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Σηε κλήκε ησλ γνληώλ κνπ.. 

Πνπ κε έκαζαλ όηη ζεκαζία δελ έρεη πόζεο θνξέο ζα πέζεηο, 

αιιά πόζεο θνξέο ζα θαηαθέξεηο λα ζεθσζείο.   
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Επραξηζηίεο 

“Tell me and I forget.. 

Teach me and I may remember.. 

Involve me and I learn..” 

 

Μεξηθέο θνξέο ην ιηγόηεξν πνπ κπνξείο λα θάλεηο είλαη λα αθηεξώζεηο ιίγν ρξόλν θαη λα 

επραξηζηήζεηο αλζξώπνπο πνπ ζνπ άιιαμαλ ηε δσή. 

Οη κέληνξεο δελ βξίζθνληαη εύθνια.. Είκαη ηπρεξή πνπ από ηα πξώηα κνπ βήκαηα ζηνλ 

ρώξν ηεο έξεπλαο ήξζα ζε επαθή όρη κε έλαλ αιιά κε δύν εμαηξεηηθνύο κέληνξεο. Είλαη 

δύζθνιν λα ηνπο δηαρσξίζεη θαλείο. Κάζε έλαο ηνπο κε ηελ εμέρνπζα πξνζσπηθόηεηα 

πνπ ηνλ δηαθξίλεη έπαημαλ ζεκαληηθό ξόιν ζηε δηακνξθσζή κνπ πξώηα ζαλ άλζξσπν 

θαη κεηά ζαλ θνηηήηξηα. Με εκπηζηεύζεθαλ θαη κε θαζνδήγεζαλ όια απηά ηα ρξόληα. 

Με δίδαμαλ πσο λα δνπιεύσ αλεμάξηεηα, πώο λα ζθέθηνκαη, πώο λα επηηπγράλσ ηνπο 

ζηόρνπο κνπ. Οθείισ έλα πνιύ κεγάιν επραξηζηώ θαη ζηνπο δύν ζπλ-επηβιέπνληεο θαη 

«δαζθάινπο» κνπ, ηελ θα. Θσάλλα Αλδξεάδνπ θαη ηνλ θ. Παπαπεηξόπνπιν Αλδξέα. Τνπο 

επραξηζηώ πνπ κνπ έδσζαλ ηε δπλαηόηεηα λα δνπιέςσ δίπια ηνπο, πνπ δηαρεηξίζηεθαλ 

ηε δύζθνιε πξνζσπηθόηεηά κνπ, πνπ κε «έζπξσρλαλ» όηαλ εγθαηέιεηπα θαη κε 

θξαηνύζαλ όηαλ ππεξέβαια, πνπ πίζηεπαλ ζε εκέλα αθόκα θαη όηαλ δελ πίζηεπα ζηνλ 

εαπηό κνπ. You both were hard to find.. Difficult to part with (sometimes that was really 

difficult!!).. but impossible to forget. But that’s how only true mentors are. Εύρνκαη λα κελ 

ζηακαηήζεηε λα δπκώλεηαη κπαιά θαη ζπλεηδήζεηο θαη λα εκπλέεηε λένπο αλζξώπνπο.  

Λίγν πην καθξηά αιιά πάληα παξώλ λα δώζεη ηηο πνιύηηκεο ζπκβνπιέο ηνπ θαη ηε 

ζηήξημή ηνπ θάζε θνξά πνπ έηξερα παληθόβιεηε ζε απηόλ ν θαζεγεηήο Καξδηνινγίαο θ. 

Ηιηνδξνκίηεο Ε. Θα ήζεια λα ηνλ επραξηζηήζσ ηδηαίηεξα γηα ην ρξόλν ηνπ θαη εύρνκαη 

ε βαζηθή έξεπλα λα είρε πεξηζζόηεξνπο αθνζησκέλνπο θιηληθνύο ηαηξνύο όπσο απηόο.  

Ωζηόζν, νη «δάζθαινη» δελ είλαη νη κόλνη πνπ ζπκκεηέρνπλ ζηελ δηακόξθσζε ελόο 

δηδάθηνξα. Οθείισ έλα κεγάιν επραξηζηώ ζηνλ δάζθαιό κνπ ζηνλ πάγθν ηνλ Zongmin 

Zhou. Zongmin ήζνπλ πάληα εθεί γηα εκέλα, λα απαληάο ηηο βιαθώδεο εξσηήζεηο κνπ 

ρσξίο λα παξαπνλεζείο πνηέ. Ήζνπλ ν άλζξσπνο πνπ πάληα πξνζπαζνύζε λα κε 

εξεκήζεη, λα κε θξαηήζεη ζην έδαθνο, θαη λα κε θηλεηνπνηήζεη όηαλ έλησζα αβνήζεηε 

κε ηα ηξειά κνπ πεηξάκαηα! Δελ ππάξρνπλ πνιινί όζν εζύ. Σπλέρηζε λα καο δηδάζθεηο!  

Έλαο επηπιένλ παξάγνληαο θαη πνιύ ζεκαληηθόο είλαη νη άλζξσπνη ηεο 

θαζεκεξηλόηεηαο κε ηνπο νπνίνπο δνπιεύεηο καδί. Νάζα, Αλησλία, Θάλε, Παλαγηώηε, 

Κσλζηαληίλε, Ζσή ήζαζηαλ εμαηξεηηθή νκάδα. Η δσή ζην εξγαζηήξην ήηαλ επθνιόηεξε 

καδί ζαο. Θα κνπ ιείςεηε! 

Τειεπηαίνη αιιά κε εμαηξεηένη, νη άλζξσπνη ηεο πξνζσπηθήο κνπ δσήο. Φίινη πνπ ζαλ 

άιιε νηθνγέλεηα ήηαλ παξόληεο όπνηε ηνπο ρξεηαδόκνπλ.  Καη αλάκεζα ζε απηνύο ν 

ζεκαληηθόηεξνο κνπ θίινο θαη άλζξσπνο ζηε δσή κνπ, ν αδεξθόο κνπ. Ταζνύιε, ήζνπλ 

ν ιόγνο πνπ πξνζπαζώ όια απηά ηα ρξόληα κόλν θαη κόλν γηα λα ζνπ απνδείμσ όηη ό,ηη 

θαη λα καο ζπκβεί εκείο πξέπεη λα ζπλερίδνπκε.. Σε επραξηζηώ πνπ ήζνπλ εθεί γηα εκέλα.  
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Abstract 

Background: Ischemia (I) and reperfusion (R) induced organ injury contributes to morbidity 

and mortality in pathologic conditions including myocardial infarction. The initial tissue 

damage inflicted by I is paradoxically aggravated during R leading to elevated myocardial 

infarction. In this context the ischemic preconditioning (PreC) and postconditioning (PostC) 

are powerful endogenous mechanisms that limit myocardial infarct size. However, although 

the great knowledge on the molecular mechanisms underlying conditioning phenomena, 

translation into clinical practice has not been an easy task. Translation of conditioning has 

been unsuccessful is that patients suffering from acute myocardial infarction in the presence 

of conditions and/or comorbidities. Since the therapeutic benefit of mechanical PostC (the 

most clinical relevant) has been challenged, administration of pharmacological agents that act 

as PostC mimetics might be a preferred approach. In this context, the gaseous transmitters -

NO and H2S- have been shown both to play a predominant role in the pathophysiology of I-R 

injury and confer cardioprotection as conditioning mimetics. Thus, a better understanding of 

i) the pathopshysiology of myocardial I-R injury; ii) the underlying mechanisms of signal 

transduction pathways in conditioning phenomena and iii) the molecular targets of the 

conditioning mimetics as NO and H2S; may lead to the establishment of novel and clinically 

applied therapeutic approaches.  

Aim: In the present thesis, we sought to evaluate the role and the underlying molecular 

mechanisms of endogenous produced or exogenous administrated gasotransmitters, NO and 

H2S, on i) the pathophysiology of myocardial I-R injury; in which we sought to correlate the 

endogenous production of NO by eNOS and its phosphorylation status with cardiomyocyte 

survival and to investigate the contribution of the novel kinase PYK2 in the regulation of 

eNOS during myocardial infarction; ii) PostC mimicking effects in myocardial infarction and; 

in which we sought to determine whether acute low dose NTG (as an NO donor) and NaHS 

(as an H2S donor) exert direct effects on myocardial infarct size and further compare the 

underlying signaling of the two gaseous transmitters in the context of cGMP related pathways 

and  iii) the physiological role of these two gaseous molecules in cigarette smoking; in which 

we investigated the effects of cigarette smoke (CS) exposure on intracellular myocardial 

signaling, infarct size after I-R and the potential interference with ischemic conditioning. The 

aims were assessed by performing four separate experimental studies.  

Methods and Results:  In the first study oxidative stress injury by H2O2 led to an increase of 

PYK2 phosphorylation on its activator site (Y402) and an increase in eNOS phosphorylation 

on both the inhibitory site Y656 and on the activator site S1176 in H9c2 cardiomyocytes. 

Both H2O2–induced phosphorylation events were abolished by pharmacological inhibition or 

gene knockdown of PYK2. Activity assays demonstrated that Y657 exerts a dominant effect 

over S1176. In cell viability experiments, survival was augmented under either oxidative 

stress or oxygen-glucose deprivation injury when PYK2 was inhibited; this effect was 

reversed by inhibition of NO production. Our findings were confirmed in vivo; I-R activated 

PYK2 early during R, leading to eNOS phosphorylation on Y656 and reduced NO output, as 

judged by the low tissue cGMP levels. Moreover, pharmacological blockade of PYK2 

alleviated eNOS inhibition and prevented cardiac damage following I-R in wild-type, but not 

in eNOS KO mice.  

In the second and third study low dose IV NTG and NaHS reduced infarct size in anesthetized 

male rabbits without affecting haemodynamics. However differences were detected in the 

downstream pathways. On one hand co-administration of PI3K or NOS inhibitors along with 
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NTG abrogated NTG‘s beneficial effect. Inhibition of iNOS, did not affect the 

cardioprotection afforded by NTG whilst inhibition of nNOS increased NTG‘s benefit. To 

further evaluate the role of eNOS in NTG induced cardioprotection, we treated eNOS KO 

mice with NTG; NTG had no effect on infarct size in eNOS KO mice, although its 

cardioprotective actions were reproduced in the murine wild type heart but not in the wild 

type ones with nitrate tolerance. In addition, eNOS and AKT phosphorylation were higher in 

NTG-treated rabbits compared to the control group. However, no phosphorylation of eNOS 

was detected in the murine hearts. On the other hand NOS inhibition did not alter the effect of 

NaHS in rabbit hearts. Unlike what was observed in rabbits, genetic or pharmacological 

inhibition of eNOS abolished the infarct-limiting effect of NaHS in mice. The signaling 

differences continued downstream as NTG administration failed to increase cardiac cGMP 

levels while the PKG inhibitor DT-2 failed to reverse NTG‘s infarct limiting effects, whilst 

NaHS increased cardiac cGMP levels and DT-2 abrogated the protective effects of NaHS, an 

effect not observed by addition of the control peptide TAT. Further studies revealed that each 

gaseous molecule follows different downstream signaling. Mechanistically, NTG protected 

through a CypD-dependent manner as NTG failed to confer additional protection in hearts 

from CypD KO mice, which already exhibited smaller infarct size than their wild type 

littermates. In addition, NTG offered cardioprotection in ApoE KO mice indicating that it 

could be a potent cardioprotective agent in the presence of endothelial dysfunction conditions. 

Interestingly, NTG effects were mediated due to an eNOS mediated nitro-oxidative stress 

reduction in the ischemic myocardium. As for NaHS, the KATP channel inhibitor 

glibenclamide partially reversed the effects of NaHS, while inhibition of mitochondrial KATP 

did not modify the NaHS response. NaHS enhanced phosphorylation of phospholamban 

(PLN), in a PKG-dependent manner. To further investigate the role of PLN in H2S-mediated 

cardioprotection, wild type and PLN KO mice underwent I-R. NaHS did not exert 

cardioprotection in PLN KO mice.  

In the fourth study exposure of mice to CS increased blood pressure, caused cardiac 

hypertrophy, up regulated the NOS/sGC/cGMP pathway whilst decreased H2S generating 

enzymes expression.. Exposure to CS did not increase the infarction compared to the room air 

(RA)-exposed group. PreC application was beneficial for both CS and RA vs non-conditioned 

animals. PostC application was effective only in RA animals, whilst the infarct size-limiting 

effect was not preserved in the CS group. Differences in oxidative stress markers, H2S 

generating enzymes, Akt and eNOS phosphorylation and cGMP levels were observed 

between RA and CS groups. The beneficial effect of ischemic PreC is preserved in mice 

exposed to CS, as it does not affect the cardioprotective signaling; in contrast to PostC. 

Conclusions: The conclusions of the present thesis can summarized as follows i) PYK2 is a 

pivotal regulator of eNOS function in the pathophysiology of myocardial infarction and could 

serve as a new cardioprotective strategy; ii) Exogenous administration of NO and H2S donors  

induces pharmacological postconditioning and reduces myocardial infarct size. The two 

gaseous molecules act different in the upstream pathways, although both either directly 

(acting in a CypD dependent manner; the case of NTG) or indirectly (acting due to a 

cGMP/PKG/PLN pathway; the case of NaHS) preserve mitochondrial integrity and iii) CS is 

a new comorbidity that blunts PostC beneficial effects in the myocardium. PostC fails to 

protect CS-exposed mice due to impaired activation of the Akt/eNOS/cGMP axis that occurs 

in parallel to enhanced oxidative stress 
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General Introduction 

 

Part I: Pathophysiology of myocardial ischemia reperfusion injury.  
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1.  Ischemia-Reperfusion injury 

 

1.1. Definition 

Ischemia; is a condition where the blood flow, and therefore oxygen, is restricted to a part of 

the body. Reduced blood flow to an organ is usually caused due to a constricted or blocked 

artery. Ischemia leads to cell death (necrosis and apoptosis) due to oxygen and nutrients 

insufficiency. Specifically, myocardial ischemia refers to lack of coronary blood flow and 

oxygen to the heart muscle
1
.  

Reperfusion; is the restoration of the blood flow to the part of the previously ischemic organ. 

 

1.2. Basic Mechanisms of Cell Death 

For many years, ischemia reperfusion-induced cell death was thought to occur by extrinsic 

factors, such as loss of energy supply, elaboration of inflammatory mediators and toxic 

molecules, and mechanical injury, a mode of cell death termed necrosis (oncosis). However, it 

is now recognized that cells can also be programmed to die by cellular signaling mechanisms 

via the processes of apoptosis and autophagy
2
. In addition, an emerging body of evidence 

indicates that the apparently random and uncontrolled events associated with necrosis may, 

under certain circumstances, actually involve the mobilization and coordination of specific 

signaling mechanisms in a fourth death pathway termed programmed necrosis or necroptosis
3
.  

 

1.2.1. Apoptosis 

Apoptotic mechanisms are divided into the ―extrinsic‖ and ―intrinsic‖ pathways, although 

there is considerable cross talk between the two pathways
4, 5

. The ―extrinsic‖ pathway 

involves the activation and subsequent trimerization of receptors as Fas, TNFα and TRAIL, 

which, in turn, recruits a number of death domain-containing proteins such as FADD and 

TRADD to the receptor complex. This death-inducing signaling complex activates the 

protease caspase-8, which, in turn, cleaves and activates caspase-3. Caspase-3 acts as the 

cell‘s executioner by proteolyzing many cellular proteins
4, 5

.  

Regarding the ―intrinsic‖ pathway, cytotoxic stimuli as ischemia-reperfusion injury induce the 

translocation and integration of pro-death members of the Bcl2 protein family (e.g., Bax, Bak) 

into the outer mitochondrial membrane
4, 5

. These proteins, by a mechanism that still remains 

controversial, permeabilize the outer membrane, thereby enabling the release of pro-apoptotic 

proteins from the inter membrane space, most notably cytochrome c, Smac/DIABLO, 

Omi/HtrA2, and endonuclease-G (endoG) and form the resultant ―apoptosome‖. Caspases 

activation or DNA fragmentation follows resulting in cell death
4, 5

. Apoptotic mechanism of 

cell death is briefly described in Figure 1.  
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Figure 1: Apoptosis is critical for cardiac survival. It can be mediated by the mitochondrial 

dependent intrinsic pathway and by the death receptor mediated extrinsic pathway. DRs: 

death receptors, FADD: Fas-Associated protein with Death Domain
6
.  

 

1.2.2. Autophagy 

Autophagy is the cell‘s main mechanism for disposal of obsolete or damaged organelles and 

protein aggregates, thereby providing a ―housekeeping‖ function. It is also the survival 

mechanism of cells to withstand stressful conditions, such as starvation, hypoxia, 

mitochondrial dysfunction, and infection by generating amino acids and fatty acids for 

maintenance of cell function, or by removing intracellular pathogens. However, uncontrolled 

autophagy will ultimately lead cell death and may contribute to ischemia- reperfusion injury.  

Autophagy is tightly regulated and is mediated by specific pathways. The main controller is 

mammalian target of rapamycin (mTOR), which inhibits autophagy. However, under 

conditions of nutrient withdrawal or stress, mTOR is inactivated
7-9

. This depresses other 

kinases (Atg1, Atg13 and Atg17) which initiate formation of the phagophore. Formation of 

the phagophore is further facilitated by another complex which, in turn, recruits Atg12, Atg5, 

and Atg8 (also called LC3), which are essential for the elongation of the membrane and 

completion of the autophagosome leading to cell death
7-9

. Cardiomyocyte autophagy 

mechanisms are briefly described in Figure 2. 
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Figure 2: Cardiomyocyte autophagy. Regulation of autophagy by mechanistic target of 

rapamycin (mTOR) and AMP-activated protein kinase (AMPK). Insulin and growth factors 

signal through phosphoinositide 3-kinase (PI3K) and Akt to inhibit the tuberous sclerosis 

(TSC)1/2 complex. Inhibition of this complex allows active Ras homolog enriched in brain 

(RHEB)–GTP to activate mTOR in the mTORC1 complex, leading to phosphorylation (P) of 

the ULK1 (unc-51-like autophagy activating kinase 1) complex and inhibition of autophagy. 

Amino acids can also activate the mTORC1 complex by a separate mechanism. AMPK 

responds to low cellular energy levels by activating ULK1 via phosphorylation, resulting in 

activation of autophagy. Additionally, AMPK can initiate autophagy by disrupting BCL-2 

inhibition of Beclin 1, by activating forkhead box protein O (FoxO) transcription factors, and 

by directly activating TSC1/2 and Beclin 1.
10

 

 

1.2.3.  Necrosis and necroptosis 

Necrosis is characterized morphologically by swelling of cells and their constituent 

organelles, mitochondrial dysfunction, lack of nuclear fragmentation, plasma membrane 

rupture, and leakage of intracellular contents. In contrast to the programmed nature of 

apoptosis and autophagy, necrosis was believed to occur by random, uncontrolled processes 

that lead to the ―accidental‖ death of the cell in response to overwhelming stress. However, 

the concept of programmed necrosis, also termed necroptosis, especially under conditions like 

ischemia-reperfusion, is gaining acceptance. It is now known that cell stress or death receptor 

activation mobilizes and activates a group of serine/threonine kinases called receptor 

interacting proteins (RIPs). In particular, RIP1 and RIP3 appear to act in coordination as 

mediators of necrosis
3, 11, 12

. Activation of RIPs 1 and 3, in turn, leads to increased ROS 

production either through activation of NADPH oxidases
13

, or increased mitochondrial 
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oxidant production
12

, depending on the cell type. The finding that necrostatin-1 (a small 

tryptophan-based compound that inhibits cell death invoked by TNFα) reduces TNFα-induced 

necrotic cell death through inhibition of RIP1 kinase activity supports the concept of receptor-

induced necrosis via a controlled cellular process
11

. 

One potential mitochondrial target for RIP-mediated necrosis is the mitochondrial 

permeability transition (mPT) pore (P). The mPTP is a large, nonspecific channel in the inner 

mitochondrial membrane that is opened in response to excessive production of ROS and to 

Ca
2+

 overload of the mitochondrial matrix
4, 14-16

, both of the above occur during ischemia and 

more specifically in the early minutes of reperfusion. This sudden increase in inner membrane 

permeability dissipates the proton electrochemical gradient (Δψm), leading to ATP depletion, 

further ROS production, and ultimately swelling and rupture of the organelle. Although 

originally proposed as a mediator of apoptosis, recent genetic studies have suggested that the 

mPTP opening (Figure 3) is predominantly involved in necrosis
4, 14-16

.  

 

 

Figure 3: mPTP opening. Various factors, including calcium overload and oxidative stress, 

open, in the inner mitochondrial membrane, the mitochondrial permeability transition pore 

(mPTP). This uncouples oxidative phosphorylation and compromises intracellulare ATP 

levels eventually leading to necrotic cell death
16

.  

 

In conclusion myocardial injury after ischemia-reperfusion is modulated by at least two 

morphologically distinct pathways, namely, necrosis and apoptosis. Both necrosis and 

apoptosis contribute to increased myocardial infarct size and, depending on their relative 

contribution, act to modulate post-ischemic functional recovery. However, recent evidence 

suggest that inhibition of caspase activity in early reperfusion and therefore inhibition of 

apoptotic cell death does not improve immediate post-ischemic functional recovery 

(Unpublished data from ECS summer school 2015, Nice, France), questioning the role of 

apoptosis in myocardial ischemia-reperfusion injury.  
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1.3. General mechanisms underlying Ischemia-Reperfusion injury 

The mechanisms contributing to the pathogenesis of ischemia-reperfusion injury are 

multifactorial, complex, and highly integrated, with the net result of the perturbations induced 

by ischemia and invoked when the blood is resupplied causing damage to all biomolecules in 

cells and tissues.  

Ischemia-reperfusion injury is mainly characterized by the following: 

(1) ATP depletion; as a result of oxygen depletion which further causes a switch from 

aerobic to anaerobic metabolism 

(2) Ions homeostasis imbalance; the effect of ion ATPase exchangers dysfunction 

(3) pH oscillations-pH paradox; starting with the orchestrator lactate and further leading 

to H
+
 concentration impairment 

(4) Ca
2+

 paradox; occurring especially during the early minutes of reperfusion 

(5) Oxygen paradox; generation of reactive oxygen (ROS) and nitrogen species (RNOS) 

that is fueled by re-introduction of molecular oxygen when the blood flow is re-established 

and 

(6) mitochondrial dysfunction; which occurs due to opening of the mitochondrial 

permeability transition (mPT) pore
17

 . Described in brief in Figure 4. 

 

 

 

Figure 4: Schematic illustration of the main proponents of acute myocardial 

ischemia/reperfusion injury. Putative mechanisms of the calcium and free radical paradox 

in the generation of ischemia/reperfusion injury
18

.  

 

In brief, in its classic manifestation, occlusion of an arterial bed limits blood supply and 

results in a severe insufficiency of oxygen and nutrients, causing organ-tissue hypoxia. The 

deprivation of oxygen and nutrient supply results in a series of abrupt biochemical and 

metabolic changes within the myocardium. The absence of oxygen halts oxidative 
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phosphorylation, leading to mitochondrial membrane depolarization, ATP depletion, and 

inhibition of myocardial contractile function. This process is exacerbated by the breakdown of 

any available ATP, as the F1F0 ATPase functions in reverse to maintain the mitochondrial 

membrane potential, resulting in ATP hydrolysis and an increase in mitochondrial inorganic 

phosphate
17, 18

. During acute ischemia the absence of oxygen switches cellular metabolism to 

anaerobic respiration, resulting in the production of lactate and a drop in intracellular pH. To 

buffer this accumulation of hydrogen ions the Na
+
-H

+
 exchanger is activated, to extrude H

+
 

from the cell in exchange for Na
+
 overload

19, 20
. Na

+
 entry further activates the Na

+
-Ca

2+
 

exchanger to function in reverse to extrude Na
+
 and leads to intracellular Ca

2+
 overload

21
. 

Cellular ATP depletion ceases function of Na
+
-K

+
 ATPase, thereby exacerbating intracellular 

Na
+
 overload. The acidic conditions during ischemia prevent the opening of the mitochondrial 

permeability transition pore (mPTP) and cardiomyocyte hypercontracture at this time. 

However, the changes in ion homeostasis are accompanied by opening of the mPTP, which 

dissipates mitochondrial membrane potential and further impairs ATP production
22

. In 

myocardium, the molecular changes described above during ischemia are accompanied by 

activation of intracellular proteases (calpains) which damage myofibrils and produce 

hypercontracture and contracture band necrosis. The degree of tissue injury varies in extent 

with the magnitude of decrease in the blood supply and with the duration of the ischemic 

period. Although the absence of O2 should reflect to minimum ROS production during 

reperfusion, however ROS are formed either by oxygen deprived mitochondria or from the 

endothelium.  

Although prompt reperfusion restores the delivery of oxygen and substrates required for 

aerobic ATP generation and normalizes extracellular pH by washing out accumulated H
+
, 

reperfusion itself appears to have detrimental consequences. During reperfusion, the electron 

transport chain is reactivated, generating ROS. Other sources of ROS include xanthine 

oxidase (endothelial cells) and NADPH oxidase (neutrophils). ROS mediate myocardial 

reperfusion injury by inducing the opening of the mPTP, acting as a neutrophil 

chemoattractant, and mediating dysfunction of the sarcoplasmic reticulum (SR). This 

contributes to intracellular Ca
2+

 overload and damages the cell membrane by lipid 

peroxidation, inducing enzyme denaturation and causing direct oxidative damage to DNA. 

Reperfusion and reactivation of the Na
+
-H

+
 exchanger result in washout of lactic acid, 

resulting in the rapid restoration of physiological pH. The restoration of the mitochondrial 

membrane potential drives calcium into the mitochondria, which can also induce mPTP 

opening
18, 23

. 

 

1.4. Gasotransmitters as signaling molecules in ischemia-reperfusion induced cell 

death: The role of endogenous produced NO and H2S.  

1.4.1. Gasotransmitters definition: 

Gasotransmitters (gaseous transmitters), a newly characterized class of molecules is classified 

as follows: 

i) They are small molecules of gas, like nitric oxide (NO), carbon monoxide (CO) and 

hydrogen sulfide (H2S).  

ii) They are freely permeable to membrane. As such, their effects will not rely on 

cognate membrane receptors. 
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iii) They are endogenously and enzymatically generated and their generation is regulated. 

iv) They have well-defined specific functions at physiologically relevant concentrations.  

v) Their cellular effects may or may not be mediated by second messengers, but should 

have specific cellular and molecular targets
24

.  

 

1.4.2. The role of H2S in the pathophysiology of ischemia-reperfusion injury. 

H2S is generated from endogenous sources and is physiologically present in different tissues. 

Endogenous H2S generating enzymes have been identified in mammals. De-sulfhydration of 

cysteine is the major source of H2S in mammals and is catalyzed by the trans-sulfuration 

pathway enzymes cystathionine beta-synthase (CBS), cystathionine gamma-lyase (CSE), and 

3-mercaptopyruvate sulfurtransferase (3- MST). Cystathionine can be converted by CSE to 

form H2S. CBS can form cystathionine from serine and homocysteine, and additionally can 

form H2S from cysteine. Cysteine, along with alpha-ketoglutarate (alpha- KG), is converted 

into 3- mercaptopyruvate (3MP) by cystine aminotransferase (CAT). 3MP can then be broken 

down by 3MST to form H2S
25

. In the heart, CBS and 3MST seem not to play any significant 

role in generating H2S under normal conditions, but CSE appears to be involved in the 

endogenous generation of H2S
26, 27

. The observation that the heart contains significant H2S 

synthesizing enzyme suggests that it represents an important source of H2S generation
28

 . 

The understanding of the regulation of H2S levels and CSE in the pathophysiology process of 

ischemia-reperfusion injury is still in its infancy. However, as post-translation modifications 

of CSE have not been yet reported in the literature in the context of myocardial ischemia-

reperfusion injury, the data that suggest an important role of H2S in ischemia-reperfusion 

injury are driven through CSE activity studies and functional studies which evaluate the size 

of myocardial infarction upon CSE inhibition or knock down
27, 29-35

. 

Although, in general the cytoprotection afforded by H2S is associated with up-regulation of 

antioxidant pathways
36

, inhibition of myocardial inflammation
37

, preservation of 

mitochondrial structure and function
37

  after ischemia and inhibition of apoptosis
37, 38

; 

however, there is only one study, described below that explains how endogenous H2S confers 

cardioprotection.  

 

1.4.2.1. CSE activity studies during ischemia-reperfusion injury. 

In 2007 Chuah et al
29

., evaluated by Stipank & Beck method (Methylene blue) the activity of 

CSE under ischemia-reperfusion injury in the left ventricle. They found that CSE is the 

enzyme responsible for hydrogen sulfide production in the myocardium. In addition, the 

authors of this study, by using a selective inhibitor of CSE (PAG) 
39

during acute myocardial 

infarction in a  rat in vivo model of myocardial infarction reported that both expression and 

activity of CSE were reduced
29

. Later on, it was reported that in primary neonatal rat 

cardiomyocytes, CSE expression was remarkably suppressed after hypoxia treatment
31

. 

Recently these findings were replicated in cardiac stem cells as it was reported that CSE 

expression and activity was inhibited by hypoxia/serum deprivation treatment in these cells. 

In addition, functional effects on apoptotic death were reported, as, overexpression of CSE 

markedly prevented death, whilst CSE inhibitors reversed and exacerbated apoptotic death
30

. 
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However, we have to keep in mind that a direct and reliable method measuring CSE activity, 

except methylene blue, has not been described yet.  

 

1.4.2.2. Lessons from CSE inhibition studies and knockout models on the involvement of 

H2S in ischemia-reperfusion injury 

It has been reported that inhibition of CSE enzyme by administration of PAG increases 

myocardial infarct size in in vivo pig
34

  and rat
27, 35

 models of myocardial ischemia-

reperfusion injury. These studies were the first suggesting that the endogenous H2S is 

produced during myocardial ischemia in sufficient amounts to limit infarct size. 

However, as although PAG is a potent inhibitor of CSE
39

, the use of a pharmacological 

inhibitor –with many off target effects- as the only tool to evaluate  the role of CSE during 

myocardial infarction needs further evaluation. 

More recent and sophisticated studies strengthened the cardioprotective role of endogenous 

H2S. Calvert et al., by using a CSE cardiac-restricted overexpression murine model reported 

that H2S production was increased in the heart muscle and this led to a profound protection 

against ischemia-reperfusion injury induced heart failure
32

. Finally, in 2014, King et al., 

characterized global CSE KO murine hearts in response to ischemia reperfusion injury. They 

found that CSE KO mice exhibit elevated oxidative stress, dysfunctional eNOS, diminished 

NO levels and exacerbated myocardial infarction injury
33

.  

As described from the later study, there is evidence for an interplay between the two 

gasotransmitters H2S and NO in the context of ischemia-reperfusion injury. The 

cardioprotective effects of H2S have been reported to be nitric oxide (NO)-dependent and this 

was claimed to occur in a cGMP-independent manner
33

. The possible interplay has already 

been described in other systems and pathologies (i.e.
40

) 

 

1.4.3. The role of NO in the pathophysiology of ischemia-reperfusion injury 

Nitric oxide synthases (NOS) are the enzymes responsible for NO generation. To date, three 

distinct NOS isoforms have been identified: neuronal NOS (type 1), inducible NOS (type 2) 

and endothelial NOS (type 3). NOS‘s catalyze an overall 5- electron oxidation of one NN-

atom of the guanidino group of L-arginine to form NO and L-citrulline, with the intermediate 

NN-hydroxy-L-arginine (NOHA). NO synthesis is critically influenced by various cofactors 

such as tetrahydrobiopterin (BH4), flavin mononucleotide (FMN) and flavin adenine 

dinucleotide (FAD)
41

.  

We have to mention here, that although the studies reported below on the involvement of 

endogenous NO in the pathophysiology of ischemia-reperfusion injury are numerous, the role 

of endogenous NO remains still controversial. 

In addition, the mechanisms underlying NO protection are not yet clear. In brief, NO confers 

to cardiomyocyte survival due to its capability of inhibiting the opening of mitochondrial 

permeability transition pore (mPTP) and the cardiac mitochondrial voltage-dependent anion 

channel (VDAC)
42

; elevating cGMP-dependent signaling
43

 or direct redox-related Ca
2+

 

handling protein modification (S-nitros(yl)ation)
44

. However, the only evidence of how 

endogenous NO confers cardioprotection involves the translocation of PKC-alpha, -delta and 

-epsilon isoforms to the nucleus-myofibril fraction and the translocation of PKC-alpha to the 
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membrane fraction after ischemia (20 min) and reperfusion (10 min) in the perfused rat heart. 

The authors suggested that NO generated during reperfusion following ischemia activates 

PKC isoforms and may protect the heart against contractile dysfunction in the perfused 

rat heart
45

. 

 

1.4.3.1. NOS activity studies during ischemia-reperfusion injury. 

According to the existing literature, changes in NOS activity during ischemia-reperfusion 

injury seem to be species specific and highly contradictory. 

The first evidence of the involvement of endogenous NO, but only superficial came on 1992. 

Matheis et al., reported that in in vivo piglets a reduction on circulating NO in systemic 

venous and coronary sinus blood content during hypoxia which increased during reperfusion, 

indicating reduced NOS activity during ischemia
46

. Following this observation in in vivo pigs 

a 90% reduction in Ca
2+

 dependent NOS activity was observed in ischemia-reperfusion versus 

non ischemic hearts. It was also suggested that L-arginine administration increased 

specifically eNOS activity leading to a reduction of infarct size
47

. However, contradictory 

findings on eNOS activity during ischemia –reperfusion has been reported in the isolated rat 

model even from the same authors. In brief the group of Zweier
48

 by performing EPR studies 

with a spin trap for NO, found that NO
.
 increased during ischemia; results replicated also by a 

different group
49

, which reported that that tissue NO signal is increased after 30 minutes of 

ischemia. A little later the Zweier‘s group on 1996 suggested that in the 20
th
 second of 

reperfusion the NO effluent of the isolated ischemic rat heart was reduced until the 5
th
 minute 

of reperfusion
50

. Contradictory findings were further reported as it was suggested that in 

longer ischemic periods of 30 minutes eNOS activity is reduced and recovers after 45 minutes 

of reperfusion
51

. Finally the same group in the most recent study suggested that eNOS activity 

is reduced constantly during the ischemic period. As for the rabbit isolated heart it has been 

proved that cytosolic eNOS activity is increased during ischemia
52

. Activation is rapid, 

persists during the whole ischemic episode and disappears during reperfusion
53

. 

However, except the study on in vivo pigs, in vivo data on the NOS activity during 

myocardial infarction do not exist. Measurement of NOS activity in vivo is tricky, and usually 

studies assess the levels of the surrogate marker of eNOS activity, increased cGMP levels. In 

this context the only study supporting in vivo evidence of reduced eNOS activity during 

ischemia showed reduced cGMP myocardial concentration
54

. Although, the authors pointed 

that this cannot be explained.  

 

1.4.3.2. Lessons from NOS inhibition studies and knockout models on the involvement of 

NO in ischemia-reperfusion injury 

The results on this topic are extremely controversial. It is important before moving to the 

reported literature to differentiate i) the endogenous produced NO from the exogenous 

administrated and ii) the role of endogenous NO in the non-adapted (non-conditioned) 

myocardium. 

The first assess of the role of endogenous NO on ischemia reperfusion injury was made due to 

enhancement of NOS activity by administration of L-arginine (the potent substrate of NOS) 

during the injury. Studies reveal a cardioprotective role of enhanced NOS activity as L-
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arginine improves endothelial function and reduces myocardial infarction in in vivo pigs
55

, 

rats
56

; cats
57

  and dogs
58, 59

.  

The second assess was made by inhibiting NOS during myocardial infarction with the 

administration of NOS selective inhibitor L-NAME. Studies herein are controversial. Only 

one of them support that L-NAME increases myocardial infarct size in perfused rat hearts
45

. 

However, most of them done in isolated ischemia-reperfusion models support a 

cardioprotective role of L-NAME, as NOS inhibition reduced infarct size in rats
60

 and 

rabbits
61-63

. 

These controversial findings on NOS and NO involvement in the pathophysiology of 

ischemia- reperfusion injury are also obvious in knockout models. Interestingly, in 1999 

Jones et al., reported that eNOS endothelial specific KO have increased infarct size
64

, a 

finding contradictory to a most recent study
65

. In the later study, two distinct murine models 

of transgenic overexpression, a cardiomyocyte-specific eNOS overexpresser (CS eNOS-Tg) 

under the control of the alpha-myosin heavy chain promoter, and a systemic eNOS transgenic 

mouse (SYS eNOS-Tg) under control of the native eNOS promoter with an upstream 

endothelial enhancer element., were developed. The authors induced 30 or 45 minutes of 

LAD ligation.  They found that CS eNOS-Tg mice displayed significantly decreased infarct 

size beyond that of mice with systemic overexpression, indicating that the endothelium 

derived NO has no effect on myocardial infarct size compared to the cardiomyocyte derived 

NO
65

. These are in line with other observations supporting that murine hearts overexpressing 

eNOS may be maximally protected against ischemia-reperfusion injury by their elevated 

endogenous NO levels
66

. In addition to this, application of myocardial ischemia-reperfusion 

injury on global eNOS knockout models made things more complex. Sumeray et al., reported 

that eNOS KO suffered larger infarcts
67

, whilst  other groups 
68,56

 suggested that eNOS KO 

mice had smaller infarct size than its wild type littermates.  

 

1.4.3.3. eNOS specific post-translation regulation and functional effects on the 

pathophysiology of ischemia-reperfusion injury 

Endothelial nitric oxide synthase (eNOS) is constitutively expressed as already described, 

however functionally numerous post-translational modifications regulate its activity in vitro 

and in vivo
69, 70

. Over the last 10 years, it has become clear that phosphorylation of eNOS on 

serine, threonine and tyrosine residues determine the enzyme‘s capability to produce NO
71

. 

Among the numerous putative phosphorylation sites most is known about the activatory role 

of Ser1177 (human sequence), which is situated in the reductase domain of the enzyme and 

the inhibitory role of Thr495, located in the calmodulin (CaM)- binding domain, the 

phosphorylation of which appear to play a reciprocal role in the regulation of NO 

production
72, 73

. 

It is also, clear that the enzyme can be tyrosine-phosphorylated in endothelial cells treated 

with tyrosine phosphatase inhibitors
74, 75

; H2O2 
75, 76

, or exposed to fluid shear stress
77

 as well 

as in cells overexpressing v-Src
75, 78

 on Tyr81. eNOS Tyr81 phosphorylation increases eNOS 

activity
76, 79

. Recently a novel mechanism of tyrosine eNOS phosphorylation has been 

described. It was reported that Tyr657 in the FMN domain of eNOS is a critical determinant 

of its enzymatic activity. In brief, the authors suggested that the phosphorylation on Tyr657 

by proline-rich tyrosine kinase 2 (PYK 2) under fluid shear stress decreases eNOS activity, 

and the mutation of Tyr657 to a phosphomimetic glutamate or aspartate residue completely 

abolished NO production
80

. 



Bibli S-I N. Doctoral Dissertation Athens 2016 
 

24 

 

Activation of the phosphoinositide-dependent kinase 3 kinase (PI-3K)/Akt axis leads to 

Ser1177 eNOS phosphorylation and enhances NO production; this pathway constitutes a 

major protective pathway in ischemia-reperfusion injury in the heart 
81

. The beneficial effects 

of eNOS-derived NO have been demonstrated both in isolated perfused heart preparations and 

in vivo by pharmacological, genetic and gene-therapy approaches
82-84

. Endogenously 

generated and exogenously applied NO exerts its beneficial effects either through 

cGMP/PKG-dependent pathways or by directly targeting the mitochondria
85, 86

. The former 

pathways have been shown to involve among others KATP channels, the sodium–proton 

exchanger and PKCε leading to inhibition of mitochondria permeability transition pore 

opening
81, 87, 88

, while the latter relies on S-nitrosation of complex I to reduce ROS 

production
89

.  

Although the regulation of eNOS by phosphorylation is widely studied in the endothelium 

limited knowledge exist on the regulation of the synthase in heart and especially in the 

pathophysiology of ischemia reperfusion injury. The majority of the studies report that eNOS 

phosphorylation on Ser1177 is the indicator of increased eNOS activity conferring to 

cardioprotection. However, a limited number of studies evaluate eNOS regulation during 

ischemia or/ and reperfusion injury in the heart. In 2011 Cai et al reported that in the in vivo 

model of murine ischemia reperfusion injury, eNOS phosphorylation on ser1176 was 

decreasing in a time dependent ischemic manner; 30 minutes of LAD ligation reduced eNOS 

ser1176 phosphorylation, 45 minutes reduced it even more with maximal reduction in 60 

minutes of ischemia (irreversible damage). The authors linked the time dependent decrease on 

eNOS phosphorylation-named by them as eNOS activity (although they did not measure 

directly eNOS activity) to increased infarct size caused by ischemia
90

. In 2013 Inserte et al
91

., 

reported that in a isolated rat model of ischemia reperfusion injury eNOS at ser1176 was 

phosphorylated under basal conditions. 40 minutes ischemia reduced this phosphorylation. 

Reperfusion, in which ROS are acutely formed and released
51

 resulted in a time dependent 

increase of ser1176 phosphorylation
91

. However these findings are contradictory to a former 

study by Chen et al. who suggested that in short ischemic insults (10 minutes) eNOS Ser 

phosphorylation and activity has been shown to be increased in a AMPK dependent manner
92

. 

PYK 2 (proline-rich tyrosine kinase), also known as RAFTK, CAK, and CADTK is the 

cytoplasmic tyrosine non receptor kinase and exhibits 45% amino acid sequence identity to 

focal adhesion kinase. Tyrosine phosphorylation of PYK 2 and focal adhesion kinase was 

triggered by integrin-mediated adhesion. PYK 2 was stimulated by a broad range of 

physiological stimuli such as stimuli for G-protein– coupled receptors that elevate 

intracellular Ca
2+

, inflammatory cytokines, and stress signals
93

. 

In the ischemic and reperfused heart, there is a marked increase in oxygen radical 

generation
94, 95

. Radical generation occurs within both the endothelium and myocytes
96, 97

. 

EPR studies have provided direct detection of free radicals in the ischemic and reperfused 

heart and demonstrated that •O2
_
 and hydroxyl radicals are formed

94
. So, a better 

understanding on the effects of ROS-PYK2 pathway on eNOS regulation in myocardial 

infarction is necessary. Additionally, the role of eNOS phosphorylation on Tyr657 mediated 

by PYK2 has never been studied in vivo.   

Finally, two studies suggest that transgenic mice
98

 or pigs in gene therapy expressing a 

phosphomimetic S1176D form of eNOS showed improved myocardial reperfusion and 

significantly reduced infarct size
99

.  
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However, we have to keep in mind that the role of eNOS regulation by multiple kinases in the 

context of myocardial ischemia reperfusion injury is completely not understood. From the 

foregoing discussion, it is clear that total injury sustained by a tissue represents the sum of 

damage attributable to ischemia per se plus that invoked by reperfusion. Importantly, it is 

clear that the reperfusion phase is very dynamic and that cell death can continue for up to 3 

days after the onset of reperfusion
100

. Thus, understanding the mechanisms involved paves the 

way for development of novel therapeutic opportunities that not only reduce the extent of 

injury induced by ischemia reperfusion but may also extend the time which a tissue could be 

subjected to ischemia before irreversible injury occurs. The latter point has important 

implications for organ transplantation, cardiopulmonary bypass, and operation in a bloodless 

field.  
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As discussed in detail in Part I, ischemia–reperfusion injury is the most decisive factor in 

myocardial impairment in patients. Developing new strategies to reduce ischemia–reperfusion 

injury (Figure 5) is currently one of the main goals of research in cardioprotection. In this 

context, myocardial ischemic conditioning has been proposed as an interesting adjuvant to 

classical cardioprotection during myocardial infarction. Myocardial ischemic conditioning is 

a powerful endogenous cardioprotective phenomenon. It was first described in animals in 

1986. During the last thirty years, it has been the subject of considerable research concerning 

both its underlying mechanisms and its clinical applications. Several clinical trials in cardiac 

surgery and interventional cardiology have therefore sought to demonstrate its effectiveness 

in clinical settings
101

. 

 

1.1. Conditioning Phenomena  

After the pioneering observations that reperfusion indeed salvages ischemic myocardium 

from infarction
102, 103

 and that infarction spreads in a wavefront during ongoing ischemia but 

leaves salvageable myocardium up to 2 to 3 hours of ischemia
104, 105

, the prime 

cardioprotective paradigm of ischemic preconditioning (PreC) was established by Murry et 

al
106

, who reported that 4 cycles of 5 minutes coronary occlusion/5 minutes reperfusion 

immediately before a sustained 40 minutes coronary occlusion with reperfusion reduced 

infarct size; however, infarct size was not reduced when the sustained coronary occlusion was 

of 3 hours duration, emphasizing the need for timely reperfusion
107

. The observed infarct size 

reduction was greater than anything that could be achieved by even combined 

pharmacological treatment. Initially, this cardioprotective phenotype was attributed to 

metabolic adjustments, notably slowed energy metabolism
108

. It was the landmark study by 

Downey and collaborators
109

 who identified the action of adenosine as a signaling event in 

such PreC and opened the avenue for all subsequent studies on cardioprotective signaling. 

PreC comes in 2 different temporal forms, that is, an acute form which confers immediate 

protection but disappears after an interval of ≥2 hours between the preconditioning stimulus 

and the event which needs protection
106

 and a delayed form which reappears after 24 to 48 

hours, lasts longer but is less protective in strength
110, 111

.  

The acute form of PreC relies on the recruitment of acutely available signaling modules, 

whereas the delayed form involves increased expression of protective proteins in response to 

an acute signal
112

. PreC has been successfully translated to humans with ischemic heart 

disease, but because of its nature (―pre‖) can only be used in elective settings, such as 

percutaneous coronary interventions and coronary artery bypass grafting and not in acute 

myocardial infarction
113

. Ischemic postconditioning (PostC) was established by the group of 

Vinten-Johansen
114

 who first reported that 3 cycles of 30 seconds reperfusion/30 seconds re-

occlusion at the immediate onset of reperfusion after 60 minutes coronary occlusion reduced 

infarct size to an equivalent amount as PreC. This seminal study once and forever terminated 

the long-lasting and controversial debate whether reperfusion injury contributed to ultimate 

infarct size
115

; moreover, this study unequivocally demonstrated that reduction of infarct size 

with modified reperfusion was possible
116

 and thus revitalized prior debate on gentle 

reperfusion. PostC is largely limited to the early minutes of reperfusion. PostC has been 

successfully translated to humans with ischemic heart disease, and as an intervention that is 

performed at immediate reperfusion, it can be used in patients undergoing interventional 

reperfusion of acute myocardial infarction
113

. Therefore, a better understanding of the signal 

transduction underlying the conditioning phenomena may help to recruit cardioprotection 
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without the inevitable injury associated with ischemia/reperfusion and also without 

manipulation of the culprit coronary lesion. Understanding the signal transduction may also 

help to account for and attenuate interference from confounding risk factors, comorbidities, 

and comedications
117

. 

 

 

 

Figure 5: Illustration of the concept of reperfusion injury. During myocardial ischemia, 

cell death progresses. Reperfusion halts this process, but its benefit is limited by an increase 

in cell death during the first few minutes of reperfusion; this death can be avoided by using 

cardioprotective treatments at the time of flow restoration
17

.  

 

1.2. Signaling Molecules and Mechanisms in Conditioning  

There are now thousands of studies which reported >100 different signaling molecules and 

mechanisms of conditioning in a wide range of experimental preparations
101

. The ultimate end 

point of protection is reduction of infarct size.  

 

1.2.1. Stimuli/Triggers of Conditioning  

 

1.2.1.1. Chemical Stimuli  

Endogenously released chemical stimuli which elicit cardioprotection include small 

molecules, such as calcium ions, reactive oxygen species (ROS), reactive nitrogen species 
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(RNS), hydrogen sulfide, and more classical ligands which activate sarcolemmal receptors. 

Extracellular calcium ions can precondition through adenosine and protein kinase C (PKC) 

activation
118, 119

, but their role in ischemic conditioning phenomena is probably minor. ROS 

have an ambivalent role in the conditioning phenomena: whereas excess formation of ROS 

contributes to irreversible injury, small amounts of ROS, for example, in response to 

mitochondrial KATP activation or mPTP opening contribute to protection, possibly through 

oxidation of protective cytosolic kinases
120

. ROS share the same paradox with the 

conditioning phenomena per se, in that a little ischemia/reperfusion or ROS protects, whereas 

more profound ischemia/reperfusion or ROS formation induces injury. RNS, notably NO, 

also share this dose-dependent paradox
41

. Small concentrations of NO improve ventricular 

function
121

 and the matching of oxygen consumption to contractile function
122

 whereas high 

concentrations of NO depress contractile function
123

.  

 

1.2.1.2. Autacoids  

Autacoids, such as adenosine and bradykinin, are released from cardiomyocytes, 

endothelium, and interstitial cells during the preconditioning ischemia/reperfusion cycle(s)
124

. 

Interstitial adenosine concentrations are increased and enzymatic catabolism by adenosine 

deaminase attenuates cardioprotection
125

. Adenosine activates PKC directly
126

 and it activates 

the downstream reperfusion injury salvage kinase (RISK) and endothelial NOS/protein kinase 

G (PKG) pathways
127

. Cardiomyocytes express adenosine A1, A2A, A2B, and A3 receptors on 

their sarcolemma; for the A2B receptor, there seems to be also a mitochondrial localization 
128

. A1 and A3 receptors are essential for PreC, and their blockade abrogates protection 
129

. In 

contrast, A2A and A2B receptors are essential for PostC, and they must be activated during the 

early minutes of reperfusion to achieve protection
130

. However, results on the involvement of 

adenosine receptors in cardioprotection are controversial. In our hands non selective A1 and 

A2B but not A2A and A3 ARs agonists are essential for triggering cardioprotection, activating 

RISK and survivor activating factor enhancement (SAFE) pathway
131

. There seem to be 

species differences as the reduction of infarct size by exogenous adenosine is still 

controversial, among rodents and larger mammals
132

.  

Bradykinin is cleaved from kininogen precursors in the interstitium and catabolized through 

the angiotensin-converting enzyme in the vasculature but also through neutral endopeptidase 

in the interstitium
133

. During preconditioning ischemia-reperfusion cycle(s), the interstitial 

bradykinin concentration is rapidly increased
124

. Bradykinin receptor 2 blockade abrogates 

protection by PreC and PostC
134

.  

 

1.2.1.3. Neurohormones  

Neurotransmitters and hormones, such as acetylcholine catecholamines, endothelin and 

opioids
135

, can induce cardioprotection after exogenous administration and activation of their 

respective receptors
136

. However, only α-adrenoceptor activation is causally involved in the 

conditioning phenomena through formation of adenosine and activation of PKC in PreC, 

whereas its blockade abrogates protection
137

. Opioids are released acutely from nerve endings 

but also synthetized in cardiomyocytes. The δ receptor is most important in the conditioning 

phenomena, that is, not only nonspecific opioid receptor blockade with naloxone abrogates 

protection by PreC
138

, but also specific δ receptor blockade largely abrogates protection by 

PreC
138

 and PostC
139

.  



Bibli S-I N. Doctoral Dissertation Athens 2016 
 

30 

 

1.2.1.4. Lipid Molecules  

Several lipid molecules which activate G protein-coupled receptors have been implicated in 

the conditioning phenomena; however, their role as triggers or mediators is not really clear. 

Prostaglandins are causally involved in PreC and PostC, and cyclooxygenase (COX) 

inhibition abrogates protection
140

. Selective epoxyeicosanotrienoic acid antagonists abrogate 

the protection by PreC and PostC
141

. Sphingosine- 1-phosphate (S1P) is produced from the 

sphingosine kinase 1 isoform during PreC
142

 and PostC
143

 and reduces infarct size by 

activation of S1P1 and S1P3 receptors and subsequent activation of the RISK pathway
143

. The 

sphingosine kinase isoform 2 is also important for cardioprotection by PreC, as their genetic 

deficiency abrogates protection
144

 possibly secondary to increased susceptibility to mPTP 

opening
144

.  

 

1.2.1.5. Cytokines/Chemokines  

In contrast to peptide hormones and growth factors, cytokines/ chemokines have a causal role 

in PreC and PostC. The prototypic cytokine tumor necrosis factor a (TNFα) reduces not only 

infarct size following exogenous administration
145

 but is mandatory for PreC
146

 and PostC
147

. 

The protection is mediated through activation of TNF receptor 2, STAT 3, and mitochondrial 

KATP-channels
145

. 

 

1.3. Intracellular Mediators of Conditioning  

 

1.3.1. Protein Kinase C  

Abrogation of protection by PreC with 3 different PKC inhibitors it has been reported
148

. PKC 

is phosphorylated, activated, and translocated during PreC
148

. Subsequently it was reported 

that (1) there is interaction of PKC with other cytosolic kinases, notably protein tyrosine 

kinases
149-151

, (2) different isoforms of PKC serve contrasting functions
152

, and (3) 

intracellular translocation/colocalization of different isoforms is important
152

.  

In rodents, the PKCε isoform is most important for protection by PreC
153

, and PKCε is 

translocated to the mitochondria through a heat shock protein–dependent import
154

, where it 

activates mitochondrial KATP channels during PreC
155

.  PKC activation, notably of its ε 

isoform, is also causally involved in PostC, where it again interacts with mitochondrial KATP 

channels and ROS formation
156

. Of note, there is a positive feedback loop between PKC 

activation and the trigger signal adenosine, in that PKC sensitizes the A2B receptor during 

early reperfusion and thereby contributes to PreC
157

. 

 

1.3.2. NO and Protein Kinase G 

Endothelial nitric oxide synthase (eNOS) is activated after G protein–coupled receptor 

activation through a sequence of signals involving PI3K, phosphoinositide-dependent kinase, 

and protein kinase B (Akt)
158-160

 which then phosphorylates and activates eNOS
161

. The 

resulting NO activates soluble guanylate cyclase to form cGMP, which then activates PKG. 

NO signals protection by PreC not only through PKG, but also through nitrosylation
162, 163

 and 

the PKG-independent action of NO seem to occur at reperfusion
164

.  
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PKG is causally involved in PreC
87

  and PostC
165

. Several studies have suggested a beneficial 

role of cGMP/PKG-regulated pathways in PostC
87, 91, 166, 167

. PKG activation exerts anti-

apoptotic effects through PKCε activation and inhibition of mPTP opening
87

. In addition, 

increased cGMP levels and PKG activation lead to attenuated contractility during reperfusion 

through altered calcium handling
87, 166, 168

. In two recent studies, it was shown that the 

beneficial effects of PKG result from i) delayed normalization of intracellular pH during 

reperfusion through altered NHE function
167

 and ii) antioxidant effects that prevent eNOS 

uncoupling
91

.  Two main targets of PKG activation are KATP channels with subsequent ROS 

formation (included in the effectors section
165

) and Ca
2+

 handling proteins
165

, that have been 

correlated to conditioning phenomena. Among the Ca
2+

 handling proteins phospholamban 

(PLN) is a downstream substrate of PKG
87, 169, 170

. Moreover, a number of publications have 

shown altered PLN phosphorylation in the context of ischemia-reperfusion
168, 171-173

. In a 

recent study Inserte et al., showed that phosphorylation of PLN (ser16/thr17) peaked in the 

control group 3 min after the onset of reperfusion and declined thereafter. On the other hand, 

following PostC increased PLN phosphorylation was evident in the 5th min of reperfusion. It 

was, thus, proposed that delayed PLN phosphorylation limits reperfusion-triggered Ca
2+

 

oscillations leading to protection
168

. PLN once phosphorylated by PKG reduces free 

intracellular Ca
2+

 concentration by dissociating from sarcoendoplasmic reticulum (SR) 

calcium transport ATPase (SERCA); SERCA is then able to pump Ca
2+

 ions back into the 

SR
174

. 

 

1.3.3. RISK Pathway  

Activation of PI3K and its downstream targets Akt and glycogen synthase kinase 3β (GSK 

3β) by PreC
175, 176

 and activation of extracellular signal-regulated kinases (ERK) by the PreC 

trigger adenosine, and subsequent transactivation of the epidermal growth factor receptor
177

 

was demonstrated after the preconditioning cycles and found mandatory for infarct size 

reduction. Importantly, elegant studies by Hausenloy and Yellon then reconciled the studies 

on the role of RISK activation by PreC and by exogenous agonists during reperfusion; they 

demonstrated a biphasic RISK activation response during the preconditioning cycles and 

again at early reperfusion
178

. The importance of the RISK pathway was further supported by 

studies demonstrating a causal role of PI3K, Akt, and further downstream kinases, such as 

p70 S6 kinase and GSK 3β in PreC
179

  and in PostC
180, 181

, including studies in isolated human 

right atrial trabeculae
182

. GSK 3β was proposed to be the downstream point of convergence of 

the RISK pathway, which when phosphorylated and thus inhibited acts to inhibit mPTP 

opening
179, 183

. Recent studies also demonstrated morphological protection of mitochondria by 

Akt activation
184

. Collectively, from these studies, the intriguing concept emerged that RISK 

activation at early reperfusion is a unifying pattern of cardioprotective signaling. Some 

caveats remain: Genetic ablation of GSK 3β did not abrogate protection by PreC or PostC in 

one study
185

, but GSK 3β was mandatory for PostC in another study using the same animal 

model
186

, such that the pivotal role of GSK 3β remains controversial. Also, although the RISK 

pathway as such is obviously mandatory for protection in rodents, it is not for PostC in 

pigs
187

. 
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1.3.4. SAFE Pathway  

Infarct size reduction by PreC and also in response to exogenous TNFα was abrogated in 

STAT 3–deficient mouse hearts
188

, and STAT 3 activation—in interaction with Akt 

activation
189

—was mandatory for PreC. The coronary effluent from a preconditioned heart 

also activates STAT 3 in the acceptor heart and induces functional protection
190

. PostC also 

relies on STAT 3 signaling in mice
191

 and pigs
192

. Protection by PostC also involves TNFα 

and its receptor 2 activation upstream of STAT 3
147

. Collectively, TNFα, its receptor subtype 

2, and STAT 3 were then viewed as the SAFE system
193

. STAT 3 activation not only has a 

role in more long-term transcriptional upregulation of cardioprotective proteins
194

, but also an 

acute effect to improve mitochondrial respiration
195

,  notably during PostC
192

 to attenuate 

apoptosis.  

 

1.3.5. MicroRNAs  

MicroRNAs are important signaling molecules not only in cardiovascular development and 

differentiation, but also in myocardial ischemia-reperfusion injury
196

. Several different 

microRNAs have been identified in protocols of PreC
197-200

  and PostC 
200, 201

  in various 

species, including humans
202, 203

. The emerging field of microRNAs in cardioprotective 

signaling is promising, but requires further robust data with cause- and -effect relationships.  

 

1.4. Effectors of Cardioprotective Conditioning  

 

1.4.1. Mitochondria  

There is unequivocal consensus that mitochondria are the most important effectors of 

conditioning‘s protection, where most, if not all, of the above signaling pathways converge. 

The mitochondria are decisive for cellular survival or death. They provide the ATP for the 

maintenance for ionic gradients and, thus excitability and excitation-contraction coupling, for 

the contractile machinery, and for the maintenance of cellular integrity. Ischemia with its 

inherent lack of supply of oxygen as an electron acceptor inhibits the flow of electrons along 

the respiratory chain, induces inner mitochondrial membrane depolarization, and limits the 

formation of ATP. Opening of the mPTP on reperfusion initiates a deleterious chain of 

events. The mitochondria are, however, equipped with several modules, which inhibit mPTP 

opening
204

.  

The mPTP is a large-conductance megachannel in the inner mitochondrial membrane 

which—when open for longer terms— dissipates the inner mitochondrial membrane potential, 

results in matrix swelling, rupture of the outer mitochondrial membrane, and release of 

cytochrome C from the intermembrane space into the cytosol where it activates proteolytic 

processes and initiates cellular disintegration
204

. The molecular identity of the mPTP is still 

unclear. Although mPTP was traditionally thought of as a multimeric complex of voltage-

dependent anion channels of the outer membrane in interaction with adenine nucleotide 

translocase of the inner membrane, which was regulated by cyclophilin D in the matrix
205

, all 

of these individual constituents seem to be dispensable
206

 and the mPTP is more recently 

considered to be formed from F-ATPase
207

. Inner membrane depolarization, high 

concentrations of inorganic phosphate, ROS, and RNS are all present during myocardial 

ischemia and more importantly during reperfusion
208

 therefore favor mPTP opening. 

Transient mPTP opening may serve a physiological function in ROS homeostasis
209

  and 
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indeed transient mPTP opening is cardioprotective during PreC and PostC
210

. Thus, the 

genuine paradox of conditioning—a little injury protects, whereas profound injury is 

deleterious—characterizes also mPTP opening. No matter, what exactly the molecular 

composition of mPTP is, cyclophilin D regulates mPTP opening, and it decreases the 

threshold for mPTP opening in response to calcium and inorganic phosphate
204

. Cyclosporine 

A is a drug which inhibits cyclophilin D, thus inhibiting mPTP opening, and ultimately also 

reduce infarct size in experimental studies
211

 but also in humans with reperfused acute 

myocardial infarction
212

. The mPTP not only plays a central role in mitochondrial and cellular 

death or survival, it is also a point of convergence of cardioprotective signaling. In particular, 

inhibition of GSK 3β was proposed to integrate all upstream signals and exert an inhibitory 

effect on mPTP opening
179

.  

 

1.4.2. KATP Channels  

The KATP channel was first identified as a cardioprotective drug target
213

 and only 

subsequently as a signaling element of conditioning
214

. Initially, the focus was on the KATP 

channel in the sarcolemma, which contributes to action potential duration shortening during 

myocardial ischemia and was therefore thought to alleviate cytosolic calcium overload
215

. 

However, the predominant site of cardioprotective signaling by KATP channels are the 

mitochondria, as first identified by Marban and collaborators
216

. The mitochondrial KATP 

channel is a target of NO
217

, PKC
218

  and PKG
219

 and on its activation releases ROS which, in 

turn, activate the PKCε in a positive feedback loop
220

. It is not really known how the 

mitochondrial KATP channel–induced ROS release induces protection, other than further 

activating PKCε. PostC‘s cardioprotection depends on a signal transduction of PKC 

activation, mitochondrial KATP activation, and ROS release
165

 very much alike PreC.  

 

1.4.3. Protein Nitrosation/Nitrosylation  

NO is an essential molecule in PreC and PostC, as detailed earlier. Not all of NO‘s actions in 

cardioprotection are mediated through increased cGMP formation and consequent PKG 

activation
164

. In fact, NO directly targets several proteins and alters their structure and 

function through nitrosation or nitrosylation
162

 . The nitrosylation is thought to shield cysteine 

residues from oxidation
221

. PreC
163

 and PostC
222

 reduce infarct size independently from PKG, 

and several nitrosylated proteins were identified in preconditioned myocardium, notably also 

mitochondrial proteins
221

. 

 

1.4.4. Acidosis During Reperfusion  

Acidosis during early reperfusion inhibits mPTP opening but also the development of 

hypercontracture
223

. Acidosis at early reperfusion is mandatory for PreC‘s reduction of infarct 

size, and protection is abrogated by sodium bicarbonate infusion
224

. To maintain acidosis at 

early reperfusion, the sodium–proton exchanger is inhibited by PreC
225

. Likewise, protection 

by PostC requires maintenance of acidosis at early reperfusion
226

, and vice versa acidic 

reperfusion reduces infarct size
227

. Activation of PKG contributes to delayed recovery of 

acidosis during reperfusion through inhibition of the sodium–proton exchanger end results in 

the cardioprotection observed by PostC
228

. 
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Figure 6: Simplified scheme of cardioprotective signal transduction.  Akt indicates 

protein kinase B; AMPK, cyclic adenosine monophosphate–activated kinase; BNP, brain 

natriuretic peptide; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine 

monophosphate; COX, cyclooxygenase; Cx 43, connexin 43; DAG, diacylglycerol; EGFR, 

epidermal growth factor receptor; ERK, extracellular regulated kinase; FGF, fibroblast 

growth factor; Gs/Gi/q, stimulatory/inhibitory G protein; GPCR, G protein-coupled receptor; 

gp130, glycoprotein 130; GSK3β, glycogen synthase kinase 3 β; H2S, hydrogen sulfide; 

H11K, H11 kinase; HIF1α, hypoxiainducible factor 1α; IGF, insulin-like growth factor; 

iNOS, inducible NO synthase; IP3, inositoltrisphosphate; JAK, Janus kinase; KATP, ATP-

dependent potassium channel; Na+/H+, sodium/proton-exchanger; NPR, natriuretic peptide 

receptor; pGC, particulate guanylate cyclase; p38, mitogen-activated protein kinase p38; NO, 

nitric oxide; eNOS, endothelial nitric oxide synthase; PI3K, phosphatidylinositol (4,5)-

bisphosphate 3-kinase; PKC, protein kinase C; PKG, protein kinase G; PLC, phospholipase 

C; PTEN, phosphatase and tensin homolog; PTK, protein tyrosin kinase; ROS, reactive 

oxygen species; sGC, soluble guanylate cyclase; SR, sarcoplasmic reticulum; STAT, signal 

transducer and activator of transcription; and TNFα, tumor necrosis factor α. The NO/PKG 

pathway is displayed in green, the RISK pathway in yellow, and the SAFE pathway in red
101

. 

 

1.5. Results from human studies on post-conditioning mechanism 

Since 2005, several small, phase II trials in patients with ST-segment elevation myocardial 

infarction (STEMI) have demonstrated that ischemic postconditioning (during angioplasty) 

can reduce infarct size, attenuate myocardial oedema and microvascular obstruction during 

the early hours after reflow, and improve the recovery of contractile function several months 

after the initial insult
229

. These multicentre studies, performed in various countries, confirmed 

the large body of experimental evidence indicating that lethal reperfusion injury is of great 

importance (accounting for 30–40% of the final infarct size) and can be alleviated by a timely 

protective intervention
17

. In a review published in January 2013, Heusch reported that 
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ischemic postconditioning had been shown to be beneficial in 10 trials, two studies had 

neutral findings, and none of the studies reviewed showed a significant harmful effect of this 

therapy
113

. The POST trial
230

  is the latest postconditioning clinical trial performed, and has 

the largest sample of patients with acute STEMI to date. This trial fell short of showing any 

significant benefit from postconditioning. Data from large-scale studies have suggested that 

conditioning interventions might improve clinical outcomes
231

. However, as recently reported, 

the results of the CIRCUS (Does Cyclosporine Improve Clinical Outcome in ST-Elevation 

Myocardial Infarction Patients) trial showed no significant protection by CsA in the primary 

clinical outcome. Pharmacological reasons linked to CsA for the results of the clinical trial 

include pharmacokinetics and pharmacodynamics of the drug. For example, a limited 

diffusion of the drug in the area at risk, a low tissue diffusion of the compound, hydrophobic 

characteristics, blood cell capture and high metabolism could be suggested as reasons for the 

negative results. The results of the CIRCUS trial could contribute to the withdrawal of the 

mPTP blockade pharmacological strategy as a way to protect the myocardium from ischemia-

reperfusion injury. Nevertheless, if many pharmacological aspects insights could have taken 

under consideration, this would have contributed to positive results of the clinical trial
232

. 

Considering the overall low rate of ST-segment resolution and the questionable technique of 

angioplasty post- conditioning in the POST trial
230

 one might wonder whether the absence of 

protective effect was, at least in part, a result of inadvertent microembolization during 

repeated balloon inflations and deflations. At most, the data from these trials reinforce the 

need for a study driven by hard clinical outcomes, and re-emphasizes the need for carefully 

conducted reperfusion procedures in the catheterization laboratory 

 

1.6. Pharmacological Conditioning 

Our increasing understanding of the mechanisms underlying ischemic conditioning has 

identified a vast array of signaling mediators, which can be targeted by pharmacologic agents 

to recapitulate the cardioprotective effects of ischemic conditioning. In this regard, a number 

of pharmacologic approaches to limit infarct size in STEMI patients undergoing primary PCI 

have been investigated
233

. Unfortunately, many of these studies have failed to demonstrate 

any cardioprotective effect in the clinical setting, despite promising experimental animal data. 

This apparent failure can be attributed to a number of different factors. These include the use 

of animal models that do not adequately represent clinical reality, e.g., due to lack of 

comorbidities, and poor study design
233-235

. 

More recently, several novel pharmacologic approaches have been reported to limit infarct 

size when administered before reperfusion in primary PCI-treated STEMI patients
117

. Most 

promising among these therapies are cyclosporine-A, exenatide, and metoprolol. Whether 

these pharmacologic postconditioning agents can actually improve clinical outcomes remains 

to be investigated, as the most recent results from the huge multicenter study CIRCUS failed 

to show protective effects in humans.  

In summary, mechanical and pharmacologic conditioning strategies are promising therapeutic 

options for cardioprotection in patients undergoing elective or emergency coronary 

revascularization, although there are several negative studies. Most of the clinical trials, both 

positive and negative, use limited number of patients. The positive trials have been conducted 

in selected patients under well controlled conditions, whereas the negative trials (e.g., on 

remote preconditioning) have been less selective in terms of patient recruitment and 
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procedures (anesthesia, surgery). The observed lack of protection in the negative studies can 

in part be attributed to the presence of different risk factors, comorbidities, and their 

medications in different patient cohorts, as well as to poorly validated drug targets in juvenile 

and healthy animal models, and poorly designed clinical studies
236

. None of the existing 

studies has really raised a safety concern for the conditioning strategies. Larger studies with 

clinical outcome endpoints are necessary to gain more insight into the clinical applicability of 

conditioning strategies in different patient populations with different medications and 

confounding factors. 

 

1.6.1. Pharmacological postconditioning afforded by gasotransmitters 

 

1.6.1.1. Role of exogenous administrated NO in mimicking post-conditioning mechanisms 

Since NO is a cytoprotective molecule, NO donor drugs including NO gas itself are promising 

tools for pharmacological cardioprotection. 

NO gas inhalation during coronary occlusion has been shown to provide infarct size reduction 

and leads to a decrease in peroxynitrite formation in rats and mice
237

 showing that NO 

inhalation may represent a promising PostC mimetic in acute myocardial infarction patients.  

Organic nitrates, as NO releasing drugs are promising tools in the context of cardioprotection. 

Among them glyceryl-trinitrate (commonly termed nitroglycerin-NTG); is a potent nitro-

vasodilator, which has been shown to increase NO species under clinical conditions
238

; it has 

been used for the prevention and treatment of ischemic heart disease for more than 100 years. 

The positive effects of NTG arise from its ability to promote vasodilation, resulting in 

increased blood flow to the heart. NTG‘s effects are also evident in systemic veins where the 

venodilator effect reduces cardiac preload and further decreases myocardial wall 

stress
239

. NTG is extremely effective in restoring the equilibrium of oxygen and nutrients 

supply-demand in the ischemic heart. However, sustained NTG administration causes 

tolerance and is associated with pro-oxidant effects, endothelial dysfunction and increased 

sensitivity to vasoconstrictors
240, 241

; furthermore it causes tolerance to ischemic 

preconditioning effects
242, 243

. Although, it has been shown that the protective effect of PreC 

can be mimicked pharmacologically with nitric oxide (NO) donors
244

; the effect of NO donors 

as pharmacological postconditioning agents has only superficially been assessed. 

In brief, exogenous NO donors (SNAP) are cardioprotective when given during ischemia in 

isolated rabbit hearts
164

. In contrast IV administration of nitroglycerin has not been proved to 

be cardioprotective when it is administered during ischemia and reperfusion in anesthetized 

pigs
245

  and in anesthetized rabbits
246

. In the former study of Liu et al., the mean arterial 

pressure decreased during the early reperfusion period in the NTG group and was even more 

decreased until the end of the reperfusion period, suggesting a progressive decline of LV 

function upon NTG administration in their model. However, in a in vivo canine model of 

ischemia reperfusion administration of nitroglycerin during the ischemic insult resulted in a 

reduction of myocardial infarction without affecting the haemodynamic profile of the studied 

animals
247

. 

Finally, several NO-modulating known drugs have been developed and investigated for 

cardioprotection. More interestingly, however, pravastatin, in contrast to the same dose of 

simvastatin or ischemic postconditioning, reduces infarct size in hypercholesterolemic rabbits 



Bibli S-I N. Doctoral Dissertation Athens 2016 
 

37 

 

independently of its lipid lowering action, potentially through eNOS activation and nitro-

oxidative stress attenuation
248

.  

However, although some functional studies on the effects of NO donors on ischemia –

reperfusion injury have been published, there is completely lack of mechanisms underlying 

this protection. In conclusion, evaluation of the mechanisms underlying organic nitrates (that 

are already used in clinical routine) in the context of ischemic post-conditioning is mandatory.  

 

1.6.1.2. Role of exogenous administrated H2S in mimicking post-conditioning mechanisms 

In vitro findings suggest a PostC mimicking effect of H2S releasing sodium salts, when 

administrated on cultured cardiomyocytes during the reoxygenation period.  For the first time, 

H2S beneficial effects were linked to mitoKATP channels activation during reoxygenation
249

. 

These findings were further replicated in isolated heart models. In these studies the 

mechanisms underlying H2S induced cardioprotection were evaluated; mitoKATP channels, 

Akt and PKC activation and the possible interplay among H2S and eNOS in conferring infarct 

limiting effects were reported  
249-251

.  

In the limited number of in vivo studies, administration of H2S releasing agents during 

sustained ischemia has been shown to be beneficial in infarct size limitation and in post-

infarction myocardial function
33, 36-38

. This cytoprotection was associated with up-regulation 

of antioxidant pathways
36

, inhibition of myocardial inflammation
37

, preservation of 

mitochondrial structure and function
37

  after ischemia and inhibition of apoptosis
37, 38

. Whilst 

the cardioprotective effects of H2S have been reported to be nitric oxide (NO)-dependent, this 

was claimed to occur in a cGMP-independent manner
33

. In the studies where H2S was 

administered at a clinically relevant time (at the end of ischemia and during reperfusion)
33, 36-

38
, the intracellular signalling pathways determining H2S-induced cardioprotection were not 

studied in detail. The positive preclinical findings with H2S donors, have served as the 

impetus for a clinical trial designed to evaluate the cardioprotective potential of H2S in 

humans (NCT01989208).  

However, as described H2S field is in its infancy and further evaluation of the signal 

transduction upon H2S-releasing drugs administration in the ischemic heart are mandatory.  
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General Introduction 

 

Part III: Comorbidities in cardioprotection. 
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Conditioning techniques have not become part of routine clinical practice, potentially for two 

reasons. First, many of the trials performed over the last two decades were small, single-

center studies, frequently with few participants and a short follow-up period. As such, they 

have lacked the power needed to investigate the hard end points of death or a major 

cardiovascular event. Second, the effectiveness of ischemic-conditioning strategies in humans 

seems to be less profound than reported in the animal literature, with some randomized 

clinical trials showing no significant benefit
252, 253

. 

A possible explanation for this is the effect of underlying comorbidities on the ability of 

tissues to respond to the beneficial effects of ischemic conditioning. When extrapolating from 

animal models to humans it is vital to understand the differences between animal models and 

patients. Animals used for in vivo work are often juvenile, derived from inbred strains, of the 

same age and health, housed in the same environment with identical diets, and have no 

comorbidities. 

Compare this to individuals with cardiovascular disease who participate in clinical trials, who 

are typically older, with comorbidities including diabetes, hypertension and kidney disease, 

and are taking several medications. Could it be that this disparity is the key to understanding 

why ischemic conditioning strategies fail to translate from animals to humans? 

 

3.1. Hypercholesterolaimia 

Hypercholesterolemia was the first comorbidity reported to alter responses to preconditioning.  

Tang et al. found that the effects of PreC were lost in an in vivo rabbit model of 

hypercholesterolemia, owing to impaired upregulation of tetrahydrobiopterin (BH4), which is 

essential for inducible nitric oxide (NO) synthase
254

. However, our group in a study looking at 

the effects of both PreC and PostC on infarct size in rabbits found, contrary to the studies 

above, that the effects of PreC were preserved in hypercholesterolemic hearts, but lost in post-

conditioned animals, using two different protocols for PostC
255

. 

Kupai et al. also noted the abrogation of the tissue-protective effects of PostC following a 

myocardial infarction in hypercholesterolemic rats, and sought to explain this by examining 

the protective role of early peroxynitrite-induced nitrosative stress and the lack of this 

mechanism in the hypercholesterolemic heart
256

. Others, however, have disagreed with these 

findings, suggesting that the effects of PostC, as well as PreC, were preserved in isolated 

rabbit hearts through the activation of the adenosine A1 receptor and KATP channels
257

  . 

In light of the loss of NO bioavailability and increased formation of peroxynitrite in 

hypercholesterolemic models, the effects of myocardial matrix metalloproteinase (MMP)-2 

have also been examined. Isolated rat hearts from cholesterol fed Wistar rats were used to 

show that the protective inhibition of MMP-2 that is generated by IPC is blocked in 

hypercholesterolemic animals, and that a reduction in infarct size can be produced using an 

MMP inhibitor in non-preconditioned hearts
258

. More recently, the effect of PreC on cardiac 

gene expression has been examined, specifically looking at genes involved in NO and free 

radical signalling and in the mevalonate pathway, through which statins exert their effect
259

. 

Other factors proposed in the loss of the cardioprotective benefit of PreC include heat shock 

protein (HSP)-70, which is downregulated post-transcriptionally in hypercholesterolemia
260

, 

and caspase-3, the activation of which is increased in hypercholesterolemic, ischemic rabbit 

myocardium and which has a central role in cell apoptosis
261

. 
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3.2. Diabetes 

Although some animal studies report that diabetes is not a barrier to PreC
262

, the majority 

report that the diabetic heart
263

 and the acutely hyperglycemic heart
264

  are resistant to PreC. 

Several pathways are implicated in this lack of response, including impaired phosphorylation 

of PI3K-Akt, decreased generation of NO and eNOS, abnormal ERK1/2 activity, KATP 

dysfunction, and reduced release of calcitonin gene-related peptide (CGRP)
265

. Tsang et al. 

reported that, in the Goto-Kakizaki rat model of diabetes (a non-obese Wistar rat substrain 

that develops early type 2 diabetes), hearts could be preconditioned, but had a higher 

threshold for preconditioning. The diabetic animals required three cycles of PreC to achieve 

significant tissue protection following ischemic insult, whereas the non-diabetic controls 

required only one cycle
254

. 

The reduced efficacy of PreC in the diabetic heart might be due to alterations to the 

components of the PreC signal transduction pathway; for example, reduced Akt 

phosphorylation
254

, mitochondrial KATP channel dysfunction
266

, activation of GSK-3β
267

 and 

reduced NO availability
268

. 

Recently it has been reported that hyperglycemia abrogates the infarct limiting effects of 

PostC by impairing AdipoR1/Caveolin-3/STAT3 signaling in diabetic rats
269

. This is in line 

with previous observations, which implicated a mitochondria dysfunction in terms of mPTP 

opening in the diabetic heart
270

.  

 

3.3. Hypertension and left ventricular hypertrophy 

Many animal studies have attempted to investigate whether the hypertrophied heart responds 

to ischemic conditioning, with differences being reported in the models, methods and results. 

Some authors initially reported that hypertensive rat hearts could be preconditioned: Boutros 

and Wang demonstrated a preserved response to PreC in an isolated heart model from 

spontaneously hypertensive rats (SHRs)
271

, whereas others demonstrated in an in vivo model 

of myocardial infarction that rats who developed left ventricular hypertrophy (LVH) in 

response to saline and a deoxycorticosterone-acetate hypertensive diet still benefited from 

PreC
272

. However, a subsequent study reported that hypertension abolished the 

cardioprotective effects of PreC in genetically hypertensive rats
273

. 

As with PreC, the effects of PostC in the hypertrophied myocardium demonstrate conflicting 

results, depending on the model of LVH used. Isolated SHR hearts display a reduced response 

to the cardioprotective effects of PostC
274

, with a loss of GSK-3β phosphorylation as the 

likely mechanism
275

. Isolated, hypertrophied rat hearts, produced by chronic nandrolone 

treatment, were also found to be resistant to PostC
274

. Although the investigators did not find 

any difference in GSK-3β phosphorylation, they did note reduced Akt phosphorylation in the 

hypertrophied group. Conversely, when chronic treatment with angiotensin II was used to 

develop a model of LVH in rats
276

, the beneficial effects of PostC were preserved. One 

explanation for the differing results observed in these different disease models is that SHRs 

are also known to have dyslipidemia and impaired glucose tolerance, making their failure to 

respond to PostC difficult to attribute entirely to hypertension. 
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3.4. Obesity 

Many investigations have reported the metabolic that PreC is negatively affected by obesity. 

Evidence for this comes from work that reported that, although both obese and lean 

insulinresistant rats were resistant to PreC, post-ischemic recovery was impaired in obese 

animals compared with lean animals
277

.  

Lack of cardioprotection by PostC has also been demonstrated in ob/ob leptin-deficient mice, 

through a reduction in phosphorylation in members of the RISK pathway
278

. Similarly, in rats 

with the metabolic syndrome, a lack of GSK-3β and ERK phosphorylation have been linked 

to their inability to respond to PostC
279

. 

 

3.5. Senescence 

The effects of preconditioning on the aged heart were investigated early in the quest to better 

understand this cardioprotective phenomenon. In 1996, isolated rat hearts were used to 

demonstrate that the effects of PreC were lost in the ageing heart, through a reduction in 

norepinephrine and α-adrenergic receptor activation in response to PreC
280

, or due to the 

reduced translocation of protein kinase C
281

. 

These results have been substantiated in similar studies in rats, which have shown that the 

beneficial effects of PreC on the morphological consequences of ischemia were also lost in 

older rats
282, 283

. Furthermore, as with diabetes, the effects of ageing in ‗middle aged‘ rats 

could be overcome by additional cycles of PreC
284

. 

Conversely, a study of isolated hearts from older rabbits reported no loss in the efficacy of 

PreC
285

, although there was criticism that the animals used were not sufficiently aged to 

represent a true model of senescence
286

. Equally, a similar study of senescent sheep found that 

PreC-induced myocardial infarct size reduction was well preserved despite age
287

. 

Ageing does seem to reduce the beneficial effects of PostC. In senescent mice, the protective 

effects of PostC on myocardial ischemia are attenuated, with a proposed explanation being a 

decrease in ERK phosphorylation and an increase in mitogen-activated protein kinase 

phosphatase-1 (MKP-1) expression in the aged heart
288

. Furthermore, the response to PostC in 

the ageing mouse heart seems to depend on the protocol of PostC used, and a deficiency in 

STAT-3 associated with ageing might contribute to the dampened response
191

.  

 

3.6. Exposure to cigarette smoke 

Smoking active or passive is an established risk factor for coronary heart disease (CHD)
289

. 

Smoking can be considered as a confounder which worseness myocardial responses to 

ischemia/reperfusion. Ιnhalation of smoke ingredients and direct nicotine exposure during 

cigarette smoking cause constriction of epicardial and resistance vessels
290

, impair 

endothelium-dependent dilatation
291

 and deteriorate the elastic properties of vessels in 

humans
292

. All these unfavorable effects are involved in the development of atherosclerosis, 

arterial hypertension and left ventricular hypertrophy. To date, there are no published studies 

designed to investigate the effects of exposure to cigarette smoke and its sequelae on 

conditioning. Nicotine exerts detrimental effects on the myocardium in the context of 

ischemia. Nicotine alters the balance of thromboxane/prostacyclin and aggravates myocardial 

ischemia, as judged by creatine phosphokinase and troponin T release. In addition, it 
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exacerbates postischemic contractile dysfunction of 'stunned' myocardium, and environmental 

tobacco smoke increases myocardial infarct size
293-296

. Additional studies suggest that 

smoking increases oxidative stress and causes cardiac remodeling
297

, and exposure of 

cardiomyocytes to cigarette smoke causes toxicity and increases susceptibility to mPTP 

opening
298

.   

However, a direct effect of cigarette smoke exposure on conditioning mechanisms, which 

could explain the effects of cardioprotective strategies in smokers is not available. 
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In the present thesis, we sought to evaluate the role and the underlying molecular mechanisms 

of endogenous produced or exogenous administrated gasotransmitters, NO and H2S, on 

 i) the pathophysiology of myocardial I-R injury;  

ii) PostC mimicking effects in myocardial infarction and;  

iii) the physiological role of these two gaseous molecules in cigarette smoking. 

In brief we sought to examine: 

1. The possible correlation of the endogenous production of NO by eNOS and its 

phosphorylation status with cardiomyocyte survival and to further investigate the contribution 

of the novel kinase PYK2 in the regulation of eNOS during myocardial infarction in vitro and 

in vivo. 

 

2. Whether acute low dose exogenous administrated nitroglycerin, as a potent NO 

donor, mimicks ischemic postconditioning in in vivo models of myocardial ischemia-

reperfusion injury. Furthermore, we goal to elucidate the underlying molecular mechanisms 

conferring to cardioprotection with focus on the endogenous NO pathway.  

 

 

3. Whether exogenous administrated NaHS, as an H2S donor, mimicks postconditioning 

in in vivo models of myocardial ischemia-reperfusion injury. Furthermore, we goal to 

elucidate the underlying molecular mechanisms conferring to cardioprotection focusing on 

eNOS/ PKG/cGMP/PLN pathway 

 

 

4. Evaluation of cigarette smoke as a new co-morbidity on intracellular myocardial 

signaling, infarct size after ischemia- reperfusion injury and the potential interference with 

ischemic conditioning. Furthermore, we goal to emphasize on the role of endogenous NO and 

H2S in the mechanisms underlying cigarette smoking effects on myocardial infarction.  

 

In this context four separate studies have been performed.  

Herein, I am presenting you the manuscripts with slight differences concerning: 

Experimental study I: submitted on Cardiovascular Research Journal 

Experimental study II: submitted on Circulation Journal  

Experimental study III: published on Cardiovascular Research 2015 Jun 1;106(3):432-42. doi: 

10.1093/cvr/cvv129 

Experimental study IV: under revision on Am Journal of Physiology Heart and Circulation 

Physiology 
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Experimental Study I:  

 

Tyrosine phosphorylation of eNOS regulates myocardial survival  

after an ischemic insult: role of PYK2. 
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1.1. Abstract 

Aim: Reperfusion of the myocardium following sustained ischemia protects the tissue from 

more extensive necrotic death, but is associated with paradoxical injury, compromising the 

overall benefit of reinstating blood supply. Although endothelial nitric oxide (NO) synthase 

(eNOS) is known to play an important protective role, the molecular mechanisms regulating 

eNOS activity during ischemia-reperfusion injury in the heart are incompletely understood. 

eNOS is a substrate for several kinases that positively or negatively affect its enzymatic 

activity. Akt phosphorylates eNOS on S1177 increasing its enzymatic activity, while proline 

rich tyrosine kinase 2 (PYK2) phosphorylates eNOS on Y657 and eliminates NO output. 

Herein, we sought to correlate eNOS phosphorylation status with cardiomyocyte survival and 

to investigate the contribution of the PYK2/eNOS axis to myocardial infarct size.  

Methods & Results: Oxidative stress injury (H2O2, 50μM) to differentiated H9c2 

cardiomyocytes lead to an increase of PYK2 phosphorylation on its activator site (Y402). 

Exposure to H2O2 also resulted in an increase in eNOS phosphorylation on the inhibitory site 

Y656 and on the activator site S1176. Both H2O2–induced phosphorylation events were 

abolished by pharmacological inhibition or gene knockdown of PYK2. Activity assays 

demonstrated that Y657 exerts a dominant effect over S1176. In cell viability experiments, we 

observed that survival was augmented under either oxidative stress or oxygen-glucose 

deprivation injury when PYK2 is inhibited; this effect was reversed by inhibition of NO 

production. Our findings were confirmed in vivo; ischemia-reperfusion activated PYK2 early 

during reperfusion, leading to eNOS phosphorylation on Y656 and reduced NO output, as 

judged by the low tissue cGMP levels. Moreover, pharmacological blockade of PYK2 

alleviated eNOS inhibition and prevented cardiac damage following ischemia-reperfusion in 

wild-type, but not in eNOS KO mice.  

Conclusion: PYK2 is a pivotal regulator of eNOS function in myocardial infarction and could 

serve as a new cardioprotective strategy. 
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1.2. Aim  

Taken into consideration i) that the knowledge on eNOS regulation by phosphorylation is 

limited in the heart muscle (described in detail in section 5) and ii) the novel mechanism by 

which PYK 2 negatively regulates eNOS in aortic endothelium under shear stress (described 

in detail in section 5). The specific aim of the present study is to understand the involvement 

of the novel kinase PYK 2 in eNOS regulation in ischemia reperfusion injury of heart muscle. 

Better understanding of eNOS regulation by phosphorylation and the identification of the 

kinases involved in positive or negative regulation of the synthase, will serve as a novel 

therapeutic strategy for minimizing organ cell death under different conditions in which 

ischemia reperfusion injury plays a predominant role.  

The present study will allow us to rigorously address the following questions and needs: 

1. If oxidative stress induced injury and in which extent can induce PYK 2 activation in 

cardiomyocytes 

2. If the observed activation of PYK2 regulates eNOS by altering the phosphorylation 

status and the ability to change NO bioavailability and to mediate NO derived signaling in 

cardiomyocytes 

3. If inhibition of PYK2 increases cell viability under oxidative stress injury and 

hypoxia-reoxygenation induced injury through alleviating eNOS. 

4. If in in vivo model of myocardial infarction the oxidative stress induced by ischemia 

or/and reperfusion can regulate PYK2-eNOS 

5. If inhibition of PYK2 limits myocardial infarct size in an eNOS dependent manner. 
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1.3. Materials and Methods: 

1.3.1. Chemicals  

DMEM and 10% fetal bovine serum (FBS) were obtained from Gibco-Thermo Scientific 

(Waltham, MA USA. siRNAs against rat PYK2 (NM_017318 SASIRn0100044069) and 

scrambled negative control (Synonym: MISSION® siRNA Universal Negative Control) were 

purchased from Sigma (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). The LDH 

cytotoxicity assay kit was purchased from Cayman Chemical (Lab Supplies-P. Galanis & Co, 

Greece). Lipofectamine™ RNAiMAX and Opti-MEM medium were obtained from 

Invitrogen, Thermo Scientific (Waltham, MA USA).  The RNeasy Mini Kit was purchased 

from Qiagen GmbH (Dusseldorf, Germany). Real-time PCR was performed with the KAPA 

SYBR® FAST qPCR Kit (Kapa Biosystems Ltd, London, UK). The QuickChange XL site-

directed mutagenesis kit was purchased from Stratagene (Amsterdam, Netherlands). The 

cGMP kit was from Enzo Life Sciences GmbH (Lörrach, Germany). Protein G SepharoseTM 

4 Fast Flow was from GE Healthcare (Upsala, Sweden). The following primary antibodies 

phospho PYK2 (Y402), phospho eNOS (S1176), phospho eNOS (T495), phospho Akt 

(S473), phospho-PI3 Kinase p85 (Tyr458)/p55 (Tyr199), total PYK2, β-tubulin, and the goat 

anti-rabbit HRP antibody were from Cell Signaling Technology (Beverly, MA, USA). The 

phospho eNOS Y656 antibody was generated by Eurogentec (Searing, Belgium). The 

SuperSignal chemiluminescence kit were from Thermo Scientific Technologies (Waltham, 

MA USA). H2O2 was obtained from AppliChem GmbH (Darmstadt, Germany). All other 

reagents including NaCl, NaF, EDTA, EGTA, PMSF, PF-431396 and MTT (3-(4, 5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were from Sigma-Aldrich Chemie 

GmbH (Taufkirchen, Germany).  

 

1.3.2. Cell culture  

The rat embryonic-heart derived H9c2 cell line was obtained from ATCC (CRL-1446
™

) 

(ATCC, LGC Standards, Middlesex, UK). H9c2 cells were cultured in Dulbecco‘s modified 

essential medium DMEM containing 25 mM D-glucose, 1 mM sodium pyruvate,  and 

supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1% streptomycin 

(100 μg/ml), and 1% penicillin (100 U/ml) at pH 7.4 in a 5% CO2 incubator at 37°C. For 

differentiation, H9c2 were seeded and allowed to grow to confluence. The medium was then 

replaced to DMEM containing 1% FBS with 10 nM all-trans-retinoic acid for 7 days. Culture 

of H9c2 myoblasts in low serum media and stimulation with 10 nM all-trans-retinoic acid for 

seven days resulted in the appearance of elongated cells connecting at irregular angles 

reminiscent of cells with a cardiac phenotype
299

.  

 

1.3.3. Transient transfection with siRNAs  

H9c2 cells were seeded until 80% confluence. Differentiation protocol was followed. 

Transient transfection of siRNAs (100 nM) was performed using Lipofectamine™ 

RNAiMAX, according to the manufacturer's instructions. The transfection complex was 

diluted into Opti-MEM medium and added directly to the cells. After 24 hrs, the Opti-MEM 

was replaced with complete DMEM medium with 10% FBS for cell viability assays or with 

serum-free DMEM for biochemical studies. To test the efficacy of siRNA PYK2 gene 

knockdown, 48 hrs post-transfection, total RNA was extracted and mRNA was reverse-

transcribed into cDNA and analyzed by real-time PCR. Real-time PCR was performed with 
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primers specific for rat PYK2, eNOS and GAPDH. The expression levels of PYK2 and eNOS 

were determined by normalizing to GAPDH. 

  

1.3.4. Western Blot Analysis 

H9c2 cells seeded in 6-well plates until confluence , further differentiated and treated as 

described above were washed twice with PBS and further lysed with lysis solution (1% Triton 

X100, 20 mM Tris pH 7.4-7.6, 150 mM NaCl, 50 mM NaF, 1 mM EDTA, 1 mM EGTA, 1 

mM Glycerolphosphatase, 1% SDS, 100 mM PMSF, supplemented with protease and 

phosphatase inhibitor cocktail(Sigma). For tissues, frozen ischemic samples were pulverized 

and homogenized with the lysis buffer. The lysates were centrifuged at 11,000 g for 15 min at 

4 °C. The supernatants were collected and the protein concentration was determined based on 

the Lowry assay. The supernatant was mixed with a buffer containing 4% SDS, 10% 2-

mercaptoethanol, 20% glycerol, 0.004% bromophenyl blue, 0.125 M Tris/HCl. The samples 

were then heated at 100
o
C for 10 min and stored at -80

o
C. An equal amount of protein was 

loaded in each well and then separated by sodium dodecylsulfate-polyacrylamide gel (SDS-

PAGE) electrophoresis and transferred onto a polyvinylidene difluoride membrane. After 

blocking with 5% non-fat dry milk, membranes were incubated overnight at 4 °C with 

primary antibody. The following primary antibodies were used: phospho PYK2 (Y402), 

phospho eNOS (T495, Y657 and S1176), phospho Akt (S473), β-tubulin. Membranes were 

then incubated with secondary goat anti-rabbit HRP antibody for 2 h at room temperature and 

developed using the Supersignal chemiluminesence ECL Western Blotting Detection 

Reagents. Relative densitometry was determined using a computerized software package 

(NIH Image) and the values for phosphorylated were normalized to the values for total 

proteins respectively. 

 

1.3.5. Immunoprecipitation  

Lysates containing 250 μg of protein were incubated with anti PYK2 antibody and protein G-

conjugated sepharose beads overnight at 4°C. To reduce nonspecific binding, the protein G 

beads were preincubated with purified bovine serum albumine for 2 h at 4 °C and washed 

twice with fresh lysis buffer before adding to the samples. Next day, the beads were washed 5 

times with lysis buffer and immunoprecipitated proteins were subjected to SDS-PAGE and 

transfered to PVDF memebrane. The membranes were then blocked and incubated with the 

phospho PI3K p85 (Y458) or phospho Akt (Ser473) and PYK2 primary antibodies and goat 

anti-rabbit HRP antibody. Immunoreactive proteins were detected using the SuperSignal 

chemiluminescence kit. 

 

1.3.6. eNOS activity measurements  

Myc-tagged human eNOS cDNA (GenBank accession no. NM_000603) cloned in 

pcDNA3.1myc/His was used. eNOS mutants (Y657D and Y657D/S1177D) were generated 

using standard site-directed mutagenesis procedures according to the manufactures‘ 

instruction (QuickChange XL site-directed mutagenesis kit). For the transfection experiments, 

HEK293 cells were plated in 12-well plates, grown overnight, and transfected with the 

indicated plasmids, using a total of 2 μg DNA and 4 μL of Lipofectamine transfection reagent 

per well in Opti-MEM medium. After 24 hours cells were used for LC-MS and western blot 
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measurements. For western blot studies, cells were starved for 4h  in serum free medium with 

addition of 0.1% of BSA.  For NO measurements, HEK cells were treated either with vehicle 

ddH2O, or sepiapterin 10 μmol for 2h before ionomycin 100nmol treatment for 10 minutes. 

Arginine depletion was performed by addition of SILAC medium for 2 hours.  Heavy labeled 

Arg (13C6, 15N4) was added for 20 minutes before collection for the basal activity or 

stimulation with sepiapterin and ionomycin for the stimulated activity. Cells were 

immediately emerged in liquid nitrogen and 85% HPLC grade MeOH was added for cells 

disruption. The lysates were centrifuged in 12000xg for 15 minutes in 4
0
C. 50μl of 

supernatant was mixed with 50μl of MeOH containing 1mg/ml glutamine as internal standard. 

The mixture was used for LC-MS measurements.  

 

1.3.7. eNOS activity arginine/citrulline measurement 

Conversion of heavy labeled Arg (13C6, 15N4) to heavy Cit (13C6, 15N3) were analysed by 

hydrophilic interaction chromatography coupled to mass spectrometry. Liquid 

chromatography separation was performed on an Agilent 1290 Infinity pump system (Agilent, 

Waldbronn, Germany), using a Phenomenex (Aschaffenburg, Germany) Kinetex HILIC 

column (100 mm × 2.1 mm, 2.6 µm) at a column oven temperature of 35 °C. The gradient 

between solvent A (10 mM amonium formate) and solvent B (acetonitrile + 0.15% formic 

acid) was as follows: 0.0 to 0.5 min 10% A, than increase to 85% A from 0.5 to 6 min, than 

increase to 98% A to 6.1 min, which was held until 13.6 min. Subsequently, column was 

reconditioned with 90% A for 4.4 min. The flow rate was set to 350 µl/min and the injection 

volume was 2.5 µl. Mass spectrometry was performed using a QTrap 5500 mass spectrometer 

(Sciex, Darmstadt, Germany) with electro spray ionization at 300°C with 3500 V in positive 

mode. MS parameters were set to CUR 30 psi, GS1 50 psi, and GS2 40 psi. Data acquisition 

and instrument control were managed through the software Analyst 1.6.2. Peak integration, 

data processing, and analyte quantification were performed using MultiQuant 3.0 (Sciex, 

Darmstadt, Germany). Area under the peak was used as the quantitative measurement. The 

specific MRM transition for every compound was normalized to appropriated isotope labeled 

internal standards. 

 

1.3.8. In vitro oxidative stress and oxygen-glucose deprivation/recovery   

To induce oxidative stress injury H9c2 cells (1.5x10
4 
per well) were differentiated in 96-well 

plates. The cells were treated with 500μM H2O2 in serum-free DMEM for 12h in a 5% 

CO2 incubator at 37°C. In the oxygen glucose deprivation/ recovery (OGD/R) assay, 

differentiated H9c2 cells in 96 well plates were rinsed twice with PBS and incubated in 

glucose-free DMEM and subsequently placed in an anaerobic chamber containing a mixture 

of 95% N2 and 5% CO2 at 37°C for 24h. Following OGD/R, glucose was added to normal 

levels (final concentration: 4.5 mg·mL
−1

), and cells were incubated under normal growth 

conditions (95% air and 5% CO2) for an additional 12 h. 

 

1.3.9. MTT measurement 

H9c2 cells were seeded in 96-well plates at 1.5x10
4 

per well in growth medium. Following 

oxidative stress injury or OGD/R; cell survival was assessed in differentiated H9c2 cells by 

using the conversion of MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
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to formazan. Cells were incubated with MTT at a final concentration of 0.5 mg/ml, for 2 h at 

37°C. The formazan formed was dissolved in solubilization solution (10% Triton-X 100 in 

acidic 0.1N HCl isopropanol); subsequently, absorbance was measured at 595 nm with a 

background correction at 750 nm using a microplate reader. 

 

1.3.10. LDH measurement 

Lactate dehydrogenase (LDH) release was used to detect cytotoxicity/cell death using a 

commercially available kit. In brief, supernatant medium was collected and centrifuged at 

400xg for 5 minutes. Cell supernatant (100 μl) was transferred to a new 96-well assay plate 

and 100 μl of reaction solution- containing 1 mM NAD+, 85 mM Lactic acid, 0.5mM INT 

and LDH diaphorase- was added to each well. The plate was incubated for 30 minutes at 37
o
C 

with gentle shaking.  Absorbance was read at 490 nm with a plate reader.  

 

1.3.11. cGMP enzyme immunoassay  

H9c2 cells were washed twice with Hank's balanced salt solution (HBSS) and incubated in 

HBSS in the presence of IBMX (1 mM) for 15min. After the indicated treatment, media were 

then aspirated and 125 μl of 0.1 N HCl were added into each well to extract cGMP. After 30 

min, HCl extracts were collected and centrifuged at 600 g for 10 min to remove debris. The 

supernatants were directly analyzed for cGMP by a commercially available EIA kit following 

the manufacturer‘s instructions. After HCl extracts had been removed, 100 μl of 0.5 M NaOH 

were added to each well, and total protein was determined by the Lowry method. For tissue 

samples, frozen ischemic tissue was pulverized. Powdered samples from myocardial ischemic 

tissue were treated with 0.1N HCl (1:5 vol/w) to extract cGMP. cGMP content was measured 

in the lysates using enzyme immunoassay. Results were expressed as pmol cGMP/mg protein.  

 

1.3.12. Animals 

All animal procedures were in compliance with the European Community guidelines for the 

use of experimental animals; experimental protocols were approved by the Ethical Committee 

of the Prefecture of Athens. Animals received the usual laboratory diet. In the present study 

male mice C57BL/6 or male eNOS KO mice were used.  

 

1.3.12.1. Surgical Procedures 

Murine in vivo Model of Ischemia-Reperfusion Injury 

Male mice 10-12 weeks old were anesthetized by intraperitoneal injection with a combination 

of ketamine, xylazine and atropine (0.01 mL/g, final concentrations of ketamine, xylazine and 

atropine 10 mg/mL, 2 mg/mL, 0,06 mg/kg respectively). A tracheotomy was performed for 

artificial respiration at 120-150 breaths/min and PIP 2.0 (0.2 mL tidal volume) (Flexivent 

rodent ventilator, Scireq, Montreal, Ontario, Canada). Following anesthesia the left carotid 

artery was revealed and catheterized by the use of a 18G catheter for rabbits model and a 29G 

catheter for mice model. Mean arterial blood pressure was monitored through a fluid filled 

transducer connected to a BIO AMP amplifier and indicated electrocardiogram recording was 

performed by a Lead I ECG recording with PowerLab 4.0 (ADInstruments, UK). Recordings 
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were analyzed by LabChart 7.0 software. A thoracotomy was then performed between the 

fourth and fifth ribs and the pericardium carefully retracted to visualize the LAD, which was 

ligated using a 8-0 prolene monofilament polypropylene suture placed 1 mm below the tip of 

the left auricle. The heart was allowed to stabilize for 15 minutes prior to ligation to induce 

ischemia. After the ischemic period, the ligature was released allowed reperfusion of the 

myocardium. Throughout experiments, body temperature was maintained at 37
o
C + 0.5

o
C by 

way of a heating pad and monitored via a thermocouple inserted rectally. After reperfusion 

hearts were rapidly excised from mice and directly cannulated and washed with 2.5 ml saline-

heparin 1% for blood removal. 5 ml of 1% TTC phosphate buffer 37
0
 C were infused via the 

cannula into the coronary circulation followed by incubation of the myocardium for 5 minutes 

in the same buffer; 2.5 ml of 1% Evans blue, diluted in distilled water was then infused into 

the heart. Hearts were kept in -20
0
C for 24h and then sliced in 1mm sections parallel to the 

atrio-ventricular groove, and then fixed in 4% formaldehyde overnight. Slices were then 

compressed between glass plates 1 mm apart and photographed with Cannon Powershot A620 

Digital Camera through Zeiss 459300 microscope and measured with the Scion Image 

program. The areas of myocardial tissue at risk and infracted were automatically transformed 

into volumes. Infarct and risk area volumes were expressed in cm
3
 and the percent of infarct 

to risk area ratio (%I/R) is calculated.  

 

1.3.12.2. Experimental protocol 

Mice were sham operated or subjected to 30 minutes LAD occlusion followed by reperfusion 

for 3, 10 or 30 minutes. At the end of the experiment, tissue samples from the upper part of 

the left ventricle (sham or ischemic part) were excised and snap frozen in liquid nitrogen. In 

animals treated with the pharmacological inhibitor of PYK2, PF-431396 was administrated at 

5μg/g PF-431396 in 2% DMSO (100μl) IV 10 minutes prior to the ischemic insult. In the 

control group, vehicle (100μl) containing a 2% DMSO in water for injection was 

administrated IV 10 minutes prior to the ischemic insults.  

In a second series of experiments, mice were subjected to 30 minutes regional ischemia of the 

myocardium, followed by 2 hours of reperfusion and were randomized into 5 groups as 

follows. 1) Control group (n=8): administration of vehicle (water for injection containing 2% 

DMSO [100μl] IV 10 minutes prior to the ischemic insult); 2) PF-431396 pretreatment group 

(n=9): administration of 5μg/g PF-431396 (dissolved in DMSO 2% in water for injection; 

(100μl) IV 10 minutes prior to the ischemic insult; 3) PF-431396 post-treatment group (n=7): 

administration of 5μg/g PF-431396 (100μl iv 10 minutes prior to reperfusion); 4) eNOS KO 

group (n=6): administration of vehicle 10 minutes prior to the ischemic insult; 5) eNOS KO + 

PF-431396 group (n=7): administration of 5μg/g PF-431396 IV 10 minutes prior to the 

ischemic insult. 
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1.4. Results 

1.4.1. PYK2 increases phosphorylation of eNOS on S1176 and Y657 in cardiomyocytes 

exposed to H2O2  

Exposure of H9c2 differentiated cardiomyocytes to H2O2 for 10min resulted in increased 

phosphorylation of PYK2 on the autophosphorylation Y402 activator site (Fig. 1A). In 

addition, increased phosphorylation of both Y656 and S1176 on eNOS was observed (Fig. 

1B, 1C).  

 

Figure 1: Exposure of cardiomyocytes to H2O2 increases PYK2 and eNOS 

phosphorylation. Differentiated H9c2 were treated with 50μM H2O2 for 10 minutes, lysed 

and proteins subjected to SDS-PAGE. Representative western blots and densitometric 

analysis of A. phospho-PYK2 (Y402); B. phospho-eNOS (Y656); C. phospho-eNOS (S1176). 

Results were normalized for total protein levels. β tubulin is also presented as reference 

protein. n=6; *p<0.05 vs vehicle. 
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Silencing of PYK2 was documented in siRNA-treated cells, which exhibited reduced mRNA 

(Fig. 2A) and protein (Fig. 2B) levels of PYK2. PYK2 knockdown did not affect eNOS 

mRNA (Fig. 2C) /protein levels (Fig 2D). 

 

Figure 2: siRNA reduces PYK 2 levels but does not affect eNOS protein levels. mRNA 

levels of (A) PYK2 and (C) eNOS and representative western blot and densidometric analysis 

of (B) PYK2/ β-tubulin, (D) eNOS/ β-tubulin of H9c2 lysates. Cells were transfected for 48h 

with the indicated siRNAs using a Lipofectamine RNAimax mixture, as described in the 

supplementary methods.   
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Pharmacological inhibition of PYK2 by PF-431396 reduced the H2O2-triggered Y402 

phosphorylation of the kinase (Fig. 3A). Moreover, inhibition of the kinase, abolished the 

phosphorylation induced by oxidative stress injury on both eNOS Y656 (Fig.3B) and S1176 

(Fig.3C), whilst T495 phosphorylation was unaffected (Fig.3D).  

 

 

To confirm the results obtained with the pharmacological PYK2 inhibitor, we used a siRNA 

knockdown approach. While PYK2 and eNOS phosphorylation on Y657 and S1176 were 

induced after exposure to H2O2 in non-transfected or scrambled siRNA-transfected cell, such 

treatment was ineffective in enhancing eNOS phosphorylation in cells in which PYK2 

expression had been silenced (Fig.3E-G).    
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Figure 3: Inhibition of PYK2 reduces H2O2-induced eNOS phosphorylation. 

Differentiated H9c2 were treated with 50μM H2O2 for 10 minutes; to inhibit PYK2 cells were 

pretreated with 5μM PF-431396 for 45 min. To knockdown PYK2 expression cells were 

transfected with a PYK2 siRNA as described in the Methods section. Representative western 

blot and densidometric analysis of phospho-PYK2 (Y402) A, E; phospho-eNOS (Y656) B, F.; 

phospho-eNOS (S1176) C, G.; phospho-eNOS (T495) D.  Results were normalized total 

protein levels. β tubulin is presented as reference protein. n=6; *p<0.05 vs vehicle (A, B, C), 

*p<0.05 vs NT (E, F, G), #p<0.05 vs PF-431396 (A, B). NT (non-transfected) 
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1.4.2. Increased S1176 phosphorylation of eNOS is PYK2-PI3K-Akt mediated 

As PYK2 is a tyrosine kinase, the observation that PYK2 enhanced S1176 eNOS 

phosphorylation suggested the existence of an intermediate kinase that would lie downstream 

of PYK2 and could phosphorylate S1176. H2O2 treatment increased Akt phosphorylation in 

H9c2 cells (Fig. 4A). This effect was inhibited by either pharmacological inhibition of PYK2 

(Fig. 4B) or PYK2 silencing (Fig. 4C).  

 

Figure 4: Oxidative stress (H2O2) activates Akt in a PYK2-dependent manner in 

cultured cardiomyocytes. Differentiated H9c2 were treated with 50μM H2O2 for 10 minutes; 

to inhibit PYK2 cells were pretreated with 5μM PF-431396 for 45 min. To knockdown PYK2 

expression cells were transfected with a PYK2 siRNA, as described in the Methods section. 

Representative western blot and densidometric analysis of phospho-Akt (S473) normalized 
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for total Akt content.β tubulin is presented as reference protein; n=6 *p<0.05 vs vehicle (A, 

B), p<0.05 vs NT (C), #p<0.05 vs PF-431396 (B), #p<0.05 vs NT+H2O2 (C). NT (non 

transfected) 

 

Moreover, in immunoprecipitation experiments we observed that the PI-3K subunit p85 was 

phosphorylated on Y458 and associated with PYK2 in H2O2-treated cells (Fig. 5A). 

Activation of PI-3K, as assessed by p-p85, was abolished by inhibiting the activity (Fig 5B) 

or silencing PYK2 (Fig.5C).  

 

Figure 5: PYK 2 activates PI3K following H2O2 treatment. PYK2 was immunoprecipitated 

and precipitates were blotted for the phosphorylated form of the p85 subunit. Determination 

of PYK2 levels demonstrates equal amounts of immunoprecipitated protein. Cells treated 

with 50μM H2O2 for 10 minutes and pretreated with PF-431396 5μM or vehicle for 45 min. 

For transfections, cells were processed as in Fig.4. Blots shown are representative of 

experiments performed three times.  

 

1.4.3. The dominant phosphorylation site determining eNOS activity is Y657 

Although, Y657 (Y656 for mouse eNOS) phosphorylation is known to inhibit eNOS activity, 

it is unknown whether the negative impact of Y657 phosphorylation on eNOS activity 

prevails over the positive effect of S1177 when both residues are phosphorylated.  We 

generated human eNOS mutants for Y657 and S1177 by converting the residues to the 

phosphomimetic aspartic acid (D). HEK293 cells were transfected with empty vector, wild-

type eNOS, eNOS Y657D and the Y567D/S1177D double mutant; all mutants exhibited 

equal eNOS expression (Fig6. A). Cells transfected with wild-type eNOS showed an 

increased ability to convert arginine to citrulline. Y657D eNOS was completely inactive, in 

line with our previous observations (Fig. 6B). The double phosphomimetic Y657D/S1177D 

mutant, unlike what has been shown for the S1177D that expresses higher activity than wild-

type eNOS 
300-302

, exhibited no basal or stimulated eNOS activity. Similar results were 
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obtained by measuring NOx in the supernatant of transfected cells, as a readout for eNOS 

activity (n=2) (Fig. 6C). 

 

Figure 6: Phosphorylation of Y657 dominates over phosphorylation of S1177, 

determining NO production. A. Representative western blot of eNOS expression levels 

normalized for β-actin in HEK239 lysates transfected with the eNOS mutants. B. eNOS 

activity was determined from the heavy citrulline/heavy arginine ratio for each mutant under 

basal or stimulated conditions by LC-MS. C. Chemiluminesence assessment of eNOS actity 

in HEK239 transfected cells as indicated. For stimulated eNOS activity, 10μΜ sepiapterin 

and 100nmol ionomycin were added. n=4-6. 

 

1.4.4. PYK2 inhibition or knockdown rescues cardiomyocytes from oxidative stress injury 

or OGD/R by alleviating eNOS inhibition  

Oxidative stress injury of H9c2 cells following exposure to 500μM H2O2 resulted in reduced 

formation of formazan after incubation with MTT (Fig 7A). In addition, cells exposed to 

500μM H2O2 exhibited increased LDH release (Fig 7B). Treatment with L-NAME or PF-

431396 under basal conditions did not alter the behavior of cells in the MTT assay or alter 

LDH release. However, pharmacological inhibition of PYK2 in the context of oxidative stress 

injury significantly reduced cell toxicity (Fig.7A, 7B). This beneficial effect of PF-431396 

was reversed upon inhibition of eNOS by L-NAME (Fig. 7A,7B).  
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Figure 7: Inhibition of PYK2 promotes cell viability after injurious insults in vitro. 

Differentiated H9c2 cells were incubated with the indicated treatment and then subjected to 

12h H2O2 500μΜ exposure. At the end of the incubation cell viability was assessed by the (A) 

MTT assay and (B) LDH activity assay. Treatments with PF-431396 and L-NAME were 5μΜ 

for 45 minutes and 100μM for 40 minutes prior to the assays; n=4-8, *p<0.05 vs vehicle 

(A,B), # p<0.05 vs H2O2 (A). PYK2 was inhibited with PF-431396 (5μM for 45 minutes). 

 

The results were replicated by silencing PYK2; reducing expression of the kinase rendered 

the cells less susceptible to injury. This beneficial effect was reversed by addition of L-

NAME (Fig. 8A; 8B).  

 

Figure 8: Silencing of PYK2 promotes cell viability after injurious insults in vitro. 

Differentiated H9c2 cells were transfected with siRNAs and then subjected to 12h H2O2 

500μΜ exposure. At the end of the incubation cell viability was assessed by the (A) MTT 

assay and (B) LDH activity assay.  Treatment with L-NAME was 5μΜ for 45 minutes and 

100μM for 40 minutes prior to the assays; NT: non-transfected. n=4-8, *p<0.05 vs NT (A,B),  

# p<0.05 vs H2O2 , $ p<0.05 vs PYK2 siRNA+H2O2 (A). PYK2 was silenced for 48hr. NT 

(non transfected) 

 

Additional evidence for the protective effects of PYK2 inhibition in H9c2 was provided in 

experiments in which H9c2 were subjected to oxygen/glucose deprivation (OGD) injury. 

Pharmacological inhibition of PYK2 (Fig. 9A; 9B) or PYK2 knockdown (Fig. 9C, 9D) 

resulted in increased cell survival, as assessed by MTT conversion. Similarly to what was 
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seen with H2O2, the beneficial effects of PYK2 inhibition in cells exposed to OGD were 

abrogated by L-NAME.  

 

 

Figure 9: Inhibition or silencing of PYK2 promotes cell viability after injurious insults 

in vitro: Cells subjected to the indicated treatments were subjected to OGD/R as described in 

the Methods section (white bar graphs represent normal conditions, black bar graphs represent 

the OGD/R exposed cells). Treatments with PF-431396 and L-NAME were 5μΜ for 45 

minutes and 100μM for 40 minutes prior to the MTT assay; NT: non-transfected. n=4-8, 

*p<0.05 vs vehicle-control cultures , *p<0.05 vs NT-control cultures , #p<0.05 vs vehicle 

OGD/R , #p<0.05 vs NT OGD/R , $ p<0.05 vs PYK2 siRNA+H2O2 . PYK2 was inhibited 

with PF-431396 (5μM for 45 minutes) or was silenced for 48hr.  

 

In a separate series of experiments, inhibition with PF-431396 or silencing of PYK 2 of H9c2 

resulted in increased cGMP, in line with the low level phosphorylation of eNOS on Y656 in 

H9c2 under baseline conditions (Fig. 10A,10B). 

 

Figure 10: Inhibition of PYK 2 increases cGMP levels. Cellular cGMP was extracted and 

measured using a commercially available enzyme immunoassay (EIA) kit (Assay Designs; 
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Ann Arbor, MI). PF-431396 pretreatment: 5μM for 45 minutes; n=4 per group; *p<0.05 vs 

Control(A),*p<0.05 vs Non Transfected(B) 

 

1.4.5. Time-dependent phosphorylation of PYK2 and eNOS in I/R  

To evaluate the relevance of our findings in vivo, changes in PYK2 and eNOS 

phosphorylation were monitored at different time points of ischemia/reperfusion following 

LAD ligation. In these experiments, we observed increased phosphorylation of PYK2 in the 

early minutes of reperfusion (Fig. 11A). Phosphorylation of eNOS Y656, followed the same 

phosphorylation pattern with Y656 peaking at the 3
rd

 minute of reperfusion (Fig. 11C). Akt 

and S1176 eNOS phosphorylation were reduced at the end of ischemia; phosphorylation 

started to increase during early reperfusion and showed an increasing trend throughout the 

time period tested (Fig. 11B, 11D). In contrast, Thr495 phosphorylation remained unchanged 

throughout the time course studied (Fig. 11E). To evaluate the amount of NO produced at the 

end of ischemia and during reperfusion, cGMP was measured as a surrogate marker of 

biologically active NO.  cGMP levels were reduced in the end of the ischemic insult. cGMP 

levels reached a trough at the 3
rd

 minute of reperfusion, when the highest levels of eNOS 

Y656 phosphorylation were observed (Fig. 11F); cGMP displayed an upward trend after that 

paralleling the Y656 de-phosphorylation and S1176 phosphorylation.  
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Figure 11: Activation of the PYK2-eNOS axis during ischemia/reperfusion injury in 

vivo. Mice were subjected to ischemia for 30min, or ischemia and reperfusion for 3, 10 or 

30min. Tissues were collected and PYK2 (A), Akt (B), eNOS phosphorylation (C-E) and 

cGMP levels (F) were determined. A-E Representative western blots and densidometric 

analysis of (A) phospho-PYK2(Y402); (B) phospho-Akt (S473); (C) phospho-NOS (Y656); 

(D) phospho-eNOS (S1176), (E) phospho-eNOS (T495). Results were normalized for total 

protein levels. β tubulin is presented as reference protein. (F) cGMP levels at different times 

post-ischemia and reperfusion. n=5 per group; *p<0.05 vs sham, #p<0.05 vs ischemia 30min 

(F) 

 

 

1.4.6. Inhibition of PYK2 enhances eNOS signaling and reduces infarct size following 

ischemia/reperfusion 

Administration of the PYK2 inhibitor in mice subjected to myocardial infarction, resulted in 

reduced PYK2  autophosphorylation (Fig. 12A), which in turn lead to attenuated 

phosphorylation of eNOS on Y656 (Fig. 12B) in the early phase of reperfusion. In line with 

this observation, cGMP levels increased at the 3
rd

 minute of reperfusion in the presence of a 

PYK2 inhibitor (Fig. 12C).  
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Figure 12: Inhibition of PYK2 blocks Y656 eNOS phosphorylation and restores cGMP 

levels during early reperfusion in vivo. Mice were subjected to ischemia (30min) and 

reperfusion for 3min. One group of mice received PF-431396 as iv bolus at 5μg/g 10 minutes 

before myocardial ischemia. Tissues were then collected and PYK2 (A), and eNOS 

phosphorylation (B) were determined. Representative western blots and densidometric 

analysis of A. phospho-PYK2(Y402); B. phospho-NOS (Y656). Results were normalized for 

total protein levels. β-tubulin is presented as reference protein. (C) cGMP levels in the 

ischemic myocardium in mice receiving vehicle or PF-31396 treatment, n=6 per group; 

*p<0.05 vs no PF-31396.  

 

To test whether PYK2 inhibition impacts on infarct size, mice were treated with PF-431396 

either prior to the onset of ischemia (pre-treatment) or the end of ischemia (post-treatment). 

PF-431396 did not alter heart beat or mean arterial blood pressure (data not shown). Pre-

treatment or post-treatment with PF-431396 resulted in a significant reduction of the 

myocardial infarct size vs the control group (10.1%±1.3%, 8.1%±2.4% respectively vs 

45.4%±3.9%) (Fig. 13A & 13C). The area at risk was similar among groups (Figure 13B). 

The beneficial effect of the PYK2 inhibitor was absent in eNOS KO mice, suggesting that PF-

431396-induced protection was eNOS-dependent (Figures 13A & 13C). Areas at risk were 

not different among the treatments in eNOS KO mice (Fig.13B) 
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Figure 13: Inhibition of PYK2 is cardioprotective in wild-type, but not eNOS KO mice. 

Mice were subjected to LAD ligation and infracted area, area at risk and total area were 

determined. A. Infarcted to area at risk ratio as % (% i/r). n=8 for control group, n=9 for PF-

431396 pre-treatment group, n=7 for PF-431396 post-treatment group; n=6 for eNOS KO 

group and n=7 for PF-431396 pretreatment in eNOS KO group; *p<0.05 vs wt control. B. 

Ratio of area at risk to whole myocardial area. p=NS among groups. C. photomicrographs of 

representative pictures from different treatment groups.  
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1.5. Discussion 

The main findings of the present study are: 1) PYK2 is activated in response to oxidative 

stress in cardiomyocytes in vitro and during ischemia-reperfusion in vivo, 2) once activated, 

PYK2 promotes dual phosphorylation of eNOS on S1177 and Y656, 3) Y656 phosphorlyation 

has a dominant, inhibitory effect on eNOS activity, 4) activation of PYK2 results in decreased 

cardiomyocyte viability in vitro and in vivo, 4) PYK2 inhibition alleviates the inhibitory 

effect on eNOS, limiting infarct size.   

PYK2 is a non-receptor tyrosine kinase that can be activated by calcium 
303

 and stress signals 
304

. PYK2 can be viewed as a redox-sensitive kinase, since its activation occurs following 

exposure to oxidative stress or in response to agents that promote ROS production, like 

angiotensin II and endothelin-1 
305-309

. PYK2 activation in the heart is linked to cardiac 

remodeling 
310, 311

, hypertrophic responses 
312-314

 and dilated cardiomyopathy 
315

.   

In our in vitro experiments, we observed that short-term treatment of cardiomyocytes with 

H2O2 activates PYK2 kinase. This observation is in line with the finding that H2O2 promotes 

PYK2 phosphorylation in endothelial cells
307

 and that NADPH oxidase activation results in 

PYK2 phosphorylation in H9c2 cells
316

. Since PYK2 has been shown to promote eNOS 

phosphorylation both directly on Y656
317

 and indirectly on S1176 through PI3K/Akt
318, 319

, we 

examined the ability of H2O2 to trigger eNOS phosphorylation on these residues in cultured 

cardiomyocytes. Indeed, we found that exposure to H2O2 increased phosphorylation of eNOS 

on both S1176 and Y656. In line with our observations, Sartoretto el al reported that H2O2 

increased phosphorylation on S1176 of eNOS in H9c2 in a Ca
2+

-dependent manner 
320

. In 

subsequent experiments we found that PYK2 inhibition abolished phosphorylation on both 

sites, suggesting that H2O2-induced eNOS phosphorylation is PYK2-mediated. Although the 

observed phosphorlyation of Y656 by PYK2 can be easily explained by direct 

phosphorylation, the modification of serine would require an intermediate ser/thr kinase. To 

test the mechanism of PYK2-induced S1177 phosphorlyation, we evaluated the ability of 

PYK2 to activate PI3k/Akt pathway, the prominent kinase that phosphorylates eNOS on this 

serine residue. We observed that upon H2O2 exposure, the p85 catalytic subunit of PI-3K, an 

upstream activator of Akt, was recruited to PYK2 and phosphorylated. In addition, H2O2-

induced Akt phosphorylation was inhibited by PYK2 pharmacological inhibition or PKY2 

gene knockdown, confirming that Akt is downstream of PYK2. Our findings are in agreement 

with previous reports that Akt is a downstream effector of PYK2 in neonatal human and rat 

ventricular cardiomyocytes
318, 321

.    

As described above in cardiomyocytes we observed a simultaneous dual effect on eNOS 

phosphorylation state, not observed in other cell types
322

. Other studies have reported that 

H2O2 exert a concentration dependent but not simultaneous dual effect on eNOS 

phosphorylation which is also reflected by changes in eNOS activity
322

. At low concentrations 

(e.g., 30 µM), H2O2 inhibited basal eNOS activity, whereas at high concentrations (300–500 

µM) H2O2 stimulates the influx of Ca
2+

 into endothelial cells
323

, and NO production
322

. The 

latter phenomenon has also been reported by other authors
324, 325

. We recently reported that 

the phosphorylation of Y657 by PYK2 abolishes eNOS activity; mutation of Y657 to 

glutamate or aspartate eliminates NO generation 
317

. However, the effect of Y657 

phosphorylation on eNOS activity when S1177 is also phosphorylated had not been 

examined. We, thus, transfected HEK293 cells with the Y657D/S1177D phosphomimetic 

mutant and compared its activity with that of wild-type and Y657D eNOS. We observed 

eNOS activity of the Y657D/S1177D eNOS to be severely impaired, similar to that of Y657 
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eNOS. Thus, phosphorylation of Y657 exhibits a dominant effect over S1177, blocking eNOS 

activity irrespectively of the phosphorylation status of the serine residue. Our findings, might 

also explain why some agents that increase S1177 phosphorylation fail to increase NO 

production. The concentration-time dependent effect of H2O2 on eNOS regulation may solve 

the discrepancy of our findings to the reported increased eNOS activity in cardiomyocytes 

under H2O2 treatment
326

. Taken together, these results demonstrate that the dominant 

determiner of eNOS activity is the tyrosine residue located in the FMN binding domain of the 

enzyme. 

To correlate the biochemical observations to functional responses, we performed cell viability 

assays in cells exposed to H2O2, assessing either complex II activity by determining MTT 

conversion, or cell membrane integrity by measuring LDH release. We observed that 

inhibition or silencing of PYK2 kinase rendered the cardiomyocytes less susceptible to injury 

in response to H2O2 and oxygen/glucose deprivation. In line with our finding, chronic PYK2 

activation was correlated to increased cardiomyocyte death in heart failure 
310

. Interestingly, 

the beneficial effect of PYK2 blockade was prevented by eNOS inhibition. Published reports 

have so far studied PYK2 and NO as independent variables in cardiomyocyte survival. This 

series of experiments allowed us to link the two pathways and formulate the hypothesis that 

PYK2 activation during oxidative stress injury inactivates eNOS, minimizing NO 

bioavailability, thus, leading to increase cell death. Inhibition of PYK2 restores eNOS 

functionality, exerting a protective effect in response to noxious stimuli.  

To test the relevance of our in vitro findings to the injury that follows I/R in vivo, we used a 

mouse model of LAD ligation. In these experiments we observed that PYK2 phosphorylation 

(and presumably activity) is low at the end of ischemia; early during reperfusion PYK2 

activity shows a peak and phospho-PYK2 levels return to baseline levels soon after that. The 

kinetics of PYK2 activation are reminiscent of the kinetics of ROS generation that are formed 

in high amounts early in reperfusion
327, 328

, making it tempting to speculate that ROS is indeed 

the trigger for enhanced PYK2 activity. In line with the fact that eNOS is a substrate for 

PYK2, Y656 showed an identical time course of phosphorylation demonstrating higher levels 

3min after the onset of reperfusion. In contrast, Akt and S1177 phosphorylation are lowest at 

the end of the ischemic period and increase with after re-establishing blood flow. A similar 

time course of Akt and eNOS S1177 phosphorylation has been reported by Inserte et al. who 

observed low eNOS S1177 phosphorylation at the end of ischemia that gradually increased 

towards normoxic levels in isolated perfused hearts
329

. Others have also reported low Akt 

phosphorylation at the end of ischemia
98

. The low level of S1177 phosphorlyation we 

observed at the onset of reperfusion correlates well with the finding that eNOS activity 

declines throughout ischemia
330

 and is further supported by finding by Cai et al.
331

 who 

showed a time-dependent decrease on S1177 phosphorylation with ischemia. On the other 

hand, T495 phosphorylation similarly to what was observed in vitro remains unaltered, 

suggesting that this residue does not contribute to changes in eNOS activity during I/R. No 

changes on T495 during I/R have also reported by other investigators 
332

.  

To assess the effect of altered phosphorylation eNOS status on eNOS activity, we measured 

cGMP, a surrogate marker of biologically active NO production. cGMP levels were low at the 

end of ischemia and dropped even further at the 3
rd

 minute of reperfusion, paralleling the 

increase in phosphorylation in the dominant eNOS Y656 site.  Thereafter, cGMP levels began 

to rise reflecting the drop in Y656 and the increase in S1177 phosphorylation. It should be 

noted that the levels of cGMP during reperfusion failed to reach those measured in sham 
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animals, in spite of restoration of favorable eNOS phosphorylation pattern. NO production 

from eNOS during I/R in known to be limited by BH4 availability, eNOS coupling and 

dimerization 
329, 330

 and intracellular acidification 
333

. These factors, along with the ongoing 

ROS production contribute to lower levels of biologically active NO preventing restoration of 

cGMP levels.  In agreement with our findings, cGMP has been shown to be reduced after I/R 
334-336

.To prove causality between enhanced Y656 phosphorylation and low NO output in 

vivo, we determined cGMP levels at the 3
rd

 minute of reperfusion in the presence and absence 

of a PYK2 inhibitor PF-431396. Pharmacological inhibition of PYK2 inhibited eNOS Y656 

phosphorylation and enhanced cGMP accumulation, providing evidence that NO output is 

augmented and eNOS activity is de-repressed, once PYK2 is blocked.  

To assess the functional implications of alterations in the pattern of eNOS phosphorylation, 

we measured myocardial infarct size in vivo. In agreement to our biochemical and in vitro 

observations, we found that pharmacological inhibition of PYK2 kinase throughout ischemia 

or at the onset of reperfusion that prevents the decline in eNOS activity in the critical initial 

minutes of reperfusion, reduced myocardial infarct size. To prove that the action of the PYK2 

inhibitor PF-431396 is eNOS-dependent, we repeated the experiments is eNOS KO mice. 

Interestingly, in spite of the importance of eNOS in cardioprotection, similarly to what has 

been shown by other investigators
98, 337

 we observed that infarct size in eNOS KO mice was 

comparable to that of wild-type controls. More importantly, the cardioprotective effect of 

PYK2 inhibition was abolished in mice lacking eNOS, lending further credence to our 

hypothesis that tyrosine phosphorylation of eNOS in Y656 is a major determinant of infarct 

size.  

In summary, our in vitro and in vivo findings taken together demonstrate a negative role for 

PYK2 I/R injury and myocardial infarction and underscore the importance of eNOS in 

myocardial infarction. PYK2 activation results in dual eNOS phosphorylation: a direct 

phosphorylation on eNOS Y656 and an indirect, Akt-mediated phosphorylation on Ser1176. 

The functional consequence of these post-translational modifications is a reduction of NO 

output in the early minutes of reperfusion, which results in myocardial cell death. Thus, 

PYK2 emerges as a novel therapeutic target that restores eNOS signaling and function in I/R 

injury and minimizes cardiac necrosis.  

 

1.6. Study limitations 

eNOS activity and/or NO levels are harder to assess in in vivo studies. Although cGMP levels 

are a good measure of biologically active NO, they are not synonymous to eNOS activity, due 

to their dependence on (soluble and particulate) guanylate cyclase and phosphodiesterase 

activity, among others. Readers are encouraged to consider this, while making their own 

analysis of the data presented herein. In addition, PF-431396 is a more potent inhibitor of 

FAK (IC50=2nM) vs PYK 2 (IC50=11nM) and protective roles for FAK have been reported in 

myocytes
338

. Use of any pharmacological inhibitor raises questions regarding possible off-

target effects. However, the fact that we obtained similar results after siRNA knockdown of 

PYK2 argues in favor of a role for PYK2 in the cardioprotective responses. Further validation 

of PYK2, as a potential target for cardioprotection is warranted in a cardiomyocyte-specific 

PYK2 knockout model.  In addition, it is unclear form our experiments whether the target of 

PYK2 is in the endothelial cells or the cardiomyocytes themselves. However, as it has been 

reported the endothelial derived NO during ischemia reperfusion injury plays a minor role 

compared to the cardiomyocyte derived NO 
339

. The finding that PYK2 activation drives the 
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angiogenic response by enhancing Akt and eNOS activity (through eNOS phosphorylation on 

S1176)
319

 seems to be at contrast to the present study. Transient inhibition of eNOS activity 

by PYK2 direct phosphorylation on Y656 will have less of an impact on angiogenesis (a 

process that requires days to occur); on the other hand, transient inhibition of NO during the 

initial seconds to minutes of re-establishing blood flow, will have long-term detrimental 

effects on cardiac function after reperfusion. Most importantly, as with the many other 

experimental treatments that have failed during translation, observations herein were made in 

otherwise healthy animals. The effectiveness of PYK2 inhibition would have to be proven in 

the face of co-morbidities and/or after co-administration of other commonly prescribed 

medications. 
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Experimental Study II:  

 

Paradoxical requirement of eNOS in nitroglycerin-induced cardioprotection.   
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2.1. Abstract 

Aim: Nitroglycerin (NTG) remains a first-line treatment for pain relief during AMI. It acts as 

a vasodilator and reduces left ventricular preload volume, wall tension, and therefore, 

myocardial oxygen demands. However, the decrease in arterial pressure would, result in a 

reduction in coronary perfusion pressure and thus a potential increase in infarct size. In 

addition, prolonged administration of NTG results in nitrate tolerance, limiting its clinical use. 

Herein, we sought to determine whether acute low dose NTG exerts direct effects on 

myocardial infarct size as a postconditioning mimetic without alterations in hemodynamics or 

induction of nitrate tolerance in an experimental model of ischemia-reperfusion injury.  

Methods and Results: Low dose IV NTG reduced infarct size similar to PostC group in 

anesthetized male rabbits without affecting haemodynamics. Co-administration of PI3K or 

NOS inhibitors along with NTG abrogated NTG‘s beneficial effect. Inhibition of iNOS, did 

not affect the cardioprotection afforded by NTG whilst inhibition of nNOS increased NTG‘s 

benefit. To further evaluate the role of eNOS in NTG induced cardioprotection, we treated 

eNOS(-/-) mice with NTG; NTG had no effect on infarct size in eNOS(-/-) mice, although its 

cardioprotective actions were reproduced in the murine wild type heart but not in the wild 

type ones with nitrate tolerance. In addition, eNOS and AKT phosphorylation were higher in 

NTG-treated rabbits compared to the control group. However, no phosphorylation of eNOS 

was detected in the murine hearts. Mechanistically, NTG protected through a CypD-

dependent manner as NTG failed to confer additional protection in hearts from CypD(-/-) 

mice, which already exhibited smaller infarct size than their wild type littermates. In addition, 

NTG offered cardioprotection in ApoE (-/-) mice indicating that it could be a potent 

cardioprotective agent in the presence of endothelial dysfunction conditions. Interestingly, 

NTG effects were mediated due to an eNOS mediated nitro-oxidative stress reduction in the 

ischemic myocardium.  

Conclusion:  Low dose IV NTG induces pharmacological postconditioning and reduces 

myocardial infarct size. Its effects are mediated through activation of the PI3K-AKT pathway 

and inhibition of mPTP. The observed crosslink between eNOS and reduced nitro-oxidative 

stress is a novel mechanism of NTG infarct limiting effects. Further studies are mandatory for 

the evaluation of eNOS activation upon NTG treatment. 
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2.2. Aim 

Glyceryl-trinitrate (commonly termed nitroglycerin), is a potent nitro-vasodilator, which has 

been shown to increase NO species under clinical conditions
238, 340

. The positive effects of 

NTG arise from its ability to promote vasodilation, resulting in increased blood flow to the 

heart
341

. However, while low dose NTG effects are evident only in systemic veins where the 

venodilator effect reduces cardiac preload and further decreases myocardial wall 

stress
239

, thus restoring the equilibrium of oxygen and nutrients supply-demand in the 

ischemic heart, higher doses of NTG balance venous and arterial dilating effect, affecting 

myocardial perfusion and thus potentially increases infarct size
342

. In addition, sustained NTG 

administration causes tolerance and is associated with pro-oxidant effects, endothelial 

dysfunction and increased sensitivity to vasoconstrictors
240, 241, 343

 furthermore it causes 

tolerance to ischemic preconditioning effects
242, 243

. Its beneficial effects given before the 

ischemic insult on the limitation of myocardial infarction have been described
344

; Although, it 

has been shown that the protective effect of ischemic preconditioning can be mimicked 

pharmacologically with nitric oxide (NO) donors
244

, the effect of NO donors as 

pharmacological postconditioning agents have only superficially been assessed.  

Thus, the purpose of the present study is 

1. To evaluate the possible cardioprotective effects of low dose IV nitroglycerin, 

administered at the end of ischemia and reperfusion.  

2. To evaluate the involvement of PI3K/Akt-nitric oxide synthases pathway on 

nitroglycerins‘ possible infarct size limiting effects.  

3. To assess the role of NTG in the mPTP opening and oxidative stress levels in the 

ischemic heart.  

4. To evaluate possible cardioprotective actions of NTG in a model of endothelial 

dysfunction. 
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2.3. Materials and Methods  

2.3.1. Animals 

Animals received proper care in compliance with the Principles of Laboratory Animal Care 

formulated by the National Society for Medical Research and the Guide for the Care and Use 

of Laboratory Animals prepared by the National Academy of Sciences and published by the 

National Institute of Health. Animals received the usual laboratory diet and all studies were 

approved by the animal research ethics committees in Athens and Mainz.  

In the present study we used 117 white male New Zealand rabbits 2.7-3.1 kg in total, 34 male 

mice C57BL/6 as wild type 12-16 weeks old, 12 male eNOS(-/-) mice 13-16 weeks old, 12 

male CypD(-/-) mice 12-14 weeks old and 14 male ApoE(-/-) mice 12-14 weeks old.  

 

2.3.2. Surgical Procedures 

2.3.2.1. Rabbit in vivo model of ischemia/reperfusion injury 

Rabbits were anesthetized with sodium thiopentone at a dose of 30mg
.
Kg

-1
 by bolus injection 

into a peripheral vein. Animals were placed in a supine position and ECG recording was 

induced by use of specific electrodes (PowerLab 4.0, ADInstrumnets, Campbridge, UK). 

Recording was achieved through the appropriate software (Labchart 7.0, ADInstruments, 

Cambridge, UK). Depth of anesthesia was evaluated by animals reflex and ECG recording. 

Anesthesia follows tracheotomy for proper intubation with a respirator for small animals (MD 

Industries, Mobile, AL, USA) for mechanical ventilation at a rate adjusted to maintain normal 

blood gases. Carotid was revealed and catheterized with a 20G catheter connected to a fluid 

filled transducer for invasive blood pressure recording. Invasive open of the chest with a left 

thoracotomy exposed the beating heart. The pericardium was opened and a 3-0 silk suture was 

passed around the left anterior descending artery. Ischemia was induced by pulling the thread 

through a small piece of soft tubing, which was firmly positioned against the coronary arterial 

wall with the aid of a small clamp. Ischemia resulted in ST elevation on the ECG and a 

discolor of the ischemic myocardium. At the end of ischemic period the snare was opened, the 

artery refilled and the myocardium reperfused. After the end of reperfusion, hearts were 

excised, mounted on an apparatus and perfused with normal saline for 2 minutes for blood 

removal. Then the coronary ligature was retightened at the same site and 10 ml of green 

fluorescent microspheres (Duke Scientific Corp. Palo Alto CA) were infused for the 

separation of the non ischemic area from the area at risk. Hearts were kept in the refrigerator 

for 24 hours and cut into 3 mm thick sections. The slices were stained with 

triphenyltetrazolium chloride (TTC) at 37
0
C and immersed in 10% formaldehyde overnight. 

With a wavelength of 366 nm UV light, we separated the area at risk from the infracted zone 

of the heart and we traced all the areas onto an acetate sheet in order to estimate the volumes 

of these areas in cm
3
. The infarct to risk area ratio (%I/R) was calculated. The infracted, the 

risk and the normal areas were traced onto an acetate sheet, which had been placed over the 

top glass plate. The tracings were subsequently scanned with the Adobe Photoshop 6.0 and 

measured with the Scion Image program. The areas of myocardial tissue at risk and infracted 

were automatically transformed into volumes. Infarct and risk area volumes were expressed in 

cm
3
 and the percent of infarct to risk area ratio (%I/R) was calculated

248
. 
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2.3.2.1.1. Murine in Vivo Model of Ischemia-Reperfusion Injury 

C57BL/6 wild type, eNOS(-/-), CypD(-/-) and ApoE(-/-) male mice 12-16 weeks old were 

subjected to myocardial ischemia reperfusion injury. 

Methods described in Experimental Study I section 1.3.12.1. 
345

.  

  

2.3.2.2. Experimental protocol 

2.3.2.2.1. Experimental protocol in the rabbit cohort 

75 New Zealand white male rabbits weighted 2.7-3.1 kg were subjected to 30 minutes 

regional ischemia of the myocardium, followed by 3 hours of reperfusion and were 

randomized into 12 groups as follows (Study protocol is presented on Figures 1A, 2A, 4A) . 

Pharmacological inhibitors were administrated in our in vivo models as previously described 

by our group or others that are effective in the rabbit ischemia reperfusion model (references 

included in each administration protocol): 

Control group (n=8): No additional intervention  

PostC group (n=7): Application of 8 cycles of 30 sec ischemia reperfusion immediately after 

sustained ischemia. 

NTG group (n=7): Administration of NTG IV at a dose of 2 μg 
. 
kg

-1 . 
min

-1
 for a total time of 

65 min starting 10 min prior to reperfusion
244, 246

. 

NTG+W group (n=7): Administration of NTG as in NTG group and the inhibitor of the PI3K 

inhibitor (Wortmannin) IV bolus at the 19th min of ischemia at a dose of 60 μg
.
kg

-1
 as 

previously described
346

. 

NTG+L-NAME (n=7): Administration of NTG as in NTG group and the inhibitor of the 

synthase of NO (NOS) (L-NAME) IV bolus at the 19
th
 min of ischemia at a dose of 10 mg

.
kg

-

1
 as previously described

248
. 

NTG+7-NI group (n=7): Administration of NTG as in NTG group and the inhibitor of the 

neuronal synthase of NO (nNOS) (7-Nitroindazole) IV bolus 20 min prior to ischemia at a 

dose of 50 mg
.
kg

-1
 as previously described

347
. 

NTG+1400W group (n=6): Administration of NTG as in NTG group and the inhibitor of the 

inducible synthase of NO (iNOS) (1400W) IV bolus 30 min prior to ischemia at a dose of 10 

mg
.
kg

-1
 as previously described

347
. 

NTG+DT2 group (n=7): Administration of NTG as in NTG group and the inhibitor of PKG-I 

(DT2) IV bolus 10 min prior to ischemia at a dose of 0.25 mg
.
kg

-1
 as previously described

345
. 

W (n=6): Administration of the inhibitor of the PI3K inhibitor (Wortmannin) IV bolus at the 

19th min of ischemia at a dose of 60 μg
.
kg

-1
 as previously described

346
. 

L-NAME (n=7): Administration of the inhibitor of the synthase of NO (NOS) (L-NAME) IV 

bolus at the 19
th
 min of ischemia at a dose of 10 mg

.
kg

-1
 as previously described

248
. 

7-NI (n=6): Administration of the inhibitor of the neuronal synthase of NO (nNOS) (7-

Nitroindazole) IV bolus 20 min prior to ischemia at a dose of 50 mg
.
kg

-1
 as previously 

described
347

. 
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1400W group (n=6): Administration of the inhibitor of the inducible synthase of NO (iNOS) 

(1400W) IV bolus 30 min prior to ischemia at a dose of 10 mg
.
kg

-1
 as previously described

347
. 

In a second series of experiments twenty five rabbits (5 per group of Control, PostC, NTG, 

NTG+W and NTG+L-NAME groups) were subjected to the same interventions up to the 10
th
 

minute of reperfusion, where tissue samples from the ischemic area of myocardium were 

collected, emerged in liquid nitrogen and stored at -80
o
C for western blot analysis of Akt and 

eNOS assessment. 

Additionally, in a third series of experiments, sixteen rabbits (4 per group of Control, PostC, 

NTG and NTG+L-NAME groups) were subjected to the same interventions up to the 10
th
 

minute of reperfusion, where tissue samples from the ischemic area of myocardium were 

collected, embedded in OTC compound (Tissue Teck) and emerged in liquid nitrogen and 

stored at -80
o
C for ROS evaluation by DHE staining. 

 

2.3.2.2.2. Experimental protocol in wild type C57BL/6 mice 

42 wild type C57BL/6 male mice 13-16 weeks old were subjected to 30 minutes regional 

ischemia of the myocardium followed by 2 hours of reperfusion with the following 

interventions. (Study protocol is presented on Figure 3A). 

Control group (n=9): Vehicle NaCl 0.9% administered 3 times per day for 3,5 days before the 

I/R induction. Mice were also treated with NaCl 0.9% at the 20th minute of ischemia for a 

total time of 65 min, with a steady rate of infusion of 0.2 ml . h-1 . 

NTG group (n=8): Vehicle NaCl 0.9% administered 3 times per day for 3,5 days before the 

I/R induction. Administration of NTG at a dose of 24μg . kg-1 . min-1 in NaCl 0.9% at the 

20th minute of ischemia for a total time of 65 min, with a steady rate of infusion of 0.2 ml 
. 
h

-1
 

348
. 

NTG tolerance group (n=7): NTG in NaCl 0.9% at a dose of 20 mg/kg administered 3 times 

per day for 3,5 days to induce nitrate tolerance25 before the I/R induction. Mice were also 

treated with NaCl 0.9% at the 20th minute of ischemia for a total time of 65 min, with a 

steady rate of infusion of 0.2 ml . h-1 .  

The above groups of animals were used for infarct size determination.  

Eighteen additional animals (6 per group) were subjected to the above intervention up to the 

10th minute of reperfusion in which tissue samples from the ischemic region of the heart were 

embedded in OTC Compound (Tissue Teck) for ROS evaluation by DHE staining.   

 

2.3.2.2.3. Experimental protocol in eNOS(-/-) mice 

Twelve eNOS(-/-) male mice 13-16 weeks old were subjected to 30 minutes regional 

ischemia of the myocardium followed by 2 hours of reperfusion with the following 

interventions. (Study protocol is presented on figure 6A) 

eNOS(-/-) group (n=6): Vehicle NaCl 0.9% administered at the 20
th
 minute of ischemia for a 

total time of 65 min, with a steady rate of infusion of 0.2 ml 
. 
h

-1
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eNOS(-/-)+NTG group (n=6): Administration of NTG at a dose of 24μg 
.
 kg

-1 .
 min

-1
 in NaCl 

0.9% at the 20
th
 minute of ischemia for a total time of 65 min, with a steady rate of infusion of 

0.2 ml 
. 
h

-1
  

 

2.3.2.2.4. Experimental protocol in CypD(-/-) mice 

Fourteen CypD(-/-) male mice 13-16 weeks old were subjected to 30 minutes regional 

ischemia of the myocardium followed by 2 hours of reperfusion with the following 

interventions.  

CypD(-/-) group (n=6): Vehicle NaCl 0.9% administered at the 20
th
 minute of ischemia for a 

total time of 65 min, with a steady rate of infusion of 0.2 ml 
. 
h

-1
  

CypD(-/-)+NTG group (n=6): Administration of NTG at a dose of 24μg 
.
 kg

-1 .
 min

-1
 in NaCl 

0.9% at the 20
th
 minute of ischemia for a total time of 65 min, with a steady rate of infusion of 

0.2 ml 
. 
h

-1
  

 

2.3.2.2.5. Experimental protocol in ApoE(-/-) mice 

Fourteen ApoE(-/-) male mice 13-16 weeks old were subjected to 30 minutes regional 

ischemia of the myocardium followed by 2 hours of reperfusion with the following 

interventions. 

ApoE(-/-) group (n=7): Vehicle NaCl 0.9% administered at the 20
th
 minute of ischemia for a 

total time of 65 min, with a steady rate of infusion of 0.2 ml 
. 
h

-1
  

ApoE(-/-) +NTG group (n=7): Administration of NTG at a dose of 24μg 
.
 kg

-1 .
 min

-1
 in NaCl 

0.9% at the 20
th
 minute of ischemia for a total time of 65 min, with a steady rate of infusion of 

0.2 ml 
. 
h

-1
  

 

2.3.3. Western Blot Analysis 

Described in Experimental Study I section 1.3.4.   

In the present study we used as primary antibodies phospho eNOS(Ser1177), eNOS, phospho 

Akt(Ser243), Akt, beta tubulin (Cell signaling Technologies).  

 

2.3.4. DHE staining of cardiac RONS formation 

Cardiac ROS production was qualitatively detected by DHE (1 µM)-derived fluorescence in 

heart tissue sections as described previously for vascular ROS formation
349

. 

 

2.3.5. Statistical analysis  

All results are presented as mean ± standard error mean. Comparisons of numeric  

variables among the groups were analyzed using One-way Analysis of Variance model 

(ANOVA) with Bonferroni correction and with Tukey post-hoc analysis. A calculated p value 

of less than 0.05 was considered to be statistically significant.  
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2.4. Results 

2.4.1. Hemodynamic parameters 

Characteristics and hemodynamic variables for study groups are presented in Table 1.for 

rabbit groups and Table 2.for mice groups. Nitroglycerin administered in the described dose 

did not change the hemodynamic profile of the treated animals. No significant differences 

were observed between the groups.  

Table 1: Haemodynamic variables of the rabbit in vivo ischemia reperfusion model 

 

HW: Heart weight in g, HR: Mean heart rate in beats/min, MAP: Mean arterial blood pressure 

in mmHg. 

 

Table 2: Haemodynamic variables of the murine in vivo ischemia reperfusion model 

 

 

 

 

Study group 

  

HW 

(g) 

Baseline 20 min Ischemia 

 Drug infusion 

180 min Reperfusion 

1
st
 minute                    180

th
 

minute 

    HR MAP HR MAP HR MAP HR MAP HR MAP 

 

Control 7.4±0.2 273±11 84±6 270±13 82±5 270±11 82±4 268±12 81±6 266±11 77±5 

PostC 7.1±0.3 279±12 81±5 274±12 79±4 275±10 79±5 273±13 76±5 269±10 72±6 

NTG 7.5±0.5 276±13 80±4 271±11 77±5 271±12 77±3 270±12 75±4 268±12 76±4 

NTG+LNAME 7.6±0.3 275±10 83±4 270±9 80±3 270±11 79±5 268±9 80±3 265±11 78±6 

NTG+7NI 7.4±0.5 274±13 82±5 268±12 79±7 269±9 78±4 269±12 77±7 263±9 75±4 

NTG+Wortmannin 7.2±0.6 275±11 84±7 269±10 81±6 269±13 81±3 267±10 78±6 265±13 78±3 

NTG+SPT 7.7±0.4 277±14 82±6 272±14 78±5 272±12 79±3 269±13 76±4 267±12 74±4 

NTG+DT2 7.5±0.3 273±15 87±5 267±11 83±4 266±14 83±5 265±10 78±5 264±14 78±5 

LNAME 7.1±0.6 274±11 81±6 269±10 78±5 270±12 78±6 270±11 77±5 266±12 73±6 

7NI 7.4±0.5 273±15 79±5 270±14 76±6 269±13 77±5 270±10 74±6 267±13 72±5 

Wortmannin 7.2±0.6 272±12 78±7 266±11 75±4 267±12 75±7 265±12 74±4 262±12 72±4 

SPT 7.5±0.3 275±9 83±3 270±12 79±3 270±9 78±4 269±10 77±7 268±9 75±3 

Study group    HW  Baseline 20 min Ischemia 

                                   Drug infusion 

180 min Reperfusion 

        1st minute                 180th minute 

    HR MAP HR MAP HR MAP HR MAP HR MAP 

WT+WFI 152±5  384±3  97.1±1.9 378±2  95.2±1.9 377±2 96.0±1.6  373±2  99.6±1.3 370±2  93.4±1.2 

WT+NTG 151±5 390±4  98.6±4.8 385±4  99.8±2.9 385±4  99.8±3.0 380±3 100.6±3.3 374±2  105.8±0.5 

 

HW: Heart weight in mg, HR: Mean heart rate in beats/min,  

MAP: Mean arterial pressure in mmHg.  
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2.4.2. Nitroglycerin induces cardioprotection through PI3K activation in rabbits.  

In rabbits under ischemia/ reperfusion no significant differences were detected in the areas at 

risk among groups (Figure 1B). PostC reduced infarct size compared to the control group 

(23.3±0.99 vs 47.7±1.8%, p<0.05). Administration of NTG at the end of ischemia protected 

the ischemic myocardium to a similar extent as PostC (23.06±2.7 %, p=NS vs PostC) (Figure 

1C). Co-administration of wortmaninn along with NTG did not affect area at risk (Figure 1C) 

but abrogated the infarct limiting effects of NTG (40.66±2.4%, vs 23.06±2.7 %, p<0.05) 

(Figure 1C). NTG administration increased the phosphorylation of Akt at ser478 at the 

ischemic myocardium during reperfusion whereas it was reduced after administration of 

wortmannin (Figure 1D).  

 

 

Figure 1. NTG reduces myocardial infarct size and activates Akt. A.Schematic 

presentation of the study protocol B. Area at risk to whole myocardial area ratio (AAR/A %), 

C. Infarct size to area at risk ratio (%I/R), D. Representative blots for pAkt/tAkt are shown 

along with the densitometric analysis from the total number of animals per group (n=5). 

(*p<0,05 versus Control group) 

 

NOS inhibition did not alter area at risk among groups (Figure 2B). L-NAME reversed the 

cardioprotective effects of NTG (39.3±1.4% vs 23.06±2.7 %, p<0.05) (Figure 2C). Selective 

inhibition of nNOS increased NTG benefit (12.15±0.74%, p<0.05) whilst 7-NI itself exerted 

cardioprotection versus the control group (27.2±1.3% vs 47.7±1.8%, p<0.05) (Figure 2C). 

Selective inhibition of iNOS did not abrogate the infarct limiting effects of NTG (20.3±2.8%, 

p=NS vs NTG group), whereas 1400W reduced the %I/R versus the control group 

(15.0±0.6% vs 47.7±1.8%, p<0.05,) as expected
350

. eNOS was phosphorylated at ser 1176 

after NTG treatment, an effect that was inhibited after L-NAME administration (Figure 2D). 
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Wortmannin, and L-NAME administration did not significantly change infarct size compared 

to the control group (48.0±2.4%, and 37.7±1.8%, respectively, p=NS) (Figures 1C, 2C).  

 

Figure 2. NTG phosphorylates eNOS. A.Schematic presentation of the study protocol B. 

Area at risk to whole myocardial area ratio (AAR/A %), C. Infarct size to area at risk ratio 

(%I/R), D. Representative blots for peNOS/teNOS are shown along with the densitometric 

analysis from the total number of animals per group (n=5) (*p<0,05 versus Control group, 

†p<0,05 versus PostC and NTG groups) 

 

Furthermore, the addition of the PKG inhibitor DT2 did not abrogated the infarct size limiting 

effect of NTG (19.5±2.5 %, p=NS vs NTG) (Figure 3B, 3C).  
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Figure 3. NTG does not activate PKG. A.Schematic presentation of the study protocol B. 

Area at risk to whole myocardial area ratio (AAR/A %), C. Infarct size to area at risk ratio 

(%I/R). (*p<0,05 versus Control group) 

 

2.4.3. NTG reduces myocardial infarct size in the murine myocardium. Evidence for a 

species specific eNOS phosphorylation mechanism.  

To extend our findings in a different animal model, as eNOS cardioprotective contribution 

has been shown to differ among mammals
345

 we administrated NTG in the murine model. In 

mice under ischemia/ reperfusion no significant differences were detected in the areas at risk 

among groups (Figure 4B). Ιt is well known that NTG induces nitrate tolerance both in the 

vascularate and in cardiomyocytes which abrogates its beneficial effects in the cardiovascular 

system
240, 241, 343

; in order to define the effects of acute administration of NTG in our model we 

included as positive control a well described model of NTG administration that induces 

nitrate tolerance (NTG tolerance group)
347

 in the murine heart. As it was expected NTG 

tolerance group developed a myocardial infarction similar to the one of the Control group 

(46.09±3.3% and 53.3±2.1%, respectively). Acute administration of NTG in the murine 

myocardium reduced myocardial infarct size compared to the control and NTG tolerance 

groups (23.2±2.7% vs 53.3±2.1% and 46.09±3.3% respectively, p<0.05), (Figure 4C, 4D). 

However, eNOS phosphorylation at ser1176 was not increased in the murine heart, in contrast 

to the increased phospshorylation that was observed in the rabbit heart (Figure 4E). 
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Figure 4. Species specific eNOS phosphorylation by NTG. A.Schematic presentation of the 

study protocol B. Area at risk to whole myocardial area ratio (AAR/A %), C. Infarct size to 

area at risk ratio (%I/R), D. Representative photos of the murine hearts, E. Representative 

blots for peNOS/teNOS are shown along with the densitometric analysis from the total 

number of animals per group (n=5) (*p<0,05 versus Control group) 
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2.4.4. Reduced nitro-oxidative stress seems the dominant mechanism of cardioprotection 

afforded by NTG 

Direct reactive oxygen species assessment by DHE staining revealed reduced reactive oxygen 

species formation in the ischemic tissue of NTG treated animals in both models (Figures 5A, 

5B, 5C) and the observed effect on ROS levels was driven in a NOS dependent manner, as 

co-administration of NTG and L-NAME resulted in increased formation of ROS in rabbit 

myocardium (Figure 5A). Acute administration of NTG resulted in decreased formation of 

ROS compared to the Control and to NTG tolerance groups in murine myocardium during 

reperfusion (Figure 5B). The formation of ROS was more evident in the ischemic part of the 

myocardium (Fig. 5C).  

 

Figure 5. NTG reduces nitro-oxidative stress in a NOS dependent manner. A. 

Representative DHE staining in the rabbit ischemic heart along with the densitometric 

analysis, B;C.  Representative DHE staining in the murine ischemic heart along with the 

densitometric analysis. (*p<0,05 versus Control group) 
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2.4.5. Genetic evidence for eNOS dependent NTG protection 

To evaluate the role of eNOS activation in the murine heart and to investigate the role of 

eNOS activation by NTG in the different animal models we used wild type and eNOS(-/-) 

mice under vehicle or NTG treatment. No significant differences were detected in the areas at 

risk among the studied groups (Figure 6B). The infarct size was in line with previous 

findings
345

 in Control wild type mice and it was similar to that of eNOS(-/-) animals (53.3 ± 

3.2% vs 51.4± 3.5%, p=NS). However the infarct limiting effects of NTG were preserved 

only in the wild type compared to the eNOS(-/-) mice (21.7 ± 3.3% vs 46.4 ± 2.9% p<0.05) 

(Figure 6C, 6D).  

 

Figure 6. Ablation of eNOS abrogates the NTG infarct limiting effects. A.Schematic 

presentation of the study protocol B. Area at risk to whole myocardial area ratio (AAR/A %), 

C. Infarct size to area at risk ratio (%I/R), D. Representative photos of the murine hearts, 

(*p<0,05 versus wild type control, eNOS(-/-) and eNOS(-/-) +NTG groups). 

 

 

 

2.4.6. Genetic evidence for CypD dependent NTG protection 

To evaluate the role of mPTP pores opening by NTG we used wild type and CypD(-/-) mice 

under vehicle or NTG treatment. No significant differences were detected in the areas at risk 

among the studied groups (Figure 8B). The infarct size in CypD(-/-) mice was lower than that 

of the wild type animals (19.2 ± 1.9% vs 51.4± 3.5%, p<0.05), a finding that it was in line 

with previous findings (Bell et al., BRC 2013). Administration of NTG in CypD(-/-) mice had 

no additional effect on infarction limitation (18.6 ± 1.8%) (Figure 8C, 8D).  
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Figure 8. NTG confers cardioprotection in a CypD dependent manner. A.Schematic 

presentation of the study protocol B. Area at risk to whole myocardial area ratio (AAR/A %), 

C. Infarct size to area at risk ratio (%I/R), D. Representative photos of the murine hearts, 

(*p<0,05 versus wild type control). 
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2.4.7. NTG preserves its beneficial effects in a model of endothelial dysfunction 

To assess the effect of NTG in a model of endothelial dysfunction we used ApoE (-/-) mice 

under vehicle or NTG treatment. The infarct size in ApoE(-/-) mice was similar to that of the 

wild type animals (49.7 ± 4.3% vs 51.4± 3.5%, p=NS). Administration of NTG in ApoE(-/-) 

mice preserved its beneficial effects compared to the wild type animals (20.0 ± 3.6%) (Figure 

9B, 9D). No significant differences were detected in the areas at risk among the studied 

groups (Figure 9C).  

 

Figure 9. NTG preserves its infarct limiting effects in ApoE KO animals. A.Schematic 

presentation of the study protocol B. Area at risk to whole myocardial area ratio (AAR/A %), 

C. Infarct size to area at risk ratio (%I/R), D. Representative photos of the murine hearts, 

(*p<0,05 versus). 
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2.5. Discussion 

The present study indicates that an acute, non- hypotensive NTG administration during 

evolving myocardial infarction is cardioprotective against ischemia and reperfusion injury in 

in vivo models. We present for the first time, i. a novel mechanism of NTG, which 

encompasses the dominant role of eNOS, reduced oxidative stress and inhibition of mPTP 

opening, explaining the infarct size reduction, ii. that NTG is capable of minimizing cardiac 

death even under endothelial impairment conditions. 

Low doses of nitroglycerin (less than 30 micrograms/min) intravenously (IV) given, act as a 

dominant venodilator, while higher doses balance between venous and arterial dilation
342

. 

Studies in canine models have demonstrated that in the early stages of infarction, low-dose 

NTG infusion, carefully titrated for only minimal mean blood pressure reduction, markedly 

reduces left ventricular (LV) preload, improves regional perfusion, and reduces infarct size 

and adverse remodeling. However, higher doses of IV NTG decrease mean blood pressure, 

causing hypoperfusion and increasing the final infarct size
351

. These results were replicated in 

humans as lower NTG dosage protocol may have the advantages of prolonging the beneficial 

effects by lowering left ventricular filling pressure and systemic vascular resistance in 

patients with acute myocardial infarction
342

, allowing more precise control of dosage, and 

thus avoiding sudden falls in arterial pressure. Clinical studies have confirmed that low-dose 

NTG IV infusion for the first 48 hours after acute myocardial infarction is safe, not only for 

improving LV performance but also for limiting ischemic injury, infarct size, adverse 

remodeling, and complications related to infarction, including in-hospital and one year 

follow-up deaths
351-354

. As shown in patients with anterior AMI
355

, IV NTG is associated with 

reversal of restrictive left ventricular diastolic filling pattern in the early stages of AMI. 

However, although studies in humans support an infarct size limiting effect of NTG if it is 

given at the time of evolving infarction, the AHA guidelines for AMI patients, challenge its 

treatment benefits which are limited and no conclusive for routine IV, oral, or topical use. 

Thus, studies that will emerge a protective role of a non hypotensive dose of NTG in evolving 

AMI, and will elucidate the underlying molecular mechanism of action in the infarcted 

myocardium would probably lead to the establishment of NTG as a first line drug in the 

limitation of myocardial infarct size. 

Mechanistically, endogenous NO plays a predominant role in conditioning strategies, as once 

bioavailable it minimizes myocardial infarct size
90, 180, 356-358

. Therefore, a number of studies 

tried to mimic endogenous NO beneficial effects by administrating NO releasing molecules 

prior to the ischemic insult
41, 83, 359, 360

. However, a limited number of studies have reported a 

protective role when NO releasing drugs are administered in the clinical setting during the 

ischemic insult.  

NTG‘s mode of action has received considerable attention for several decades. Despite the 

extensive and well described vasodilatory effects as well as adverse effects upon chronic 

administration (e.g. oxidative stress and nitrate tolerance)
361

, only small progress has been 

achieved regarding its cardioprotective effects and its mode of action. Controversial findings 

regarding the reduction of myocardial necrosis after the administration of a non-hypotensive 

NTG dose prior to reperfusion have been reported so far 
245-247

. NTG minimizes myocardial 

infarction in vivo in dogs
247

, whilst it has not been proved to be cardioprotective when it is 

administered during ischemia in anesthetized pigs
245

 and rabbits
246

. In our study, NTG given 

at the end of the ischemia and during reperfusion, at a dose which does not change 

haemodynamic parameters, thus, reflecting the routine clinical practice
362

, reduces infarct size 
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in anesthetized rabbits and mice. The divergent results between the others and the present 

study may be due to i) the observed haemodynamic instability in the study of Liu et al
245

., 

which suggests a progressive decline of LV function upon NTG administration in their model 

and ii) dosage protocol in the latter study of Salloum et al
246

., in which a constant rate of 50 

ml/hr for 65 min was used. In our study the dosage protocol was 2 μg kg
−1

 min
−1

 at a constant 

rate of 1 ml/h for 65 min starting at 10 min prior to the onset of reperfusion. Guidelines 

deduce that optimal administration volume, shall be <10% of the circulating blood volume of 

the animal. Considering that the plasma volume of rabbit is approximately 55.3 + 5.3 ml
.
 kg

-1
, 

363
 this leads to the conclusion that volumes greater than 8 ml/hr are not well tolerated and 

cause serious volume increase
364

.  

In terms of the molecular mechanism of NTG action, no studies have been performed so far 

for its cardioprotective effects, whereas the most of the studies have focused on the molecular 

mechanism which mediates the vasodilatpry effects of NTG. Therefore, there are studies 

suggesting an eNOS dependent signaling of NTG‘s vasodilatory effects. It has been reported 

that the vasodilatory effects of NTG are driven through accumulation of 3,4,5-InsP3, probably 

because of inhibition of PTEN, and further activation of PI3K/Akt and eNOS
365

. In agreement 

to the above, we observed that inhibition of PI3K by Wortmannin reversed NTG‘s 

cardioprotective effects; furthermore, inhibition of NOS by L-NAME completely abrogated 

the beneficial effects of NTG. Thus, in order to further investigate the NOS isoform 

responsible for the cardioprotection observed, we selectively inhibited nNOS and iNOS. We 

should mention that the role of nNOS
67, 366

 and iNOS
350, 367

 in cardioprotection has led to 

divergent results in the literature. Our results showed that nNOS inhibition resulted in infarct 

size limitation as previously described in brain ischemia reperfusion injury
368

, while co-

administration of NTG led to a further reduction in infarct size, indicating that the 

cardioprotective effects afforded by NTG are independent of nNOS activation. Similar results 

were observed for iNOS inhibition, as NTG administration along with inhibition of iNOS did 

not reverse NTG‘s beneficial effects. Taken together, our results indicate that eNOS isoform 

plays a key role for NTG–mediated cardioprotection.  

As we mentioned before, eNOS is critically involved in the amplification of the vasodilator 

effects elicited by low dose NTG
369

. However, this report has raised contradictory responses 

by other groups
370

. Furthermore, other reports showed an endothelium dependence of NTG 

effects in animals and in patients
371-373

. L-arginine, a nitric oxide synthase substrate, is capable 

of amplifying and sustaining NTG-induced NO production
374

. However, although there are 

studies which support the role of eNOS on NTG‘s induced vasorelaxation, there are no 

studies until now investigating its role in cardioprotection. To shed some light on this issue 

and to clarify if eNOS was mandatory to NTG induced cardioprotection, as indicated by our 

in vivo rabbit cohort results, we evaluated NTG infarct limiting effects in eNOS knockout 

mice. We observed that in contrast to the wild type animals, in which NTG reduced infarct 

size, eNOS knock out animals were not protected. However, it has been reported that NTG is 

effective in eNOS knock out animals concerning its vasodilatory effects; this was mainly 

explained by the fact that eNOS knock out animals over express nNOS
375

, which is further 

activated by NTG in mice aorta
369

. Although this might be the case for the vasodilatory 

effects of NTG, we found that ablation of eNOS completely abrogated NTG‘s effects on 

infarct size limitation. This discrepancy possibly is due to the fact that NTG‘s infarct size-

limiting effects are independent of nNOS, as we observed in the rabbit cohort.  
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Taken for granted that eNOS is mandatory for NTG beneficial effects, we evaluated the 

possibility that NTG administration could increase eNOS activity by inducing its 

phosphorylation on the activatory Ser1177. We observed controversial results, as eNOS was 

found phosphorylated in the rabbit ischemic heart, however, in the murine ischemic heart no 

phosphorylation of Ser1177 was observed. Although in the literature concerning the 

vasodilatory effects of NTG, it has been reported that eNOS phosphorylation increases
365

. 

These observations are in line with the fact that NTG exposure in cultured endothelial cells 

led to the accumulation of citrulline, indicative of NOS activation
376

 .However, the 

discrepancy observed cannot be explained by the present data. Further studies are needed to 

evaluate other phosphorylation sites of eNOS. Perhaps a role of PYK2 kinase which is 

activate under oxidative stress and leads to a dual phosphorylation of eNOS (as described in 

experimental study I) is the key to the explanation.  

Our next step was to investigate the downstream pathway following eNOS. The eNOS/ PKG 

pathway has been linked to PostC
91, 345

 and recently it has been confirmed that activation of 

the cGMP/PKG pathway depends on NOS but is independent of PI3K/Akt signaling
91

. To 

investigate if PKG was activated following eNOS activation by NTG we co-administrated a 

PKG-I inhibitor, the compound DT-2. We observed that blockade of PKG-I preserved NTG‘s 

cardioprotective effects. This finding is in line with the observations of Cohen et al., 2010 

who suggested an NO-dependent but PKG-independent protection following administration 

of the NO donor SNAP in isolated rabbit heart
164

. Additionally, it has been proposed that 

during reperfusion NO acts directly in limiting infarct size independently of PKG activation 

by increasing protein nitrosylation by 25%
41, 358

. Our data reinforce this notion of a PKG 

independent protection, and strengthen the hypothesis of the second eNOS target during 

reperfusion, in an in vivo model. 

The produced NO at the beginning of reperfusion has been proposed to react with ROS and 

form the highly toxic peroxynitrite, which is responsible for a further increase of ROS 

through eNOS uncoupling leading to increased nitro-oxidative stress and cell death
377, 378

. 

Thus, we further investigated the effects of NTG treatment on myocardial nitro-oxidative 

stress. We demonstrated that ROS levels in the ischemic myocardium of both models were 

reduced upon NTG treatment; whilst were increased by NOS inhibition, indicating an eNOS 

dependent antioxidant role of NTG in the rabbit model. In addition, minimized ROS 

formation was observed also in the acute low dose NTG treated murine heart. This is in line 

with the observation that intravenous NTG reduces lipid peroxidation during ischemia-

reperfusion injury in humans during AMI
379

. Reviewing the current state of the art, it has been 

shown in preclinical studies that the presence of nitrate tolerance aggravates 

ischemia/reperfusion injury and leads to loss of the cardioprotective effect of PostC possibly 

due to increased systemic formation of peroxynitrite
380

. In addition, in recent clinical 

studies
242, 243

, it has been reported that the endothelial preconditioning effect of a single dose 

of NTG is lost upon a prolonged exposure to NTG as well as repeated short-term exposures 

(2h/d for 6d or 7d). This is in agreement with our findings in murine myocardium whereas 

increased nitro-oxidative stress was observed in NTG tolerance group. Taken together with 

our results, NTG is an effective cardioprotective agent when it is administered short term, as 

it does not impair endothelium but in turn reduces reactive oxygen species in both rabbits and 

mice.  

There is little information regarding the molecular mechanisms underlying the effect of NO in 

PostC. In general, it is believed that PostC acts by inhibition of the mitochondrial 
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permeability transition pore (mPTP) opening. NO prevents the opening of mPTP and inhibits 

the cardiac mitochondrial voltage-dependent anion channel (VDAC)
42

. NO endorses its 

properties on target proteins by two signal pathways: cGMP-dependent pathway and redox-

related protein modification, the latter being independent of cGMP. In the cGMP-dependent 

pathway, NO modulates the activity of PKG, whereas PKG alters the function of targeted 

proteins
43

. The redox-related protein modifications induced by NO pathway include S-

nitros(yl)ation, nitration, and oxidation. These posttranslational protein modifications are 

dependent on the redox state
44

. It has been demonstrated that exogenously applied NO had 

diverse and concentration-dependent effects on mPTP opening. The high concentrations of 

NO opened mPTP and these effects were related to both disulfide bonds and ONOO
-
 

formation. In contrast, physiological concentrations of NO inhibited mPTP opening by 

modifying thiol residues possibly through S-nitros(yl)ation
42

. In our study we showed that the 

cardioprotective effects of NTG are independent of PKG activation. It has been referred that 

the modification of cysteine thiol residues caused by low-concentration of NO may reduce the 

access of ONOO
-
 to protein SH residues and prevent further oxidative modification

381
. This 

might be also the reason of the reduced nitro-oxidative stress that was observed in the 

ischemic myocardium treated with NTG at the beginning of reperfusion. Thus, the production 

of low, physiological concentrations of NO produced by NTG administration, further causes 

an increase in SNO and a decrease in nitro-oxidative stress.  

In addition, direct NO cardioprotective effects have been attributed to inhibition of mPTP 

opening. Cyclophilin D (Cyp D), which accelerates mPTP opening, undergoes S-nitrosylation 

on cysteine 203 leading to reduced mPTP opening in mice wild type fibroblast but not in Cyp 

D knockout fibroblast
382

. Therefore, we tested if NTG was able to minimize myocardial 

infarct size in CypD KO mice. NTG administration on this KO model did not enhance the 

cardioprotective effects, indicating that NTG acts in a CypD dependent manner.  

Finally, to further confirm the role of NTG in conditions of endothelial dysfunction, we 

administrated NTG in a model of reduced endogenous NO production. ApoE KO animals 

have been shown to exhibit endothelial impairment as they are characterized by increased 

superoxide formation and reduced NO release by uncoupled eNOS
383, 384

. We observed that 

ApoE KO animals were still protected upon NTG administration. This in combination with 

the fact that NTG is acting as an antioxidant agent concludes that it could be a potent 

cardioprotective agent in the presence of endothelial dysfunction conditions.  

In conclusion, herein we demonstrate by findings in two in vivo models of myocardial 

infarction that low dose NTG reduces myocardial infarct size when administrated during the 

ischemic insult under both normal and endothelial dysfunction conditions. The mechanism of 

action in the ischemic heart relies on PI3K/Akt activation, inhibition of mPTP opening and 

reduced oxidative stress. eNOS presence is mandatory for NTG‘s induced cardioprotective 

effects and it seems to mediate the antioxidant effects of NTG. The exact mechanism by 

which the synthase is correlated to cardioprotection afforded by NTG is not clear and further 

studies will clarify this issue.  
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2.6.  Clinical implications 

Two of the major objectives in the therapy of acute myocardial infarction are preservation of 

borderline ischemic myocardium and thus reduction of infarct size, and improvement of left 

ventricular function in patients with evidence of left ventricular failure. Positive inotropic 

agents and volume expansion may improve left ventricular function but both treatments are 

detrimental and increase myocardial oxygen demand increasing and not decreasing the size of 

infarction. Reduction of left ventricular preload decreases left ventricular volume, wall 

tension, and therefore, myocardial oxygen demands. A decrease in afterload reduces oxygen 

demands and improves left ventricular function. However, a significant reduction of mean 

arterial pressure would obviously result in a reduction of coronary perfusion pressure and thus 

may cause larger myocardial infarction.  

NTG has dose dependent effects. In low doses it acts as a venodilator thus reducing cardiac 

preload which potentially alleviates nutrients and oxygen demands of the ischemic heart 
239

; 

however, in higher doses venous and arterial dilating effects are balanced, affecting 

myocardial perfusion and thus potentially increase infarct size
342

. AHA guidelines upon NTG 

use on AMI patients are complex. They suggest that no conclusive evidence has been shown 

to support the routine use of IV, oral, or topical nitrate therapy in patients with AMI. With 

this in mind, these agents should be carefully considered, especially in the patient with low 

blood pressure. Patients with ischemic discomfort should receive up to 3 doses of sublingual 

or aerosol nitroglycerin at 3- to 5-minute intervals until pain is relieved or low blood pressure 

limits its use. In patients with recurrent ischemia, nitrates are indicated in the first 24 to 48 

hours. Administer nitrates with extreme caution, if at all, to patients with inferior-wall MI and 

suspected right ventricular (RV) involvement because these patients require adequate RV 

preload. Nitroglycerin in the doses indicated by AHA guidelines is more possible to lead to a 

precipitous fall in arterial pressure and a reflex tachycardia may occur. This could result in an 

increase in infarct size. Herein by findings supported in two in vivo animal models of 

myocardial infarction, we suggest that by titration of the infusion rate of NTG, elevated left 

ventricular filling pressure might fell to within normal limits and work in favor of infarct size 

limitation. The implication of eNOS and decrease of ROS formation in the ischemic 

myocardium as an underlying mechanism of NTG‘s cardioprotection may indicate its 

usefulness in patients with impaired endothelial function. 
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Experimental Study III:  

 

Hydrogen sulfide induces cardioprotection.  

The role of the NO/cGMP/PKG/PLN pathway.   
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3.1. Abstract 

Aims H2S is known to confer cardioprotection, however, the pathways mediating its effects in 

vivo remain incompletely understood. The purpose of the present study is to evaluate the 

contribution of cGMP-regulated pathways in the infarct-limiting effect of H2S in vivo.  

Methods and results Anesthetized rabbits were subjected to myocardial ischemia 

(I)/reperfusion (R) and infarct size was determined in control (c) or H2S exposed groups. 

NaHS (an agent that generates H2S) increased cardiac cGMP and reduced the infarct size. The 

cGMP-dependent protein kinase (PKG)-I inhibitor DT2 abrogated the protective effect of 

NaHS, while the control peptide TAT or L-nitroarginine methyl ester (L-NAME) did not alter 

the effect of NaHS.  Moreover, the KATP channel inhibitor glibenclamide partially reversed 

the effects of NaHS, while inhibition of mitochondrial KATP did not modify the NaHS 

response. NaHS enhanced phosphorylation of phospholamban (PLN), in a PKG-dependent 

manner. To further investigate the role of PLN in H2S-mediated cardioprotection, wild type 

and PLN KO mice underwent ischemia-reperfusion. NaHS did not exert cardioprotection in 

PLN KO mice. Unlike what was observed in rabbits, genetic or pharmacological inhibition of 

eNOS abolished the infarct-limiting effect of NaHS in mice.  

Conclusions Our findings demonstrate i) that administration of NaHS induces 

cardioprotection via a cGMP/PKG/PLN pathway and ii) contribution of NO to the H2S 

response is species-specific.  
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3.2. Aim 

Hydrogen sulfide is an endogenously produced gaseous signaling molecule, with important 

roles in the regulation of cardiovascular function
385

. Endogenously produced or exogenously 

supplied H2S has been reported to be cytoprotective during reperfusion injury in vitro or in 

isolated hearts
249-251, 385-392

. However, in most of the studies where H2S was exogenously 

administered to trigger conditioning, H2S donor compounds were not given in a manner that 

would be consistent with administration of a pharmacological agent in patients, as the donors 

were given hours to days prior to induction of ischemia. In the limited number of in vivo 

studies, administration of H2S producing agents during sustained ischemia has been shown to 

be beneficial in infarct size limitation and in post-infarction myocardial function
33, 36-38

. This 

cytoprotection was associated with up-regulation of antioxidant pathways
36

, inhibition of 

myocardial inflammation
37

, preservation of mitochondrial structure and function
37

 after 

ischemia and inhibition of apoptosis
37, 38

. Whilst the cardioprotective effects of H2S have been 

reported to be nitric oxide (NO)-dependent, this was claimed to occur in a cGMP-independent 

manner
33

. In the studies where H2S was administered at a clinically relevant time (at the end 

of ischemia and during reperfusion)
33, 36-38

, the intracellular signalling pathways determining 

H2S-induced cardioprotection were not studied in detail. The positive preclinical findings with 

H2S donors, have served as the impetus for a clinical trial designed to evaluate the 

cardioprotective potential of H2S in humans (NCT01989208).  

Given the increasing interest on the role of H2S, herein we aimed: 

1. To investigate the cardioprotective effects of the rapid releasing H2S donor, NaHS on 

myocardial infarction 

2. To assess the possible exogenous H2S- endogenous NO interplay in the 

cardioprotective effects of NaHS in the ischemic myocardium 

3. To elucidate the possible involvement of cGMP/PKG pathway on the 

cardioprotective effects of NaHS.  

4. To evaluate possible downstream targets on PKG activation (i.e. PLN) that their role 

has not yet been evaluated in detail in ischemic postconditioning pharmacological or not. 
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3.3. Materials and Methods 

3.3.1.  Animals 

All animal procedures were in compliance with the European Community guidelines for the 

use of experimental animals; experimental protocols were approved by the Ethical Committee 

of the Prefecture of Athens. Animals received standard laboratory diet. The initial animal 

cohort compromised of 92 New Zealand white male rabbits 2,7-3 kg, 44 C57BL/6 male mice 

13-15 weeks old, 12 eNOS KO male mice 13-15 weeks old, 29 129SvJ male and female mice 

12-15 weeks old and 27 PLN KO male and female mice 12-15 weeks old.  

 

3.3.2. Surgical Procedures 

3.3.2.1. Rabbit in vivo model of ischemia/reperfusion injury 

Described in Experimental Study II, section 2.3.2.1 

3.3.2.2. Murine in Vivo Model of Ischemia-Reperfusion Injury 

Described in Experimental Study I, section 1.3.12.1.  

 

3.3.3. Chemicals 

DT2: BIOLOG Life Science Institute (Bremen, Germany); Glibenclamibe: Tocris Bioscience 

(Bristol, United Kingdom); Phosphodiesterase activity colorimetric assay kit and TAT: 

Abcam (Cambridge, United Kingdom); L-NAME: Cayman CHEMICALS (Lab Supplies-

P.Galanis & Co., Athens, Greece); NaHS and 5-hydroxydecanoate: SIGMA-ALDRICH Co. 

(Life Science Chemilab S.A., Athens, Greece); Protein G Sepharose Fast flow beads: GE 

Healthcare Life Sciences (G. Kordopatis Ltd, Athens, Greece).  

 

3.3.4. Experimental protocol 

3.3.4.1. Experiments in rabbits 

New Zealand white male rabbits weighing 2.7-3.2 kg were subjected to 30 minutes regional 

ischemia of the myocardium, followed by 3 hours of reperfusion and were randomized into 10 

groups as follows (experimental protocol presented in detail in Figure 1A):  
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Figure 1A: Experimental protocol of experimental series 1 

Control group (n=8): No additional intervention.  

PostC group (n=7): Application of 8 cycles of 30 sec ischemia-reperfusion immediately after 

sustained ischemia. 

PostC+DT2 group (n=6): Application of PostC and administration of the PKG inhibitor DT2 

at a dose of 0.25 mg
.
kg

-1
 iv bolus 10 min before sustained ischemia, as previously 

described
393

.  

NaHS group (n=7): Animals were treated with the H2S donor sodium hydrosulfide (NaHS) at 

a dose of 100 μg
.
Kg

-1
 iv bolus on the 20th min of ischemia followed by infusion of 1mg

.
Kg

-1.
 

h
-1

 for the next 120 min, as previously described
36

.  

NaHS+DT2 group (n=6): Animals were treated with NaHS (as in the NaHS group) and the 

PKG inhibitor DT2 given at a dose of 0.25 mg
.
kg

-1
 iv bolus 10 min before sustained 

ischemia
393

.   

NaHS+TAT group (n=6): Animals were treated with NaHS (as in the NaHS group) and the 

control peptide of DT-2;TAT given at a dose of 0.143 mg
.
kg

-1
 iv bolus 10 min before 

sustained ischemia. 

NaHS+PostC (n=6): Animals were treated with NaHS at a dose of 100 μg
.
Kg

-1
 iv bolus on the 

20th min of ischemia followed by 8 cycles of 30 sec ischemia-reperfusion immediately after 

sustained ischemia. 
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NaHS+5-HD group (n=10): Animals were treated with NaHS (as in the NaHS group) and the 

mitoKATP channels inhibitor 5-hydroxydecanoic acid (5-HD) iv bolus 40 minutes before 

occlusion at a dose of 5 mg
.
kg

-1
 as previously described

394
.  

NaHS+Glibenclamide group (n=9): Animals were treated with NaHS (as in the NaHS group) 

and the mitoKATP and sarcKATP channels inhibitor glibenclamide iv bolus at the 15
th
 min of 

ischemia at a dose of 0.3 mg
. 
kg

-1
 iv as previously described

356
.  

NaHS+L-NAME (n=6): Animals were treated with NaHS (as in the NaHS group) and the 

inhibitor of the synthase of NO (L-NAME) IV bolus at the 19
th
 min of ischemia at a dose of 

10 mg
.
kg

-1
 as previously described

248
.  

In a second series of experiments, rabbits (5 per group of Control, PostC, NaHS and 

NaHS+DT2 groups) were subjected to the same interventions up to the 10
th
 minute of 

reperfusion, when tissue samples from the ischemic area of myocardium were collected, snap-

frozen in liquid nitrogen and stored at -80
o
C for western blot analysis of VASP, Erk1/2, 

GSK3β, eNOS and PLN.  

 

3.3.4.2. Experiments in Mice 

Forty four wild type C57BL/6 male mice 13-15 weeks old and twelve eNOS KO male mice 

13-15 weeks old were subjected to 30 minutes regional ischemia of the myocardium followed 

by 2 hours of reperfusion with the following interventions (Figure 1B). 

 

 

Figure 1B: Experimental protocol of series 2 

Wild type group (n=6): Vehicle (100μl water for injection) administered iv at the 19
th
 mine of 

ischemia. 

Wild type group + NaHS (n=6): Administration of NaHS as an iv bolus dose of 100μg
.
kg

-1
 at 

the 20
th
 min of ischemia as previously described

388
.  

Wild type group + DT2 + NaHS (n=6): Co-administration of NaHS (as described above) plus 

DT2 given at a dose of 0.37 mg
.
kg

-1
 iv bolus 10 min before sustained ischemia

393
.   

Wild type group + L-NAME (n=6): Administration of L-NAME as an iv bolus dose of 

15mg
.
kg

-1
 at the 19

th
 min of ischemia

248
.   

Wild type + NaHS + L-NAME group (n=6): Co-administration of NaHS plus L-NAME as 

described above. 

eNOS KO group (n=6): Vehicle (100μl water for injection) administered iv at the 19
th
 min of 

ischemia. 
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eNOS KO + NaHS group (n=6): Administration of NaHS as an iv bolus dose of 100μg
.
kg

-1
 at 

the 20
th
 min of ischemia

388
.  

In another series of experiments, WT mice (4 per group of Control, NaHS and NaHS+DT2 

groups) were subjected to the same interventions up to the 10
th
 minute of reperfusion, when 

tissue samples from the ischemic area of myocardium were collected, snap-frozen in liquid 

nitrogen and stored at -80
o
C for western blot analysis of pVASP.  

In another series of experiments, twenty nine wild type 129SvJ and twenty seven PLN 

knockout male and female mice were subjected to 30 min regional ischemia of the 

myocardium followed by 2 hours of reperfusion with the following interventions (Figure 1C): 

 

 

Figure 1C: Experimental protocol of series 3 

Wild type group (n=8): Vehicle (100μl water for injection) administered iv at the 20
th
 min of 

ischemia. 

Wild type + PostC 3*10sec group (n=7): Application of 3 cycles of 10 seconds ischemia 

followed by 10 seconds of reperfusion immediately after prolonged ischemia
187

.  

Wild type+ PostC 6*10sec group (n=6): Application of 6 cycles of 10 seconds ischemia 

followed by 10 seconds of reperfusion immediately after prolonged ischemia
187

. 

Wild type + NaHS group (n=8): Administration of NaHS iv as a bolus dose of 100μg
.
kg

-1
 at 

the 20
th
 min of ischemia

388
.  

PLN KO group (n=6): Vehicle (100μl water for injection) administered iv at the 20
th
 min of 

ischemia. 

PLN KO + PostC 3*10 sec group (n=9): Application of 3 cycles of 10 seconds ischemia 

followed by 10 seconds of reperfusion immediately after prolonged ischemia 

PLN KO + PostC 6*10sec group (n=6): Application of 6 cycles of 10 seconds ischemia 

followed by 10 seconds of reperfusion immediately after prolonged ischemia
187

. 

PLN KO + NaHS group (n=6): Administration of NaHS iv as a bolus dose of 100μg
.
kg

-1
 at 

the 20
th
 min of ischemia

388
. 
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3.3.5. Western Blot Analysis  

Described in Experimental Study I, section 1.3.4. 

The following primary antibodies were used in the present study: phospho eNOS (ser1176), 

eNOS, phospho Akt(ser473), Akt, phospho VASP (Ser239), VASP, phospho GSK3β(ser9), 

GSK3β, phospho PLN(ser16/tyr17), PLN, phospho p44/p42, p44/p42,beta tubulin, beta actin 

(Cell Signaling Technology, Beverly, MA, USA). 

 

3.3.6. cGMP determination 

Described in Experimental Study I, section 1.3.11. 

 

3.3.7.  Phosphodiesterase activity 

Rabbit left ventricular (LV) tissue homogenized in buffer containing 10 mM Tris-HCl (pH 

7.4) in the presence of protease inhibitors. The homogenates were centrifuged at 15,000 x g 

(10 min) and supernatants were desalted by gel filtration. PDE activity was measured 

following manufacturer instruction. Briefly, 5 µg of protein was added to each well 

containing 3‘,5‘-cGMP as substrate, with or without a H2S donor, and incubated at 37°C for 

30 min. The reaction was terminated by adding green assay reagent and color was allowed to 

develop for 30 min. Absorbance at 630 nm was read in a GENios micro-plate reader (Tecan). 

PDE activity was calculated using a 5‘-GMP standard curve.  

 

3.3.8.  Statistical analysis  

All results are presented as mean ± standard error mean. Comparisons of numeric variables 

among the groups were analyzed using one-way analysis of variance model (ANOVA) with 

Bonferroni correction and with Tukey post-hoc analysis. A two- or three-way ANOVA with 

Bonferroni correction to adjust for multiple pair-wise comparisons was employed for Figures 

1, 4 and 5A. Analyses were performed using Stata 13.1 statistical software package 

(StataCorp, TX, USA). A calculated p value of less than 0.05 was considered to be 

statistically significant.  
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3.4. Results 

3.4.1.  Hemodynamic parameters 

Characteristics and hemodynamic variables for all study rabbit groups are presented in Table 

1. No significant differences were observed between the groups.  

Table 1. Characteristics and hemodynamic variables for the different study group 

 

HW: Heart weight in g, HR: Mean heart rate in beats/min, MAP: Mean arterial blood pressure 

in mmHg 

 

3.4.2. Infarct size determination in rabbits following pharmacological manipulations  

To evaluate the effects of NaHS on cardioprotection, we used a rabbit in vivo model of 

ischemia-reperfusion injury. The rabbit exhibits a larger heart and slower heart rate than the 

mouse. In addition, the rabbit heart expresses the slow ß-myosin heavy chain isoform 

(MyHC), similar to the human heart, and its calcium cycling characteristics are similar to 

those of the human heart. Specifically, the rabbit and human heart share a major similarity in 

their reliance on SERCA and the sodium-calcium exchanger (NCX) for the extrusion of 

calcium during diastole
395

.  

In the rabbit cohort, no significant differences were detected in the areas at risk among the 

studied groups (Figure 2A). Application of PostC (as a positive control) limited infarct size 

compared to control (24.6±1.2% vs 47.5±1.2%, p<0.05), as expected (Figure 2B). NaHS 

 

 HW  Baseline  
20min 

Ischemia 
 

180min 

Reperfusion 
 

      

Study group   

  

HR MAP 

  

HR MAP 

  

HR MAP 

      

Control 7.3±0.3 
 

275±10 85±5 
 

270±12 81±6 
 

266±11 77±5 

PostC 7.2±0.2 
 

280±14 78±6 
 

273±13 76±5 
 

269±10 72±6 

PostC+DT2 7.4±0.4 
 

278±12 82±4 
 

271±12 79±4 
 

268±12 76±4 

NaHS 7.8±0.3 
 

282±11 84±3 
 

274±09 80±3 
 

270±11 77±7 

NaHS+DT2 7.3±0.5 
 

279±10 88±6 
 

269±11 82±7 
 

263±09 79±5 

NaHS+TAT 7.4±0.4 
 

274±09 81±7 
 

267±10 77±6 
 

265±13 74±3 

NaHS+5HD 7.6±0.3 
 

283±14 84±4 
 

272±13 79±4 
 

269±12 75±4 

NaHS+Glibenclamide 7.7±0.2 
 

271±15 79±6 
 

267±11 75±5 
 

264±14 73±5 

NaHS+L-NAME 7.5±0.4 
 

279±12 82±5 
 

272±10 78±4 
 

268±11 74±3 
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reduced the infarct size compared to control group (11.9±3.4% vs 47.5±1.2%, p<0.05) and 

did so to a greater extent than PostC (p<0.05).  

DT2 is a membrane-permeable peptide which has the ability to inhibit cGMP-dependent 

PKG-Iα activation
186

. DT2 consists of peptide W45 (pseudosubstrate which cannot be 

phosphorylated by PKG-I) and a TAT peptide that is derived from the transactivator of 

transcription of HIV. TAT is a cell penetrating peptide allowing W45, or any other peptide 

sequence fused to it, to gain intracellular access. Although DT2 is a selective PKG-Iα 

inhibitor, the TAT peptide has been reported to exert biological effects of its own in vivo
87

. 

The addition of the PKG-Iα inhibitor DT2 abrogated the infarct size limiting effect of NaHS 

(39.8±3.5%, p=NS vs control), while TAT did not modify the effect of NaHS (23.1± 2.7%, 

p=NS vs NaHS group), suggesting that the effects of NaHS were PKG-Iα mediated. In 

addition, administration of DT2 along with PostC application reversed the beneficial effects 

of Po stC (42.6±1.8%, versus 24.6±1.2% in PostC, p<0.05).  

Administration of the mitoKATP inhibitor (5-HD) did not affect the NaHS response 

(14.8±1.7%, p=NS). However, the mito/sarc KATP channel inhibitor glibenclamide, partially 

reversed the cardioprotective effects of NaHS (30.7±1.1, p<0.05 vs control and NaHS 

groups). Administration of pharmacological agents alone, (glibenclamide, 5-HD, L-NAME) 

in rabbits under ischemia/reperfusion, have been shown not to reduce infarct size (data not 

shown)
356

. In addition, application of PostC along with NaHS administration did not exhibit 

additional benefits to the ischemic myocardium compared to NaHS alone (9.5±1.2% vs 

11.9±3.4%, p<0.05). 

 

 

 

 

Figure 2: Mechanism of NaHS-induced reduction in infarct size in rabbits. Infarct area to 

area at risk ratio (%I/R) in rabbits. (*p<0.05 versus Control group, #p<0.05 versus PostC 

group ). PostC (PostConditioning), DT2 (PKG-I inhibitor), TAT (control peptide of DT2), 5-

HD (mitoKATP channels inhibitor), Glibenclamide (mito/sarc KATP channels inhibitor), L-

NAME (NOS inhibitor).   

 

3.4.3. Mechanisms of NaHS-induced pharmacological conditioning  

To investigate whether NaHS administration results in increased cGMP levels in the heart, the 

levels of this cyclic nucleotide in the ischemic part of rabbit myocardium were measured 
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(Figure 3). In agreement with the results on infarct size suggesting involvement of PKG in the 

cardioprotective mechanism of H2S, cGMP levels in the myocardium were found to be higher 

in NaHS-treated animals compared to the control group (Figure 3). The increase in cGMP 

levels coincided with inhibition of phosphodieasterase activity in rabbit heart homogenates; 

addition of 100μΜ of H2S donor reduced cGMP-inhibiting PDE activity to 65+2.2% of 

control (p<0.05).   

 

 

 

Figure 3: cGMP levels in heart homogenates. Following treatment, the ischemic part of the 

heart was snap-frozen, pulverized and cyclic nucleotides were extracted as detailed in the 

methods. Results are expressed as pmol/mg protein. (*p<0,05 versus Control) 

 

Activation of PKG after NaHS treatment and PostC was confirmed by determining the 

phosphorylation status of its surrogate marker VASP. Indeed, VASP phosphorylation on 

Ser239 was greater in NaHS-treated animals compared to control and NaHS+DT2 groups 

(Figure 4A). Phosphorylation of Erk1/2 was also found significantly higher in NaHS and 

PostC groups versus control and NaHS+DT2 groups (Figure 4B), whereas no phosphorylation 

of GSK3β was observed in NaHS-treated animals; when PostC was used as a positive control 

an increase in GSK3β phosphorylation was noted, in line with reports in the literature
169

 

(Figure 4C). Since phospholamban (PLN) is a PKG substrate
170

, we evaluated the ability of 

NaHS to alter its phosphorylation status. Levels of phospho-PLN were increased in the 

NaHS-treated group compared to control and NaHS+DT2 groups (Figure 4D). Similarly, 

PostC enhanced PLN phosphorylation. 
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Figure 4: PLN phosphorylation is PKG-dependent. Representative blots for each 

signalling protein are shown along with the densitometric analysis from the total number of 

animals per group (n=5). (A) ratio of pVASP/VASP; (B) ratio of p-p44/42 / p44/42 (C) ratio 

of pGSK3β/GSK3β (D) ratio of pPLN/beta actin (*p<0.05 versus Control;#p<0.05 vs NaHS 

and PostC). PostC (PostConditioning), DT2 (PKG-I inhibitor).  

 

3.4.4. Genetic evidence for PLN involvement in NaHS-induced protection 

To evaluate the functional relevance of our biochemical findings on PLN, we used mice with 

targeted disruption of the PLN locus (Figure 5A). The infarct size in control wild-type mice 

(129SvJ background) was comparable to that of PLN KO animals (42.2±2.6% vs 41.3±3.1%, 

p=NS). PostC application and NaHS administration were beneficial in wild type animals 

compared to the control wild type group (14.9±2.2%, 15.5±1.1% vs 42.2±2.6% respectively, 

p<0.05). However, the cardioprotective effect of both NaHS and PostC was abolished in PLN 

KO animals (42.2±1.5%, 45.2±2.1% respectively, p<0.05 vs NaHS and PostC in wild-type 

mice). To test whether PLN KO mice require a more robust PostC algorithm we increased the 

PostC cycles. Applying 6 cycles of PostC did not lead to greater cardioprotection in wild-type 

mice, while in PLN KO animals we observed a trend towards a smaller infarct size that did 

not reach statistical significance.  No significant differences were detected in the areas at risk 

among the studied groups (Figure 5B).  
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Figure 5: NaHS-induced cardioprotection is PLN-dependent. Infarct area to area at risk 

ratio (%I/R) in mice different study groups. (*p<0.05 versus Wild type, PLN KO, PLN 

KO+NaHS and PLN KO+PostC groups). PostC (PostConditioning). 

 

 

3.4.5. Evidence of species-specific eNOS activation following NaHS-induced protection 

In our initial experiments in rabbits, administration of the NOS inhibitor (L-NAME) did not 

alter the infarct limiting effects of NaHS (14.7±2.2% vs 11.9±3.4% respectively, p=NS vs 

NaHS) (Figure 2B). In addition, no phosphorylation of eNOS was observed in NaHS-treated 

animals, in contrast to what has been reported in the literature
33, 91, 228, 396, 397

. It should be 

noted that eNOS phosphorylation was evident in the positive control PostC group (Figure 

6A). To reproduce the published results on the role of NO in H2S cardioprotection in mice, we 

co-administered NaHS and L-NAME in mice. Such treatment resulted in complete abrogation 

of the NaHS-infarct size limiting effects (52.1±3.5% versus 20.1±4.3% respectively, p<0.05), 

with animals that received NaHS+L-NAME presenting infarct size similar to wild type and 

wild type + L-NAME groups (52.7±4.7% and 50.1±3.7% respectively, p=NS). The 

pharmacological findings were confirmed in the eNOS KO mice, where administration of 

NaHS had no protective results versus vehicle-treated eNOS KO animals (49.9±3.6% vs 

51.4±3.5% respectively, p=NS) (Figure 6B). No significant differences were detected in the 

areas at risk among the studied groups (6C).  

 



Bibli S-I N. Doctoral Dissertation Athens 2016 
 

105 

 

 

 

Figure 6. Inhibition of eNOS abolishes NaHS-induced cardioprotection in mice. A. 

Representative western blot and densidometric analysis ratio of peNOS/eNOS. (*p<0.05 

versus Control;#p<0.05 vs NaHS and PostC). PostC (PostConditioning), DT2 (PKG-I 

inhibitor). B. Infarct area to area at risk ratio (%I/R) in mice. C. Area at risk to whole 

myocardial ares ratio (%). (*p<0.05 versus Wild type, L-NAME, eNOS KO+NaHS and 

eNOS KO groups). PostC (PostConditioning), L-NAME (NOS inhibitor). 

 

3.4.6. PKG dependent cardioprotection of NaHS in murine myocardium 

Since species differences were observed between rabbits and mice we sought to confirm the 

importance of PKG-Iα in cardioprotection in mice. Administration of a single iv bolus dose of 

NaHS in mice (C57Bl6 background) resulted in a significant reduction on infarct size 

compared to control group (20.1±4.3% versus 52.7±4.9% respectively, p<0.05). Inhibition of 

PKG-Iα before NaHS administration abrogated the infarct limiting effects of NaHS 

(50.4±2.8% versus 20.1±4.3% respectively, p<0.05) (Figure 6B). No significant differences 

were detected in the areas at risk among the studied groups (Figure 6C). Additionally, the 

administration of NaHS resulted in increased phosphorylation of VASP (ser239) compared to 

wild type control in the ischemic area of the myocardium at the 10
th
 minute of reperfusion, 

whereas no phosphorylation was observed in the group treated with DT2 (Figure 7). 

 

Figure 7: PKG is activated in mice upon NaHS treatment. Representative western blot and 

densidometric analysis of phospho VASP to total VASP ratio. *p<0.05 vs Control 
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3.5. Discussion 

The current study confirms the cardioprotective effect of H2S in vivo and highlights the 

importance of a novel cGMP/PKG/PLN signaling cascade in the pharmacological 

PostConditioning afforded by H2S. Several studies have suggested a beneficial role of 

cGMP/PKG-regulated pathways in PostC
87, 91, 166, 228

. PKG activation exerts anti-apoptotic 

effects through PKCε activation and inhibition of mPTP channel opening
87

. In addition, 

increased cGMP levels and PKG activation lead to attenuated contractility during reperfusion 

through altered calcium handling
87, 166, 168

. In two recent studies where the mechanism of 

PKG-mediated protection in PostC was studied, it was shown that the beneficial effects of 

PKG result from i) delayed normalization of intracellular pH during reperfusion through 

altered NHE function
228

  and ii) antioxidant effects that prevent eNOS uncoupling
91

. Since 

cGMP has been shown to contribute to the biological effects of H2S
40, 398

, we evaluated the 

role of cGMP/PKG pathways in H2S-induced pharmacological conditioning. We observed 

that DT2 blocked the infarct-limiting effect of NaHS in both rabbits and mice. In line with 

this finding, we noted that cGMP levels and VASP phosphorylation were increased in the 

ischemic myocardium.    

 

KATP channel opening is known to mediate many of the biological activities of H2S
399

. Given 

the key role of these channels in pharmacological conditioning mediated by cGMP/PKG, we 

evaluated their contribution in H2S-induced cardioprotection, using two different inhibitors, 

namely 5-HD and glibenclamide. These agents target distinct populations of KATP channels, as 

5-HD inhibits mitoKATP, while glibenclamide blocks KATP channels irrespectively of their 

subcellular localization inhibiting both sarcKATP and mitoKATP. Ex vivo studies on the role of 

mitoKATP vs sarcKATP have been inconclusive, with some investigators claiming mitoKATP, 

sarcKATP or both types of channels mediate the protective effects of H2S
249-251, 386

 depending 

on the preparation and conditions used. We found that 5-HD did not limit the beneficial 

effects of NaHS indicating that mitoKATP channels do not mediate H2S-induced 

cardioprotection in vivo in rabbits. Interestingly, administration of glibenclamide in vivo 

reduced the infarct limiting effects of NaHS, in line with the ex vivo observations
249-251, 386

. 

Our data taken together indicate that sarcKATP channel activation participates in the 

cardioprotective signaling of H2S. Sarcolemmal KATP channels were recently shown to 

mediate cGMP-dependent natriuretic peptide-induced cardioprotection
87

. Sarcolemmal KATP 

channels are involved in intracellular Ca
2+

 handling and their opening results in resistance to 

apoptosis during I/R injury
400

.  

 

We next focused on the possible role of Ca
2+

-handling proteins in H2S pharmacological 

conditioning. We decided to systematically investigate the contribution of PLN, as this 

protein is a PKG substrate
87, 169, 170

. Moreover, a number of publications have shown altered 

PLN phosphorylation in the context of I/R
168, 171-173

. In a recent study Inserte et al., showed 

that phosphorylation of PLN (ser16/thr17) peaked in the control group 3 min after the onset of 

reperfusion and declined thereafter. On the other hand, following PostC increased PLN 

phosphorylation was evident in the 5th min of reperfusion. It was, thus, proposed that delayed 

PLN phosphorylation limits reperfusion-triggered Ca
2+

 oscillations leading to protection
168

. 

PLN once phosphorylated by PKG reduces free intracellular Ca
2+

 concentration by 

dissociating from SERCA; SERCA is then able to pump Ca
2+

 ions back into the sarcoplasmic 

reticulum (SR)
174

. Since no pharmacological inhibitors of PLN exist, the only way to 
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determine the functional relevance of PLN in PostC or pharmacological conditioning would 

be through the use of PLN KO. Ablation of the PLN gene in mice is associated with greatly 

enhanced cardiac Ca
2+

-cycling and performance. The Ca
2+

 affinity (KCa) of SERCA2a and 

the overall sensitivity of this transport system for Ca
2+

 is increased. Ca
2+

 uptake rates are 

higher in PLN KO hearts than WT, especially at low [Ca
2+

], whereas there is no effect on 

Vmax
401

. Intriguingly, this hyperdynamic cardiac function is maintained throughout the 

lifetime of the mouse without observable pathological consequences. The body, heart, and 

heart/body weight, along with heart rate, mean aortic pressure, cardiac output (venous return), 

stroke volume and cardiac power (left ventricle) is unaltered compared to wild type mice. 

Significant changes are however, observed in the left intraventricular pressure (systolic 

diastolic and end-diastolic), as well as the cardiac contraction and relaxation properties 

(decreased time to peak pressure, increased absolute values of +dP/dt, decreased half-

relaxation time)
401

. In addition to the direct effect of the PLN ablation on SERCA2a, various 

other compensatory changes in protein expression and/or phosphorylation take place, as 

demonstrated by global proteome studies, affecting mostly structural and energy related 

proteins
402

. All of the above should be kept in mind when interpreting data obtained with the 

PLN KO animals.  

 

To study the role of PLN in H2S pharmacologic conditioning, we measured PLN 

phosphorylation in NaHS-treated animals. We observed that PLN was phosphorylated on 

Ser16/Thr17 after NaHS treatment in rabbits in a PKG-I-dependent manner. Since we only 

examined a single time-point, we can‘t comment on the kinetics of phosphorylation during 

reperfusion or PostC. To determine the contribution of PLN in H2S-induced cardioprotection, 

we used PLN KO mice. We found that NaHS failed to restrict infarct size in PLN KO mice 

after I/R, suggesting that a PKG/PLN pathway mediates the H2S response. Moreover, our 

experiments with PLN KO mice indicate that inhibition of PLN abolished the effects of a 

commonly used PostC algorithm. Since it has been described that during ischemic 

preconditioning, it is possible to overcome the lost protection of eNOS KO by increasing the 

number of conditioning cycles
68

, we tested a second algorithm of PostC in PLN KO mice. 

However, increasing the number of cycles from 3 to 6 in the PostC although it showed a trend 

to limit infarct size, this did not reach statistical significance. Taken together, our results 

indicate that in addition to its established role in heart failure
174

, PLN plays an important role 

in I/R injury. Although the mechanism of action of PLN in the context of cardioprotection 

was not studied in detail in the course of our studies, relieving the inhibition on SERCA-

mediated Ca
2+ 

uptake into the sarcoplasmic reticulum following PLN phosphorylation would 

be expected to lower free cytosolic Ca
2+

 levels and, thus, limit mitochondrial Ca
2+

 entry
403

 and 

preventing mPTP opening and hypercontracture. Indeed, H2S has been reported to accelerate 

sarcoplasmic reticulum-Ca
2+

 uptake rate in single ventricular myocytes
404

.  

 

Erk1/2 has been shown to exert a protective role in conditioning. In line with this observation, 

we found that in rabbits treated with NaHS, Erk1/2 phosphorylation was increased. Erk1/2 

activation following exposure to H2S has been noted before in endothelial cells
405

. Since DT2 

treatment reduced Erk1/2 phosphorylation in the rabbit heart under NaHS treatment, Erk1/2 

must lie downstream of PKG in the H2S signaling pathway. Activated Erk1/2 can activate 

downstream protective pathways to limit infarct size. One of the downstream targets of 

Erk1/2 is GSK-3β, which once phosphorylated inhibits mPTP opening
406

. In our study, no 
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evidence for GSK-3β phosphorylation was observed on in H2S-treated animals, suggesting 

that Ekr1/2 acts independently of GSK-3β. In contrast, the beneficial effect of NaHS in 

limiting I/R injury was GSK-3β-mediated in pigs
38

. Divergent results have been noted in 

experiments in pigs versus rodents have been noted before
187, 407

. The targets of Erk1/2 in the 

context of H2S cardioprotection remain to be elucidated. Since PostC utilizes additional 

pathways to those triggered by NaHS (such as GSK3β and mKATP), we tested whether 

application of PostC and administration of NaHS have additive effects. In these experiments 

we observed that the combination of treatments did not confer any benefits over NaHS 

administration alone. This finding indicates that although PostC and H2S utilize partially 

overlapping signaling pathways they likely target a common end effector.  

 

Several lines of evidence suggest that H2S requires eNOS to exert its protective effects in the 

cardiovascular system. For example, pharmacological inhibition or genetic ablation of eNOS 

has been shown to reverse the beneficial effects of H2S in vasorelaxation
40

, angiogenesis
40

, 

wound-healing
40

 and resuscitation
408

. In the heart, H2S donor administration in the context of 

I/R
33, 396

 or heart failure
385, 409

, results in increased eNOS phosphorylation and enhanced NO 

bioavailability. In the most recent study published on H2S in I/R
33

, H2S donors administered 

at the end of ischemia resulted in no significant change in infarct size in eNOS KO and eNOS 

S1179A mice. However, in our initial studies, we found no biochemical or functional 

evidence for eNOS involvement in the H2S cardioprotection in rabbits. Given that H2S is 

being tested as a cardioprotective agent in human (NCT01989208), we studied whether there 

are species differences in the mode of action of H2S. We, thus, repeated the I/R injury 

experiments in mice. In agreement to what others observed in mice
385, 396, 409

 
 
we found that 

eNOS inhibition abolished the effects of NaHS administration. Our data collectively 

demonstrate that the protective pathway of H2S in I/R is dependent on NO in mice, but not in 

rabbits.  

In summary, we have shown that the cardioprotective effects of H2S are mediated through a 

cGMP/PKG pathway, independently of mitoKATP channel opening and GSK-3β inhibition. 

The pathways responsible for increased cGMP levels include eNOS activation and/or PDE 

inhibition. Depending on i) the expression levels of eNOS vs PDE and ii) the presence and 

activity of other signaling components (for example, phosphatases that dephosphorylate 

eNOS on Ser1177 to restrict its activity) the contribution of these two pathways to 

cardioprotective cGMP signaling will vary. Thus, H2S might employ eNOS activation, PDE 

inhibition or both depending on the species investigated, the experimental conditions used and 

whether interventions are performed in healthy individuals or in the context of disease. Since 

different pools of cGMP exist in cells, it is possible that cGMP generated through eNOS 

activation and cGMP derived from PDE inhibition might exhibit subcellular 

compartmentalization, recruiting different or overlapping downstream signaling pathways to 

confer cardioprotection. Furthermore, our study highlights the participation of a novel 

mediator, namely PLN, in the cardioprotective signaling cascade. The present study expands 

our knowledge on the molecular mechanisms of action of H2S in pharmacological 

conditioning and strengthens the rational on which clinical testing and use of H2S-releasing 

compounds can be based.          
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Experimental Study IV:  

 

Exposure to cigarette smoke abrogates the beneficial effect of 

 ischemic postconditioning.  
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4.1. Abstract 

Background: Cigarette smoking is one of the risk factors for coronary artery disease. 

Although conditioning decreases infarct size in hearts from healthy animals, co-morbidities 

may render it ineffective.  

Aim: We investigated the effects of cigarette smoke (CS) exposure on intracellular 

myocardial signaling, infarct size after ischemia/reperfusion and the potential interference 

with ischemic conditioning.  

Methods and Results: Exposure of mice to CS increased blood pressure, caused cardiac 

hypertrophy, up regulated the NOS/sGC/cGMP pathway whilst decreased H2S generating 

enzymes expression. To test the effect of CS exposure on the endogenous cardioprotective 

mechanisms, mice were subjected to regional myocardial ischemia and reperfusion with no 

further intervention or application of preconditioning (PreC) or postconditioning (PostC). 

Exposure to CS did not increase the infarction compared to the room air (RA)-exposed group. 

PreC was beneficial for both CS and RA vs non-conditioned animals. PostC was effective 

only in RA animals, whilst the infarct size-limiting effect was not preserved in the CS group. 

Differences in oxidative stress markers, H2S generating enzymes, Akt and eNOS 

phosphorylation and cGMP levels were observed between RA and CS groups. Exposure to 

CS does not per se increase infarct size. The beneficial effect of ischemic PreC is preserved in 

mice exposed to CS, as it does not affect the cardioprotective signaling; in contrast to PostC. 

Conclusion: PostC fails to protect CS-exposed mice due to impaired activation of the 

Akt/eNOS/cGMP axis that occurs in parallel to enhanced oxidative stress. 
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4.2. Aim 

Taking into account that eNOS activation and enhanced NO production
360

 constitute a major 

signaling pathway of conditioning and that smoking in patients leads to endothelial 

dysfunction and reduced NO bioavailability
410

, we hypothesized that smoking might limit the 

protective effects of PreC and/or PostC. Thus, in the present study we evaluated the impact of 

CS exposure on infarct size after ischemia/reperfusion (I/R) injury with and without 

conditioning. Translational efforts to successfully apply conditioning to patients, depends on 

stratification of human cohorts to select individuals that could potentially benefit from 

mechanical maneuvers. In this context, identification of co-morbidities that exert a negative 

impact on PreC/PostC cardioprotection is crucial.  

Thus, findings from the current animal study are potentially of great clinical interest, as they 

could help predict whether application of endogenous cardioprotective mechanisms could still 

be beneficial if applied to human patients who smoke. 

The aim of the present study is: 

1. To evaluate the effects of CS exposure on phenotypical heart characteristics. 

2. To evaluate the effects of CS exposure on molecular basis in the heart. Focus will be 

done in the enzymes regulating endogenous NO and H2S levels.  

3. To evaluate the effects of CS exposure on myocardial ischemia-reperfusion injury in 

a in vivo model of myocardial infarction 

4. To assess the possible interaction of CS exposure to the conditioning maneuvers 

5. To elucidate the underlying signal transduction pathways (i.e. RISK pathway) and 

oxidative stress markers in the ischemic heart exposed to CS with the simultaneous 

application of the conditioning mechanisms 
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4.3. Materials and Methods  

4.3.1. Animals.  

Animals received proper care in compliance with the Principles of Laboratory Animal Care 

formulated by the National Society for Medical Research and the Guide for the Care and Use 

of Laboratory Animals prepared by the National Academy of Sciences and published by the 

National Institute of Health (NIH Publication No.85-23, revised 1996). Approval from the 

Ethical Committee and the veterinary authorities of Attica prefecture was obtained before the 

study was initiated. Animals received standards laboratory diet. In the present study male 

mice C57BL/6 8-12 weeks old were used. 

 

4.3.2. Exposure to cigarette smoke.  

In the cigarette smoke group, mice were exposed to dilute mainstream cigarette smoke by 

using an automated smoking machine for 4 weeks. Mice were exposed to 5 cigarettes (3R4F 

University of Kentucky, USA), 4 times per day with 30 minutes break, as previously 

described, while the control group was exposed to air
411

.  

 

4.3.3. Murine in Vivo Model of Ischemia-Reperfusion Injury 

Described in Experimental Study I, section 1.3.12.1.  

 

4.3.4. Experimental protocol 

4.3.4.1. First series of experiments.  

Mice were divided in two groups. The first RA0 (n=5) was exposed to room air and the 

second CS0 (n=5) was exposed to cigarette smoke for 4 weeks. The next day after the last 

exposure to cigarette smoke, animals were sacrificed with an intraperitoneal injection of 

ketamine (200mg/kg) and xylazine (50mg/kg) anaesthetic cocktail (0.02 ml/g) and whole 

hearts were rapidly excised from mice, snap frozen to -80
0
C and kept for biochemical 

analysis. 

 

4.3.4.2. Second series of experiments.  

Animals were subjected to 30 minutes regional ischemia of the myocardium followed by 2 hr 

of reperfusion with the following interventions: 1) RA group (n=7): Animals exposed to room 

air with no further intervention; 2) RA PreC group (n=6): Animals exposed to room air and 

application of 1 cycle of 5 minutes ischemia followed by 5 minutes of reperfusion before 

sustained ischemia that lasted 30min; 3) RA PostC 3*10 group (n=8): Animals exposed to 

room air and application of 3 cycles 10 sec ischemia followed by 10 sec reperfusion 

immediately after sustained ischemia that lasted 30min; 4) RA PostC 6*10 group (n=8): 

Animals exposed to room air and application of 6 cycles 10 sec ischemia followed by 10 sec 

reperfusion immediately after sustained ischemia that lasted 30min; 5) CS group (n=7): 

Animals exposed to cigarette smoke for 4 weeks with no further intervention; 6) CS PreC 

group (n=6): Animals exposed to cigarette smoke for 4 weeks and application of 1 cycle 5 

minutes ischemia followed by 5 minutes of reperfusion before sustained ischemia that lasted 
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30min; 7) CS PostC 3*10 group (n=7): Animals exposed to cigarette smoke for 4 weeks and 

application of 3 cycles 10 sec ischemia followed by 10 sec reperfusion immediately after 

sustained ischemia that lasted 30min; 8) CS PostC 6*10 group (n=6): Animals exposed to 

cigarette smoke for 4 weeks and application of 6 cycles 10 sec ischemia followed by 10 sec 

reperfusion immediately after sustained ischemia that lasted 30min. Reperfusion was allowed 

to occur for 2hr after which tissue we stained with Evans blue and TTC and infarct to risk 

area ratios (%I/R) were calculated.  

 

4.3.4.3. Third series of experiments.  

C57BL/6 mice (n=6/group) were subjected to the interventions detailed above (groups 1, 2, 3, 

5, 6, 7 of the second series of experiments) and allowed to proceed to the 10
th
 minute of 

reperfusion. At this time, tissue samples from the ischemic part of the myocardium were 

collected for biochemical analysis. 

 

4.3.5. Western Blot Analysis.  

Described in Experimental Study I, section 1.3.4. 

The following primary antibodies were used in the present study: phospho eNOS (ser1176), 

eNOS, iNOS, phospho Akt(ser473), Akt, phospho VASP (Ser239), VASP, PDE5, sGCα1, 

sGCβ1, PKG, beta actin (Cell Signaling Technology, Beverly, MA, USA), CSE(ProteinTech 

Group, Inc, Rosemont,USA), CBS(Abnova, Germany) and 3MST (Atlas Antibodies AB, 

Stockholm, Sweden). 

 

4.3.6. Measurement of oxidative stress biomarkers MDA measurement.  

Samples from the ischemic part of the myocardium of all groups (n=6/group) of animals 

underwent ischemia reperfusion injury were pulverized and then homogenized according to 

the instruction of each method. The MDA concentration was determined 

spectrophotometrically and expressed as μM (Oxford Biomedical Research Colorimetric 

Assay for lipid peroxidation) as previously described
412

. Protein concentration was measured 

by Lowry method in 750nm. Measurements were performed in triplicate. MDA levels were 

expressed as μmol/mg protein. Tissue protein carbonyls content was determined by using a 

modification of the Levine technique, as previously described
412

.  

 

4.3.7. cGMP determination.  

Described in Experimental Study I, section 1.3.11. 

 

4.3.8. Statistical analysis.  

All results are presented as mean ± standard error of the mean. Comparisons of numeric 

variables among the groups were analyzed using Student‘s t-test or one-way analysis of 

variance model (ANOVA) with Bonferroni correction and with Tukey post-hoc analysis. A 

calculated p value of less than 0.05 was considered to be statistically significant.  
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4.4. Results 

4.4.1. Effects of cigarette smoke exposure on physiological and cardiovascular parameters.  

Exposure to cigarette smoke (CS) increased heart weight (Fig. 1A) and heart to body weight 

ratio versus RA exposed animals (Fig. 1B). The overall body weight was maintained 

unaffected among groups (Fig. 1C). In addition, exposure to cigarette smoking for 4 weeks 

increased mean arterial blood pressure from 107 mmHg to 187 mmHg in RA- and CS-

exposed anesthetized animals, respectively (Fig. 1D). Heart rate immediately after anesthesia 

and before any surgical procedure was not different between the two groups of animals (Fig. 

1E). 

 
 

Figure 1: Exposure to cigarette smoke increases heart weight and mean arterial blood 

pressure. A. Heart weight of C57/BL6 mice 12-16 weeks old. N=18/group, *p<0.05; B. 

Body weight in g of C57/BL6 mice 12-16 weeks old. n=18/group, p=NS; C. Heart to body 

weight ratio of C57/BL6 mice 12-16 weeks old. n=18/group, *p<0.05; D. Mean arterial blood 

pressure in mmHg. n=18/group, *p<0.05 vs RA0; E. Heart rate in beats per minute. 

n=18/group, p=NS. CS: Cigarette smoke group; RA: Room Air group 
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3.5.2. Exposure to cigarette smoke alters the expression and activity of the myocardial 

NO/cGMP pathway.  

Western blot analysis of whole heart lysates from animals exposed to cigarette smoke (CSo) 

vs air exposed animals (RAo) revealed an increase in eNOS (Fig. 2A) and iNOS (Fig. 2B).  

 

Figure 2: Exposure to cigarette smoke increases NO generating enzymes. Representative 

western blots and relative densitometric analysis of A. eNOS/β-actin ratio; B. iNOS/β-actin 

ratio; n=5/group, *p<0.05 vs RA0. CS0: Cigarette smoke whole heart lysates; RA0: Room Air 

whole heart lysates. 

 

Whole heart lysates from animals exposed to cigarette smoke (CSo) revealed an increase in 

the protein expression levels of both sGC subunits (Fig. 3A). In contrast, levels of PKG and 

PDE5 were not affected by cigarette smoking (Fig. 3B&C). In addition, cGMP levels in total 

heart lysates were higher in the cigarette smoke exposed group (Fig. 3D). To determine 

whether the elevated cGMP triggered activation of downstream pathways, we measured 

phosphorylation of VASP on ser239, as readout. Indeed, we observed a statistically 

significant increase in the levels of phospho-VASP in the hearts of CS mice (Fig. 3E).  
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Figure 3: Exposure to cigarette smoke up regulates the sGC/cGMP/PKG pathway. 

Representative western blots and relative densitometric analysis of A. sGCα1/β-actin; B. 

sGCβ1/β-actin ratio; C. PKG/β-actin ratio; D. PDE5/β-actin ratio n=5/group, F. 

pVASP(ser239)/β-actin ratio; and E. cGMP levels in pmol/mg protein, *p<0.05 vs RA0. CS0: 

Cigarette smoke whole heart lysates; RA0: Room Air whole heart lysates. 
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4.4.3. Exposure to cigarette smoke impairs H2S generating enzymes.  

Western blot analysis in whole heart lysates from animals exposed to cigarette smoke (CSo) 

versus air exposed animals (RAo) revealed a statistical significant decrease on CBS (Figure 

4A) and CSE (Figure 4B) protein levels was observed. MPST levels remained unaffected 

between groups (Figure 4C). 

 

Figure 4: Exposure to cigarette smoke decreases H2S generating enzymes. Representative 

western blots and relative densidometric analysis of A. CBS/beta actin ratio, B. CSE/beta 

actin ratio, C. MPST/beta actin ratio. n=5/group, *p<0.05. CS0: Cigarette smoke; RA0: Room 

Air  
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4.4.4. Exposure to cigarette smoke does not increase infarct size but blunts the 

cardioprotective effects of postconditioning.  

In mice under ischemia/reperfusion no significant differences were detected in the areas at 

risk among groups (Fig. 5A, 5C). Differences in the infarct size to area at risk ratio (I/R%) are 

presented in Fig. 5B. Exposure to CS did not increase the infarct size compared to the RA-

exposed group. Application of PreC was beneficial for both CS and RA groups. PostC applied 

in two different algorithms (3 or 6 cycles of 10 sec ischemia followed by 10 sec reperfusion 

immediately after sustained ischemia),  failed to limit infarct size in CS animals, while even 

the shorter algorithm worked on RA mice.  

 

 

Figure 5: Exposure to cigarette smoke does not worsen infarct size but abolishes the 

infarct limiting effects of PostC. A. Area at risk to whole myocardial area % ratio, p=NS; B. 

Infarcted area to area at risk expressed as % ratio. C. Representative photos from murine 

hearts of the indicated study groups. *p<0.05 vs RA group or CS control group; CS, Cigarette 

smoke; RA, Room Air; PreC, Preconditioning; PostC, PostConditioning. 
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4.4.5. Protection of preconditioning in cigarette smoke exposed animals correlates with 

activation of Akt/eNOS.  

Western blot analysis of ischemic tissue among groups demonstrated that application of PreC 

and PostC in the RA groups increased activation of Akt, as assessed by Ser473 

phosphorylation that led to phosphorylation of eNOS on Ser1176 (Fig. 6A-D). 

 

Figure 6: Protection by preconditioning correlates with activation of the Akt/eNOS 

pathway. Representative western blots and relative densitometric analysis of A. 

pAkt(ser473)/totalAkt; B. peNOS(ser1176)/β-actin; C. total eNOS ratio/β-actin; and D. 

peNOS(ser1176)/teNOS ratio. *p<0.05 vs RA group; #p<0.05 vs RA+PreC group; $p<0.05 

vs CS group; CS, Cigarette smoke; RA, Room Air; PreC, Preconditioning; PostC, 

PostConditioning. 

 

In line with these findings, we observed increased cGMP content (Fig. 7A) and 

phosphoVASP (Fig. 7B) in PreC and PostC RA mice. In control CS mice (without PreC or 

PostC), Akt phosphorylation remained at levels similar to those of the RA mice. Results in CS 

animals subjected to mechanical maneuvers varied; PreC increased Akt and eNOS 

phosphorylation, while PostC enhanced neither (Fig. 7A &D). In addition, PreC in CS mice 

did not further increase cGMP content and phosphoVASP (Fig. 7A &B). PostC CS mice 

exhibited reduced cGMP and phospho-VASP levels, compared to CS and CS+PreC groups.  
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Figure 7: Changes in NO/cGMP signaling after conditioning in cigarette smoking 

ischemic hearts. A. cGMP levels in the ischemic myocardium in pmol/mg protein and B. 

representative western blots and relative densitometric analysis of pVASP(ser239)/β-actin 

ratio. *p<0.05 vs RA. CS, Cigarette smoke; RA, Room Air; PreC, Preconditioning; PostC, 

PostConditioning. 

 

4.4.6. Lack of protection in cigarette smoke-exposed animals by PostC co-insides with 

enhanced oxidative stress.  

To access the level of oxidative stress we used MDA and PCs as biomarkers. No differences 

in the levels of MDA and PCs were observed in the ischemic part of the myocardium after 4 

weeks of exposure to cigarette smoke. Both PreC and PostC decreased MDA and PCs in RA 

mice, while only PreC decreased oxidative stress biomarkers in CS mice (Fig. 7A &B).  

 

Figure 8: Changes in oxidative stress biomarkers after conditioning in cigarette smoking 

ischemic hearts. A. MDA in nmol/mg protein; B. PCs in nmol/mg protein. *p<0.05 vs RA; 

CS, Cigarette smoke; RA, Room Air; PreC, Preconditioning; PostC, PostConditioning; MDA, 

malondialdehyde; PCs, protein carbonyls 
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4.5. Discussion 

The main findings of the present study are that exposure of mice to CS does not impact on the 

infarct size observed after I/R and that cardioprotection by PostC, but not PreC, is lost in CS 

mice. Initially, we sought to characterize basic cardiovascular parameters in mice exposed to 

CS. We observed that after 4 weeks, mice treated with CS exhibited enhanced mean arterial 

blood pressure, while showing no difference in body weight and heart rate. Our findings 

regarding body weight and blood pressure are in line with those of Guo et al
413

, who showed 

increased mean pressure and no change in body weight of mice after 6 weeks of CS exposure. 

Decreased body weight has been reported to occur in mice exposed to cigarette smoke, but 

takes longer to develop
297

.  

 

Acute (but not chronic) CS exposure has been found to paradoxically protect the endothelium 

from ischemia reperfusion injury in patients
414

. In our study, exposure of mice to 4 weeks of 

CS did not affect the infarct size after LAD ligation and reperfusion. In contrast, Zhu et al. 

reported that exposure to environmental tobacco smoke for 6 weeks increased myocardial 

infarct size in a rat model of ischemia/reperfusion
296

. The reasons for these conflicting results 

could be due to the use of non-standardized cigarettes
296

 or might reflect species differences. 

To further study the changes induced by smoking in heart tissue, we measured the levels of 

enzymes in the NO/cGMP pathway and found that in mice exposed to CS, eNOS, iNOS and 

sGC levels were increased in the heart, raising the possibility that these molecular changes in 

the smoke-exposed myocardium could serve as a compensatory mechanism. eNOS levels 

have been shown to be reduced in vessels from mice exposed to CS
413

, while increased eNOS 

expression was observed in endothelial cells exposed to plasma from smokers
415

. Generation 

of NO from eNOS depends not only on the absolute levels of the enzyme, but also on BH4 

availability and eNOS coupling, as well as posttranslational modifications of eNOS
416, 417

. 

Exposure to cigarette smoke or cigarette extracts leads to dissociation of the active dimeric 

eNOS, eNOS acetylation and phosphorylation of eNOS on the inhibitory site Thr495
275, 418

, all 

of which are consistent with reduced eNOS activity. We observed that eNOS in addition to 

being present at higher levels in the myocardium, is also hyperphosphorylated on Ser1176, a 

site linked to enhanced NO production. While eNOS activity was not directly measured in our 

experiments, the increase in cGMP content and VASP phosphorylation in myocardial tissue 

of CS-exposed mice suggest that more biologically active NO is produced in the hearts of 

these mice. Obviously, the increase in cGMP could also result from the higher amounts of 

sGC present in CS hearts, in addition to the enhanced levels of iNOS. Interestingly, iNOS has 

been shown before to be protective in the heart in the context of ischemia/reperfusion injury, 

in contrast to what is observed in other organs
83

. All of the above taken together suggest that 

the NO/cGMP pathway is more active in CS vs RA-exposed mice. 

 

In addition, except NO, hydrogen sulfide exerts similar properties and both endogenous 

mediators are necessary for the cardiovascular function under physiological conditions
43, 385, 

399, 419
. H2S therapy has been proposed to improve left ventricular remodeling in smoking rats 

by exerting its anti-oxidant effects
420

. In the present study, we found a decrease in CBS and 

CSE protein levels; the decrease in the protein levels of CBS and CSE may reflect a lower 

level of H2S in the cardiovascular system. This could easily explain the increased blood 

pressure, as H2S is a potent vasodilator
399

  and the impairment of its levels is observed in 

hypertension
421

.  
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We next determined whether the cardioprotective effects of PreC and PostC are altered in 

animals exposed to CS. When mice exposed to RA were subjected to PreC and PostC, infarct 

size was significantly reduced. In contrast, CS-exposed mice were only protected by PreC. 

PostC by three cycles of 10 s/10 s ischemia/reperfusion in aged mice failed to reduce the 

infarct size. However, changing the postconditioning algorithm and increasing the number of 

conditioning cycles in aged mice was shown to restore protection
191

. In our study, we 

observed that increasing the number of PostC cycles in CS mice did not reduce infarct size. 

Similarly to what was observed in CS-exposed mice, cardioprotection by PostC is lost in a 

number of disease conditions and co-morbidities, such as left ventricular dysfunction, 

hypercholesterolemia, diabetes or aging
117

. However, there are divergent results in the 

literature regarding the effect of PostC in hypertension. PostC exerts cardioprotection in the 

presence of clearly established hypertrophy, as well as in conditions in which hemodynamic 

overload progresses toward systolic dysfunction
276

; PostC decreased myocardial dysfunction 

in spontaneously hypertensive rats (SHR)
422

. In contrast, it was reported that PostC neither 

improved contractility, nor reduced infarct size in SHR hearts
274, 423

. All of the above-

mentioned studies were performed in isolated hearts; in the only available in vivo study, 

myocardial hypertrophy in SHR was proposed to abrogate the effect of PostC
424

. Herein, we 

demonstrated that smoking resulted in hypertension and cardiac hypertrophy, abolishing the 

protective effect of PostC. The reason why only one of the two endogenous mechanisms of 

cardioprotection (PostC) becomes ineffective in the above-mentioned conditions, especially 

since PreC and PostC share common molecular pathways
425

, is not known.   

 

We next investigated the mechanism(s) that mediates cardioprotection and are affected by CS, 

leading to loss of protection in PostC, focusing on the eNOS/cGMP pathway. Initially, we 

measured Akt phosphorylation as an index of Akt activity
161

, since this kinase is a major 

regulator of eNOS activity in the cardiovascular system. Akt phosphorylation was low in the 

control RA ischemic myocardium and was activated in the RA animals, in which pre and 

postconditioning were applied, an observation which is in line with the literature
426

. In the 

CS-exposed ischemic myocardium, Akt was activated only in the CS+PreC group, whereas 

no activation was observed in animals subjected to PostC. In agreement to the observed up 

regulation in Akt activity, eNOS phosphorylation was increased in the myocardium following 

conditioning in RA-exposed animals. However, the peNOS/eNOS ratio was found to be 

enhanced in non-conditioned CS mice in the absence of enhanced Akt phosphorylation and 

only increased in the CS+PreC group, while in CS+PostC the ratio tended to be lower than 

that observed in non-conditioned animals. These findings in CS-exposed mice are in 

accordance with our observation that PostC does not enhance phosphorylation of eNOS and 

Akt in the ischemic region of myocardium of hypercholesterolaemic animals
248

.  

 

Following myocardial reperfusion upon opening of the occluded LAD, the electron transport 

chain gives rise to ROS; ROS are also generated through xanthine oxidase and NADPH 

oxidase
18

. ROS mediate myocardial reperfusion injury by opening of the mPTP, acting as 

chemoattractant for neutrophils, and impacting on the sarcoplasmic reticulum function
427

. 

ROS also cause lipid peroxidation damaging the cell membrane and inhibit enzyme function. 

As far as the NO pathway is concerned, increased generation of superoxide anions reduces the 

bioavailability of NO, converting it to peroxynitrite and leads to oxidation of BH4, a cofactor 

required for NOS coupling that is depleted during ischemia/reperfusion
418

. To determine the 
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level of oxidative stress in RA and CS mice, we measured PCs and MDA as biomarkers in the 

ischemic part of the myocardium, in animals subjected to PreC and PostC
248

. No differences 

in the baseline values of PC and MDA were observed between RA and CS mice; it should be 

noted that both biomarkers were determined 24hr after the last exposure to CS and that 

although no differences we observed in the heart, lung PC and MDA are elevated in CS mice 

(data not shown). In line with what is known from the literature regarding the reduction of 

deleterious ROS burst by conditioning
428

, both PC and MDA were reduced in RA exposed 

mice after conditioning. However, although PreC limited oxidative stress biomarkers, PC and 

MDA remained high in PostC CS-exposed animals, paralleling the loss of cardioprotection in 

the CS+PostC group; this observation is once again similar to what we observed in 

hypercholecterolemic rabbits
248

.  

 

Although administration of cGMP-elevating agents mimics the effect of conditioning in 

ischemia/reperfusion injury
166

, the role of S-nitros(yl)ation vs cGMP-dependent pathways in 

PreC and PostC is still unresolved
163, 166

. Moreover, no data on the role of cGMP on infarct 

size in animals with co-morbidities have been reported. In our experiments, GMP levels and 

VASP phopshorylation were found to be increased after PreC and PostC in RA animals. 

cGMP levels were also high in the CS and CS+PreC groups, but reduced in the CS+PostC 

group. The reason why cGMP levels were even lower in the CS+PostC compared to the CS 

group is unknown, but suggests a lower synthesis or increased degradation of this cyclic 

nucleotide. Recent studies have proposed that the beneficial effects of cGMP in PostC are 

independent of the PI3K/Akt pathway, but are rather due to enhanced activation of eNOS that 

results from reduced superoxide anion production at the onset of reperfusion, leading to 

attenuated oxidation of BH4 and reduced NOS uncoupling
91

. Thus, the inability of PostC to 

attenuate oxidative stress in the CS group might explain the lack of cardioprotection and the 

decreased cGMP levels that were observed in CS+PostC group.  

 

Results from the present study are potentially of great translational interest, since although 

PostC is a clinically relevant and powerful mechanism of reducing ischemia/reperfusion 

injury in humans, clinical trials have been largely disappointing [reviewed in
429

]. Smoking 

and hypertension are two major risk factors in the development of systemic atherosclerosis 

and coronary artery disease, acting either as independent or as additive predisposing factors 

for CVD
430

. It was recently demonstrated that the efficacy of remote ischemic conditioning is 

reduced in smokers, whereas hypertensive patients, experienced protection by remote 

conditioning
431

. In the present study we used an animal model of CS exposure that lead to 

hypertension development, rather than a model of spontaneous hypertension. The model used 

in our study is analogous to smokers who develop hypertension and left ventricular 

hypertrophy and if our observations can be extrapolated to humans, this patient population 

would be protected by PreC, but not PostC. This would be in agreement with the many 

preclinical studies which have reported differences in the effectiveness of preconditioning and 

postconditioning in the presence of co-morbidities
117

. Further studies are required to elucidate 

the exact molecular mechanism(s) responsible for limiting the effectiveness of PostC in 

smokers and to target them so that cardioprotection is restored.  
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General Discussion 

Acute myocardial infarction (AMI) is a serious and often fatal consequence of coronary artery 

disease (CAD). An imbalance in oxygen/nutrient supply and demand within the ischemic 

organ results in tissue hypoxia and dysfunction. Subsequent reperfusion in addition to its 

beneficial effects can enhance innate responses that lead to cell death programs. Despite the 

knowledge gathered over 30 years of experimentation, no pharmacological strategies are 

applicable that could rescue the heart muscle in patients with myocardial infarction after 

reperfusion. Diverse therapeutic attempts, have all failed so far to enter everyday clinical 

practice, in spite of positive proof-of-concept studies in experimental animals. Recent 

advances in understanding the molecular events associated with ischemia and reperfusion 

may lead to innovative therapeutic strategies for patients with ischemia-reperfusion injury–

associated tissue and organ dysfunction. 

In this context in the Experimental Study I, we sought to evalutate deeper the role of a novel 

kinase PYK2 in the post-translational modifications (i.e. phosphorylation) of eNOS in 

myocardial ischemia-reperfusion injury. Endothelial nitric oxide synthase (eNOS) is 

constitutively expressed in cardiomyocytes and endothelial cells. eNOS is phosphorylated on 

serine, threonine and tyrosine residues and this alters the enzyme‘s ability to produce NO. 

Undoubtedly, phosphorylation of S1177  due to its prominent role in regulating eNOS activity 

has attracted the most attention, with many studies, mistakenly, equating phosphorylation on 

this residue with proof of enhanced eNOS activity in the heart. Another site commonly 

studied is T495, that is located in the calmodulin (CaM)-binding domain and exerts a negative 

effect on eNOS activity. More recently Y657 was reported to be a critical determinant of its 

enzymatic activity; phosphorylation of Y657 (mouse Y656) by proline-rich tyrosine kinase 2 

(PYK 2) exposed to fluid shear stress or insulin inhibits eNOS activity. PYK2, a kinase that 

negatively regulates eNOS activity, is activated by elevations in calcium and by oxidative 

stress, both of which hallmarks of I/R injury.  Although PYK2 has been linked to adverse 

cardiac phenotypic changes, such as hypertrophy and lethal arrhythmias, its role in ischemia-

reperfusion injury remains unexplored. In the present study, by using in vitro and in vivo 

models of ischemia-reperfusion injury we set out to determine whether PYK2 is activated 

during ischemia-reperfusion injury, affecting the ability of eNOS to confer cardioprotection. 

Our major finding is that PYK2-driven phosphorylation of eNOS on Y656 promotes 

cardiomyocyte death and increases infarct size.   Thus, PYK2 emerges as a novel therapeutic 

target that restores eNOS signaling and function in ischemia-reperfusion injury and minimizes 

cardiac necrosis.  

 

However, to solve the unsolved problem of myocardial ischemia-reperfusion injury and to 

improve clinical outcome and prevention of the lethal reperfusion injury, an intervention is 

needed that would make the heart muscle resistant to necrosis. During the last two decades, 

scientific efforts focus on improving means for limiting infarct size. However, the morbidity 

and mortality of CAD remain significant worldwide and lay the ground for the development 

of novel cardioprotective therapies. 

Ischemic conditioning is the protective mechanism, by which brief ischemia renders the heart 

resistant to potentially lethal ischemia and reperfusion. The two main mechanisms of 

conditioning are ischemic preconditioning (PreC) and ischemic postconditioning (PostC), 

both preventing the development of necrosis due to reperfusion injury. Although PreC is a 

powerful form of protection, it is of limited clinical application (i.e. transplantation) as it is 
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applied before the ischemic. On the other hand PostC is applicable at the time of reperfusion, 

making it a more attractive strategy for use in the clinical routine.  

Upon their mechanical application intracellular signal transduction takes place via at least 

three parallel pathways; the first two are activated by receptors coupled with G proteins 

(GPCR) and proceeds via a nitric oxide (NO), cGMP, and PKG (protein kinase G) pathway or 

activation of reperfusion injury salvage kinases pathway (RISK pathway, which includes 

PI3K, Akt, ERK and GSK3beta). The third, which is activated by TNF-alpha, includes 

mitochondrial transactivation of transcription molecules (SAFE pathway). All three pathways 

rely on preservation of the mitochondrial function by preventing the mPTP opening
 
resulting 

in rendering the ischemic heart lee vulnerable to reperfusion injury.  

Despite the huge interest and the great body of evidence that verify the effectiveness of 

postconditioning, clinical application has remained limited due to many factors that may 

enhance or blur its protective effect.  Since the therapeutic benefit of mechanical 

postconditioning has been challenged, administration of pharmacological agents that act as 

postconditioning mimetics might be a preferred approach. The use of a safe drug as a 

postconditioning agent is fairly easy, if it is provided in an intravenous formulation and can 

be administered in a manner that cover the time window for protection against reperfusion 

injury. 

In this context of pharmacological conditioning a novel concept of "gasotransmitter" arrived 

recently. Gasotransmitters are small molecules of endogenous gases with important 

physiological functions. Their production and metabolism are enzymatically regulated, and 

their effects are not dependent on specific membrane receptors. Among them NO and H2S has 

shown remarkable effects on the (patho) physiology of heart muscle and ischemia reperfusion 

injury.  

In this context in Experimental Studies II and III, we sought to evaluate the possible 

cardioprotective actions of exogenous administrated NTG (a potent NO donor) and NaHS (a 

rapid releasing H2S donor) on myocardial infarct size. In turn we evaluated the underlying 

molecular mechanisms involved. Our major findings were that both gasotransmitters 

administration during the clinical setting of the ischemic insult minimize myocardial infarct 

size. However, they differ in the underlying mechanism. On one hand NO donor, NTG 

reduces myocardial infarction in a PI3K-eNOS pathway, which further reduces oxidative 

stress and inhibits mPTP opening, independent of PKG activation in the ischemic heart. In 

addition, NTG showed a remarkable effect on infarct size of a model of endothelial 

dysfunction. On the other hand, H2S donor, NaHS, exerts its beneficial effects in a 

cGMP/PKG/PLN dependent pathway, by inhibiting PDE activity. Although, distinct 

mechanisms of action are described in these experimental studies, donors that recapitulate the 

endogenous produced gasotransmitters may serve as possible pharmacological treatment 

during myocardial infarction to improve cell viability. Thus we suggest i) that by titration of 

the infusion rate of a widely used NO releasing drug NTG, elevated left ventricular filling 

pressure might fell to within normal limits and work in favor of infarct size limitation even in 

humans with endothelial dysfunction. And ii) that we expanded our knowledge on the 

molecular mechanisms of action of H2S in pharmacological conditioning and strengthens the 

rational on which clinical testing and use of H2S-releasing compounds can be based.     

However, although great efforts have been made in the understudying of i) pathophysiology 

of ischemia-reperfusion injury; ii) underlying mechanisms of the application of conditioning 

maneuvers and iii) novel pharmacological conditioning strategies, the findings cannot be 
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translated in clinical practice to improve human outcomes following acute myocardial 

infarction. The reasons are more than one. First, many of the trials performed over the last 

two decades were small, single-center studies, frequently with few participants and a short 

follow-up period. As such, they have lacked the power needed to investigate the hard end 

points of death or a major cardiovascular event. Second, the effectiveness of ischemic-

conditioning strategies in humans seems to be less profound than reported in the animal 

literature, with some randomized clinical trials showing no significant benefit. A possible 

explanation for this is the effect of underlying comorbidities on the ability of tissues to 

respond to the beneficial effects of ischemic conditioning. When extrapolating from animal 

models to humans it is vital to understand the differences between animal models and 

patients. 

In this context, we performed the Experimental Study IV, in order to evaluate the capability 

of conditioning mechanisms to limit infarct size during a new described comorbidity- 

cigarette smoke exposure. Ιnhalation of smoke ingredients and direct nicotine exposure 

during cigarette smoking cause constriction of epicardial and resistance vessels, impair 

endothelium-dependent dilatation
 
and deteriorate the elastic properties of vessels in humans. 

All these unfavorable effects are involved in the development of atherosclerosis, arterial 

hypertension and left ventricular hypertrophy. To date, there are no published studies 

designed to investigate the effects of exposure to CS and its sequelae on conditioning. Our 

major findings are that exposure of mice to CS does not impact on the infarct size observed 

after ischemia reperfusion injury and that cardioprotection by PostC, but not PreC, is lost in 

CS mice. A compensatory mechanism of heart exposed to CS has been revealed including 

increased cGMP/PKG signaling. PreC manages to minimize infarct size in this model by 

preserving the compensatory mechanism and reducing oxidative stress in the smoke exposed 

ischemic heart, whilst PostC fails to do so. Thus, findings from the current animal study are 

potentially of great clinical interest, as they could help predict whether application of 

endogenous cardioprotective mechanisms could still be beneficial if applied to human patients 

who smoke. 

 

Future Perspectives 

The field of myocardial infarction has reached a plateau as although the interesting findings in 

the animal models no safe drug or intervention has become clinical routine. In this context the 

physiology of gasotransmitters -NO and H2S- both endogenously produced or exogenously 

administrated are promising agents for the treatment of heart ischemia. 

However outstanding questions that need to be assessed and further evaluation of novel 

mechanisms have to be evaluated: 

1. The first question arising is what is the physiological concentrations of NO and H2S 

in the heart muscle during the ischemia-reperfusion injury. Do their levels change? In this 

context novel methods on evaluating with accuracy the circulating or tissue levels of these 

gaseous molecules should be designed. This could serve as development of possible 

circulating markers indicative of cell death or novel insights on therapeutic drugs which could 

equilibrate NO and H2S levels during the injury.  

2. The enzymatic activity of both their key generating enzymes should be assessed. 

Especially assessment of CSE activity-as the basic H2S generating enzyme in the 
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cardiovascular system- is mandatory. Further studies on post-translation modifications (i.e. 

phosphorylation) of the CSE enzyme will prove its regulation during myocardial infarction. 

3. Novel insights on the epigenetic changes (i.e. non-coding RNA regulation) during 

myocardial ischemia reperfusion has been recently described. A better link between these 

novel mechanisms of myocardial cell death to the pathophysiology of ischemia-reperfusion 

injury, conditioning mechanisms, and gasotransmitters mode of action could shed more light 

on the unsolved problem of myocardial infarction therapy. 

4. Finally, meta-analysis studies in humans are necessary to evaluate the stoppers of 

cardioprotective strategies in humans. This could lead in the better design of experimental 

studies. The role of gasotransmitters in co-morbidities is still in its infancy. More studies on 

circulating levels, enzymatic activities and regulation, treatment with exogenously 

administrated drugs and use of suitable knockout models are needed to finally interpret ate the 

results in patients.   
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Abbreviations 

 

3MST; 3-mercaptopyruvate sulfurtransferase 

Akt; protein kinase B 

AR; adenosine receptor 

Atg; Autophagy Related Protein 

ATP; adenosine triphosphate 

Bak; bcl-2 homologous antagonist-killer protein 

Bax; BCL2-Associated X Protein 

Bcl2; B-cell lymphoma 2 protein 

BH4; tetrahydrobiopterin 

CBS; cystathionine beta synthase 

cGMP; Cyclic guanosine monophosphate 

CGRP; calcitonin gene-related peptide 

CHD; coronary heart disease 

CS; cigarette smoke 

CSE; cystathionine gamma lyase 

DHE; dihidroethidium 

ECG; electrocardiogram 

eNOS; endothelial nitric oxide synthase 

EPR; Electron paramagnetic resonance 

ERK; Extracellular signal-regulated kinase 

FAD; flavin adeninde dinucleotide 

FADD; Fas-Associated protein with Death Domain 

FMN; flavin mononucleotide 

GSK; glycogen synthase kinase 

HRP; horshradise peroxidase 

HSP; heat shock protein 

iNOS; inducible nitric oxide synthase 

LAD; left anterior descending 

LDH; lactate dehydrogenase 

L-NAME;  L-NG-Nitroarginine methyl ester  

LVH; left ventricular hypertrophy 

MMP; matrix metalloproteinase 

https://www.caymanchem.com/catalog/80210
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mPTP; mitochondrial permeability transition pore 

mTOR;  mammalian target of rapamycin 

MTT; (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 

NADPH; Nicotinamide adenine dinucleotide phosphate 

NHE; Na
+
/H

+
 Exchange 

nNOS; neuronal nitric oxide synthase 

NOHA; NN-hydroxy-L-arginine 

NOS; nitric oxide synthase 

PAG; DL-Propargylglycine 

PCI; percutaneous coronary intervention 

PI3K; Phosphoinositide 3-kinase  

PKC; protein kinase C 

PKG; protein kinase G 

PLN; phospholamban 

PostC; ischemic postconditioning 

PreC; ischemic preconditioning 

PYK2; proline rich tyrosine kinase 2 

RIP; receptor interacting protein 

RISK; reperfusion injury salvage kinase 

ROS; reactive oxygen species 

S1P; sphingosine-1-phosphate 

SAFE; survivor activating factor enchancement pathway 

SERCA; sarcoplasmic reticulum calcium transport ATPase 

Smac/DIABLO; Second mitochondria-derived activator of caspase/direct inhibitor of 

apoptosis-binding protein 

SNAP;  S-Nitroso-N-Acetyl-D,L-Penicillamine 

SR; sarcoplasmic reticulum 

STEMI; ST-segment elevation myocardial infarction 

TNF; tumor necrosis factor 

TRADD; Tumor necrosis factor receptor type 1-associated DEATH domain 

TRAIL; TNF-related apoptosis-inducing ligand 

TTC; triphenyltetrazolium 

VASP; Vasodilator-stimulated phosphoprotein 

VDAC; voltage-dependent anion channel 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwj4vberxePKAhWIDg8KHX5nCYkQFggjMAE&url=https%3A%2F%2Fwww.thermofisher.com%2Forder%2Fcatalog%2Fproduct%2FM6494&usg=AFQjCNGx_4-mrnZXaHezRkPX76zmQo5FWg&bvm=bv.113370389,d.ZWU
https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide_phosphate
http://www.tocris.com/pharmacologicalBrowser.php?ItemId=353857
http://www.sigmaaldrich.com/catalog/product/sigma/p7888
https://en.wikipedia.org/wiki/Phosphoinositide_3-kinase
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjcsPChxOPKAhWFkSwKHXxTCPwQFggcMAA&url=https%3A%2F%2Fwww.caymanchem.com%2Fcatalog%2F82250&usg=AFQjCNHg_MwdOEqaRJaQ2rrA-P75_PUcvQ&bvm=bv.113370389,d.ZWU
https://en.wikipedia.org/wiki/Vasodilator-stimulated_phosphoprotein
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