definitive
conclusion on the prognostic value of post-CABG HRV.

According to the results of our previous study [36], we
strongly believe that subgroup of patients with decreased
HRV a few months after CABG require careful long-term
monitoring, diagnostic evaluation, and wide usage of med-
ications with a well-documented favourable effect on HRV
and patient clinical outcome [39-42].
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Gabl (Grb2 associated binding protein 1) is a member of the scaffolding/docking proteins (Gabl, Gab2, and Gab3). It is required for
fibroblast cell survival and maintaining cardiac function. Very little is known about human Gabl expression in response to chronic
hypoxia. The present study examined the hypothesis that hypoxia regulates Gabl expression in human paediatric myocardium and
cultured rat cardiomyocytes. Here we showed that Gabl is expressed in myocardial tissue in acyanotic and cyanotic children with
congenital heart defects. Gabl protein was upregulated in cyanotic compared to acyanotic hearts suggesting that Gabl upregulation
is a component of the survival program initiated by hypoxia in cyanotic children. The expression of other Gabl interacting partners
was not affected by hypoxia and Gabl regulation. Additionally, using an in vitro model, we demonstrated that overexpressing Gabl
in neonatal cardiomyocytes, under hypoxic condition, resulted in the reduction of apoptosis suggesting a role for this protein in
cardiomyocyte survival. Altogether, our data provide strong evidence that Gabl is important for heart cell survival following hypoxic

stress.

1. Introduction

Heart malformation during embryonic development can
cause congenital heart diseases (CHD). These affect one baby
in 125 live births and tetralogy of Fallot (TOF) represents
the most common form of the “blue baby syndrome” In
UK, one baby in 3,600 is born with TOF malformation
[1]. TOF malformation exhibits four abnormalities. These
include a ventricular septal defect (VSD), right ventricular
hypertrophy, overriding of the aorta, and pulmonary stenosis
(PS) [2]. The causes that induce TOF are not fully understood
but the aetiology is thought to be multifactorial. Some
studies associated TOF with untreated maternal diabetes,
phenylketonuria, and intake of retinoic acid. In addition,
chromosomal abnormalities (such as trisomies 21, 18, and 13)

have been shown to exhibit a higher TOF incidence [3]. The
degree of stenosis varies between individuals with TOF and is
the primary determinant of symptoms and severity. Indeed,
TOF is divided into two categories: acyanotic (pink) and
cyanotic (blue), depending on the blood oxygen saturation.
Although successful corrective surgery of heart defects exists,
there is an increased risk of morbidity and mortality in
cyanotic children compared with acyanotic [4]. There is
evidence that an unintended reoxygenation injury occurs
in myocardium of cyanotic patients due to the delivery of
high levels of oxygen during cardiopulmonary bypass (CPB)
used in surgery, which does not match preoperative levels of
oxygen in these children. Reoxygenation injury produces an
increase in free radical production, which may result in cell
damage [5].
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In previous study, we have shown that chronic hypoxia
in pediatric patients with TOF triggered the expression of
network of genes associated with apoptosis and reduced the
expression of genes involved in myocyte contractility and
function [6]. This state of hypoxia in TOF children may
be responsible for the susceptibility of cyanotic children to
reoxygenation injury during and after surgery. We have also
shown that concomitant with the initiation of the injurious
program a protective program is triggered by cyanosis. Gabl,
shown to significantly increase at messenger level in cyanotic
compared to acyanotic patients [6], could be an important
player in this protective program.

Grb2 associated binding protein 1 (Gabl) is a member
of the scaffolding/docking proteins (Gabl, Gab2, and Gab3)
[7, 8]. Gabl knockout mice are not viable and display
impaired development of heart, placenta, skin, and muscle
[9]. In cultured cardiomyocytes, Gabl is shown to interact
with tyrosine phosphatase SHP2 and to promote cardiac
hypertrophy [10]. There is evidence that Gabl is essential
for cardiac function in the postnatal heart in vivo [11]. In
addition, Gabl has been shown to exert an antiapoptotic role
in mouse embryonic fibroblasts and is activated through tyro-
sine phosphorylation following oxidative treatment (H,0O,)
[12]. In their investigation, Holgado-Madruga and Wong
identified Gabl as an important component in oxidative
stress signalling with an essential role in the activation of
c-Jun NH(2)-terminal kinase (JNK) and the influencing of
cell survival [12]. This Gabl antiapoptotic role in fibroblasts
following oxidative treatment [12] has led us to hypothesise
that Gabl may play similar role in cardiac tissue and cardiac
myocytes subjected to hypoxia.

In this study, we investigated the effects of cyanosis
on Gabl in myocardium samples from paediatric patients
suffering from TOF and we examined the effects of hypoxia
in primary cultures of rat neonatal cardiomyocytes on Gabl
and its possible role in cell survival.

2. Materials and Methods

2.1. Reagents. All reagents were from Sigma (UK) except
those stated otherwise. Gabl antibody was from Millipore.
Antibodies against SHP2 and p85 were from Cell Signalling
Technology (UK). GAPDH antibody was from Research
Diagnostics Inc. (UK).

2.2. Cardiac Biopsies. The collection of human right ventricle
specimens used in this study was approved by the North
Somerset and South Bristol Research Ethics Committee
(REC reference 07/H0106/172), the National Research Ethics
Service, England. Parental informed written consent was
gained for all patients. Patients with a diagnosis of cyanotic
(O, saturation 79.6 + 7.5%; age 10.6 £ 5.5 months) or acyanotic
(O, saturation 94.2 + 3.5%; age 9.5 + 2.3 months) tetralogy of
Fallot undergoing surgical repair at the Bristol Royal Hospital
for Children were studied.

Five ventricular biopsy specimens per group were col-
lected from the right ventricle of acyanotic and cyanotic
TOF patients by using “True-Cut” needle immediately after
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institution of cardiopulmonary bypass (CPB). Each specimen
was immediately put in liquid nitrogen for protein extraction.

2.3.  Immunohistochemistry. Right ventricular specimens
were fixed in 4% paraformaldehyde, washed in PBS, and
embedded in paraffin and 4 ym sections were obtained. Imm-
unohistochemistry was performed using the ABC-Kit from
Dakocytomation. Slides were observed with an Olympus B40
microscope. Pictures were taken using a Media Cybernetics
camera (Bethesda, MD, USA) and analysed with proimage
plus software (Bethesda, MD, USA).

2.4. Rat Neonatal Primary Culture. All the procedures involv-
ing laboratory animals conformed to the guidelines and reg-
ulations of the University of Bristol and the United Kingdom
Home Office. Neonatal rat cardiomyocytes were cultured as
previously described with minor modifications [13, 14]. One
cell culture preparation was used for each experiment and
each experiment was repeated three times using different cell
cultures prepared at different time from pooled neonatal rat
hearts. For each cell culture, 14-24 neonatal rats were used
to harvest hearts. Hearts were quickly removed from one-
to three-day-old Wistar rats and only ventricles were kept.
They were washed with PBS three times and incubated with
0.05% trypsin and 0.02% EDTA for 30 minutes. They were
then enzymatically digested six times for fifteen minutes in
0.1% trypsin and 0.02% EDTA in PBS. Digestion was stopped
by addition of foetal calf serum at a final concentration of
30%. Cells were then centrifuged at 400 g for five minutes and
resuspended in DMEM supplemented with 10% FBS and 1%
P/S. Cells were then incubated one to two hours in a T75 flask
to allow noncardiac myocytes (mainly cardiac fibroblasts) to
adhere to plastic. They were then plated in gelatin-coated
plates at a density of 1.28 x 10° cells per cm®. After 40 hours
of culture, the medium was changed in DMEM supplemented
with 20% M-199 and 1% P/S. All treatments were performed
on three-day-old cultures. Hypoxia was induced by placing
the cells in a hypoxic chamber where oxygen levels could be
monitored (Biospherix ProOx C21, Lacona, NY, USA). The
ProOx is connected to a sensor, which monitors the oxygen
concentration within the host chamber. The ProOx quickly
infuses nitrogen (hypoxia) in the chamber and reaches a set
point. In this study, the chamber was set to 0.2% O, and 5%
CO, in a humid atmosphere for 24 hours.

2.5. Immunocytochemistry. Cells were grown on gelatin cov-
erslips (Nunc, UK) at a density of 1.32 x 10° cells per
cm?®. Immunocytochemistry was performed on normoxic
and hypoxic (24 hours, 0.2% O,, 5% CO,) cells. Cells were
washed twice with PBS, fixed with 4% paraformaldehyde for
15 minutes, washed 3 times with PBS, and washed with 0.1%
Triton X-100 3 times for 5 minutes. They were then incubated
with NH,Cl for 10 minutes, washed three times with PBS, and
blocked using 5% goat serum (Dakocytomation, Dako, UK)
for 45-60 minutes at room temperature. Cells were incubated
in Gabl overnight at 4°C, washed three times, incubated
in anti-rabbit conjugated with Alexa-488 (Invitrogen, UK)
for 1 hour at room temperature, washed again, and incu-
bated with mouse antisarcomeric actin (Dakocytomation,
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FIGURE 1: Expression of Gabl in acyanotic and cyanotic paediatric myocardium tissues. Immunohistochemical analysis of paraffin embedded
heart tissue from acyanotic and cyanotic patients using Gabl specific antibody. Negative controls are section processed without using primary
antibody. Magnification: x200.
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FIGURE 2: Gabl protein expression in myocardium of cyanotic (CC) and acyanotic (AC) patients. Myocardium biopsies were homogenized
to isolate protein content and western blot analysis performed using Gabl, p85, SHP2, and GAPDH antibodies. All results were normalised
to GAPDH levels. Data are mean + SEM. **P < 0.01 (n = 5).
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FIGURE 3: Localization of Gabl in cultured rat cardiomyocytes. Cells were cultured for 5 days in vitro then fixed and stained with specific
antibodies. Cardiomyocytes were stained for Gabl (green) and sarcomeric actin (red) and then counterstained for nuclei with DAPI (blue).

Magnification: x1200.

Dako, UK) and then with anti-mouse conjugated with Texas
Red (Vector Laboratories, UK). Cells were then mounted
in VECTASHIELD and observed with a Leica AOBS SP2
confocal microscope (MRC Cell Imaging Facility, University
of Bristol, UK), using excitation filters at 340-380 nm, 450-
490 nm, and 515-560 nm for DAPI, Alexa-488, and Texas
Red, respectively. The slides were observed on a 63x lens and
pictures were taken using the Leica software (Leica, Bucks,
UK).

2.6. Use of Adenoviruses. Adenoviruses expressing Gabl wild
type were previously used [10, 15]. Adenovirus expressing
wild type Gabl was referred to as Ad-Gabl-W'T. Control ade-
novirus expressing Ad-f-galactosidase was a kind gift from
Dr. Steve White (University of Bristol, UK). Cardiomyocytes
were infected with adenoviruses diluted in DMEM supple-
mented with 20% M199, 1% FBS, and 1% P/S for 24 hours.
Then, the medium was changed to DMEM supplemented
with 20% M199 and 1% P/S. The infected cells were then
subjected to normoxia or hypoxia for 24 hours.

2.7. Western Blotting. Five myocytes culture dishes (from the
same cell preparation) per group (normoxia versus hypoxia)
were used in the rat cell culture part. The in vitro experiment
was repeated three times using new cell preparation each
time. Total proteins were extracted from both clinical and rat
samples and quantified. For electrophoresis, protein samples
were prepared by adding 4x Laemmli buffer (0.24 M Tris
pH 6.8, 6% SDS, 40% sucrose, 0.04% bromophenol blue,
and 10% pS-mercaptoethanol), heated to 95°C for 5min,
and loaded on a 8-10% SDS gel. Separated proteins were
transferred to Hybond nitrocellulose membrane (Amersham,
UK) which was subsequently blocked in 5% nonfat dry
milk/TBS-T (TBS-T; 20 mM Tris pH 7.4, 1.37 M NaCl, 1%
Tween) for 1 h and incubated in primary antibodies overnight
at 4°C. Membranes were washed three times in TBS-T and
then incubated in appropriate anti-rabbit or anti-mouse
secondary antibody (Amersham, UK) for 1 h at room temper-
ature. Membranes were washed 3 times in TBS-T, antibody
bound HRP was detected using ECL (Amersham, UK), and
membranes were exposed to Hyperfilm (Amersham, UK).
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FIGURE 4: Gabl protein expression in rat cardiomyocytes following 24 h of hypoxic treatment. Cells were treated with hypoxic conditions (H)
by incubating in a chamber with 5% CO,/0.2% O, or normoxia (N) by leaving cells in normal CO2 incubator. After 24 h cells were lysed and
western blot analysis performed using GABI (a), SHP2 (b), and p85 (c) antibodies. All results were normalized to GAPDH levels. Data are

mean + SEM. *P < 0.05 (n = 5).

Protein bands were quantified using NIH Image ] software.
The expression level of each protein was normalized to the
loading control, GAPDH, and then the obtained values for
experimental (cyanotic or hypoxic) were divided per control
value (acyanotic or normoxia). Representative blots were
presented in the western blotting figures.

2.8. Apoptosis Assay. Cell death was investigated with the
“in situ cell death detection” kit from Roche. Rat neona-
tal cardiomyocytes were cultured in 4-well chamber slides
(Nunc, UK) at a density of 1.5 x 10° cells per cm®. Cells
were washed twice with PBS and permeabilized for 1 hour
at room temperature with 0.1% Triton (v/v) in 0.1% sodium
citrate (v/v). They were then washed three times in PBS and
incubated with the labelled enzyme for 1 hour at 37°C. They
were washed twice, mounted in VECTASHIELD containing
DAPI, and observed with an Olympus B40 microscope.
Apoptosis was quantified by counting apoptotic cells in 25
different fields or 400 cells. Pictures were taken using a Media
Cybernetics camera (Bethesda, MD, USA) and analysed with
proimage plus software (Bethesda, MD, USA).

2.9. Statistical Analysis. All data were analyzed using the
software Instat 3.1 (GraphPad). Results are expressed as +
standard error of mean (+SEM). Statistical significance was
assessed by one-way ANOVA or Student’s ¢-test. A value of
P < 0.05 was considered to be statistically significant.

3. Results

3.1. Gabl Protein Is Expressed in Human Heart Sections of
Both Cyanotic and Acyanotic Congenital Heart Patients. The
analysis of fixed paediatric heart biopsy sections by immuno-
histochemistry showed expression of GABI in heart tissue
taken from both acyanotic and cyanotic patients undergoing
corrective surgery for congenital heart defects (Figure 1).

3.2. Gabl Protein Expression Is Upregulated in Cyanotic
Patients Compared to Acyanotic. Western blot analysis of
proteins extracted from children myocardium biopsies
revealed a significant upregulation of Gabl protein expression
in cyanotic patients (Figure 2(a)). Additionally, we investi-
gated the protein expression of Gab binding partners, SHP2
and the regulatory subunit of PI3K (p85). The levels of both
Gab binding partners proteins were unaffected (Figure 2(b)).

3.3. Gabl Shows a Cytoplasmic Localization in Neonatal
Heart Cardiomyocytes. Gabl appeared to be expressed in rat
neonatal cardiomyocytes (Figure 3). It is interesting to note
that Gabl is located mainly in the cytoplasm of normoxic cells
with some nuclear expression.

3.4. Hypoxia Produce a Downregulation of GABI in Cultured
Rat Cardiomyocytes. As there is a limit to what can be done
using human biopsies, an in vitro model of cyanosis would
be advantageous. Both GABI and SHP2 were downregulated
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FIGURE 5: (a) Protein expression level of Gabl, p85, and SHP2 in infected rat neonatal cardiomyocytes. Cardiac myocytes were infected
with Ad-B-Gal (50 MOI) and Ad-Gabl-WT (10 MOI), for 24 hours. GAPDH was used as a loading control. (b) Apoptosis quantification of
infected rat neonatal cardiomyocytes subjected to normoxia and hypoxia. Cardiac myocytes were infected with Ad--galactosidase (Ad-f-
Gal) and Ad-Gabl-WT, for 24 hours. Data are mean + SEM. P < 0.05. (c) Representative pictures of the TUNEL assay performed on rat
neonatal cardiomyocytes infected by Ad-3-Gal or Ad-Gabl-WT and subjected to normoxia or hypoxia. Arrows show apoptotic nuclei (green
fluorescence). Cell nuclei were stained by DAPI (blue fluorescence). Magnification: x400.

at the protein level following hypoxia when compared to the
normoxic control (Figures 4(a) and 4(b)). However, hypoxia
did not affect p85 protein expression (Figure 4(c)).

3.5. Gabl Overexpression Reduces Apoptosis during Hypoxia
in Rat Cardiomyocytes. We first examined the efficiency of
cell infection by Ad-Gabl-WT (Figure 5(a)). Infection of rat
neonatal cardiomyocytes with Ad-Gabl-WT was successful
as demonstrated by the increase of Gabl protein expression
compared to cells infected with Ad-f3-Gal (Figure 5(a)). In
addition, the infection with both viruses did not affect the
protein expression of p85, SHP2, and GAPDH.

During normoxia, the overexpression of Gabl in car-
diomyocytes did not alter the percentage of apoptotic cells
significantly. However, during hypoxia Gabl overexpression
reduced significantly apoptosis in rat neonatal cardiomy-
ocytes (Figures 5(b) and 5(c)).

4. Discussion

Our study revealed a significant upregulation of Gabl protein
expression in cyanotic TOF patients. This result confirmed
our previous findings by microarray analysis [6]. The upreg-
ulation of Gabl protein expression in cyanotic patients may
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suggest an increase of survival signalling mediated through
Gabl in cyanotic patients, independently of SHP2 and p85.
These data are the first to implicate Gabl in cardioprotective
signalling in cyanotic patients in response to chronic hypoxia
stress.

Gabl protein levels were downregulated during hypoxia
in neonatal rat cardiomyocytes. These are also the first results
to implicate Gabl in the cardiomyocytes response to hypoxia.
The difference between the in vivo and in vitro data regarding
the response to hypoxia can be explained by the complexity of
the in vivo situation in comparison to the relative simplicity
of the in vitro model. Furthermore, it can be explained
by the short time of hypoxia protocol (24 h) used for rat
myocytes compared to the patients that stayed cyanotic for
months before surgery. Additionally, this may be attributed
to the difference between TOF patients’ tissue specimens and
neonatal rat ventricle. Neonatal rat ventricle includes LV and
RV tissues, whereas TOF patients’ tissue was only from RV.
It is well known that there is a difference in cardiac tissue
between the two ventricles [16].

We have previously shown that chronic hypoxia induces
both cytoprotective and injury related transcriptomic repro-
gramming [6]. The protective program induces survival path-
ways and the deleterious program triggers cell death signaling
[6]. Any imbalance between these two programs would result
in either cell survival or death. Therefore, modulating the
balance between these two programs offers the potential to
develop strategies for cardioprotection. Our data suggest that,
in cyanotic pediatric heart, the increase in Gabl expression
is part of the survival pathway. Additionally, the reduction
of apoptosis observed following the overexpression of Gabl
suggests a critical and prosurvival role for Gabl in rat
neonatal cardiomyocytes. This is in line with previous reports
describing an antiapoptotic function for Gabl [12]. It has also
been shown that SHP2 can help to promote cell survival by
the activation of the Raf/MEK/ERK signalling pathway [17].

Gabl has been shown to play an antiapoptotic role in
oxidative condition [12]. It would be interesting to see how
Gabl expression levels would be following corrective surgery
for cyanotic congenital heart disease. Similarly, it would be
interesting to examine the removal of hypoxic stress in an
experimental model. One can speculate that the removal of
hypoxic stress would result in the return of Gabl expression
to normoxic condition levels. Additionally we would expect
thatan abrupt reoxygenation could modulate the levels of
this unique protein. Furthermore, the normal transition from
foetal to neonatal circulation may affect Gabl expression
levels.

Gabl expression changes following hypoxia may be con-
troversial considering the observed difference between the
in vivo and in vitro situations. However, it has previously
been shown that oxygen availability can play a critical role
in defining the cellular responses to stimuli [18]. Compared
to the cell culture system, the in vivo situation adds another
level of complexity. It is likely that other in vivo signalling
pathways come into play that could result in a different
response to hypoxia as compared to culture system. In the
above-mentioned study, it has been shown that whereas
IGF signaling promotes muscle cell differentiation under

normoxia, it stimulates proliferation under hypoxia by dif-
ferentially regulating multiple signaling pathways [18]. A
possible mechanism involved in modulating Gabl expression
could be the HIF1 alpha-signaling pathway.

SHP2 and p85 expressions showed no difference
between cyanotic and acyanotic TOF patients; however, they
decreased, although it was not significant for p85, in hypoxic
myocytes. A plausible explanation is the difference between
RV tissue collected from TOF patients and the mixed cell
population harvested from LV and RV of neonatal rats.
There is evidence that cardiac tissue obtained from the two
ventricles has different expression profile and can respond
differently to stimuli [16].

Altogether, our data provide strong evidence that Gabl
is important for cardiomyocytes survival following hypoxic
stress. Gabl represents a potential target for cardioprotection.
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The aim of this investigation was to analyze the impact of intermittent cold blood cardioplegia (ICC) and intermittent warm
blood cardioplegia (IWC) on endothelial injury in patients referred to elective on-pump coronary artery bypass graft (CABG)
surgery. Patients undergoing CABG procedures were randomized to either ICC or IWC. Myocardial injury was assessed by CK-MB
and cardiac troponin T (cTnT). Endothelial injury was quantified by circulating endothelial cells (CECs), von Willebrand factor
(VWE), and soluble thrombomodulin (sTM). Perioperative myocardial injury (PMI) and major adverse cardiac events (MACE)
were recorded. Demographic data and preoperative risk profile of included patients (ICC: n = 32, IWC: n = 36) were comparable.
No deaths, PMI, or MACE were observed. Levels of CK-MB and ¢TnT did not show intergroup differences. Concentrations of
CECs peaked at 6 h postoperatively with significantly higher values for IWC-patients at 1 h (ICC: 10.1 + 3.9/mL; IWC: 18.4 + 4.1/mL;
P =0.012) and 6 h (ICC: 19.3 + 6.2/mL; IWC: 29.2 + 6.7/mL; P < 0.001). Concentrations of vWF (ICC: 178.4 + 73.2 U/dL; IWC:
258.2 + 89.7U/dL; P < 0.001) and sTM (ICC: 3.2 + 2.1ng/mL; IWC: 5.2 + 2.4 ng/mL; P = 0.011) were significantly elevated in
IWC-group at 1 h postoperatively. This study shows that the use of IWC is associated with a higher extent of endothelial injury
compared to ICC without differences in clinical endpoints.

1. Introduction

Cardiopulmonary bypass during cardiac surgical procedures
is associated with myocardial and endothelial injury [1-3].
Myocardial protection in form of intermittent cold (ICC)
and intermittent warm blood cardioplegic solutions (IWC)
is still under investigation even though clinically introduced
decades ago. Good clinical results were reported with ICC
and IWC among other potential options for myocardial pro-
tection. The use of IWC was demonstrated to be favourable
over ICC in low-risk patients referred to coronary artery
bypass procedures, whereas ICC was shown to provide supe-
rior myocardial protection in high-risk populations requiring
prolonged cross clamp times [4, 5].

Most trials investigating the impact of cardioplegic solu-
tions failed to detect differences in patients’ clinical outcome

due to the limited direct impact of cardioplegia on hard
clinical endpoints. However, the influence of myocardial
protection techniques is well investigated on inflammatory
processes [3]. Since inflammation correlates with the degree
of endothelial injury we sought to investigate in the presented
study endothelial function in patients undergoing coronary
artery bypass graft (CABG) procedures using IWC or ICC.
For the assessment of endothelial injury circulating endothe-
lial cells (CECs), von Willebrand factor (vWF), and soluble
thrombomodulin (sTM) were chosen as well established
indicators since respective concentrations reflect the degree
of endothelial injury associated with inflammation (VWF and
sTM) and vascular damage (CECs) especially in patients
with heart failure, diabetes, and various types of vasculitis
[6-9]. In patients with acute myocardial infarction, recent
data indicates that CEC counts may predict rupture of
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atherosclerotic plaque [10]. However, CEC count has never
been established for evaluation of IWC and ICC in coronary
artery bypass graft (CABG) patients.

We therefore aimed in the present study to test the
hypothesis if the use of ICC is associated with a reduced
endothelial injury in routine CABG procedures what might
in part explain the favourable results associated with IWC
over ICC.

2. Materials and Methods

2.1. Study Design and Patients. A randomized and blinded
single-center pilot trial was performed of patients (n = 72)
scheduled for elective coronary artery bypass graft (CABG)
surgery using cardiopulmonary bypass (CPB) at the Heart
Center of the University of Cologne between July 2013 and
December 2013. Exclusion criteria were ejection fraction
<25%, age >80 years, acute myocardial infarction, atrial
fibrillation, combined or redo procedures, history of diabetes
mellitus, renal or hepatic dysfunction, vasculitis, cancer, or
infectious diseases as well as intake of drugs that are known
to directly interact with the endothelium (e.g., antioxidants).
Eligible patients were randomized into two groups: (1) inter-
mittent cold blood cardioplegia- (ICC-) group and (2) inter-
mittent warm blood cardioplegia- (IWC-) group using a1:1
web-based and open-access randomization plan (generated
by http://www.randomization.com/). Sample acquisition was
incomplete in 4 patients in the ICC-group; these patients
were not included into analysis. All patients were blinded for
group allocation and data analysis was carried out without
knowledge of group allocation. Intraoperative blinding of
surgeons and perfusionists was not carried out. The study
was approved by the ethics committee of the University of
Cologne (Cologne, Germany) and all participating patients
gave written informed consent.

2.2. Surgical Technique and Cardioplegic Delivery. Induc-
tion of anesthesia was performed with 1ug/kg sufentanil,
0.2 mg/kg etomidate, 0.04 mg/kg midazolam, and 0.15 mg/kg
cisatracurium and maintained with sufentanil (1 ug/kg/mh)
and midazolam (0.1 mg/kg/h). Additional sevofluran was
administered until CPB.

Surgical technique and perioperative management were
uniform for all patients. All operations were performed
on CPB consisting of a centrifugal pump, a membrane
oxygenator (Jostra Quadrox, Maquet Cardiopulmonary AG,
Hirrlingen, Germany), and an in-line arterial filter. Mean
arterial pressure was maintained between 50 and 70 mmHg
and CPB flow was kept at 2.2-2.5L/min per m?. Core
temperatures for patients in the IWC-group were kept at
37°C during CPB and moderate hypothermia (32-34°C) was
applied for ICC-patients. Cardioplegia was chosen according
to randomization.

In the ICC group, induction of cardiac arrest was
achieved giving cold (4-6°C), nonsubstrate enriched Buck-
berg solution (Kohler Chemie GmbH, Alsbach-Héahnlein,
Germany) for 4-5 min with perfusion pressures of 60 mmHg
for antegrade cardioplegia delivery [2, 11]. The induction
solution was supplemented with potassium to deliver a final
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concentration of ~20 mmol/L. In the IWC-group, warm
(37°C) oxygenated blood was infused into the aortic root.
A syringe pump containing a potassium and magnesium
mixture (30 mL of 2 mmol/mL KCL; 10 mL of 2 mmol/mL
MgSO,) was connected to the cardioplegia circuit. Cardiac
arrest was induced at a blood flow rate of 200-300 mL/min
by continuous infusion of 150 mL/h of the syringe pump
over a 2-3 min time period [12, 13]. For both IWC and ICC,
maintenance of cardiac arrest was facilitated by antegrade
reinfusions into the aortic root for 3-4 min every 15-20 min
or after completion of an anastomosis (cardioplegic delivery
via completed bypass grafts is not routinely performed at our
institution). Independently of applied cardioplegic strategy,
warm reperfusion was always obtained by release of the aortic
clamp. Proximal anastomoses were completed on a beating
heart using a partial aortic clamping technique. Retrograde
delivery of warm cardioplegia was not applied.

2.3. Endothelial Markers and Circulating Endothelial Cells.
Assessment of markers of myocardial (CK-MB and troponin
T) and endothelial (vWE sTM, and CEC) injury was per-
formed as previously described preoperatively and at 1 hour,
6 hours, 12 hours, and 24 hours after CPB initiation, respec-
tively [14]. Briefly, blood was drawn from the central venous
catheter and collected in citrate tubes for determination of
VvWF and sTM and centrifugated at 1000 g for 20 minutes at
4°C (Allegra X-15R, Beckman Coulter), and supernatant was
frozen at -80°C. Concentrations of vVWF (AssayMax Human
von Willebrand Factor ELISA Kit, Assaypro, St. Charles,
USA) and sTM (Human CDI141 ELISA Kit, Diaclone SAS,
Besangon, France) were assessed in triplicate measurements
by a quantitative sandwich enzyme immunoassay technique,
for which commercial ELISA kits were used.

For CEC isolation, blood was collected in EDTA tubes
and measurements were immediately carried out using M-
450 Dynabeads, 4.5 ym diameter polystyrene beads coated
with rat anti-mouse immunoglobulin-G1 (Dynal, Hamburg,
Germany) coupled with murine anti-human CDI146 anti-
body (Biocytex, Marseilles, France). Blood and phosphate-
buffered saline containing 0.1% bovine serum albumin were
mixed (1mL each) with 20 uL FcR blocking agent (Miltenyi,
Bergisch-Gladbach, Germany) and incubated with 100 uL
anti-CD146-coated Dynabeads (8 x 10° beads/10 uL anti-
CD146) for 60 minutes while agitating. Magnet separa-
tion (Dynal MPC) of cells bound to anti-CD146-coupled
beads from blood was followed by washing with PBS-BSA-
solution and incubation for 1 hour with 10 uL of rhodamine-
labeled Ulex-Europaeus-Agglutinin-1 solution (1:10 dilution,
Linaris, Wertheim, Germany) on an orbital shaker in dark-
ness. After washing and resuspension in 100 4L of PBS-BSA,
cells were counted in a Nageotte chamber (Brand, Wertheim,
Germany) with a fluorescent microscope (Leica DMLB, Leica
Microsystems GmbH, Wetzlar, Germany) using an excitation
filter N2. CECs were identified and then counted as well-
delineated round or oval rhodamine-labeled cells with the
size of 10 to 40 ym with more than 4 beads attached.

Samples for CK-MB and troponin T analysis were
assessed at the Central Core Laboratory of the University
of Cologne using commercially available assays for CK-MB
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TABLE 1: Patients’ demographic and operative data.
Criteria ICC-group IWC-group P value
Number (1) 32 36
Age (years) 65.9 +11.3 63.9+77 0.392
Male gender (%) 75 81 0.486
Preoperative EF (%) 62 +19 56 + 23 0.249
NYHA-class 21+0.6 2.2+0.6 0.495
EuroSCORE 37+23 42+24 0.385
CPB time (min) 76.2 +16.4 68.7 £12.5 0.037
Cross clamp time (min) 39.7 £11.7 42.6 +14.6 0.373
Procedure time (min) 187.7 +39.2 1975 + 42.7 0.330
Number of grafts 31+£0.6 33+0.6 0.175
Ventilation time (hours) 174 £ 6.2 14.7 + 8.5 0.144
ICU stay (hours) 39.1+17.6 52.3+23.2 0.011
Atrial fibrillation (%) 23.1 28.6 0.772
PMI 0 0 —
MACE 0 0 —
Mortality 0 0 —

CPB: cardiopulmonary bypass; EF: ejection fraction; ICC: intermittent cold blood cardioplegia; ICU: intensive care unit; IWC: intermittent warm blood
cardioplegia; MACE: major adverse cardiac event; NYHA: New York Heart Association; PMI: perioperative myocardial injury.

(CK-NAC method, Roche Diagnostics, Mannheim, Ger-
many) and cardiac troponin T determination (Elecsys tro-
ponin T, Roche Diagnostics). PMI was defined as the combi-
nation of (1) creatine kinase- (CK-) MB level 5 times greater
than the upper level of normal (>120 U/L) with a CK-MB
fraction between 6 and 25% and (2) a cardiac troponin T
elevation greater than 1.5ng/mL during the first 72h after
surgery [15, 16]. Major adverse cardiac events (MACE) were
recorded as a composite endpoint including cardiac cause of
death, PMI, inotropic support with epinephrine >24 hours
(h), postoperative need for IABP or ECMO, and severe
ventricular arrhythmias. The components of this endpoint
were chosen to ensure high sensitivity for detection of
complicated postoperative course.

2.4. Statistical Analysis. For statistical analysis, SPSS sta-
tistical software (SPSS Inc., Chicago, IL, US) was used.
Categorical variables of groups were compared with Fisher’s
exact test and expressed as percentages. Continuous vari-
ables, given as mean + standard deviation, were compared
between groups by using the unpair