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Ischemic Postconditioning: From Receptor to End-Effector
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Abstract

Ischemic preconditioning, a robust cardioprotective intervention, has limited clinical efficacy because it must be
initiated before myocardial ischemia. Conversely, ischemic postconditioning, repeated brief reocclusions of a
coronary artery after release of prolonged coronary occlusion, provides cardioprotection in clinically feasible
settings, that is, coronary angioplasty. Ischemic postconditioning’s signaling is being investigated to identify
pharmacological triggers that could be used without angioplasty. In initial minutes of reperfusion H" washes out
of previously ischemic cells. pH rises enabling mitochondrial permeability transition pores (MPTPs) to form
leading to cessation of ATP production and cell necrosis. Coronary reocclusions maintain sufficient acidosis to
keep MPTP closed while signaling is initiated that can generate endogenous antagonists of MPTP formation
even after cellular pH normalizes. Reintroduction of oxygen generates reactive oxygen species that activate
protein kinase C to increase sensitivity of adenosine A, receptors allowing adenosine released from ischemic
cells to bind leading to activation of phosphatidylinositol 3-kinase and extracellular signal-regulated kinase 1/2.
Phosphatidylinositol 3-kinase activation results in phosphorylation of Akt promoting activation of nitric oxide
synthase and nitric oxide production, which inhibits glycogen synthase kinase-3f, perhaps the final cytosolic
signaling step before inhibition of MPTP formation. Interference with MPTP may be the final step that deter-
mines cell salvage. Antioxid. Redox Signal. 14, 821-831.

Introduction

B EFORE THE DESCRIPTION of ischemic preconditioning (IP)
in 1986 by Murry et al. (41), cardioprotection was no more
than a dream. Although the concept was given a boost by the
seminal studies of Maroko and colleagues (38, 39), subsequent
reports were equivocal. Often the success claimed by one in-
vestigator could not be reproduced by another. Some critics
even argued that infarct size modification was, in fact, theo-
retically impossible. Hence, Murry’s report in 1986 was ini-
tially treated with skepticism, but as IP was studied in a
variety of animal models by different research groups, it be-
came clear that this intervention, no matter how improbable it
was felt to be, was a robust cardioprotective strategy that
greatly diminished myocardial infarction after a prolonged
period of coronary occlusion followed by reperfusion. Murry
et al. (41) reported that four cycles of 5-min occlusion/5-min
reperfusion before a 40-min coronary occlusion in dogs de-
creased infarction by 75% from that seen in dogs with only a
40-min coronary occlusion. Thus, the brief periods of ischemia
had prepared or preconditioned the myocardium to some-
how make it more resistant to the stress of a longer ischemic
interval.

The Mechanism of IP

After acceptance of IP as a bona fide cardioprotective
intervention, investigators focused on identification of its
mechanism with the intention of applying IP clinically. Our
lab was the first to report that IP was triggered by adeno-
sine released by ischemic myocardium revealing that IP’s
protection resulted from signal transduction pathways (36).
After this early report we and other investigators have
identified many of IP’s signaling steps. The complex path-
way can be divided into a preischemic trigger phase and a
mediator phase in early reperfusion. The trigger phase in-
volves release of several receptor agonists from ischemic
tissue, including adenosine, bradykinin, and opioids (12,
65). All eventually target protein kinase C (PKC), adenosine
quite directly through activation of phospholipase C, and
the latter 2 through a more involved pathway that includes
serial activation of phosphatidylinositol 3-kinase (PI3K),
Akt, nitric oxide synthase (NOS), guanylyl cyclase (GC),
and protein kinase G (PKG), opening of mitochondrial
ATP-dependent potassium (Karp) channels, and finally
production and release of reactive oxygen species (ROS)
that target PKC (65) (Fig. 1). Once this pathway is activated

Departments of 'Physiology and *Medicine, College of Medicine, University of South Alabama, Mobile, Alabama.

821



822

COHEN AND DOWNEY

Bradykinin

Transactivation
Of Tyr residues

(eNO%)
=

FIG. 1. Proposed signaling
scheme for ischemic pre-
conditioning. Note that in
the figure eNOS signals
through PKG upstream in the
trigger pathway but acts in
a PKG-independent manner
downstream in the mediator
pathway. The interaction be-
tween NO and GSK-3f, if
any, is unclear. MMP, matrix
metalloproteinases; HB-EGF,
heparin-binding  epidermal
growth factor-like growth
factor; Pro, pro-HB-EGF; Src,
sarcoma tyrosine kinase;
PI3K, phosphatidylinositol 3-
kinase; JAK, janus kinase;
STAT, signal transducer and
activator of transcription;
PI;sP;, phosphatidylinositol
bisphosphate; PI; 4 5P3, phos-
phatidylinositol trisphosphate;
PDK1/2, 3'-phosphoinositide-
dependent kinase-1/-2; MEK,
mitogen activated protein ki-
nase; ERK, extracellular signal-
regulated kinase; NO, nitric
oxide; eNOS, endothelial ni-

Adenosine

tric oxide synthase; GC guanylyl cyclase; cGMP, cyclic guanosine monophosphate; PKG, protein kinase G; PLC/PLD,
phospholipase C/D; PKC, protein kinase C; Karp, ATP-dependent potassium channel; p70S6K, p70S6 kinase; GSK-3f,
glycogen synthase kinase-3; MPTP, mitochondrial permeability transition pore. Modified from Ref. (65).

the heart enters a protected phenotype that persists for an
hour or more even after the triggering agonists have been
washed away. Hence, this part of the signaling cascade is
termed the “trigger pathway.” PKC then modifies an un-
usual adenosine receptor (AR) subtype, the Aj, receptor
(33, 34, 50), so that endogenous adenosine can bind to it
early in the reperfusion period. Many of the A, receptor’s
downstream signaling events recapitulate those in the
trigger pathway. This signaling is thought to ultimately
prevent formation of mitochondrial permeability transition
pores (MPTPs) (77). If the latter are allowed to form, elec-
trochemical equilibrium between the cytoplasm and mito-
chondrial matrix abolishes the critical electrochemical
gradients, resulting in cessation of ATP production and cell
necrosis. Thus, a series of signaling steps before and after
ischemia leading to blockade of MPTP formation accounts
for cardioprotection in IP.

Ischemic Postconditioning Can Be Administered
After Reperfusion

IP is a powerful cardioprotective intervention with but one
drawback: it must be applied before ischemia. Therefore, IP
would be useless in the patient presenting to the hospital with
acute myocardial infarction (AMI), since the ischemic process
has already been initiated. However, Vinten-Johanssen’s
group made another improbable observation in 2003 (76).
Instead of applying brief cycles of coronary occlusion/
reperfusion before the index ischemia in dogs, they performed
those cycles during the early minutes of reperfusion after the
prolonged coronary occlusion. They termed this procedure

ischemic postconditioning (IPoC) and infarct reduction was
equivalent to that seen after IP. We indeed reproduced IPoC’s
protection in rabbits (73) (Fig. 2) as did others in a variety of
species (58). IPoC was an intervention that could indeed be
applied clinically to treat AMI. In AMI patients undergoing
angioplasty to effect reperfusion of an occluded coronary ar-
tery, it would be possible to successively reocclude and re-
perfuse the latter for brief periods with the balloon, and indeed
IPoC was done in these patients with resulting myocardial
salvage (61, 63). However, not all patients with AMI are re-
perfused with catheter-based interventions. Thrombolytic
agents are used in many countries and IPoC could not be ad-
ministered in that setting. Hence, it was still necessary to un-
derstand the mechanism of this phenomenon with the hope
that a pharmacologic approach could be developed that
would not be limited to use in a catheterization laboratory.

Why Does IPoC Protect?

We initially observed that IPoC was equally effective in
isolated (72) and in situ (73) cardiac models of ischemia/
reperfusion. This observation excluded the critical impor-
tance of circulating blood elements or neurologic reflexes,
and, as in IP, suggested that some intracellular biochemical
or biophysical modification was leading to protection. Fur-
ther, we observed that IPoC was very time dependent (51,
73). In the rabbit if the four cycles of 30-s reperfusion/30-s
reocclusion did not occur immediately upon release of the
index coronary occlusion, protection was lost (Fig. 2).
Therefore, whatever was happening had to occur in the first
minute of reperfusion.
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FIG. 2. Infarctsize in in situ rabbit hearts. All animals had

a 30-min coronary occlusion and 3-h reperfusion. Open circles
represent individual experiments, while closed circles depict
group means with SEM. Four cycles of IPoC in which the
reperfusion and reocclusion phases each lasted for 30s pro-
tected ischemic hearts, whereas delayed postconditioning
elicited no protection. In the latter experiments depicted in
this figure a 10-min interval between the onset of reperfusion
and initiation of postconditioning was imposed. Similar loss
of protection was seen if the delay was for only 1min.
*p <0.05 versus control. Modified from Ref. (73). IPoC, is-
chemic postconditioning; SEM, standard error of the mean.

The pH Hypothesis

So what was so different about the first minute of re-
perfusion that dictated the critical timing requirements of the
IPoC cycles? Certainly, myocardial pH is rapidly changing
during these early minutes. During ischemia anaerobic gly-
colysis leads to production of hydrogen ions that accumulate
in the tissue resulting in a pH of ~7.0. Interestingly, acidosis
inhibits MPTP formation by blocking Ca™* binding to ade-
nine nucleotide translocase (ANT) and displacing cyclophilin,
a necessary component of MPTP formation (44, 45), but re-
sumption of antegrade coronary flow quickly washes out H*
restoring pH to 7.4, thus enabling MPTP to form in the ATP-
depleted tissue leading to irreversible mitochondrial dam-
age and necrosis. We tested whether IPoC might protect by
maintaining an acidic tissue pH during early reoxygenation. If
our hypothesis were correct, then maintaining a low pH by
reperfusing with acidic buffer should mimic IPoC’s protection
in isolated rabbit hearts (5). Whereas control hearts subjected
to a 30-min coronary artery occlusion and subsequent re-
perfusion with buffer at pH 7.4 resulted in infarction of 34%
of the risk zone (Fig. 3), IPoC with six cycles of 10-s
reperfusion/10-s reocclusion (total 2min) immediately after
release of the coronary occlusion decreased infarction to 11%.
IPoC with only three cycles (total 1 min of IPoC) was not
protective, and, more importantly, a 1-min delay of 2 min of
IPoC was also ineffective (see above). We then lowered the pH
of the perfusion buffer by equilibrating it with 80% O,/20%
CO,. We chose high CO, to acidify the buffer because it would
diffuse through cell membranes and quickly lower the myo-
cyte’s cytosolic pH. Hypercapnic buffer (pH 6.9) for the first
2 min of reperfusion in lieu of IPoC was equally protective as
IPoC (15% infarction) (Fig. 3), but only 1min of acidosis or
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FIG. 3. Infarct size as a percentage of risk zone in indi-

vidual isolated hearts with 30-min coronary occlusion and
2-h reperfusion (open circles) and groups (closed circles
with SEM). IPoC (Postcond) with six cycles of 10-s re-
perfusion/10-s reocclusion was quite protective and similar
to that seen when the hearts were instead perfused with
acidic buffer during the initial 2min after release of the 30-
min coronary occlusion. Neither postconditioning with only
3 cycles (total 1 min) nor perfusion of acidic buffer for only
1min protected, and protection was lost if perfusion of the
heart with acidic buffer for 2min were delayed for 1min.
*p < 0.001 versus control. Reproduced with permission from
Ref. (5).

delaying 2-min of reperfusion with acidic buffer for 1 min
abolished protection as it had done in IPoC. On the other
hand, reperfusion with alkaline buffer (pH 7.7) blocked
IPoC’s protection, but the hearts could be rescued if cyclos-
porin A, an inhibitor of MPTP formation, were added to the
perfusate (Fig. 4). The salutary effect of prolonging acidosis in
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FIG. 4. Infarct size as a percentage of risk zone in indi-
vidual isolated hearts with 30-min coronary occlusion and
2-h reperfusion (open circles) and groups (closed circles
with SEM). Alkalotic buffer perfused only during reflow
phases of IPoC (Postcond) aborted the protection of six cy-
cles of postconditioning, but these hearts could be rescued
if cyclosporin A (CsA) were added to the alkaline perfusate.
*p < 0.001 versus Control **p < 0.001 versus Postcond-6 cycles
and Postcond-6 cycles + alkalosis + CsA. Modified from
Ref. (5).
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FIG. 5. Cartoon depicting the pH hypothesis and its effect on IPoC. In the control heart pH falls to 7.0 or less during
myocardial ischemia (gray boxes), but abruptly rises with reperfusion as H* is washed out of the previously ischemic cells by
restored blood flow. Formation of MPTP had been blocked during ischemia by the low pH despite increased cellular levels of
Ca™ and ROS, but as pH returns to its baseline level MPTP form, mitochondrial electrochemical gradients are disrupted,
ATP production is halted, and the cell is targeted for necrosis. In the preconditioned heart the same pH changes are
hypothesized. However, elaborate signaling during the brief preconditioning ischemia and reperfusion has poised the cell for
completion of the signaling as soon as flow and oxygen are restored to the myocardium to produce ROS and endogenous
antagonists of MPTP formation are generated to keep the pores from forming. In IPoC the pH at the onset of reperfusion
would also rise quickly except that the repeated brief coronary reocclusions keep the pH low enough to inhibit MPTP
formation. This provides time for the signaling to generate those endogenous inhibitors of MPTP formation, which keep the
pores from forming even after return of pH to the baseline value. Aj,, adenosine Ay, receptor; mKarp, mitochondrial ATP-

sensitive potassium channel; ROS, reactive oxygen species.

early reperfusion has been confirmed in both dog (15) and pig
(53). Thus, as depicted in Figure 5, we concluded that the
reocclusions of the IPoC cycles acted to slow the return of
tissue pH to 7.4 for >1min. Why should reoxygenation with
lowered pH for only several minutes protect? We hypothe-
sized that the prolonged acidosis prevented MPTP formation
long enough to allow the traditional IP signaling pathway an
opportunity to produce endogenous inhibitors of MPTP for-
mation that would continue to function after tissue pH was
restored. The alternation between ischemia and reperfusion
would bring some oxygen to the tissue but not enough flow to
normalize pH. This effect of IPoC on the rise of pH during
early reperfusion is critical and will be amplified by other
contributions to this focused issue (29).

Oxygen is Required to Fuel Redox Signaling

We assumed that O, resupply would be the critical ele-
ment. To determine the importance of reintroduction of O,

we altered the O, content of the reperfusate by equilibrating
the latter with 80% N»/20% CO, (4). As predicted, protection
was lost when the acidic perfusate was also hypoxic. How-
ever, hearts experiencing hypoxic and acidic reperfusion
could be rescued by addition to the perfusate of phorbol 12-
myristate 13-acetate (PMA), a PKC activator. This suggested
that oxygen was somehow involved in activation of PKC, a
key kinase in both IP and IPoC (40, 50, 74, 75). Penna and
colleagues (49) were the first to show that the ROS scavenger
N-acetylcysteine can abort IPoC’s protection, and we con-
firmed their observation using the scavenger N-2-mercapto-
propionyl glycine (11). We also found that the same ROS
scavenger will block the protection of acidotic reperfusion (5).
Thus, ROS generation is part of IPoC’s signaling. We had
previously presented evidence that in the IP heart redox sig-
naling by ROS generated from molecular O, directly activates
PKC, which then protects the reperfused heart (48). This se-
quence would explain our observation above that PMA could
rescue hearts experiencing hypoxic and acidic reperfusion (4).
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Many of these observations were extended to IPoC itself
(4). IPoC’s protective effect was abrogated by either making
the oxygenated perfusate alkaline during the reperfusion
phases or making the reperfusion buffer hypoxic. Ad-
ditionally chelerythrine, a nonspecific PKC antagonist, blocks
IPoC’s protection (49, 50, 75). Hence, reintroduction of O, at
the beginning of reperfusion permitted generation of signal-
ing ROS that could activate PKC. The next challenge was
determination of PKC’s target.

AoLARs Must Be Occupied

As already noted, the first discovery leading to the eluci-
dation of the signaling of IP was the observation that adeno-
sine released by ischemic myocardium could trigger IP’s
cardioprotection (36). Four AR have been identified: A; and
Az, which couple to G; and decrease cAMP, and A,, and Ay,
which couple to G, and stimulate adenylyl cyclase to increase
cAMP production. The A, and Ay, receptors were first
identified by their differential ability to stimulate cAMP pro-
duction in brain slices at low (0.1-1 pM) and high (>10 uM)
adenosine concentrations, respectively (54). The low-affinity
receptor was called the Aj,AR. IP is triggered by both the
A;1AR (64) and the A3AR (35), which were responsible for
initiating the signaling cascade upstream of PKC as shown in
Figure 1. However, IP was also found to be dependent on AR
stimulation in the reperfusion phase after the index ischemia
(59). Nonselective AR blockade with 8-p-(sulfophenyl) the-
ophylline aborted IPoC’s infarct-sparing effect (72). More-
over, there was the suggestion that activation of the Ay, AR
subtype at reperfusion was required for IP’s protection as
well (59).

We also addressed the nature of the AR subtype in isolated
rabbit hearts. Neither selective A; [8-cyclopentyl-1,3-dipro-
pylxanthine] nor A,, [8-(13-chlorostyryl) caffeine] agonists
had any effect on IPoC’s infarct-sparing effect (50) (Fig. 6), but
the selective A;, AR antagonist MRS1754 aborted the expected
protection (50), thus implicating the A,,AR as a signaling el-
ement. These data were supplemented by experiments in
which the A;,AR agonist CGS 21680 administered during
early reperfusion had little effect (70), whereas the nonselec-
tive but potent A}, agonist 5'-(N-ethylcarboxamido) adeno-
sine (NECA) was protective (37, 50, 70, 71). Additionally,
when the highly selective A, AR agonist BAY 60-6583 be-
came available, its infusion during early reperfusion pro-
duced cardioprotection that mimicked that of IPoC (33). Eckle
et al. (13) attempted to precondition mice genetically modified
to lack one of the four AR subtypes. While A, A,,, and AjAR
knockout mice could be preconditioned, the Ay, AR knockout
mice could not, suggesting an absolute requirement for
Az,AR somewhere in the signaling pathway, presumably at
the onset of reperfusion. A;, AR involvement at reperfusion to
protect the heart was unexpected, but appeared to be critical
for both IP and IPoC.

PKC Signaling Is Upstream of the A,,AR

The PKC activator PMA administered at reperfusion after
a prolonged coronary occlusion in rabbits protected those
hearts, and the latter effect was blocked by chelerythrine,
confirming that PMA acted through PKC activation (50). In
that study NECA'’s protective effect was not affected by chel-
erythrine, but rather MRS1754 blocked PMA’s salutary ef-
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FIG. 6. Infarct size as a percentage of risk zone in in situ

rabbit hearts undergoing a 30-min coronary occlusion and
3-h reperfusion. Open circles represent individual experi-
ments and closed circles depict group means with SEM. Four
postconditioning cycles of IPoC protected against ischemia/
reperfusion. Both SPT, a nonselective adenosine receptor
antagonist, and MRS1754 (MRS), a selective adenosine Ay,
receptor blocker, completely aborted the protection of IPoC.
Conversely, neither DPCPX nor CSC, selective adenosine
A; and A,, receptor antagonists, respectively, had any ef-
fect. *p <0.001 versus control. Reproduced with permission
from Ref. (50). SPT, 8-p-(sulfophenyl) theophylline; DPCPX,
8-cyclopentyl-1,3-dipropylxanthine; CSC, 8-(13-chlorostyryl)
caffeine.

fect (50), suggesting that A, AR’s effect is under the control of
PKC, which is the opposite of what is usually observed. Ty-
pically, PKC activation follows ligand binding to a receptor,
but in IPoC PKC appears to be upstream of A, AR.
Although the above data clearly implicated the A,AR in
both IP’s and IPoC’s signal transduction pathway at re-
perfusion (Fig. 1), this observation created a troubling co-
nundrum. As already noted, the A;,AR is a low-affinity
receptor. Under basal conditions the extracellular concentra-
tion of adenosine in the heart ranges from 30 to 300nM.
Although the concentration increases substantially during
ischemia to 14 uM, it rarely exceeds 10 uM (54). Yet, the K; of
the A,LAR for adenosine may be as high as 24 uM (17).
Therefore, how could endogenous adenosine released from
ischemic heart muscle significantly bind to A,,AR? And why
was this happening only in pre- or postconditioned hearts?
Since PKC was upstream of A,,AR, we wondered if PKC
might somehow be modifying A,,AR in hearts subjected to
ischemia/reperfusion. It is well known that PKC activity can
sensitize A;,AR signaling (43, 47, 67), although the mecha-
nism has never been elucidated nor had, until now, any
physiological function been attributed to the sensitization
(14). Kuno ef al. (33) tested whether this sensitization phe-
nomenon might be involved in IP and IPoC. NECA given to a
normally perfused rabbit heart increased phosphorylation of
the 2 kinases Akt and extracellular signal-regulated kinase
(ERK) 1/2 in ventricular biopsies in a dose-dependent manner
(Fig. 7). Kuno et al. then determined a subthreshold dose of
NECA that had no effect on kinase phosphorylation (2.5 nM).
When they combined this subthreshold dose of NECA with
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FIG. 7. Akt phosphorylation by NECA in isolated non-
ischemic hearts. Akt phosphorylation (Ser473) as a percent of
phospho-Akt at baseline after 5min of 2.5, 5.0, or 10nM NECA
infusion in escalating doses in four isolated hearts. A representa-
tive Western blot of one of these hearts is seen at the top of the
figure. Phospho-Akt significantly increased after infusion of 5.0
and 10nM NECA, whereas 2.5nM NECA did not change phos-
phorylation status of Akt. *p < 0.05 versus baseline (0 nM). Mod-
ified from Ref. (33). NECA, 5'-(N-ethylcarboxamido) adenosine.

either PMA or an IP protocol, kinase phosphorylation was
increased (Fig. 8). PMA or IP by themselves had no effect on
phosphorylation. Because of these observations we proposed
that the key event in the protective signaling cascade is the
increase in A,AR sensitivity mediated by PKC, which en-
ables endogenous adenosine to activate Ay,-dependent sig-
naling. The nature of the interaction between PKC and A;,AR
is unclear, but could likely be phosphorylation of the receptor
or one of its coupling proteins. Yet, it is this PKC-A5,AR in-
teraction that cements the principal role of Ay, AR.

A,,ARs May Also Be Important

Although the data strongly support a role for A, AR in
cardioprotective signaling in IPoC, A;,AR may also play a
role. In the in vivo heart IPoC decreases neutrophil accumu-
lation in reperfused myocardium and this anti-inflammatory
effect may be the result of adenosine binding to A,,AR (42,
76). This anti-neutrophil effect would appear late after re-
perfusion (42).

Kin et al. (31) also reported that AR were involved in a rat
model of IPoC, but they concluded that it was the A, and A
receptor subtypes that were important. Recent work by Xi et al.
(69) suggests that both A,, and Ay, receptors are probably
required. A,,AR will be occupied in a reperfused heart whe-
ther it is in a protected state or not because of the receptor’s
high affinity for adenosine. However, because of A, AR’s very
low affinity, we believe that they will be occupied only in pre-
or postconditioned hearts in which the receptors have been
sensitized by PKC. This explains why CGS21680, an A,, ag-
onist, was unable to protect the reperfused heart when ad-
ministered alone, whereas the selective Aj, agonist BAY 60—
6583 could. Most recently, we studied in situ mouse hearts in
which both BAY 60-6583 and IPoC decreased infarction (C.
Methner, M.V. Cohen, ].M. Downey, and T. Krieg, unpub-
lished observation). The beneficial effect of either was blocked
by the selective Ay, antagonist MRS1754. CD73, also known
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as 5'-ectonucleotidase, breaks down AMP to adenosine and is
the major source of adenosine production in ischemic myo-
cardium. As predicted, IPoC could not protect CD73 knockout
mice hearts (C. Methner, M.V. Cohen, ].M. Downey, and T.
Krieg, unpublished observation) and neither BAY 60-6583 nor
CGS21680 when administered alone protected them. How-
ever, co-administration of BAY 60-6583 and CGS21680 elicited
profound protection, indicating that both A, and A, AR must
be simultaneously bound by agonists to promote IPoC’s pro-
tection. It is not known to what the A,, receptors couple to
effect their protection. There may be some synergistic rela-
tionship between A, and A;,AR in [PoC. One unanswered
question raised by this A,,AR hypothesis is how Eckle et al. (13)
were able to precondition Ay, AR knockout mice.

A>,ARs Control Reperfusion Injury Salvage Kinase

The next question posed was, “Why should binding of
AbAR be protective?” Our earliest investigation of IPoC in
in situ rabbit hearts revealed that protection was aborted by
wortmannin, a PI3K antagonist (73). In a paradigm-shifting
report, Hausenloy et al. (26, 27) showed that cardioprotection
in IP was dependent on phosphorylation of several critical
kinases, PI3K and ERK, in the first minutes of reperfusion.
The authors coined the phrase “reperfusion injury salvage
kinases” or RISK to describe these kinases.

In addition to abrogation of IPoC’s protection by wort-
mannin, we also observed that PD98059, a mitogen-activated
protein kinase 1/2 and therefore ERK 1/2 inhibitor, blocked
IPoC’s salvage of ischemic myocardium (73). RISK are critical
signaling elements for IP’s protection in at least rabbits and
rats and appear to also be central to IPoC’s mechanism. It
must be recognized that IPoC’s protection may not be de-
pendent on RISK in all species since Skyschally et al. (57) were
unable to find any involvement of RISK in their porcine low-
coronary-flow ischemia model of IPoC. It is not known
whether this reflects a true species difference or might be re-
lated to some unique feature of their low-flow model. It is
perhaps noteworthy that Schwartz and Lagranha (55) were
able to document increased phosphorylation of ERK and Akt
after several cycles of reocclusion/reperfusion in the early
minutes of reflow in pigs, but in their model there was no
cardioprotection from IPoC. However, in other experimental
models mounting evidence indicates that RISK are certainly
important in IPoC’s cardioprotection.

The Role of NO

Our early investigation into IPoC also revealed that N“-
nitro-L-arginine-methyl ester, an inhibitor of endothelial
NOS, blocked protection (73). This observation is consistent
with the RISK pathway since PI3K activation results in
phosphorylation and activation of Akt, which promotes ac-
tivation of NOS (10, 16). In IP’s trigger pathway (Fig. 1) NOS
activation generates NO that triggers GC-cGMP-PKG sig-
naling, and the latter opens mitochondrial Katp channels (7).
In many biologic processes, increased NO leads to activation
of PKG through GC that can then phosphorylate a variety of
other proteins or channels. It is not known whether NO pro-
tects at reperfusion in a similar PKG-dependent manner.
Garlid studied isolated rat mitochondria and found that NO
inhibited MPTP formation through a PKG-dependent cascade
(6). However, PKG-independent S-nitrosylation of proteins
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FIG. 8. Akt and ERK phos-
phorylation before and after
A,;L,AR  sensitization by
NECA or brief ischemia. (A)
* Representative Western blots
of bands for phospho-Akt
(Ser473) in control hearts (pre-
NECA), hearts treated with
# PMA (0.05nM) alone, PMA +
MRS1754, or hearts exposed
to the brief preconditioning
ischemia of ischemic precon-
ditioning (IPC). The left-hand
IPC column  presents phospho-
* Akt bands before infusion of
MRS1754 the subthreshold dose of
NECA, while the right-hand

PERK2 column presents bands after
NECA treatment. Phosphor-

2 * ylation increased after NECA
administration only in hearts
pretreated with either PMA
or IPC. MRS1754 blocked
# any increase. (B) Phospho-
Akt (Ser473) and (C and D)
phospho-ERK  1/2 (Thr202/
Thr204) as percent of levels
measured just before treat-
ment with NECA. All hearts
in panels (B-D) were treated
for 5min with the subthresh-

pAKT

IPC

+
MRS1754

old dose of 2.5nM NECA.

NECA had no effect in untreated hearts. After pretreatment with PMA the subthreshold dose of NECA now caused a robust
phosphorylation of Akt and ERK 1/2. NECA had no effect on phosphorylation when co-infused with a selective Ay, receptor
antagonist MRS1754 in PMA-treated hearts. Brief ischemia (IPC) also enabled the subthreshold dose of NECA to phos-
phorylate Akt and ERK 1/2. Each bar is mean 4+SEM of four observations. *p < 0.05 versus control, *p < 0.05 versus PMA.
Modified from Ref. (33). PMA, phorbol 12-myristate 13-acetate.

has also been proposed as a possible mechanism of IP’s pro-
tection (62). For example, when mitochondrial complex I is
S-nitrosylated, it produces fewer free radicals (56), possibly
attenuating formation of MPTP. So, NO could conceivably
protect the heart through a PKG-independent mechanism.

Glycogen Synthase Kinase-3p Signaling

Glycogen synthase kinase (GSK)-3f is a known down-
stream target of PI3K and may possibly be the last cytoplas-
mic signaling element in IPoC’s pathway. GSK-3f signaling
was implicated in IP’s protection by Tong ef al. (66). In IP this
kinase was phosphorylated in a PI3K-dependent manner.
Phosphorylation of GSK-3f inhibits, rather than activates, its
kinase activity. Pharmacological inhibition of GSK-3 mim-
icked IP’s protection. Because GSK-3f was phosphorylated in
IP, they proposed that it was in the cardioprotective signaling
pathway. SB216763, a blocker of GSK-3f, decreases infarct
size when given to hearts of wild-type mice just before re-
perfusion, but the protective effect is lost in GSK-3f transgenic
mice in which GSK-3f activity cannot be blocked (19). More
importantly, IPoC could not protect the transgenic mice ei-
ther. However, cyclosporin, a direct inhibitor of MPTP, did
protect them. Other investigators have placed GSK-3f at the
very distal end of the signaling cascade as well (22). Juhaszova

etal. (30) concluded that although many diverse cardioprotective
interventions may trigger protective signaling, all pathways
lead to GSK-3. Despite this impressive evidence leading one
to conclude that GSK-3 plays a critical role in IPoC, Nishino
et al. (46) demonstrated that double knockin mice carrying
GSK-3 alleles encoding inactivation-resistant kinases could
still be protected by both IP and IPoC.

MPTP Inhibition Is Thought to Be IPoC’s End-Effector

Of course, there may be other intermediate signaling steps
in this pathway that have not yet been identified, but the
current weight of evidence indicates that inhibition of MPTP
is the end-effector. This pore, first described in 1976 by Hunter
et al. (28), is a high conductance channel located in the inner
mitochondrial membrane that when formed permits com-
munication between the cytoplasm and mitochondrial matrix.
The open probability of this channel is regulated by several
factors, including pH, Ca**, and ROS, which are all influ-
enced by myocardial ischemia. Pore formation results in in-
creased mitochondrial permeability to ions and solutes with
molecular weights of up to 1.5kDa, matrix swelling, loss of
critical electrochemical gradients, and cessation of ATP pro-
duction. Many have postulated that MPTP formation is the
event that leads to irreversible changes in cellular function
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and cell death. Di Lisa et al. (9) observed that addition of Ca™*
to isolated rat heart mitochondria caused mitochondrial
swelling and profound decrease in NAD" content. These
events were prevented by cyclosporin A. Thirty to 90 min of
global ischemia in isolated, perfused rat hearts led to 30%
depletion of tissue NAD*, whereas reperfusion further exac-
erbated NAD" loss with remaining tissue NAD" ~20% of
preischemia levels. Mitochondrial NAD™ levels after ische-
mia/reperfusion were only ~10% of the preischemia level.
Notably, these changes in tissue and mitochondrial NAD*
levels after ischemia/reperfusion were largely prevented by
cyclosporin A. Therefore, MPTP formation is likely to be a
causative event in reperfusion injury. If the MPTP hypothesis
is correct, then the observations with IPoC and IP would
suggest that a great proportion of cell death after ische-
mia/reperfusion results from MPTP formation.

What Is the MPTP?

The structure of these pores is not clear. Many reports
suggested that the pore consisted of the voltage-dependent
anion channel (VDAC) on the outer mitochondrial mem-
brane and the ANT on the inner membrane (8, 24, 32). Ad-
ditionally, the peptidyl-prolyl cis-trans isomerase cyclophilin
D to which cyclosporin A binds was in the matrix (18, 23, 32).
Cyclophilin D was, therefore, believed to be responsible for
modulation of MPTP, and not considered to be a structural
component. It was assumed that when ANT and VDAC lined
up, the pore would be formed. However, knockout mice
lacking either ANT (2) or VDAC (3) still could form MPTP,
suggesting that neither ANT nor VDAC is needed to form
MPTP. Although its structure is not known, MPTP can still
be identified by its functional characteristics.

Argaud et al. (1) evaluated MPTP formation in rabbits after
ischemia/reperfusion by evaluating the response of isolated
mitochondria to successive additions of Ca*™ boluses to the
bathing medium. Early Ca** increments were taken up by
mitochondria until the matrix Ca** level rose to the point at
which MPTP formed. Then, the mitochondria disgorged all of
the Ca™** previously taken up, resulting in a dramatic rise in
the Ca™* level of the bath. In these rabbits IPoC decreased
infarct size from 61% of the risk region in controls to 29%. In
control mitochondria the average Ca*™ load required to open
MPTP was 16 & 4 uM CaCl, per mg of mitochondrial protein,
whereas the load was significantly increased to 41 + 4 uM/mg
in mitochondria from the risk region of ischemically post-
conditioned hearts. This Ca* " load needed to form MPTP was
nearly the same as that seen in mitochondria from IP hearts,
and was only modestly less than that in mitochondria from
hearts treated with a pharmacologic inhibitor of MPTP.

We have already indicated that cyclosporin A could rescue
IPoC hearts exposed to alkaline perfusate in the early minutes of
reperfusion, which normally blocks IPoC’s protection (5). We
(68), as well as many others (20, 21, 25, 60), have documented
the salutary effects of cyclosporin A when administered at or
shortly before reperfusion in experimental animals. It too de-
creases infarct size in patients with AMI when administered just
before the occluded coronary artery is reperfused (52). Thus, it is
likely that MPTP formation is indeed the final event in the sig-
naling cascade of IPoC and many others forms of cardiopro-
tection, and these salutary interventions block their formation.

COHEN AND DOWNEY

Conclusions

IPoC preserves ischemic myocardium and has set the stage
for other cardioprotective interventions introduced at re-
perfusion. Identification of the signaling elements between
the A,AR and the MPTP should permit development of
pharmacologic agents that can access the pathway at inter-
mediate points with the same goal of prevention of MPTP
formation. Cardioprotection is finally a realistic clinical ap-
proach and should provide a powerful tool in the treatment of
patients with ischemic heart disease.
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