Chapter 17

Reactive Oxygen Species Are Involved
in Myocardial Remote Ischemic
Preconditioning

Martin Donato, Diamela T. Paez, Pablo Evelson, and Ricardo Jorge Gelpi

Abstract Ischemic heart disease is the leading cause of death worldwide. There
has been a continued search for better therapeutic strategies that would reduce myo-
cardial ischemia/reperfusion injury. Remote ischemic preconditioning (rIPC) was
firstintroduced in 1993 by Przyklenk et al who reported that brief regional occlusion-
reperfusion episodes in one vascular bed of the heart render protection to remote
myocardial tissue. Subsequently, different studies have showed that rIPC applied to
the kidney, liver, mesentery, and skeletal muscle, have all exhibited cardioprotective
effects. The main purpose of this chapter is to summarize the advances in under-
standing the molecular mechanisms of rIPC, including those related to oxidative
stress. Detailed understanding of the pathways involved in cardioprotection induced
by rIPC is expected to lead to the development of new drugs to reduce the conse-
quences of prolonged ischemia.
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1 Introduction

Ischemic heart disease is the leading cause of death and disability worldwide.
Therefore, novel therapeutic strategies are required to protect the heart against isch-
emia/reperfusion injury, preserve myocardial function, prevent heart failure, and
improve clinical outcomes in patients with ischemic heart disease.

In 1993, Przyklenk et al. [1] demonstrated that brief cycles of ischemia/reperfu-
sion of the circumflex coronary artery protected remote virgin myocardium in the
left anterior descending coronary artery territory. This observation extended the
concept of classical ischemic preconditioning (IPC) described by Murry et al. [2] in
1986, to protect the heart at a distance or ‘remote ischemic preconditioning’ (rIPC).
The rIPC phenomenon has been described in different organs and tissues such as
kidney and brain, emerging as a strategy of inter-organ protection against the effects
of acute ischemia/reperfusion injury.

Thus, in the last 20 years, the concept of rIPC has evolved from being an experi-
mental observation, whose underlying mechanisms continue to elude investigators,
to a clinical application which offers the therapeutic potential to benefit patients
with ischemic heart disease. Despite intensive investigation the mechanisms under-
lying rIPC remain unclear. The current hypothesis divides the mechanistic pathway
of rIPC into three components (Fig. 17.1):

1. Remote organ or tissue: rIPC stimulates the release of autacoids within the
remote organ or tissue that activates a local afferent neural pathway [3].

2. The connecting pathway: Different authors have described that the cardioprotec-
tive signal transference from the remote organ to the heart is the result of the
action of humoral factors [4], neural pathways [5], or a neurohumoral interaction
[6]. These hypotheses are not mutually exclusive and are probably part of the
same mechanisms.

3. Target organ: The protective factor activate an intracellular signaling pathways
in the target organ which mediates the rIPC protective effects.

2 Neural Pathway of rIPC

The involvement of a neurogenic pathway in remote cardioprotection has been dem-
onstrated by different authors [7, 8]. Pretreatment with the ganglion blocker hexa-
methonium abolished remote cardioprotection in rats through 15 min of mesenteric
arterial occlusion [7]. Furthermore, rIPC activates a neural afferent pathway
(Femoral and sciatic nerves and spinal cord) and the cardioprotective signal reaches
the heart through the vagus nerve (efferent pathway) [9].

Thus, experimental and clinical studies have demonstrated that rIPC protection
is dependent on an intact neural pathway to the remote organ or tissue with local
resection of the neural pathway abolishing rIPC. The current paradigm has pro-
posed that in response to the rIPC stimulus, autacoids such as adenosine [10],
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Fig. 17.1 This figure shows the link between the neural pathway (green solid lines) and humoral
pathway (broken red lines) in the mechanism of rIPC. Cycles of brief ischemia/reperfusion induced
the local release of factors, which then activate local sensory afferent neurons. A study shown the
participation of the neurons in the dorsal motor vagal nucleus (DMVN) in rIPC mechanism, this
provides parasympathetic innervation of the left ventricle. The potential sites of cardioprotective
factor(s) release include: (1) from the conditioned limb itself, (2) from the central nervous system,
(3) from pre-/post-ganglionic parasympathetic nerve endings within the heart (broken green lines);
and (4) from a non-conditioned remote organ/tissue receiving parasympathetic innervation

bradykinin [11] are produced in the remote organ or tissue resulting in the nitric
oxide dependent stimulation of local afferent sensory nerves. In this sense, the
administration of adenosine into the femoral artery resulted in the production of a
cardioprotective plasma dialysate, in patients undergoing coronary angiography,
confirming the findings in experimental animal studies that adenosine acted as a
“trigger” for limb rIPC. On the other hand, it has suggested that the sensory arm of
the neural pathway leading from the remote organ or tissue may be recruited by the
activation of Transient receptor potential vanilloid (TRPV) [12]; and different
experimental studies have demonstrated that the activation of these fibers by topical
capsaicin or nociceptive stimuli can mimic the r[PC cardioprotection. However, the
neural components of the pathway downstream of this sensory afferent neural via in
the remote organ or tissue remain unclear. Jones et al. [13] described that
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cardioprotection elicited by peripheral nociception was blocked by spinal transec-
tion at T7 but not C7, suggesting that direct stimulation of cardiac nerves may be
responsible for conveying the cardioprotective signal to the heart. Basalay et al
demonstrated that rIPC activates a neural pathway, and the signal reaches the heart
through the vagus nerves [14]. As we mentioned, and in accordance with the pioneer
findings of the Gourine’s group, we showed that rIPC activates a neural afferent
pathway (Femoral and sciatic nerves and spinal cord) and the cardioprotective sig-
nal reaches the heart through the vagus nerve (efferent pathway) and acetylcholine
activates the classic ischemic preconditioning (IPC) phenomenon when acting on
the muscarinic receptors [9]. However, the remotely activated signal transductions
participating in the rIPC intracellular mechanism remain unclear.

3 Humoral Pathway of rIPC

The earliest experimental evidence for a blood-borne cardioprotective factor
released by rIPC was provided in 1999 by Dickson et al. [4], who demonstrated that
the cardioprotection elicited by IPC could be transferred via blood transfusion to a
non-preconditioned animal. The existence of a circulating cardioprotective factor
was first demonstrated in a model of porcine transplantation [15], where hind-limb
preconditioning in an acceptor animal provided a significant cardioprotection to the
subsequently transplanted and denervated donor heart. A similar type of study was
performed by Kristiansen et al. [16] who demonstrated that hearts excised from a rat
that had been received a rIPC protocol experienced a smaller infarct size, when it
was subjected to a prolonged episode of ischemia and reperfusion on a Langendorff
system. Subsequent studies confirmed the presence of a circulating factor and pos-
tulated a number of candidate, that including calcitonin gene-related peptide [17],
opioids [18], endogenous cannabinoids [19], and hypoxia inducible factor-lo
(HIF-1w) [20].

Although the actual identity of the factor remains unclear, some authors sug-
gested that the factor may be a peptide <30 kDa [21]. In an isolated rabbit heart
model [22], plasma from remotely preconditioned animals was cardioprotective
when perfused into an isolated naive heart. The authors concluded that the factor
molecular weight is <15 kDa. Alternatively, the endogenous mediator may activate
an afferent neural pathway within the remote organ to confer cardioprotection, as is
the case with adenosine, bradykinin and CGRP.

Novel candidates for the blood-borne cardioprotective factors of rIPC were pro-
posed, each with varying degrees of experimental evidence: including (1) stromal
derived factor-1oor SDF-1a [23]; (2) exosomes [24]; nitrite [25]; (3) microRNA-144
[26]; (4) HIF-1a [20] Apolipoprotein a-I [27]. However, these studies have failed to
demonstrate that the cardioprotective factor was actually responsible for the benefi-
cial effect.
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4 How Do the Neural and Humoral Pathways Interact
to Mediate rIPC?

The neural and humoral pathways of rIPC could interact to mediate the protective
effect, however the underlying mechanism of this relationship has not been describe
(see Fig. 17.1 for a hypothetical scheme). Studies from Redington’s and Botker’s
groups have suggested the link between these two pathways in the setting of
rIPC. They use plasma dialysate harvested from animals or humans treated with
rIPC to demonstrated a reduction in infarct size in a naive animal hearts.

Redington et al. [28] have shown that the cardioprotective plasma dialysate can
be produced in animals and human in response to neural stimulation that include
direct nerve stimulation, transcutaneous electrical nerve stimulation, electro-
acupuncture and topical capsaicin. Botker et al. [29] demonstrated that diabetic
patients with a peripheral sensory neuropathy do not produce the cardioprotective
plasma dialysate in response to rIPC protocol, when compared to diabetic patients
without sensory neuropathy. Therefore, all this evidence suggests that the cardio-
protective factor is produced downstream of the neural pathway. However, the ques-
tion is: Where along the neural pathway is the cardioprotective factor released into
the blood?; and which cell is responsible for its release?.

5 Mpyocardial Mechanisms of Remote Ischemic
Preconditioning

Once the cardioprotective signal has been conveyed from the remote precondition-
ing organ to the heart, intracellular signal transduction mechanisms are recruited
within cardiomyocytes. In this sense, some authors [6, 30] suggested that rIPC acti-
vates a signalling mechanism similar to that described for ischemic preconditioning
(IPC), while others show that the cardioprotection conferred by rIPC follows a dif-
ferent pattern [31]. Recently, Heusch G carefully reviewed the signal transduction
pathways involved in the different ischemic conditioning phenomena and noted that
there are still some unsolved problems when studying the myocardial protection.
Particularly, the absence of a temporal description of the cardioprotective signals
involved [32].

A few years ago, Downey et al. proposed a classification of the signals participat-
ing in IPC that follows a logical/causal sequence of events and meets the temporal
sequence of the preconditioning protocol [33, 34]. They defined a trigger as a factor
released during the preconditioning ischemia periods that activates the cardiopro-
tection phenomenon, and defined mediators as factors that transmit the cardiopro-
tective signal during the prolonged myocardial ischemia to one or more end
effectors, which are responsible for attenuating the irreversible injury during the
lethal ischemic insult and/or during the subsequent reperfusion period. From this
point of view, several studies evaluated the intracellular signalling pathway involved
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Fig.17.2 Infarct size, expressed as a percentage of the left ventricular area. The rIPC significantly
reduced the infarct size and this effect was abolished by the different treatments (CVS, L-NAME,
5-HD). rIPC remote ischemic preconditioning, CVS cervical vagal section, Sub-VS sub-
diaphragmatic vagal section.*p < 0.05 vs. each other group

in the rIPC cardioprotection [35-37]. However, these authors have not considered
the timing sequence of signalling activation.

In a recently study [38], we evaluated the signaling pathway that is activated at
heart level, before myocardial ischemia. We hypothesized that pre-ischemic activa-
tion of muscarinic receptors induces Akt phosphorylation and through this pathway,
the phosphorylation of the endothelial nitric oxide synthase (eNOS). As a conse-
quence of a higher production of nitric oxide (NO), mitochondrial K*,p channels
(mK*srp) open and mitochondrial production of hydrogen peroxide (H,O,) increases.

In order to demonstrate this hypothesis, we performed experiments in isolated rat
hearts. As we expected, rIPC (Fig. 17.2) significantly reduce infarct size. The cervi-
cal vagal section (CVS) completely abolished the beneficial effect of rIPC, however
the Sub-diaphragmatic vagal section (Sub-VS) did not modify the rIPC effect, thus
demonstrating that denervation of other organs, different from the heart; do not
contribute to the loss of rIPC.

Since activation of muscarinic receptors can increase NO synthesis, we studied a
possible involvement of NO in the observed infarct size reduction afforded by the
rIPC. In this regard, administration of L-NAME, during the rIPC protocol, com-
pletely abolished the protective effect of rIPC, pointing out a central role of NO in
the rIPC cardioprotection. Given that NO could induce the mK*,rp channels to open,
we administered 5-HD before the rIPC protocol. The mK* yrp channels blocker com-
pletely abolished the effect of rIPC, thus providing evidence of an involvement of
mK*,rp channels in the rIPC.

Activation of the muscarinic receptors induces phosphorylation of Akt enzyme
[39]. To address this issue in a rIPC group phosphrylation of Akt in cardiac tissue
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Fig. 17.3 In Panel A, cardiac expression of phosphorylated Akt (Ser 473) can be observed in the
Non-rIPC, rIPC and the rIPC + CVS groups, immediately after hindlimb rIPC. The rIPC induced
a significant increase of the Akt phosphorylation, which was abolished by CVS. In Panel B of the
same figure, expression of the phosphorylated eNOS (Ser 1177) can be observed. The rIPC induced
a significant increase of the phosphorylation of this enzyme, which was abolished by CVS. *p <
0.05. rIPC remote ischemic preconditioning, CVS cervical vagal section

was determined at the end of the hindlimb preconditioning protocol (Fig. 17.3,
Panel A). Importantly, rIPC induced a significant increase of the cardiac Akt phos-
phorylation, which was abolished by the CVS, in hearts that were not yet subjected
to ischemia/reperfusion.

Since eNOS (Ser-1177) can be phosphorylated by Akt, we studied phosphor-
eNOS expression. In these experiments, rIPC induced a significant increase in the
phosphorylation of this enzyme, which was abolished by CVS, before the myocar-
dial ischemia (Fig. 17.3, Panel B). Taken together, these results clearly indicate
involvement of the Akt-eNOS pathway in the heart as triggers of the r[PC mecha-
nism before the ischemia/reperfusion cardiac insult.

Reactive oxygen species (ROS) have been shown to be toxic but also function as
signalling molecules. It has been suggested that mitochondrial ROS production
might play a relevant role in IPC [40], but this issue was not addressed in rIPC. Figure
17.4 (Panel A) shows a representative trace during an initial stabilization period of
the reaction mixture and after the addition of isolated mitochondria from the follow-
ing groups: Non-rIPC and rIPC. As it can be seen, an increased H,O, release in the
rIPC group is evident. Panel B shows that CVS, L-NAME and the mK* 1 channels
blockade with 5-HD attenuated the H,O, release.

Clearly, rIPC induces activation of Akt enzyme and eNOS phosphorylation,
mK*srp channels opening, and mitochondrial H,O, production in the heart before
the index myocardial ischemia. Therefore, they could be considered as rIPC trig-
gers. In addition, the protective effect of rIPC was abolished by CVS but not by
SVS, reinforcing the hypothesis of a parasympathetic vagal pathway.
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Fig. 17.4 Panel A shows a representative trace during an initial stabilization period and after the
addition of isolated mitochondria from Non-rIPC or rIPC rat hearts. Panel B shows the mitochon-
drial H,O, production rate mean in the different study groups. CVS, L-NAME and 5-HD abolished
the mitochondrial H,O, production rate. r/PC remote ischemic preconditioning, CVS cervical
vagal section. FIL Fluorescence intensity. *p < 0.05

Different authors have evaluated the possible intracellular mechanisms involved
in rIPC pathway. However, most of these works have studied mechanisms at time
points that are different from the ones used in this study: during early reperfusion
[41], in late reperfusion [42], and also using different animal species [9, 43, 44],
making difficult to establish a comparison. In agreement with our findings, Li SJ
et al showed that rIPC induces the activation of the PI3K/Akt and inhibition of
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GSK3p before myocardial ischemia [35]. However, the authors proposed that rIPC
would induce release of a factor to the bloodstream, which activates the PI3K/Akt/
GSK3p pathway at cardiac level, suggesting a myocardial mechanism similar to
IPC. The results of our study support the existence of a vagal efferent pathway, and
they extend the current knowledge by showing that rIPC could activate the Akt
pathway. Furthermore, the denervation of other organs, different from the heart; do
not contribute to the loss of rIPC, since that SVS did not abolish the rIPC
cardioprotection.

Akt phosphorylation would lead to activation of the eNOS enzyme and, subse-
quently, to mK*yrp channels opening and mitochondrial changes. The role of NO in
the rIPC mechanism is difficult to evaluate because it could participate in the tissue
or organ where the preconditioning stimulus is originated and/or at cardiac level as
part of the cardioprotection signalling. In this last case, it is well known that the
infusion of a drug able to increase the NO bioavailability puts the heart into a pre-
conditioned state [45]. Our results demonstrate that the rIPC activation involves
eNOS, since by administering L-NAME we abolished the protective effect, but
more important they demonstrate that there is a cardiac eNOS phosphorylation
immediately after the rIPC protocol, before myocardial ischemia. In addition, an
increase in the NO production is capable of acting directly on the mitochondria
inhibiting the respiratory chain and favoring ROS production [46], or activates the
c¢GMP/PKG pathway, which was involved in the IPC cardioprotection mechanism.

Several authors showed that IPC induces mK*,rp opening [47], however this fact
has not been evaluated for rIPC. Our results shown that the administration of 5-HD
abolished the rIPC protective effect, thus demonstrating an important role of these
channels in rIPC. The mK*yp opening produces a higher K* influx to the mitochon-
dria, decreasing the mitochondrial membrane potential and leading to an increase of
H,0, mitochondrial production [40].

6 Role of Reactive Oxygen Species in rIPC Protection

ROS are thought to mediate the oxygen toxicity because of their greater chemical
reactivity with regard to oxygen. They also operate as intracellular signalling mol-
ecules, a function that has been widely documented but is still controversial. In the
setting of acute myocardial ischemia/reperfusion injury, oxidative stress plays a
dual role. Its detrimental role is as a mediator of lethal reperfusion injury, however,
its beneficial signalling role is believed to mediate the cardioprotective effects elic-
ited by both IPC and postconditioning [48].

As mention, three components of rIPC can be distinguished: the signal genera-
tion, the transfer of the signal to the target organ, and its response to the transferred
signal resulting in cardioprotection.

Weinbrenner et al. suggested a possible beneficial signalling role for ROS in the
setting of rIPC. They showed that the administration of a free radical scavenger
abolished the protection elicited by rIPC [49]. These results are in agreement with
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our findings in which rIPC induces a higher mitochondrial H,O, production before
the myocardial ischemia, and this effect is attenuates by the inhibition of the NO
production with L-NAME and with the blockade of mK*.rp channels with 5-HD.

In this regard, H,O, could act as a second messenger of the rIPC protective sig-
nal. Besides, ROS production by the respiratory chain has been shown to activate
mK*yrp [50]. Furthermore, ROS generated by the mitochondria could activate other
sensitive redox enzymes, among them, the PKCe, which is one of the most impor-
tant kinases participating in the IPC mechanism [51].

It has been described in humans that a short episode of forearm ischemia/reper-
fusion performed with a blood pressure cuff is capable of modulating the composi-
tion of nitric oxide (NOe)/nitrite levels in the blood [52, 53]. Nitrite is not only the
oxidation product of NOe but also a key reservoir for NOe in blood and cellular
compartments [54, 55]. The half-life of nitrite in plasma is unknown but calculated
for humans to be approximately 35 min [56].

In an elegant study, Rassaf et al. [57] evaluated in healthy volunteers whether the
ischemic phase or the reactive hyperemia with the resulting shear stress during rIPC
are responsible for the modulation of plasma nitrite levels. They determined that
endothelial eNOS is responsible for nitrite generation during reactive hyperemia,
which is then transported to the myocardium. In additional experiments, the authors
assessed the response of the target organ to the transferred signal. Using myoglobin
(Mb) knockout mouse, they demonstrated that the nitrite generated during reactive
hyperemia is converted to bioactive NOe with subsequent modification of mito-
chondria by S-nitrosation, which then ultimately confer the cardioprotective effects
[58]. Transfer experiments of plasma from healthy volunteers subjected to rIPC of
the arm identified plasma nitrite as a cardioprotective agent in isolated Langendorff
mouse heart preparations exposed to ischemia/reperfusion.

Finally, a higher H,O, mitochondrial production before ischemia would protect
the heart against an exacerbated production of ROS during reperfusion [39], being
another important underlying mechanism of the rIPC protective effect. A scheme
combining our results and current knowledge regarding the intracellular mecha-
nisms activated by rIPC in the heart is depicted in Fig. 17.5.

On the other hand, there is experimental evidence describing the protective prop-
erties of NO, despite the limitations of endocrine movement to a remote site.
Endogenous NO seems to play a pivotal role in mechanism of rIPC in reducing liver
damage, and this is abrogated by treatments with the NO scavenger carboxy-2-
phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) and inhibited in the
eNOS knockout mouse [59]. Tokuno et al. [55] have involved iNOS activation as a
trigger for delayed rIPC of the heart using cerebral ischemia as preconditioning
stimulus. The cardioprotective effect was seen 24 h later and was absent in iNOS
knockout mice. Further studies demonstrated that NO is necessary for the develop-
ment of ischemia-induced delayed protection against myocardial infarction [60].
Although it is clear that NOS and NO seem to participate in the process of rIPC, the
mechanism for NO transport to a distant site and the nature of the endocrine rIPC
mediator have remained unknown.
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Fig. 17.5 Schematic illustration of the intracellular pathways activated by remote ischemic pre-
conditioning before myocardial ischemia. Acetylcholine, released from cardiac vagal nerve end-
ings, activates muscarinic receptors located in the cardiomyocyte plasma membrane, inducing the
phosphorylation of Akt and eNOS enzymes. Subsequently, activation of soluble guanylate cyclase
and protein kinase G could lead to mK*,p channels opening and increasing of H,0O, mitochondrial
production. This way, H,O, could act as a second messenger of the rIPC protective signal. Ach
acetylcholine, eNOS endothelial nitric oxide synthase, NO nitric oxide, sGC soluble guanylate
cyclase, PKG protein kinase G, mK*,p mitochondrial K*,rp channels
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Rassaf et al. [57] evaluated the mechanism of rIPC and explore the possible iden-
tity of the circulating endocrine mediator. They first find in humans that the levels
of plasma nitrite increase after brachial artery occlusion and release (reactive hyper-
emia). This is caused by eNOS activation with NO formation and oxidation to the
more stable nitrite. The authors performed studies in mice and showed that nitrite
levels increase. Inhibition of NO with cPTIO or in eNOS knockout mice prevents
the rise in nitrite and rIPC effects on myocardial infarction. This association was
confirmed by infusions of nitrite to match levels observed with rIPC. Finally, they
infuse human plasma with and without rIPC into the isolated heart model of isch-
emia/reperfusion and showed that the increase nitrite account for effects.

Although these studies suggest that nitrite forms during rIPC and travels in the
plasma to the heart, how is it then converted in the heart back into NO?. During
ischemia, nitrite is reduced to NO and N,O; by different nitrite reductase enzyme
systems [61, 62]. Mitochondrial NO and S-nitrosothiols formed from nitrite dynam-
ically and reversibly inhibit complex I during reperfusion, which limits ROS forma-
tion from complexes I and III. This ultimately prevents the opening of the
mitochondrial permeability transition pore and the release of cytochrome c. It has
been shown that the site of nitrosation is on cysteine 39 of the ND3 (NADH dehy-
drogenase, subunit 3) subunit of complex I. Several enzymes are required to convert
nitrite into NO during organ ischemia. In the heart, deoxygenated myoglobin acts as
a functional nitrite reductase. Nitrite-dependent NO formation is significantly
decreased in myoglobin-deficient hearts and nitrite administration reduces myocar-
dial infarction with abrogated effects in the myoglobin knockout mice. Rassaf et al.
[57] showed that the effect of rIPC is inhibited in the myoglobin knockout mouse,
providing additional evidence that the mediator factor of this effect is nitrite, which
is produced in the extremity and travels in blood to the heart, where it is reduced by
myoglobin to produce NO.

In a different experimental model of spinal cord ischemic injury, Dong et al. [63]
showed that the beneficial effect of limb r[PC was attenuated by administration of a
free-radical scavenger before rIPC. Additional, rIPC induced an increase in the
activity of catalase and superoxide dismutase (SOD) in the serum. The increase in
catalase and SOD activities was accompanied by a transient increase of serum
malondialdehyde levels. The free radicals scavenger treatment abolished the
increase in catalase and SOD activity induced by rIPC. This indicates that the
increase in antioxidant enzyme activities is closely related to the ROS generated by
rIPC.

7 Conclusions

Strong experimental evidence supports protection by rIPC from myocardial isch-
emia/reperfusion injury and other organs. However the mechanisms for local release
of the protective signal at the remote site and the contributions of neuronal and
humoral pathways are not yet clear, not only in signal release, but also in signal
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transfer to the target organ and protective signal transduction within the target organ.
Thus, in this chapter we summarized the more recent advances in the molecular
mechanisms of rIPC, particularly those related to oxidative stress.

A better understanding of the complex signaling involved in transduction of the

rIPC signal from the remote organ and tissue to the protected target may allow the
imminent discovery of novel pharmacological agents to directly activate the protec-
tive signaling pathways.
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