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Abstract

Ischemic postconditioning (PoCo) has been proven to be a feasible approach to attenuate reperfusion injury and
enhance myocardial salvage in patients with acute myocardial infarction, but its mechanisms have not been
completely elucidated yet. Recent studies demonstrate that PoCo may delay the recovery of intracellular pH
during initial reperfusion, and that its ability to limit infarct size critically depends on this effect. Prolongation of
postischemic intracellular acidosis inhibits hypercontracture, mitochondrial permeability transition, calpain-
mediated proteolysis, and gap junction-mediated spread of injury during the first minutes of reflow. This role of
prolonged acidosis does not exclude the participation of other pathways in PoCo-induced cardioprotection. On
the contrary, it may allow these pathways to act by preventing immediate reperfusion-induced cell death.
Moreover, the existence of interactions between intracellular acidosis and endogenous protection signaling
cannot be excluded and needs to be investigated. The role of prolonged acidosis in PoCo cardioprotection has
important implications in the design of optimal PoCo protocols and in the translation of cardioprotective
strategies to patients with on-going myocardial infarction receiving coronary reperfusion. Antioxid. Redox Signal.
14, 923–939.

Reperfusion Injury and Ischemic Postconditioning

The last decades of the previous century have wit-
nessed a marked reduction in the mortality of acute myo-

cardial infarction. This reduction started with the treatment of
lethal arrhythmias in coronary care units, but its main cause
is the widespread use of early reperfusion strategies with
thrombolytic drugs and, later, with percutaneous coronary in-
terventions (PCI) (148). Due to the high incidence and elevated
mortality of acute myocardial infarction, the beneficial effect of
reperfusion therapies had a large impact on the survival and
quality of life of patients with ischemic heart disease (28).

Experimental and clinical studies (30, 39, 117) demonstrate
that the duration of ischemia is the main determinant of the
outcome of reperfusion in terms of myocardial salvage. The
time window for reperfusion consistently resulting in signif-
icant myocardial salvage varies between 30 and 90 min, de-
pending on species and conditions. Unfortunately, most
patients receive these treatments after this window has pas-
sed, and when reperfusion has little effect on myocardial cell
death (30). Even patients receiving reperfusion very early
usually end up with significant areas of myocardial necrosis
(149). Since reducing the time interval between symptoms
onset and coronary reperfusion is very difficult, strategies

aimed to amplify reperfusion-induced myocardial salvage are
strongly needed. The feasibility of this approach is based on
the concept of lethal reperfusion injury (113). In contrast to the
initially prevalent view of cell death secondary to transient
ischemia as a mere consequence of cumulative cell injury
caused by energy deprivation during the ischemic period, the
new paradigm of reperfusion injury predicts that part of
myocardial cell death induced by transient ischemia occurs at
the time of reperfusion, and can be thus prevented by inter-
ventions applied at the time of reflow (60), as illustrated in
Figure 1.

The existence of lethal reperfusion injury, defined as cell
death preventable by treatments applied during reperfusion,
is proven by extensive experimental data, but its demonstra-
tion has failed to result in the development of treatments
applicable to patients (23). Recently, however, several strate-
gies against reperfusion injury have shown a clear-cut infarct
sparing effects in patients with acute myocardial infarction,
including ischemic postconditioning (PoCo) (145), adminis-
tration of cyclosporine (110) or atrial natriuretic peptide (77),
and remote conditioning (13). Of these, the only one applied
so far in different studies by different groups, although in a
small number of patients, is PoCo (97). In fact, the translation
of PoCo to patients has played a leading role in the acceptance
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of the paradigm of reperfusion injury in the arena of clinical
cardiology (37).

PoCo was relatively recently described by the Vinten–
Johansen group as the infarct size-limiting effect of brief
episodes of ischemia applied during the initial minutes of
coronary reperfusion (164). The effectiveness of PoCo limiting
infarct size, as compared to other interventions and in
particular to ischemic preconditioning, its dependence of
conditions and protocols, and its mechanisms have been
extensively investigated but have not been completely eluci-
dated (56, 102). The present article reviews the hypothesis that
the effects of PoCo on intracellular pH (pHi) during the initial
minutes of reperfusion are a key element in the mechanism of
its protective effect against myocardial necrosis.

pH as Modulator of Reperfusion-Induced Cell Death

Emerging data show that ischemic PoCo activates multiple
and interacting active and passive components that protect
against myocardial injury. The results of many laboratories
have provided support to the notion that the protective effects
of PoCo are mainly due to endogenous cardioprotective
mechanisms activated with the intermittent reperfusion.
However, PoCo cardioprotection is also due, at least in part,
to the prevention of an abrupt reperfusion. In this regard, it
has been proposed that the reduction of Starling forces during
the PoCo maneuvers may play a role in determining the
protective effects (101). The importance of passive compo-
nents is clearly manifested by the strong dependency of the
magnitude of protection on the PoCo protocol. The time in-
terval between the onset of reperfusion and the PoCo ma-
neuver, the duration of each cycle of ischemia=reperfusion,
and the total duration of the protocol are determinant for the
successful protection against infarction. Recent studies have
compiled from the literature models and algorithms of is-
chemic PoCo in an attempt to yield clues to define the con-
ditions for a protocol to be optimally effective (56, 102, 137).

These extensive analyses of available data show that the
conditions vary with the species and the experimental model.
Duration of cycles of ischemia=reperfusion must be shorter in
smaller animals (from 5 to 15 sec in mice and rats) (59, 68, 70)
and longer in larger species (from 30 sec in dogs to 60–180
seconds in humans) (82, 145, 164). Even for a given species, the
cycles must be shorter in models perfused with crystalloid
buffer than in in situ hearts, probably due to the higher cor-
onary flow in perfused hearts (156, 157). Globally, these re-
sults suggest that a gradual washout of metabolites is
determinant for the cardioprotective effects of PoCo.

One recent hypothesis derived from this concept and from
a previous study showing in dogs subjected to 15 min of
coronary occlusion that staged reperfusion prolongs acidosis
and attenuates stunning (53) is that PoCo protects because it
slows the normalization of correction of intracellular acidosis
occurring during the initial minutes of reperfusion. Initial
experimental evidence for this hypothesis was provided by
Cohen et al. (18). They found that using acidic buffer for the
first 2 minutes of reperfusion was as protective as a PoCo
protocol in isolated rabbit hearts. If either the duration of
acidosis or the PoCo protocol were reduced to only 1 min, the
protection was lost. By modifying the pH during initial re-
perfusion and using 31P-NMR in perfused rat hearts, we
demonstrated that the pH value and duration of acidic per-
fusion that afforded optimal protection are 6.4 and 3 min,
respectively (58). Prolongation of acidic infusion beyond
3 min failed to further delay pHi recovery, probably due to the
activity of Naþ=Hþ-exchanger (NHE) and Naþ=bicarbonate-
cotransporter (NBC), and was associated to loss of benefit
(Fig. 2). In a more recent NMR spectroscopy study in rat
hearts, we showed that PoCo delays pHi recovery for up to
3 min, depending on the protocol used (59). In fact, this went
further to demonstrate that only PoCo protocols able to in-
duce a significant delay in pHi recovery were able to afford
cardioprotection. Moreover, a close correlation between the
delay in pHi recovery and the magnitude of myocardial sal-
vage was documented (Fig. 3) (59). These studies give us in-
sight into the determinants of success of PoCo protocols.
Independently of the species or experimental model, the cy-
cles should not be long enough to allow pH normalization
during a reperfusion cycle, and the overall duration of the
PoCo protocol should maintain intracellular acidosis for at
least the first 3 minutes of reperfusion.

Intracellular pH during Ischemia=Reperfusion

An excellent review outlining the mechanisms that regulate
pHi in cardiomyocytes under physiological conditions has
been recently published by Vaughan–Jones et al. (151). The
pHi regulatory response of the myocardium is an important
factor contributing to myocardial injury associated with
ischemia=reperfusion. Myocardial ischemia causes a pro-
gressive fall in intra- and extracellular pH due to the increased
production caused by an initial upregulation of anaerobic
metabolism (15) and reduced washout of protons. Reperfu-
sion removes extracellular protons and corrects intracellular
acidosis, mainly through the lactate-Hþ cotransporter (48), the
activity of NHE and NBC (151). The low pHi overdrives these
latter transporters, resulting in intracellular Naþ accumula-
tion (14, 49). Reduction of transarcolemmal Naþ gradient fa-
vors the reverse mode activity of the sarcolemmal Naþ=Ca2þ

FIG. 1. Reperfusion injury limits myocardial salvage.
Permanent coronary occlusion causes cell death, progressing
over time and eventually involving the whole mass of se-
verely ischemic myocardium (black curve). Reperfusion in-
terrupts progression of cell death but only after a brief period
during which cell death is accelerated (red curve). Cell death
occurring at the onset of reperfusion can be avoided by
cardioprotective interventions applied at the end of re-
perfusion as PoCo or pharmacological treatment (broken line).
Modified from (35). (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article at www.liebertonline.com=ars).
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exchanger (NCE) and causes cytosolic Ca2þ overload (12).
Studies in isolated cardiomyocytes identified the rapid cor-
rection of intracellular acidosis as an important determinant
of reperfusion injury. Correction of acidosis has two main
adverse effects: first, it favors Naþ and Ca2þ overload (112);
second, it allows the activation of systems that remain oth-
erwise inhibited during low pH (see below). The correlation
between the time course of correction of the intracellular Ca2þ

concentration and pHi during the first minutes of reperfusion
decides between cell death (recovery of pH occurs first) and
survival (recovery of Ca2þ occurs first) (37). The rapid nor-
malization of the intracellular Ca2þ concentration is critically
dependent on the rapid recovery of Naþ which depends on
the ability of the cell to resume the activity of the sarcolemmal
Naþ= Kþ-ATPase upon re-energization (57).

During PoCo, controlled washout of extracellular metabo-
lites prevents the rapid formation of a transarcolemmal gra-
dient of Hþ and the reactivation of NHE leading to a gradual
restoration of pHi. An additional mechanism that could
contribute to prevent the fast pHi normalization is related to
the proposed activation of the cGMP=PKG pathway during
postconditioning (101, 157). Several studies have shown that
PKG-dependent phosphorylation of NHE modulates nega-

tively the activity of this transporter affecting pHi recovery
(66, 131). Conversely, it has been described that acidosis in-
creases the activity of Ca2þ=calmodulin-dependent kinase II
(CaMKII) (81, 93) and more recently that CaMKII contributes
to pHi recovery from acidosis via activation of NHE (152).
Whether modulation of NHE activity by phosphorylation
contributes to the delayed normalization of pHi during re-
perfusion remains to be demonstrated.

Effects of Reperfusion Injury Modulated by pH

The protective effect of delayed pHi recovery could be
predicted in view of the effects that acidosis has on many
molecular mechanisms implicated in reperfusion injury (Fig. 4).
Prolongation of pHi at reperfusion may be protective by re-
ducing Ca2þ overload and myofibrillar contractility that
causes the Ca2þ-dependent hypercontracture in reperfused
cardiomyocytes (71, 115, 130). Low pHi also inhibits other
mechanisms involved in reperfusion injury, such as mito-
chondrial permeability transition (MPT) pore opening (47)
and activation of calpains (62, 63). Finally, acidosis maintains
gap junctions in a closed state, impairing the propagation of
cell death (29). However, the relative importance of each

FIG. 2. Acidic reperfusion cardioprotection depends on dose and time window. Effect of reperfusion of isolated rat hearts
with (A) different pH values during the first 3 min of reperfusion or (B) with buffer adjusted at pH 6.4 for various periods of
time on infarct size measured by triphenyltetrazolium. Effect of acidic perfusion on pHi measured by 31P-NMR: (C) time
course of changes in pHi during the onset reperfusion and (D) time from the onset of reperfusion to maximal pHi recovery in
control hearts (pH 7.4) and in hearts reperfused for 3 min or 15 min with buffer adjusted to pH 6.4; pH6.4þHCP correspond to
a group reperfused for 15 min with bicarbonate-free HEPES buffer containing cariporide in which pH is adjusted to pH 6.4.
Modified from (58). *p< 0.05 respect to control hearts.
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mechanism to the cardioprotective effect of prolongation of
acidosis has not been established.

Hypercontracture and Ca2þ homeostasis

The histological analysis of post reperfused hearts has
shown that infarcts are almost exclusively composed by areas
of contraction band necrosis generated by cardiomyocytes
with the sarcolemma disrupted as consequence of the me-
chanical stress caused by extreme cell shortening (10, 88). This
excessive activation of the contractile machinery, known as
hypercontracture, is induced when cardiomyocytes recover
ATP production in the presence of a high cytosolic Ca2þ

concentration (150). Ca2þ overload is largely a consequence of
its influx through a reverse mode of NCE during ischemia and
the first minutes of reperfusion (64, 129). The reverse mode
operation of NCE is caused by a reduction in the transarco-
lemmal Naþ concentration as a consequence of the Naþ entry
coupled to the mechanisms of pHi correction and lasts until
Naþ=Kþ-ATPase activity normalizes Naþ concentration and
membrane potential recovers. At reperfusion, recovery of
mitochondrial energy production in reoxygenated myocytes

induces oscillatory changes in the concentration of Ca2þ in-
duced by cyclic uptake and release of Ca2þ into the sarco-
plasmic reticulum. These fast Ca2þ transient cytosolic peaks
are responsible of the uncontrolled activation of the contrac-
tile machinery that results in hypercontracture (111, 113).

Prolongation of acidosis during reperfusion causes a pro-
nounced attenuation in the development of hypercontracture
(58, 71, 115, 130) (Fig. 5). This effect can be explained by dif-
ferent mechanisms. Acidosis inhibits myofibrillar machinery
by reducing the sensitivity of myofibrils to Ca2þ (96) and,
therefore, prevents the development of hypercontracture
during the initial minutes of reperfusion when Ca2þ homeo-
stasis has not been yet restored. This effect is similar to that
observed in several studies with the use of 2,3-butanedione
monoxime (BDM), a reversible inhibitor of actomyosin-
ATPase, during initial reperfusion. BDM reduces cross-bridge
force production and allows a complete blockade of contrac-
tile activity resulting in transient inhibition of enzyme release,
and is rapidly followed by a rise in LVEDP and cell death
upon its withdrawal when used for a short period of time
(Fig. 5) (62). However, prolongation of contractile inhibition
with BDM until cardiomyocytes recover Ca2þ control results

FIG. 3. Delayed pHi Correction determines post-
conditioning protection. (A) Time course of changes in pHi
measured by 31P-NMR during the onset of reperfusion and
(B) correlation between infarct size and prolongation of in-
tracellular acidosis during reperfusion (time to pHi recovery)
in isolated rat hearts subjected to different protocols of PoCo
(Post10: hearts were exposed to protocol of postconditioning
consisting of 6 cycles of 10 sec of ischemia and 10 sec of re-
perfusion. Post5: postconditioning protocol consisted of 12
cycles of 5 sec of ischemia and 5 sec of reperfusion. Control-LF
group: flow rate was reduced to 50% of basal rate for the first
2 min of reperfusion. Post10-LF group: hearts were perfused
with reduced flow rate during the 10-sec reperfusion periods
of postconditioning. pH 6.4 group: hearts were perfused with
buffer adjusted at 6.4 for the first 2 min of reperfusion). (C)
Infarct size, expressed as percentage of area at risk, in porcine
hearts submitted to 60 min of ischemia and reperfusion. CO,
coronary occlusion. White circles: controls infused with Krebs
at pH 7.4; gray circles: controls with no interventions. Re-
produced with permission (63, 119).
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in a pronounced infarct limitation in a variety of models (38,
142). The fact that the optimal protection achieved by delay-
ing pHi recovery limits the prolongation of acidosis to the first
3 min of reperfusion (58), too short for contractile inhibition
with BDM to be effective, indicates that additional mecha-
nisms contribute to the cardioprotective effects of acidosis.

Acidosis may also modulate Ca2þ homeostasis during re-
perfusion and therefore the substrate for hypercontracture
(Fig. 5D). By preventing the rapid washout of extracellular Hþ

upon reperfusion of ischemic myocardium and the formation
of a transmembrane Hþ gradient, acidosis attenuates the in-
crease in intracellular Naþ concentration as a consequence of
Naþ influx coupled to NHE and NBC and, in turn, the Ca2þ

entry through reverse mode of NCE (151). In addition, several
studies propose that acidosis could reduce Ca2þ overload by
inhibiting NCE (58, 109) and the Ca2þ inward current (65),
and the development of Ca2þ oscillations through its inhibi-
tory effect on SERCA and RyR (27, 54). Supporting this effect
on Ca2þ homeostasis, it has been demonstrated that brief
prolongation of extracellular acidosis during the early phase
of reoxygenation reduces intracellular Naþ and Ca2þ over-
load (100).

Mitochondrial permeability transition

Mitochondrial permeability transition (MPT) is a well-
established key end effector of cell death during myocardial

reperfusion (8, 41). Low pH exerts a powerful inhibitory effect
on MPT (46). Although the molecular mechanism responsi-
ble for this inhibitory effect has not been fully elucidated, it
has been proposed that acidification reduces mitochondrial
Ca2þ load (45) and that Hþ may antagonize Ca2þ binding to
the adenine nucleotide translocase (46). The rapid and pro-
found fall in pHi that takes place during ischemia maintains
MPT in its closed state, despite the concurrence of high Ca2þ,
low ATP concentration, oxidative stress, and accumulation
of arachidonic acid and amphipatic molecules, conditions all
that have been shown to act as MPT inducers (43). Indeed,
correction of intracellular acidosis during reperfusion is
necessary for MPT, as demonstrated by the close correlation
between pH normalization and mitochondrial permeabili-
zation observed in a number of studies involving several cell
types (22, 42, 74, 116). The protective effect of acidic reox-
ygenation or reperfusion observed in different models could
be therefore explained by its inhibitory effect on MPT. In
HL1 cardiomyocytes, in which the role of hypercontracture
in reperfusion injury is negligible due to the existence of a
very rudimentary contractile apparatus, reperfusion after
simulated ischemia (hypoxia and acidosis at pH 6.4) caused
cell death within 20 min (propidium iodide labeling and
LDH release) that was associated with the release of mito-
chondrial calcein, indicative of MPT (126) (Fig. 6). Pre-
servation of extracellular acidosis during reperfusion
prevented both mitochondrial calcein release and cell death
that took place only upon pH normalization. These results,
in a cell model in which contribution of hypercontracture
and gap junction-mediated communication on sarcolemmal
rupture is excluded, indicate that MPT inhibition is an im-
portant molecular end-effector of the protection afforded by
intracellular acidosis during initial reperfusion, and strongly
support the hypothesis that delayed normalization of pHi is
a prominent mechanism of PoCo protection.

Intracellular acidosis may have other effects on mitochon-
drial function during ischemia-reperfusion injury, such as
modification of ionic transport systems, substrate availability,
and ATP synthesis, among others. A high Hþ concentration in
the mitochondrial intermembrane space might slow ATP
hydrolysis under low energetic conditions, by the reversal
of the F0-F1 ATPase, and delay progression of cell injury,
increasing cell survival upon reperfusion by a mechanisms
involving the preservation of the transmembrane electro-
chemical gradient (125). Low pH also reduces mitochondrial
calcium uptake and favors calcium extrusion from mito-
chondrial matrix, due to the activation of mitochondrial NHE
and subsequent NCE (24). High Hþ concentration may acti-
vate uncoupling proteins (UCPs), inner mitochondrial mem-
brane Hþ carrier that uncouples ATP synthesis from oxygen
consumption (25). Mild uncoupling secondary to activation
of UCPs has been described to confer cardioprotection
under several conditions, including myocardial reperfusion,
likely by decreasing reactive oxygen species production
(52). On the other hand, acidosis inhibits glycolysis and py-
ruvate production, ultimately resulting in a slower feeding of
the respiratory complex chain. Interestingly, several lines of
evidence indicate that transient complex I inhibition during
reperfusion is cardioprotective, possibly by attenuating ROS
production (4, 135). Nevertheless, experimental evidence
supporting the involvement of these changes in PoCo pro-
tection has yet to be provided.

FIG. 4. Schematic diagram showing the main proposed
targets implicated in lethal reperfusion injury that can be
modulated by the delay in pHi recovery induced by post-
conditioning. During reperfusion, reverse mode of NCE
contributes to Ca2þ overload which in turn activates cal-
pains, favors MPT, and induces SR-mediated Ca2þ oscilla-
tions that cause excessive cardiomyocyte contracture
(hypercontracture). Acidosis prevents cardiomyocyte con-
tracture by blocking the actin–myosin complex and by re-
ducing NCE-dependent Ca2þ overload and SR-mediated
Ca2þ oscillations and has a direct inhibitory effect on cal-
pains and MPT. NBC, Naþ=HCO3

þ cotransporter; NCE,
Naþ=Ca2þ exchanger; NHE, Naþ=Hþ exchanger; SR, sarco-
plasmic reticulum.
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Calpains

Calpains constitute a wide family of nonlysosomal Ca2þ-
dependent thiol proteases with an important role in basic
cellular functions, including apoptosis, proliferation, cell mi-
gration, and protein homeostasis (32, 139). The binding to its
specific endogenous inhibitor calpastatin in a substrate com-
petitive manner and the cellular control of Ca2þ homeostasis
regulate calpain activation (40). However, under pathologic
conditions in which Ca2þ homeostasis is lost, as occurs during
ischemia–reperfusion, the control of the calpain system is al-
tered, causing inappropriate activation (160).

Calpain proteolysis of known substrates and the use of cal-
pain inhibitors in different models of ischemia–reperfusion
have been consistently demonstrated by several groups and in
different experimental models that calpain activation occurs
prior to membrane damage and plays an important role in
reperfusion-induced contractile dysfunction and cell death due
to the proteolysis of a wide variety of proteins (17, 62, 63).
However, the regulation and time-course of calpain activation
secondary to transient ischemia was not defined until recently
(51). In a study performed by our laboratory in perfused rat
hearts, intracellular acidosis inhibited calpain activation during
ischemia despite Ca2þ overload, while pHi normalization

FIG. 5. Effect of attenuation of hypercontracture on cell
death. (A) Representative traces of LVP and (B) time course
of LDH release during 30 min of reperfusion correspond-
ing to isolated rat hearts perfused with or without 2,3-
butanedione monoxime (BDM) during the first 5 min of
reperfusion following 60 min of ischemia. (C) LV end dia-
stolic pressure (LVEDP) and LDH release following 40 min
of ischemia in isolated rat hearts reperfused at either pH 7.4
or pH 6.4 during the first 3 min of reperfusion. Modified
from (58, 62).
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allowed its activation upon reperfusion. Furthermore, a delay
in pHi recovery during reperfusion by either acidic perfusion
or by PoCo protocol attenuated calpain activation (59) while
the pharmacological inhibition of calpain exclusively during
the first min of reperfusion reduced infarct size in an in vivo and
in situ models (51, 91). Taking them together, these studies
confirm previous in vitro results showing that calpain activity is
highly dependent on pH (163) and support the contribution of
its inhibition to the cardioprotective effects of PoCo.

Several mechanisms have been proposed by which cal-
pains may contribute to reperfusion injury (Fig. 7). A first
mechanism is related to sarcolemmal cell fragility. During
reperfusion calpains hydrolyse proteins from the sarcolemma
and the cytoskeleton including a-fodrin and ankyrin. Alpha-
fodrin forms the backbone of the membrane cytoskeleton (11)
and its degradation correlates with increased fragility of the
membrane, reducing the tolerance of the sarcolemma to the
mechanical stress induced by acute cell swelling and con-
tractile activation during reperfusion (6, 63).

A second mechanism is related to the degradation of an-
kyrin. Ankyrin has a central domain that binds to a-fodrin and

an N-terminal domain that interacts with several membrane
receptors and channels, including the a subunit of Naþ=Kþ-
ATPase (69). The interaction of ankyrin with fodrin mediates
the linkage of Naþ=Kþ-ATPase to the fodrin-based membrane
cytoskeleton and determines its specific localization in the
membrane and its correct function (122). During reperfusion,
calpain degradation of both a-fodrin and ankyrin causes de-
tachment of the Naþ-pump from its anchorage to the fodrin-
based membrane skeleton inducing its dysfunction which
results in impaired normalization of cytosolic Naþ concen-
tration (62). The kinetics of Naþ recovery during reperfusion
determines the influx of Ca2þ through the reverse mode of
NCE and, consequently, the degree of injury (57). Degrada-
tion of ankyrin could result in the loss of ankyrin binding
proteins other than NaþKþ-ATPase, with potential effects on
intracellular Ca2þ. In fact, reduction in the levels of NCE in
cardiomyocytes with a null mutation for ankyrin-B (89) and
the cleavage of NCE3 by calpain in homogenates from brains
subjected to ischemia (9) have been demonstrated. Reduced
NCE extrusion of Ca2þ during reperfusion could impair the
recovery of Ca2þ homeostasis and be detrimental (64).

FIG. 6. Cell death and mitochondrial
permeability transition during simulated
reperfusion in HL-1 cardiac myocytes.
(A) Rate of cell death, determined as per-
cent of propidium iodide positive cells
(PIþ) respect to total cell number, during
normoxia (Nx), at 1 h of simulated ische-
mia (SI), and after 15 min of simulated
reperfusion (R), either at pH 7.4 or at pH
6.4. Acidic pH during reperfusion signifi-
cantly reduced cell death. The inset shows
a bright field image of HL-1 cardiac
myocytes (X40) under baseline conditions.
(B) Top: Fluorescent images of mitochon-
drial calcein in HL-1 cardiac myocytes
after 15 min simulated reperfusion at pH
7.4 (left) and at pH 6.4 (right). Bottom:
Changes in mitochondrial calcein fluores-
cence during 15 min simulated reperfusion
at pH 7.4 (blue squares) and at pH 6.4 (white
squares). Mitochondrial calcein release
during reperfusion was prevented when
extracellular pH was maintained at 6.4.
The graph at the right side shows the drop
of mitochondrial calcein in a single cell
upon normalization of pH from 6.4 to 7.4
during simulated reperfusion. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article at www
.liebertonline.com=ars).
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Finally, calpain may also participate in mitochondria-
driven cell death. Activated calpain has been described to
induce the release of cytochrome c and other proapoptotic
factors by cleaving Bid into an active form (17), and calpain
but not caspase inhibitors appear to preserve Bid from
cleavage and reduce cell death (16). A more recent study in
forebrain and liver mitochondria (114) proposes that calpain-
activated Bid induces Bak oligomerization and mitochondrial
outer membrane permeabilization, granting calpain access to
the intermembrane space and apoptosis-inducing factor (AIF)
cleavage and release. These results indicate that calpain acti-
vation could initiate apoptosis by a pathway independent of
caspases.

Cx43-channel gating

Previous studies have demonstrated that spreading of
necrosis through gap junctions plays an important role in
the pathophysiology of myocardial infarction following
ischemia-reperfusion (36). Gap junction-mediated propaga-
tion of hypercontracture, sarcolemmal rupture, and cell death
occur during reperfusion in connected pairs of freshly isolated
cardiomyocytes, and in intact myocardial tissue (34). Propa-
gation of injury involves passage of Naþ from dying cells to
adjacent myocytes, and subsequent influx of Ca2þ through the
reverse mode of the NCE (124).

Furthermore, closure of gap junctions by several, chemi-
cally unrelated, gap junction uncouplers reduced infarct size
in several animal models when given specifically during re-
perfusion (34, 121). Connexin channels can be regulated by a
variety of factors, many of which are modified during acute

myocardial ischemia, including calcium, calmodulin, or ki-
nase activation (106, 138). Among these factors, intracellular
acidosis is thought to play an essential role (106) (Fig. 8). The
first evidence supporting that pH is an important regulator of
gap junction channel permeability came from studies in
Xenopus embryos (146). In this study, cells were reversibly
uncoupled by lowering pHi to 6.4–6.85 using buffer solutions
gassed with 100% CO2. Moreover, a close sigmoid relation-
ship was shown between current flow between neighboring
cells and pHi (146, 147). Importantly, studies in ventricular
myocytes have suggested the existence of synergism between
intracellular Ca2þ levels and pHi (154). However, other au-
thors do not support the existence of this synergy and propose
that Ca2þ mediates, in fact, the effects of Hþ on chemical
gating (83), probably through an intermediary molecule,
possibly calmodulin (107). Cx43, as all other connexins iso-
forms, is markedly regulated by intracellular pHi, as dem-
onstrated by studies in Xenopus oocytes, and in pairs of rat
and guinea pig cardiomyocytes (26, 90, 92, 141, 154). Xenopus
oocytes expressing Cx43 showed a pKa of 6.7, and macro-
scopic gap junctional conductance reached almost zero at pHi
values of about 6.4 (26, 90, 141). Both the carboxyl terminal of
Cx43 (85, 141), and a separate cytosolic sequence related to the
pore-forming region (90) are essential for chemical gating of
gap junctional channels by acidosis.

The delay in pHi recovery during initial reperfusion after
PoCo (18, 59) may, thus, keep Cx43 gap junctional channels
closed during initial reperfusion limiting spreading of necro-
sis between neighboring cells.

However, PoCo may also interfere with gap junctional
gating by additional mechanisms. Cx43 is a phosphoprotein
containing several consensus sites for regulation by a variety
of serine, threonine, and tyrosine kinases (138). The modula-
tion of gap junctional coupling by different kinases implicated
in the cardioprotective effects of PoCo has been demonstrated
in several studies (21, 134, 162). Recently, phosphorylation of
Cx43 at specific serine residues has been linked to a cardiac-
injury resistant state (140).

Moreover, PoCo may also modify gap junction-independent
functions of connexins. Unopposed Cx43 hemichannels or
connexons have been suggested to play a role in several
pathological conditions, including ischemia-reperfusion injury

FIG. 7. Schematic diagram showing the proposed mech-
anisms by which calpain participates in reperfusion-
induced cell death and in the cardioprotective effects of
postconditioning. [Ca2þ]i, intracellular Ca2þ concentration;
[Naþ]i, intracellular Naþ concentration; NCE, Naþ=Ca2þ ex-
changer; NBC, Naþ=HCO3

þ cotransporter; NHE, Naþ=Hþ

exchanger. Modified from (60).

FIG. 8. Contribution of gap junctions to propagation of
hypercontracture and effect of pH. (A) pH sensitivity of
wild-type Cx43 expressed in oocytes. Data indicate the
magnitude of junctional conductance (Gj) measured at a
given pHi, relative to the maximum Gj. Modified from (90).

930 INSERTE ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3312&iName=master.img-008.jpg&w=238&h=240
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3312&iName=master.img-009.jpg&w=160&h=128


(120), where they can play a key role in volume regulation.
Hemichannel gating is closely regulated by several factors,
including acidosis and phosphorylation (127). The delay in pHi
recovery induced by PoCo during initial reperfusion, in addi-
tion to changes in phosphorylation status, may help to keep
hemichannels closed, thus avoiding excessive cardiomyocyte
swelling and cell injury (120).

Mitochondrial Cx43 has been described to be essential for
preconditioning protection (84, 118, 132), but a recent study in
mice heterozygous for Cx43 (Cx43þ=-) indicates that it does
not play a significant role in PoCo protection.

Sustained Protection

The existence of a potential link between delayed acidosis
and other pathways reported to be involved in the cardio-
protective effects of PoCo, specially pathways associated with
survival kinases and inhibition of MPT formation, has re-
ceived attention from several groups (18, 19, 31). It has been
suggested that these links could explain the perpetuation of
cardioprotection once the pHi has been normalized.

Although the signal pathways of PoCo are still under in-
vestigation, it has been proposed that they share many simi-
larities with those described for preconditioning. PoCo allows
accumulation of classical autacoids [adenosine (75, 76, 108),
bradykinin (103), opioids (159)] that trigger the activation of
the major components of the RISK pathway (44, 50, 102). A
study from Fujita et al. has suggested an interrelation between
RISK and acidosis (31). In open-chest anesthetized dogs, PoCo
induced the phosphorylation of Akt and ERK in the ischemic
myocardium. Administration of NaHCO3 reverted transient
acidosis and blunted the infarct size reduction induced by
PoCo and these effects correlated with attenuated phosphor-
ylation of Akt and ERK in the ischemic region. However, it is
worth noting that a recent study performed in an in vivo pig
model observed phosphorylation of Akt and ERK1=2 during
reperfusion, but failed to demonstrate their contribution to the
infarct size reduction of PoCo (136).

ROS production is also included among the triggers of
PoCo (104). In fact, the ROS scavenger N-2-mercaptopropionyl
glycyne prevents the protective effects of PoCo (105), and the
same ROS scavenger has been shown to block the protection
afforded by acidic reperfusion (18). It has been proposed that
reintroduction of oxygen after transient ischemia induces ROS
production, but it does not protect against reperfusion injury
because MPT opens before the activation of endogenous
survival pathways. Prolongation of cellular acidosis during
reperfusion by acidic perfusion or PoCo could thus inhibit
MPT during the first minutes of reflow and allow for en-
dogenous protective signaling pathways to be activated by
ROS formation. The delivery of oxygen during acidic perfu-
sion or the brief reperfusions of PoCo would promote mito-
chondrial ROS formation which has been proposed to activate
PKC through redox signaling (19). PKC appears as a critical
kinase in the signaling cascade leading to a reduced proba-
bility of MPTP opening after pH normalization (105, 108, 158).

The cGMP=PKG pathway is severely depressed in cardio-
myocytes and endothelial cells after prolonged ischemia (2, 3).
Preservation of this pathway with sodium nitroprusside, na-
triuretic peptides, and cGMP analogues has been solidly
demonstrated to protect against reperfusion injury (1, 98, 99).
More recently, the use of either the NOS inhibitor L-NAME or

ODQ blocked the infarct-sparing effect of PoCo (101, 157),
suggesting that, as it occurs in preconditioning, cGMP-
mediated signaling is involved in the pathways responsible
for PoCo-induced cardioprotection against ischemia-
reperfusion injury. cGMP, through the activation of PKG, has
been suggested to mediate the transfer of the signals trigger-
ing protection from the cytosol to the mitochondria (20). PKG-
dependent phosphorylation has been described to induce the
opening of ATP-sensitive potassium channels in the mito-
chondrial inner membrane (mKATP) evoking Kþ entry into
mitochondria and generation of ROS (95). Although not
clearly established, PKCe has been proposed to be the inter-
mediate step between the cytosol and the mitochondrial inner
membrane (67). Apart from mKATP, PKG could modulate
other targets implicated in reperfusion injury. These include
the phosphorylation of phospholamban, enhancing SERCA
activity, and accelerating normalization of cytosolic Ca2þ

concentration and attenuating SR-dependent Ca2þ waves (1),
and the attenuation of contractility during reperfusion
through PKG-dependent effects on the sensitivity of myofi-
brils to Ca2þ (61, 133) This effect could be the consequence of a
direct phosphorylation of troponin I and=or related to direct
or to indirect effects of PKG on myosin light chain phospha-
tase (128, 133).

Both the basal content of cGMP and the ability of myo-
cardial cell to respond to cGMP activators are decreased in
hearts subjected to ischemia (61). It has been shown that in cell
models, pHi during ischemia is critical for cGMP synthesis.
Guanylyl cyclase (GC) (soluble and particulate) activity in cell
homogenates shows a typical bell-shaped curve with respect
to pH, resulting in negligible cGMP synthesis at pH values
close to 6.4 (Fig. 9) (2, 3). In experiments performed by our
group in isolated rat hearts and in agreement with previous
studies (101, 157), the use of the sGC inhibitor ODQ blocked
the cardioprotective effects of PoCo. However, ODQ was in-
effective in preventing the cardioprotective effects obtained
after transient acidic reperfusion. 31P-RMN data obtained
from these hearts could explain these differences since they
showed that ODQ accelerates pHi recovery in hearts sub-
jected to PoCo but not in those perfused with acidic buffer
(unpublished data). Since NHE has been shown to be nega-
tively modulated by PKG (66, 131), it is tempting to speculate
that activation of PKG by PoCo could contribute to the delay
in pHi recovery and, by this mechanism, to the cardiopro-
tective effects of PoCo.

Despite the solid evidence supporting that a delay in pHi
recovery is critical for the cardioprotective effects of ischemic
PoCo, the effect of remote pre- or post- conditioning on the
kinetics of correction of intracellular acidosis during re-
perfusion is not known. However, there is no reason to expect
that these strategies should have a significant effect on pHi.
Remote ischemic PoCo was recently reported to protect the
heart against acute myocardial infarction with cycles of few
minutes of ischemia=reperfusion applied to the distal artery
territory (femoral or renal artery) either immediately after the
beginning of reperfusion (5) or just few minutes before heart
reperfusion (73). Loukogeorgakis et al. demonstrated that re-
mote PoCo could be produced in both human volunteers and
patients with CAD in a manner which was sensitive to inhi-
bition by glibenclamide (a KATP channel blocker), using en-
dothelial function, but not infarct size, to assess protection
(86). In a recent proof-of-concept clinical study, Botker and
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co-workers (13) have demonstrated that remote ischemic
perconditioning (four 5 min cycles of cuff inflation=deflation
to the arm during the ongoing ischemia) administered in the
ambulance, improved the myocardial salvage index in ST-
elevation myocardial infarction (STEMI) patients receiving
primary PCI. Although the efficacy of remote PoCo as com-
pared to local PoCo and its mechanisms of action have not
been established, its cardioprotective effects suggest that en-
dogenous cardioprotection by mechanisms independent of
delayed pHi recovery may be important and have relevant
clinical implications.

Translation to Patients

While experimental evidence demonstrated that transient
reoxygenation with acidic solutions could protect isolated
myocytes, papillary muscle, and perfused hearts against cell
death (18, 58, 71, 94, 126), only few studies have analyzed the
effect of transient acidosis during reperfusion in models closer
to the clinical setting (78, 115). In an early study, a protective
action of 60 min of HCl intracoronary infusion or respiratory
acidosis against infarction was described in in situ dog hearts
submitted to 30–60 min of LAD occlusion (78). However, nei-
ther of these interventions appears as a practical therapeutics in
patients submitted to primary percutaneous interventions. In a
more recent study, intracoronary administration of an acidic
crystalloid solution during the first 3 min of reperfusion was as
effective as PoCo in reducing the infarct size in an in situ pig
model subjected to 60 min of regional ischemia, but was ac-
companied by an increased incidence of early reperfusion
malignant ventricular arrhythmias (119). Although the coinci-
dent reduction in infarct size by both interventions support the
hypothesis of a common mechanism of action, the increased
risk of ventricular fibrillation precludes the translation of acidic
reperfusion to patients undergoing primary percutaneous in-

terventions. In contrast to these results, others studies have
shown that limiting the rate of normalization of pH by brief
acidic reperfusion (2 min) reduces the incidence of ventricular
fibrillation in an isolated rat heart model of regional ischemia
(7, 55) by a mechanism that involved enhanced recovery of
Naþ=Kþ-ATPase activity while prolonged intracellular acido-
sis can cause electrical disturbance, partly through the activa-
tion of Hþ extruders, which indirectly raises Ca2þ in the

FIG. 9. Effect of acidosis on cGMP
synthesis. (A) Effect of acidosis (pH
6.4) on the response to stimulation of
cGMP synthesis by SNAP or
Urodilatin in endothelial cells. (B)
Recovery of the response to stimula-
tion of cGMP synthesis after resto-
ration of pH 7.4 after 2 h of exposure
to pH 6.4. Cell cultures were sub-
mitted to various times of acidosis
and stimulated with the phos-
phodiesterase inhibitor 3-isobutyl-1-
methylxanthine, IBMX (�), IBMXþ
Urodilatin (&), or the NO donor S-
nitroso-N-acetylpenicillamine, SNAP
(~). (C) and (D) pH dependence of
endothelial sGC and mGC activities.
Reproduced with permission (2).

FIG. 10. Schematic representation describing the hypoth-
esis of how pHi participates in the cardioprotective effects
of PoCo.
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sarcoplasmic reticulum. Sarcoplasmic reticulum can sponta-
neously initiate a propagating Ca2þ wave of release that pro-
vides the substrate for delayed after-depolarizations, ectopic
beats, and triggered arrhythmias. In addition, acidosis influ-
ences the action potential, partly through effects on ICa and Kþ

conductance pathways (65, 80), and partly through its ability to
activate an outward current via electrogenic NBC (153, 155).

Pharmacological strategies expected to delay pHi recovery
during reperfusion have been tested in clinical studies with
largely disappointing results.

Extensive preclinical work had soundly demonstrated that
inhibition of NHE prior to ischemia markedly reduces infarct
size (33, 72). Available evidence indicated that NHE inhibitors
delay the progression of myocardial injury during ischemia
by attenuating intracellular Naþ accumulation which in turn
reduces the Ca2þ entry through reverse mode of NCE (79) and
by delaying ATP depletion through inhibition of mitochon-
drial NHE (125). In contrast, many studies indicate that the
efficacy of NHE inhibitors administered just prior to re-
perfusion is very small (33, 79, 143). NHE enhances its activity
associated to pHi correction during the first minutes of re-
perfusion and its inhibition was expected to delay pHi re-
covery and reduce Naþ entry. However, it has been reported
that inhibition of NHE at reperfusion results in only a small
effect on kinetics of pHi and Naþ recovery due to the com-
pensatory action of bicarbonate transporters (143). In contrast,
the simultaneous inhibition of both NHE and NBC signifi-
cantly delayed recovery of pHi and attenuated reperfusion-
induced cell death (33, 58, 130).

Despite this preclinical evidence, the therapeutic potential
of NHE inhibitors used as an adjunct to reperfusion in pa-
tients with acute myocardial infarction was tested in clinical
trials. In the ESCAMI trial, the NHE inhibitor eniporide given
before reperfusion therapy in patients with ST elevation AMI
did not limit infarct size or improve clinical outcome (161). In
contrast, when the NHE inhibitor cariporide was adminis-
tered before coronary artery bypass graft surgery, a reduction
in perioperative infarction was observed by retrospective
analysis of data from a subgroup of the GUARDIAN trial
(144). This apparent benefit in the setting of CABG surgery led
to the initiation of the EXPEDITION trial (87). However, in
this study using a dose higher than in previous trials, treat-
ment with cariporide was associated with higher rates of
short-term mortality and cerebrovascular events precluding
its clinical use.

Conclusion

There is evidence that delayed normalization of pHi during
reperfusion plays a relevant role in the cardioprotective effects
of PoCo. The relation between this and other previously
proposed mechanisms of PoCo protection needs to be estab-
lished (Fig. 10). PoCo could allow other mechanisms to act by
preventing immediate cell death upon re-flow. Further re-
search is needed to investigate this relationship and to identify
potential ways to translate this knowledge to the treatment of
patients with acute myocardial infarction.
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Abbreviations Used

BDM¼ 2,3-butanedione monoxime
CAD¼ coronary artery disease

CaMKII¼Ca2þ=calmodulin-dependent kinase II
Cx43¼ connexin-43

GC¼ guanylyl cyclase
L-NAME¼L-nitroarginine methyl ester

LVEDP¼ left ventricular end-diastolic pressure
MPT¼mitochondrial permeability transition
NBC¼Naþ=bicarbonate cotransporter
NCE¼Naþ=Ca2þ exchanger
NHE¼Naþ=Hþ exchanger
ODQ¼ 1-H-(1,2,4)oxadiazole(4,3-a)quinoxalin-1-1

PCI¼percutaneous coronary interventions
pHi¼ intracellular pH

PKC¼protein kinase C
PKG¼protein kinase G

PoCo¼ ischemic postconditioning
ROS¼ reactive oxygen species
RyR¼ ryanodine receptor

SERCA¼ sarcoendoplasmic reticulum Ca2þ ATPase
STEMI¼ ST-elevation myocardial infarction

UCPs¼uncoupling proteins
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