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Myocardial protection against reperfusion injury:

The cGMP pathway
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Summary

Reperfusion injury may cause myocardial cell death and limit the
benefit achieved by restoration of coronary artery patency in
patients with acute myocardial infarction. The mechanism in-
cludes altered Ca?* handling with cytosolic and mitochondrial
Ca?* overload, Ca?*- and ATP-dependent hypercontraction, cy-
toskeletal fragility, mitochondrial permeability transition and gap
junction-mediated propagation of cell death, as well as alter-
ations in non-cardiomyocyte cells, in particular platelets and en-
dothelial cells. cGMP modulates favorably all these mechanism,
mainly through PKG-mediated actions,but cGMP synthesis is al-
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tered in reperfused cardiomyocytes and endothelial cells by
mechanisms that are only partially understood. Stimulation of
c¢GMP synthesis during initial reperfusion by means of natriu-
retic peptides has been found protective in different animal
models and in patients. Moreover, increasing evidence indicates
that cGMP is an important step in signal transduction of endo-
genous cardioprotection.Thus, the cGMP pathway appears as a
key element in the pathophysiology of myocardial ischaemia-
reperfusion and as a promising therapeutic target in patients
with acute myocardial infarction.

Thromb Haemost 2009; 101: 635-642

Introduction

The effect of ischaemic heart disease on survival and quality of
life of patients, and its social impact are mainly due to its ability
to cause myocardial necrosis in the context of acute coronary
syndrome. The extent of cardiomyocyte cell death determines
left ventricular dysfunction and remodelling, heart failure, and
risk of lethal arrhythmias. It is well known that the extent of cell
death caused by acute coronary occlusion depends, apart from
the extent of the ischaemic area, or area at risk, on the severity
and duration of ischaemia. In fact, one of the most important ad-
vancements in the treatment of patients with acute myocardial
infarction, and in cardiology in general, has been the widespread
use of emergent coronary recanalisation by either thrombolytic
drugs or percutaneous coronary interventions (PCI). However, it
is only recently that it has been established that part of cell death
caused by transient coronary occlusion occurs at the time of rep-
erfusion. This opens the possibility of improving the effective-
ness of thrombolytic therapy and PCI to spare myocardium at
risk by means of coadjuvant cardioprotective treatments.

The development of these treatments is based on a proper
understanding of the mechanisms of cardiomyocyte death during
reperfusion. Although many aspects of these mechanisms re-
main to be elucidated, the last two decades have witnessed major
advances in their understanding. This progress has allowed the
use of different experimental strategies to decrease reperfusion-
injury (inhibitors of contractile activation [1], Na*/H* and
Na*/Ca?" exchangers [2, 3], etc.). However, clinical applicability
of these potential therapies has been scarce, in general because of
the absence of specific drugs adequate for human use. In this
sense, modulation of cGMP has appeared as a promising therapy
since several pharmacological agents have been described that can
be used in humans without significant secondary effects (4, 5).

|. Myocardial necrosis during the initial minutes
of reperfusion

When reperfusion occurs early enough as to save myocardium
that would have suffered infarction in the absence of reperfusion,
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myocardial cell death occurs mainly as necrosis, with rupture of
cell membranes and release of intracellular contents, during the
initial minutes of re-flow. Histological analysis of reperfused in-
farcts shows that they are mainly composed of areas of contrac-
tion band necrosis (1) in which cardiomyocytes show gross and
characteristic disruption of their architecture and disorganisation
of sarcomeres (contraction bands). Ultrastructure shows sarcol-
emmal rupture and massive calcium deposits in the mitochon-
drial matrix and sarcolemmal rupture.

Studies in isolated cardiomyocytes have shown that reoxyge-
nation after simulated ischaemia may result in abrupt and ex-
treme cell shortening within minutes of reenergisation, with
ultrastructural changes typical of contraction band necrosis,
usually described as hypercontraction, or round-up (6). The
probability of occurrence of this phenomenon upon reperfusion
increases with the duration of ischaemia, and in particular with
the time lapse between the development of ischaemic contrac-
ture (a marker of severe ATP depletion) and the moment of ree-
nergisation (7). Sonomicrometric analysis of myocardial seg-
ment length allows to detect myocardial shrinkage, a reduction
of diastolic length of reperfused segments below the basal value
which magnitude correlates with the extent of contraction band
necrosis (8). This, and a paralleled response to a vast array of ma-
neuvers, indicates that contraction band necrosis in reperfused
infarcts is the correlate to hypercontraction observed in cardio-
myocytes (7).

Studies in isolated cardiomyocytes have shown that hyper-
contraction is caused by the coincidence of reenergisation in the
presence of altered Ca?* handling. During prolonged ischaemia,
important changes in cytosolic composition take place (7), in-
cluding intracellular and extracellular acidosis, energy de-
pletion, Na* and Ca?* overload and hyperosmolality. Upon reper-
fusion, additional changes occur, of which Na* influx associated
to normalization of intracellular pH (mainly through sarcol-
emmal Na*/H* exchanger and Na*/HCO* symporter) plays a
leading role as it may result in Na* overload if Na*/K* ATPase ac-
tivity is depressed. Na* overload results in reverse mode of
Na'/Ca®" exchanger activity and additional Ca®" influx (9). At
the same time, restoration of respiration allows mitochondrial re-
polarisation and ATP synthesis. This favors Ca?>* uptake by mito-
chondria (through the mitochondrial Ca?* uniporter) and by sar-
coplasmic reticulum (SR) through the SR Ca?*-ATPase
(SERCA), and as a result, cytosolic Ca>* levels fall rapidly even
in the presence of increased Ca?* influx. Accumulation of Ca** in
the SR eventually tends to cause Ca®* release through ryanodine
receptors (RyR) and subsequent reuptake, resulting in Ca?" os-
cillations that propagate across the cell (10, 11). Increased cyto-
solic Ca?" and Ca?" oscillations in the presence of ATP may result
in excessive contractile activation resulting in hypercontraction.
Hypercontraction implies marked disorganization and collapse
of'the cytoskeleton, and it is favored by changes in structural pro-
teins that alter their physical properties. Hypercontraction of iso-
lated cardiomyocytes does not cause sarcolemmal rupture unless
mechanical resistance of the cell membrane is reduced (12). The
changes responsible for sarcolemmal fragility have not been
completely elucidated, but calpain-dependent proteolysis of the
subsarcolemmal cytoskeleton, and in particular of o-fodrin,
plays an important role (13, 14). A simplified scheme of the dif-

ferent pathological events leading to cell death during ischae-
mia-reperfusion is shown in Figure 1.

Calpains are Ca>*-dependent proteases activated by Ca*" and
inhibited by acidosis that play a critical role in cardiomyocyte
cell death during reperfusion, when both factors — Ca*" overload
and normalisation of pH — concur. Calpain-mediated degrada-
tion of ankyrin, the protein that anchors the Na*/K* ATPase to the
subsarcolemmal cytoskeleton, is an important cause for Na*
pump dysfunction during initial reperfusion (15). This is prob-
ably a key event in cardiomyocyte cell death during reperfusion,
since it favors Na* overload, reverse-mode Na'/Ca’* exchange
and Ca*" overload, that in turns favor calpain activation in a vi-
cious cycle. Although hypercontraction per se does not cause
sarcolemmal rupture in isolated myocytes, it causes it in intact
myocardium. This different behavior may be due to greater
physical stress imposed by hypercontraction on sarcolemma in
physically attached cells to adjacent cells and to intercellular ma-
trix, and by osmotic cell swelling caused by rapid normalisation
of extracellular osmolality (16). Sarcolemmal rupture induces
massive Na* influx and passage of Na* to adjacent cells via gap
junctions, with subsequent activation of reverse Na*/Ca*" ex-
change, which results in further Ca?* overload and hypercontrac-
tion of the adjacent cell (17). Cell-to-cell propagation of hyper-
contraction contributes to the final extent of cell death during
reperfusion, and its inhibition during the initial minutes of reper-
fusion reduces infarct size (18, 19).

During recent years, solid evidence has been accumulated in-
dicating that mitochondrial permeability transition (MPT) plays
a key role in cardiomyocyte necrosis during reperfusion. MPT
has been documented to occur during reperfusion due to reactive
oxygen species (ROS) and Ca?* accumulation and to correction
of intracellular acidosis, a potent inhibitor of MPT (20-22). Al-
though it is clear that MPT can cause cytochrome C release and
apoptosis, the mechanism by which it causes necrosis in reper-
fused myocardium is not clear. A generally accepted mechanism
is that MPT causes de-energisation due to mitochondrial depo-
larisation and loss of ATP synthesis (23). The role of MPT in rep-
erfusion injury has been discussed in detail elsewhere (24). How-
ever, de-energisation secondary to MPT is difficult to reconcile
with the occurrence of hypercontraction: firstly hypercontrac-
tion can be prevented with a contractile blocker without effect on
MPT (BDM), and secondly, the mechanism causing sarcol-
emmal rupture and cell death within minutes of reperfusion
through MTP-induced ATP depletion is not clear. It has been
proposed that MPT could impair cytosolic Ca** handling in a few
mitochondria, thus favoring Ca*"-dependent hypercontraction
fueled by ATP synthesised by the rest of mitochondria (25).

Finally, although most of the features of necrosis secondary
to transient ischaemia may be reproduced in isolated cardiomyo-
cyte preparations and crystalloid perfused hearts, it is clear that
non-cardiomyocyte myocardial cells and blood born cells con-
tribute to reperfusion injury and cell death after transient myo-
cardial ischaemia. Among these cells, platelets appear to play a
prominent role. Platelet aggregation and dislodgment of pla-
telets aggregates at the culprit coronary artery plaque, mani-
fested as cyclic flow variations, may be accompanied of distal
microembolisation contributing to microvascular failure and
focal necrosis (26). This phenomenon may be prevented by anti-
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Figure |: General view of
the mechanisms of cardio-
myocyte cell death during
the initial minutes of re-
perfusion. The two pathways
implicating only cardiomyocytes
are shown on the right (grey
rectangle). Ca?* overload in-
duces calpain-mediated cyto- l l
skeletal fragility, excessive con- Platelet activation and "
tractile activation and sarcol- P-selectin expression Na
emmal rupture than can propa- —I‘
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vasculature has a prominent
role are shown on the left. Sites
where cGMP may interfere
with these mechanisms are indi-
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exchanger, NHE: Na*-H* ex-
changer, MPT: mitochondrial
permeability transition, ROS:
reactive oxygen species, SR: sar-
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aggregants. Although distal microembolisation may be relevant
in patients receiving PCI, it appears not to be the main mechan-
ism responsible for platelet deposition in reperfused myoc-
ardium (27). Platelets activated during ischaemia-reperfusion
adhere to microvascular endothelium of reperfused myocardium
inan L-selectin-dependent way (28), and may release factors that
contribute to altered Ca?* handling and cell death in cardiomyo-
cytes (29, 30). Neutrophil infiltration and complement activation
have been described to contribute to final infarct size during the
initial hours of reperfusion (31). Nevertheless, the importance of
these mechanisms has been debated (32), and they appear to be
more prominent during reperfusion following extracorporeal
circulation (33).

2. Effects of cGMP

c¢GMP may interfere with many of the mechanisms of cardio-
myocyte death described above (Fig. 1). Among them, cGMP has
been described to attenuate contractility (34-36) during reperfu-
sion by direct effects on the contractile apparatus, and by benefi-
cial effects on Ca?* handling. These include inhibition of
Na*/Ca?" exchange and activation of SERCA through PKG-me-
diated phosphorylation of phospholamban (11). Increased
SERCA activity favors Ca®>" uptake by sarcoplasmic reticulum
and prevents progression of Ca’*-induced Ca®" release waves
through the cell and Ca?* oscillations responsible for arrhyth-
mias and hypercontraction (37). Modulation by PKG of Ca?" re-
lease from endogenous stores through IP; inositol 1,4,5-trisp-
hosphate receptors (IP;) (38) and of gap-junction opening (39)
has been also described. This latter effect (reduction of gap-junc-
tion mediated communication) could limit cell-to-cell propa-
gation of hypercontracture and necrosis. Although this action

could contribute to the overall beneficial effect of the cGMP
pathway on infarct size, this has not been experimentally demon-
strated yet. In addition, cGMP has been proposed to activate spe-
cific protective cascades as that initiated by p38 MAPK (40), to
open ATP-sensitive potassium channels (Kurp) (41) and to regu-
late MPT [42]. cGMP has also beneficial effects on non-cardio-
myocyte dependent mechanism of reperfusion injury, in particu-
lar, it inhibits platelet activation, promotes vasorelaxation (43),
reduces endothelial expression of adhesion proteins (44, 45), and
increases endothelial permeability (46-48).

3. Regulation of the cGMP pathway

c¢GMP can be synthesised by two different types of guanylyl cy-
clases: a nitric oxide (NO)-sensitive guanylyl cyclase (GCyp),
generally known as cytosolic or soluble guanylyl cyclase, and
particulate guanylyl cyclases, integral proteins of the plasmatic
membrane (Fig. 2) (49). GCyo is constituted of two subunits, o
and P, and two different isoforms of the o subunit (¢, and ar,) and
of the B subunit (3, and B,) have been described. The o3, het-
erodimer is predominantly found in the cardiovascular system,
while 0,3, has been mainly found in brain (50). At least, two dif-
ferent particulate guanylyl cyclases can be found in the cardio-
vascular system, GC-A and GC-B (51). ANP (atrial natriuretic
peptide) and BNP (brain natriuretic peptide) stimulate cGMP
synthesis through GC-A activation, while CNP (C-type natriu-
retic peptide) binds to GC-B. In addition, all three natriuretic
peptides can bind to a third natriuretic receptor, NPRC (natriu-
retic peptide receptor-C or natriuretic peptide clearance recep-
tor). After natriuretic peptide binding, NPRC, receptor that has
no guanylyl cyclase activity, binds to the G; protein eliciting Ca*
entry through L-type channels and activation of endothelial
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Figure 2: The cGMP pathway. Natriuretic peptides and their recep-
tors are shown on the left-top. NO synthesis on the right-top, and acti-
vation of NO-dependent guanylyl cyclase (GCs) on the center-top.
Below, degradation of cGMP by phosphodiesterases (PDE, on the left)
and effectors of cGMP are shown (PDE themselves and cGMP-depend-
ent protein kinase, PKG, on the right). GC-A & GC-B: guanylyl cyclases
type A and B; NPRC: natriuretic receptor type C or clearance receptor;
NO: nitric oxide; NOS: nitric oxide synthase; ANP, BNP, CNP & URO:
natriuretic peptides A, B, C and urodilatin.

nitric oxide synthase (eNOS) (52). Most cGMP actions are me-
diated by PKG, but also by direct effects on the phosphodieste-
rases that degrade cAMP, which causes a cross-talk between the
cAMP/PKA and cGMP/PKG pathways.

c¢GMP signalling can be modulated by changes in NO or na-
triuretic peptide availability, in cGMP synthesis or degradation,
and at the level of the final targets of cGMP action, particularly
PKG and phosphodiestersases 2 and 3. Detailed information on
NO regulation has been reviewed elsewhere (53-55). cGMP syn-
thesis depends on many factors, being cell energy status one of
the most important. First, GTP concentration (the substrate of
the synthetic reaction) is in direct correlation with ATP. Second,
stimulatory and inhibitory sites for ATP have been described in
both A and B types of particulate guanylyl cyclases (56). Third,
ATP availability may also affect the activity of these enzymes
through modifications in its phosphorylation state (49). Rapid
desensitization of the signal (57) and phosphorylation by differ-
ent protein kinases, as PKC (58), PKA (58, 59) and PKG (60),
have been described. Recently, some studies have challenged the
classical concept of an exclusive cytosolic location of GCy. The
isoform o, 3; has been found to be associated to the particulate
fraction in cardiomyocytes, endothelial cells and platelets (61),
and in these latter cells activation with ADP or collagen has been
correlated with enzyme translocation to the membrane (61). Re-
sults obtained in our laboratory suggest that cGMP synthesis in
heart cells is directly dependent on the activity of the enzyme
fraction associated to the membrane (62). Besides the specific
regulation of the different enzymes, there are at least two agents
that could exert a general modulation of the cGMP pathway:
Ca?" and PKG. Both can regulate eNOS, NO-dependent and par-
ticulate guanylyl cyclases and several phosphodiesterase
isoenzymes.

4. Effects of ischaemia and reperfusion on the
cGMP pathway

The effects of ischaemia on the cGMP pathway are incompletely
understood. Most of the studies have analyzed changes in NO
production. NO synthase activity has generally been shown to be
activated during ischaemia and reperfusion (63), nevertheless
part of this activity results in superoxide ion synthesis instead of
NO. This may cause a decrease in NO availability during ischae-
mia-reperfusion, particularly in the early reperfusion, when a
burst of ROS takes place (64). Much less is known about the ef-
fects of ischaemia on cGMP synthesis and degradation. It has
been described that myocardial cGMP increases after 10-25 min-
utes (min) of ischaemia in the isolated rat heart (40, 65), while
other studies in the same model have found no change (66), or a
reduction (67) after 30 min of hypoxia (67) or ischaemia (66). Re-
duced myocardial cGMP content has also been described in the in
situ rat (68) and rabbit (69) heart after 30 min of transient ischae-
mia. We have systematically found, in different animal models, an
acute decrease in the myocardial cGMP content after 40 min of
simulated ischaemia (35, 36, 70). In fact, both the basal content of
c¢GMP and the ability of myocardial cells to respond to cGMP ac-
tivators are decreased in isolated rat hearts (36). Discrepancies
found between different researchers are possibly caused by the
fact that cGMP does not decrease linearly with the time of ischae-
mia. cGMP synthesis is probably enhanced during the first min-
utes of ischaemia, normalised afterwards, and acutely decreased
only after 20-30 min of ischaemia. Although ATP depletion could
be the main determinant of reduced cGMP synthesis during the
ischaemic period, this does not seems to be the case in some cell
types. In cardiomyocytes, we have found no correlation between
intracellular ATP content and cGMP synthesis stimulated by NO
donors or GC-A agonists (71). In agreement with these results,
Geisbuhler et al. (72) reported that a drop in the nucleotide trip-
hosphate cell content (GTP) to less than 10% of the initial levels
(after 60 min of hypoxia at pH 7.4) did not produce a decrease, but
a substantial increase of cGMP synthesis after stimulation with a
NO-donor. A non-expected factor that was shown to be critical in
cell models for cGMP synthesis during the ischaemic period was
intracellular pH. Guanylyl cyclase (both soluble and particulate)
activity in cell homogenates shows a typical bell-shaped curve re-
spect to pH, resulting in negligible cGMP synthesis at pH values
close to 6.4 (71, 73). In fact, cGMP accumulation after stimu-
lation with natriuretic petides (in cultures of cardiomyocytes and
endothelial cells) or NO-donors (endothelial cell cultures) was
abolished at an acidotic extracellular pH in either normoxic and
hypoxic conditions (71, 73). Moreover, in these cultures recovery
during simulated reperfusion was closely related with intracellu-
lar pH (71, 73).

5. Myocardial protection by pharmacological
modification of the cGMP pathway: a promising
translation

The initial studies aimed to explore the potential cardioprotec-
tive effects of cGMP during reperfusion were carried out in iso-
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lated cardiomyocytes (74). These studies demonstrated that
stimulation of cGMP synthesis (Fig. 3A) or exposure to soluble
c¢GMP mimetics prevented hypercontraction and cell death dur-
ing reperfusion in cardiomyocytes exposed to simulated ischae-
mia (hypoxia at pH 6.4). Subsequent studies proved that L-argi-

nine protected isolated rat hearts against reperfusion injury, and
that this effect was abolished by ODQ, an inhibitor of guanylyl
cyclases (35). L-Arginine was also found protective in intact pig
hearts submitted to transient coronary occlusion and reperfusion
(75). However, increased NO availability produced by L-argi-

A Anoxia Reox
NP ST
100 N
i .
80| -y
3
g 60t
c
3
3 40r
o
20

0 30 60 90 120 150 180

Time (min)

B
225 =1 Control myocardium
200} Reperfused myocardium é
= T -
£ 175p | x 60
o 150¢ %
£ 2sf = S .
s = < 40
g 100t I
=4 o
o 75f x
= = - | ~ *
(6] L T )
o 50f ] e 320 —ns.
o | c,)
257 _‘ % % s =
o | =
[ - o 65.6 (3.5) 38.6(9.8) 45.5(9.8)
=

0D 45 60 B D 106 120

PLACEBO 0.01 uM 0.05 uM 1M . Control URO 10 URO 50
URODILATIN Tirme (rri)

C 59 48
b (p=0.016) (p=0.024)
g l 5 |
° g
£ w
3 =
25 36

Figure 3: Translation of stimulation of cGMP synthesis with na-
triuretic peptides during reperfusion from myocytes to pa-
tients. A) Demonstration in cardiomyocytes submitted to simulated is-
chaemia of the protective effect of administrating atrial natriuretic pep-
tide (ANP, closed circles; compared with control cells, open circles) dur-
ing the first 30 min of reperfusion as demonstrated by the prevention of
hypercontracture (additional reduction in cell length during reperfusion)
(modified from [34]). B) Left: normalisation of myocardial cGMP with
urodilatin applied at the time of reperfusion in isolated rat hearts (modi-
fied from [36]. Middle: Plasma concentration of urodilatin (an analogue

of ANP synthesised by the kidney, URO) after intravenous adminis-
tration at the time of reperfusion in pigs submitted to transient coron-
ary occlusion. The dashed area indicates the end of the ischaemic period
(modified from [70]). Left: Infarct size reduction by intravenous adminis-
tration of URO at the time of reperfusion in pigs (modified from [70]).
C) Reduced creatin kinase (CK) release and improved left ventricular
ejection fraction (LVEF) in patients from the J-Wind study with acute
myocardial infarction receiving intravenous ANP at the time of reper-
fusion (modified from [81]).
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nine administration is expected to have many effects other than
increased cGMP synthesis, and requires to be administered prior
to reperfusion to be protective both in isolated rat hearts and in
situ pig heart.

Stimulation of particulated guanylyl cyclases by the natriu-
retic peptide urodilatin applied at the time of reperfusion was
confirmed to increase myocardial cGMP during the initial min-
utes of reperfusion, attenuate hypercontraction, and reduce in-
farct size in isolated rat hearts (36). These studies were translated
to intact pigs submitted to transient coronary occlusion receiving
different intravenous doses of urodilatin during the initial min-
utes of reperfusion (70). This approach resulted in a rapid in-
crease in the plasmatic concentration of the drug, and in myo-
cardial cGMP concentration (Fig. 3B) in the absence of signifi-
cant haemodynamic effects. Interestingly, in agreement with the
results obtained in isolated hearts, those doses of urodilatin, that
normalised cGMP concentration in reperfused myocardium,
were more protective than higher doses resulting in supra-nor-
mal myocardial cGMP content in reperfused myocardium. Other
laboratories have also found a consistent protective effect of in-
terventions aimed to increase cGMP in reperfused myocardium
(76-79).

The concept of cardioprotection by cGMP stimulation has
been tested in patients. Intravenous atrial natriuretic peptide at
the time of reperfusion in patients with acute myocardial infarc-
tion resulted in less left ventricular (LV) remodelling, as indi-
cated by smaller end-systolic and end-diastolic volumes after
one month of follow-up, as compared to controls (80). More re-
cently, the protective effect of recombinant human ANP has been
demonstrated in a double-blinded trial (81). In this study (J-wind
study) 569 patients were randomly allocated to receive ANP or
placebo at the time of primary PCI. Patients receiving ANP
showed smaller infarct size, estimated by the curves of CK re-

lease, and higher left ventricular ejection fraction (LVEF) (Fig.
30).

6. cGMP in pre and post conditioning

The potential involvement of cGMP in pre and postconditioning
has received great attention during the last years. Although this
aspect is not the focus of the present review, it deserves a com-
ment. It has been proposed that cGMP, through the activation of
PKG, is implicated in the transfer of signals triggering protection
from the cytosol to mitochondria (82). G;-coupled receptors trig-
gering preconditioning activate phosphatidylinositol 3-kinase
(PI3-kinase) that causes the activation of eNOS. Epidermal
growth factor receptor & Akt/PKB could act as intermediate
steps in this process (83). NO activates cGMP synthesis and
PKG-dependent phosphorylation. PKG has been proposed to
evoke opening of ATP-sensitive potassium channels (Kapp) in
the mitochondrial inner membrane, evoking K* entry into mito-
chondria and generation of ROS. It is currently unknown how the
signal goes from the cytosol to the inner mitochondrial mem-
brane, but an intermediate step implicating the € isoform of PKC
has been suggested (84—86).

It has been proposed that preconditioning and postcondition-
ing could share signal transduction pathways. Hausenloy et al.
(87) found that activation of PI3-kinase and p42/p44 MAP ki-
nase (ERK) during the first minutes of reperfusion is required for
postconditioning protection. As discussed above, cGMP is part
of the PI3-kinase pathway. These pro-survival kinases (the RISK
pathway) are thought to inhibit MPT by phosphorylating gly-
cogen synthase kinase-33 (GSK-3f) (88), but it has been sug-
gested that attenuation of Ca?" oscillations by PKG-dependent
phosphorylation of phospholamban may play an important role
(3) (Fig. 4). However, the existence of a common signal pathway
for pre- and postconditioning is subjected to debate. For
example, Cx43, a gap junction protein also present at the inner
mitochondrial membrane, has been found to play a role in pre-
conditioning (89, 90), since genetic reduction of Cx43 ex-
pression (91) or inhibition of Cx43 transport to the mitochondria
(89) blunts preconditioning protection. However, Cx43 appears
not to be involved in postconditioning protection (92). Moreover,
delayed recovery of intracellular acidosis, able to directly inhibit
hypercontraction and MPT during reperfusion (93) has been pro-
posed to explain postconditioning protection (94). Whether
c¢GMP is involved in the role of Cx43 in ischaemic precondition-
ing or in the protective effect of delayed pH recovery in postcon-
ditioning is not known.

Conclusion

The cGMP signalling pathway appears to be a key element in the
pathophysiology of myocardial ischaemia-reperfusion, and a
valuable target for prevention of reperfusion injury. However, an
important effort is still needed to elucidate the molecular mech-
anisms responsible for the cardioprotective effects of cGMP dur-
ing reperfusion and, at the other end of the translation path, to de-
termine the real value of treatments aimed to increase its concen-
tration in patients undergoing myocardial reperfusion.

640

Downloaded from www.thrombosis-online.com on 2012-05-25 | IP: 38.107.179.232
For personal or educational use only. No other uses without permission. All rights reserved.



Garcia-Dorado et al. cGMP-based cardioprotection

References

1. Garcia-Dorado D, Théroux P, Duran JM, et al. Se-
lective inhibition of the contractile apparatus. A new
approach to modification of infarct size, infarct com-
position, and infarct geometry during coronary artery
occlusion and reperfusion. Circulation 1992; 85:
1160-1174.

2. Meng HP, Lonsberry BB, Pierce GN. Influence of
perfusate pH on the postischaemic recovery of cardiac
contractile function: involvement of sodium-hydrogen
exchange. J Pharmacol Exp Ther 1991;258: 772-777.
3. Schifer C, LadilovY, Inserte J, et al. Role of the re-
verse mode of the Na+/Ca2+ exchanger in reoxyge-
nation-induced cardiomyocyte injury. Cardiovasc Res
2001; 51: 241-250.

4. Goldstein I, Lue TF, Padma-Nathan H, et al. Oral
sildenafil in the treatment of erectile dysfunction. Sil-
denafil Study Group. N Engl J Med 1998; 338:
1397-1404.

5. Cusson JR, Hamet P, Gutkowska J, et al. Effects of
atrial natriuretic factor on natriuresis and cGMP in pa-
tients with essential hypertension. J Hypertens 1987; 5:
435-443.

6. Vander Heide RS, Angelo JP, Altschuld RA, et al.
Energy dependence of contraction band formation in
perfused hearts and isolated adult myocytes. Am J Path-
ol 1986; 125: 55-68.

7. Piper HM, Garcia-Dorado D, Ovize M. A fresh look
at reperfusion injury. Cardiovasc Res 1998; 38:
291-300.

8. Barrabés JA, Garcia-Dorado D, Ruiz-Meana M, et
al. Myocardial segment shrinkage during coronary rep-
erfusion in situ. Relation to hypercontracture and myo-
cardial necrosis. Pflugers Arch 1996; 431: 519-526.
9. Inserte J, Garcia-Dorado D, Ruiz-Meana M, et al.
Effect of inhibition of Na(+)/Ca(2+) exchanger at the
time of myocardial reperfusion on hypercontracture
and cell death. Cardiovasc Res 2002; 55: 739-748.
10. Siegmund B, Schlack W, Ladilov YV, et al. Halo-
thane protects cardiomyocytes against reoxygenation-
induced hypercontracture. Circulation 1997; 96:
4372-4379.

11. AbdallahY, Gkatzoflia A, Pieper H, et al. Mechan-
ism of cGMP-mediated protection in a cellular model
of myocardial reperfusion injury. Cardiovasc Res 2005;
66: 123-131.

12. Ruiz-Meana M, Garcia-Dorado D, Gonzalez MA,
et al. Effect of osmotic stress on sarcolemmal integrity
of isolated cardiomyocytes following transient meta-
bolic inhibition. Cardiovasc Res 1995; 30: 64-69.

13. Inserte J, Garcia-Dorado D, Hernando V, et al. Cal-
pain-mediated impairment of Na+/K+-ATPase activity
during early reperfusion contributes to cell death after
myocardial ischaemia. Circ Res 2005; 97: 465-473.
14. Inserte J, Garcia-Dorado D, Hernando V, et al. Is-
chaemic preconditioning prevents calpain-mediated
impairment of Na+/K+-ATPase activity during early
reperfusion. Cardiovasc Res 2006; 70: 364-373.

15. Inserte J, Garcia-Dorado D, Ruiz-Meana M, et al.
Ischaemic preconditioning attenuates calpain-me-
diated degradation of structural proteins through a pro-
tein kinase A-dependent mechanism. Cardiovasc Res
2004; 64: 105-114.

16. Garcia-Dorado D, Théroux P, Munoz R, et al. Fa-
vorable effects of hyperosmotic reperfusion on myo-
cardial edema and infarct size. Am J Physiol 1992;262:
H17-22.

17. Ruiz-Meana M, Garcia-Dorado D, Hofstaetter B, et
al. Propagation of cardiomyocyte hypercontracture by
passage of Na(+) through gap junctions. Circ Res 1999;
85:280-287.

18. Garcia-Dorado D, Inserte J, Ruiz-Meana M, et al.
Gap junction uncoupler heptanol prevents cell-to-cell

progression of hypercontracture and limits necrosis
during myocardial reperfusion. Circulation 1997; 96:
3579-3586.

19. Rodriguez-Sinovas A, Garcia-Dorado D, Ruiz-
Meana M, et al. Enhanced effect of gap junction un-
couplers on macroscopic electrical properties of reper-
fused myocardium. J Physiol 2004; 559: 245-257.

20. Duchen MR, McGuinness O, Brown LA, et al. On
the involvement of a cyclosporin A sensitive mitochon-
drial pore in myocardial reperfusion injury. Cardiovasc
Res 1993; 27: 1790-1794.

21. Griffiths EJ, Halestrap AP. Mitochondrial non-spe-
cific pores remain closed during cardiac ischaemia, but
open upon reperfusion. Biochem J 1995; 307: 93-98.
22. Di Lisa F, Menabo R, Canton M, et al. Opening of
the mitochondrial permeability transition pore causes
depletion of mitochondrial and cytosolic NAD+ and is
a causative event in the death of myocytes in post-
ischaemic reperfusion of the heart. J Biol Chem 2001;
276: 2571-2575.

23. Halestrap AP, Brennerb C. The adenine nucleotide
translocase: a central component of the mitochondrial
permeability transition pore and key player in cell
death. Curr Med Chem 2003; 10: 1507-1525.

24. Honda HM, Korge P, Weiss JN. Mitochondria and
ischaemia/reperfusion injury. Ann N'Y Acad Sci 2005;
1047: 248-258.

25. Ruiz-Meana M, Abellan A, Mir6-Casas E, et al.
Opening of mitochondrial permeability transition pore
induces hypercontracture in Ca2+ overloaded cardiac
myocytes. Basic Res Cardiol 2007; 102: 542-552.

26. Barrabés JA, Garcia-Dorado D, Oliveras J, et al.
Intimal injury in a transiently occluded coronary artery
increases myocardial necrosis. Effect of aspirin.
Pflugers Arch 1996; 432: 663-670.

27. Barrabés JA, Garcia-Dorado D, Soriano B, et al.
Dynamic intracoronary thrombosis does not cause sig-
nificant downstream platelet embolization. Cardiovasc
Res 2000; 47: 265-273.

28. Barrabés JA, Garcia-Dorado D, Mirabet M, et al.
Antagonism of selectin function attenuates microvas-
cular platelet deposition and platelet-mediated myo-
cardial injury after transient ischaemia. ] Am Coll Car-
diol 2005; 45: 293-299.

29. Mirabet M, Garcia-Dorado D, Ruiz-Meana M, et al.
Thrombin increases cardiomyocyte acute cell death
after ischaemia and reperfusion. J Mol Cell Cardiol
2005; 39: 277-283.

30. Barrabés JA, Mirabet M, Agull6 L, et al. Platelet
deposition in remote cardiac regions after coronary oc-
clusion. Eur J Clin Invest 2007; 37: 939-946.

31. Hess ML, Rowe GT, Caplan M, et al. Identification
of hydrogen peroxide and hydroxyl radicals as medi-
ators of leukocyte-induced myocardial dysfunction.
Limitation of infarct size with neutrophil inhibition and
depletion. Adv Myocardiol 1985; 5: 159-175.

32. Tofukuji M, Metais C, Collard CD, et al. Effect of
sialyl Lewis(x) oligosaccharide on myocardial and cer-
ebral injury in the pig. Ann Thorac Surg 1999; 67:
112-119.

33. Ceriana P. Effect of myocardial ischaemia-reperfu-
sion on granulocyte elastase release. Anaesth Intensive
Care 1992; 20: 187-190.

34. Hempel AM, Friedrich M, Schliiter KD, et al. ANP
protects against reoxygenation-induced hypercontrac-
ture in adult cardiomyocytes. Am J Physiol 1997; 273:
244-249.

35. Agullo L, Garcia-Dorado D, Inserte J, et al. L-argi-
nine limits myocardial cell death secondary to hypoxia-
reoxygenation by a cGMP-dependent mechanism. Am
J Physiol 1999; 276: H1574-1580.

36. Inserte J, Garcia-Dorado D, Agullé L, et al. Urodi-
latin limits acute reperfusion injury in the isolated rat
heart. Cardiovasc Res 2000; 45: 351-359.

37. O'Neill SC, Miller L, Hinch R, et al. Interplay be-
tween SERCA and sarcolemmal Ca2+ efflux pathways
controls spontaneous release of Ca2+ from the sarco-
plasmic reticulum in rat ventricular myocytes. J Physiol
2004; 559: 121-128.

38. Ammendola A, Geiselhoringer A, Hofmann F, et al.
Molecular determinants of the interaction between the
inositol 1,4,5-trisphosphate receptor-associated cGMP
kinase substrate (IRAG) and cGMP kinase Ibeta. J Biol
Chem 2001; 276: 24153-24159.

39. De Mello WC. Atrial natriuretic factor reduces cell
coupling in the failing heart, an effect mediated by cyc-
lic GMP. J Cardiovasc Pharmacol 1998; 32: 75-79.
40. Lochner A, Genade S, Tromp E, et al. Role of cyc-
lic nucleotide phosphodiesterases in ischaemic precon-
ditioning. Mol Cell Biochem 1998; 1861: 169-175.
41. D'Souza SP, Yellon DM, Martin C, et al. B-type na-
triuretic peptide limits infarct size in rat isolated hearts
via KATP channel opening. Am J Physiol Heart Circ
Physiol 2003; 284: H1592-1600.

42. Kim JS, Ohshima S, Pediaditakis P, et al. Nitric
oxide protects rat hepatocytes against reperfusion in-
jury mediated by the mitochondrial permeability tran-
sition. Hepatology 2004; 39: 1533-1543.

43. Moro MA, Russel RJ, Cellek S, et al. cGMP me-
diates the vascular and platelet actions of nitric oxide:
confirmation using an inhibitor of the soluble guanylyl
cyclase. Proc Natl Acad Sci USA 1996; 93:
1480-1485.

44, Heller R, Bussolino F, Ghigo D, et al. Activation of
endothelial guanylate cyclase inhibits cellular reactiv-
ity. Agents Actions Suppl 1995; 45: 177-181.

45. Murohara T, Scalia R, Lefer AM. Lysophosphati-
dylcholine promotes P-selectin expression in platelets
and endothelial cells. Possible involvement of protein
kinase C activation and its inhibition by nitric oxide do-
nors. Circ Res 1996; 78: 780-789.

46. Hempel A, Noll T, Muhs A, et al. Functional antag-
onism between cAMP and cGMP on permeability of
coronary endothelial monolayers. Am J Physiol Heart
Circ Physiol 1996; 270: H1264-H1271.

47. Kubes P. Nitric oxide-induced microvascular per-
meability alterations: a regulatory role for cGMP. Am J
Physiol Heart Circ Physiol 1993; 265: H1909-H1915.
48. Yoshida K, Yoshimura K, Haniuda M. L-arginine
inhibits ischemia-reperfusion lung injury in rabbits. J
Surg Res 1999; 85: 9-16.

49. Lucas KA, Pitari GM, Kazerounian S, et al. Guany-
lyl cyclases and signaling by cyclic GMP. Pharmacol
Rev 2000; 52: 375-414.

50. Pyriochou A, Papapetropoulos A. Soluble guanylyl
cyclase: more secrets revealed. Cell Signal 2005; 17:
407-413.

51. Kuhn M. Structure, regulation, and function of
mammalian membrane guanylyl cyclase receptors,
with a focus on guanylyl cyclase-A. Circ Res 2003; 93:
700-709.

52. Costa MA, Elesgaray R, Balaszczuk AM, et al.
Role of NPR-C natriuretic receptor in nitric oxide sys-
tem activation induced by atrial natriuretic peptide.
Regul Pept 2006; 135: 63-68.

53. Mount PE, Kemp BE, Power DA. Regulation of en-
dothelial and myocardial NO synthesis by multi-site
eNOS phosphorylation. ] Mol Cell Cardiol 2007; 42:
271-279.

54. Braam B, Verhaar MC. Understanding eNOS for
pharmacological modulation of endothelial function: a
translational view. Curr Pharm Des. 2007; 13:
1727-1740.

Downloaded from www.thrombosis-online.com on 2012-05-25 | IP: 38.107.179.232
For personal or educational use only. No other uses without permission. All rights reserved.

ECCPS Symposium 2008



ECCPS Symposium 2008

Garcia-Dorado et al. cGMP-based cardioprotection

55. Dudzinski DM, Michel T. Life history of eNOS:
partners and pathways. Cardiovasc Res 2007; 75:
247-260.

56. Duda T, Goraczniak R, Sharma RK. Distinct in-
hibitory ATP-regulated modulatory domain (ARMi) in
membrane guanylate cyclases. Biochem J 1996; 319:
279-283.

57. Bellamy TC, Garthwaite J. Sub-second kinetics of
the nitric oxide receptor, soluble guanylyl cyclase, in
intact cerebellar cells. J Biol Chem 2001; 276:
4287-4292.

58. Zwiller J, Revel MO, Malviya AN. Protein kinase C
catalyzes phosphorylation of guanylate cyclase in
vitro. J Biol Chem 1985; 260: 1350—-1353.

59. Kostic TS, Tomi M, Andric SA, et al. Calcium-inde-
pendent and cAMP-dependent modulation of soluble
guanylyl cyclase activity by G protein-coupled recep-
tors in pituitary cells. J Biol Chem 2002; 277:
16412-16418.

60. Murthy KS. Modulation of soluble guanylate cy-
clase activity by phosphorylation. Neurochem Int
2004; 45: 845-851.

61. Zabel U, Kleinschnitz C, Oh P, et al. Calcium-de-
pendent membrane association sensitizes soluble
guanylyl cyclase to nitric oxide. Nat Cell Biol 2002; 4:
307-311.

62. Agulldé L, Garcia-Dorado D, Escalona N, et al.
Membrane association of nitric oxide-sensitive guany-
lyl cyclase in cardiomyocytes. Cardiovasc Res 2005;
68: 65-74.

63. Zweier JL, Talukder MA. The role of oxidants and
free radicals in reperfusion injury. Cardiovasc Res
2006; 70: 181-190.

64. Huk I, Nanobashvili J, Neumayer C, et al. L-argi-
nine treatment alters the kinetics of nitric oxide and
superoxide release and reduces ischaemia/reperfusion
injury in skeletal muscle. Circulation 1997; 96:
667-675.

65. Depré C, Hue L. Cyclic GMP in the perfused heart.
Effect of ischaemia, anoxia and nitric oxide synthase
inhibitor. FEBS Lett 1994; 345: 241-245.

66. Maulik N, Engelman DT, Watanabe M, et al. Nitric
oxide signaling in ischaemic heart. Cardiovasc Res
1995; 30: 593-601.

67. Nesher R, Robinson WF, Gibb L, et al. Cyclic nu-
cleotide levels in the perfused rat heart subjected to hy-
poxia. Experientia 1977; 33: 215-217.

68. Yamaguchi F, Nasa Y, Yabe K, et al. Activation of
cardiac muscarinic receptor and ischaemic precon-
ditioning effects in in situ rat heart. Heart Vessels 1997;
12: 74-83.

69. Hoshida S, Yamashita N, Kawahara K, et al. Ameli-
oration by quinapril of myocardial infarction induced

by coronary occlusion/reperfusion in a rabbit model of
atherosclerosis. Possible mechanisms. Circulation
1999; 99: 434-440.

70. Padilla F, Garcia-Dorado D, Agullo L, et al. Intra-
venous administration of the natriuretic peptide urodi-
latin at low doses during coronary reperfusion limits in-
farct size in anesthetized pigs. Cardiovasc Res 2001;
51: 592-600.

71. Agullé L, Garcia-Dorado D, Escalona N, et al. Effect
of ischaemia on soluble and particulate guanylyl cyclase-
mediated cGMP synthesis in cardiomyocytes. Am J Phy-
siol Heart Circ Physiol 2003; 284: 2170-2176.

72. Geisbuhler TP, Schwager TL. Effect of anoxia on
cyclic nucleotides and inositol phosphate turnover in car-
diac myocytes. J Mol Cell Cardiol 1996; 28: 1857-1866.
73. Agull6 L, Garcia-Dorado D, Escalona N, et al. Hy-
poxia and acidosis impair cGMP synthesis in microvas-
cular coronary endothelial cells. Am J Physiol Heart
Circ Physiol 2002; 283: H917-925.

74. Hempel AM, Friedrich M, Schliiter KD, et al. ANP
protects against reoxygenation-induced hypercontrac-
ture in adult cardiomyocytes. Am J Physiol 1997; 273:
244-249.

75. Padilla F, Garcia-Dorado D, Agullo L, et al. L-Argi-
nine administration prevents reperfusion-induced car-
diomyocyte hypercontracture and reduces infarct size
in the pig. Cardiovasc Res 2000; 46: 412-420.

76. Yang XM, Philipp S, Downey JM, et al. Atrial na-
triuretic peptide administered just prior to reperfusion
limits infarction in rabbit hearts. Basic Res Cardiol.
2006; 101: 311-318.

77. Wakui S. Experimental study on myocardial pro-
tection by adjunct use of carperitide (hANP) in cardiac
surgery. Ann Thorac Cardiovasc Surg 2005; 11: 12-20.
78. du Toit EF, Rossouw E, Salie R, et al. Effect of sil-
denafil on reperfusion function, infarct size, and cyclic
nucleotide levels in the isolated rat heart model. Car-
diovasc Drugs Ther 2005; 19: 23-31.

79. Maas O, Donat U, Frenzel M, et al. Vardenafil pro-
tects isolated rat hearts at reperfusion dependent on GC
and PKG. Br J Pharmacol 2008; 154: 25-31.

80. Hayashi M, Tsutamoto T, Wada A, et al. Intravenous
atrial natriuretic peptide prevents left ventricular remo-
deling in patients with first anterior acute myocardial
infarction. J Am Coll Cardiol. 2001; 37: 1820-1826.
81. Kitakaze M, Asakura M, Kim J, et al.; J-WIND in-
vestigators. Human atrial natriuretic peptide and nicor-
andil as adjuncts to reperfusion treatment for acute
myocardial infarction (J-WIND): two randomised
trials. Lancet 2007; 370: 1483-1493.

82. Downey JM, Krieg T, Cohen MV. Mapping precon-
ditioning's signaling pathways: an engineering ap-
proach. Ann NY Acad Sci 2008; 1123: 187-196.

642

83. Krieg T, Qin Q, McIntosh EC, et al. ACh and adeno-
sine activate PI3-kinase in rabbit hearts through trans-
activation of receptor tyrosine kinases. Am J Physiol
Heart Circ Physiol 2002; 283: H2322-2330.

84. Oldenburg O, Qin Q, Krieg T, et al. Bradykinin in-
duces mitochondrial ROS generation via NO, cGMP,
PKG, and mitoKATP channel opening and leads to car-
dioprotection. Am J Physiol Heart Circ Physiol 2004;
286: H468-476.

85. Qin Q, Yang XM, Cui L, et al. Exogenous NO
triggers preconditioning via a cGMP- and mitoKATP-
dependent mechanism. Am J Physiol Heart Circ Phy-
siol 2004; 287: H712-718.

86. Costa AD, Garlid KD, West IC, et al. Protein kinase
G transmits the cardioprotective signal from cytosol to
mitochondria. Circ Res 2005; 97: 329-336.

87. Hausenloy DJ, Tsang A, Mocanu MM, et al. Is-
chaemic preconditioning protects by activating prosur-
vival kinases at reperfusion. Am J Physiol Heart Circ
Physiol 2005; 288: H971-976.

88. Juhaszova M, Zorov DB, Kim SH, et al. Glycogen
synthase kinase-3beta mediates convergence of protec-
tion signaling to inhibit the mitochondrial permeability
transition pore. J Clin Invest 2004; 113: 1535-1549.
89. Rodriguez-Sinovas A, Boengler K, Cabestrero A, et
al. Translocation of connexin 43 to the inner mitochon-
drial membrane of cardiomyocytes through the heat
shock protein 90-dependent TOM pathway and its im-
portance for cardioprotection. Circ Res 2006; 99:
93-101.

90. Ruiz-Meana M, Rodriguez-Sinovas A, Cabestrero
A, et al. Mitochondrial connexin43 as a new player in
the pathophysiology of myocardial ischaemia-reperfu-
sion injury. Cardiovasc Res 2008; 77: 325-333.

91. Heinzel FR, LuoY, Li X, et al. Impairment of diaz-
oxide-induced formation of reactive oxygen species
and loss of cardioprotection in connexin 43 deficient
mice. Circ Res 2005; 97: 583-586.

92. Heusch G, Biichert A, Feldhaus S, et al. No loss of
cardioprotection by postconditioning in connexin
43-deficient mice. Basic Res Cardiol 2006; 101:
354-356.

93. Ruiz-Meana M, Pina P, Garcia-Dorado D, et al.
Glycine protects cardiomyocytes against lethal reo-
Xygenation injury by inhibiting mitochondrial permea-
bility transition. J Physiol 2004; 558: 873-882.

94. Inserte J, Barba I, Hernando V, et al. Delayed re-
covery of intracellular acidosis during reperfusion pre-
vents calpain activation and determines protection in
postconditioned myocardium. Cardiovasc Res 2009;
81: 116-122.

Downloaded from www.thrombosis-online.com on 2012-05-25 | IP: 38.107.179.232
For personal or educational use only. No other uses without permission. All rights reserved.



