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A B S T R A C T

Ischemic conditioning induces cardioprotection; the final infarct size following a myocardial ischemic event is
reduced. However, whether ischemic conditioning has long-term beneficial effects on myocardial contractile
function following such an ischemic event needs further elucidation. To date, ex vivo studies have shown that
ischemic conditioning improves the contractile recovery of isolated ventricular papillary muscle or atrial tra-
beculae following simulated ischemia. However, in vivo animal studies and studies in patients undergoing
elective cardiac surgery show conflicting results. At the subcellular level, it is known that ischemic conditioning
improved energy metabolism, preserved mitochondrial respiration, ATP production, and Ca2+ homeostasis in
isolated mitochondria from the myocardium. Ischemic conditioning also presents with post-translational mod-
ifications of proteins in the contractile machinery of the myocardium. The beneficial effects on myocardial
contractile function need further elucidation. This article is part of a Special Issue entitled: The power of me-
tabolism: Linking energy supply and demand to contractile function edited by Torsten Doenst, Michael
Schwarzer and Christine Des Rosiers.

1. Protection against myocardial ischemia/reperfusion injury

1.1. Myocardial hibernation and stunning

Subsequent to a myocardial infarction, the final infarct size de-
termines left ventricular (LV) function, remodeling and the long-term
outcome of patients surviving the myocardial infarction [1]. Although
early survival following ST segment elevation myocardial infarction has
improved during the last few decades [2], the long-term risk of heart
failure remains persistently high [3,4]. Cardiomyocyte death, in short
term myocardial contractile dysfunction and in more long term left
ventricular remodeling are the principal causes of heart failure fol-
lowing myocardial infarction [5].

The myocardium tolerates transient periods of 20–40min of severe
ischemia without cardiomyocyte loss [6,7]. However, also surviving
cardiomyocytes develop post-ischemic contractile dysfunction. Such
dysfunction may be reversible and includes myocardial hibernation,

which develops during short-term (minutes to hours) or repetitive (over
days to weeks) ischemia, and is completely reversible upon re-
vascularization [8,9]. Myocardial hibernation describes the relationship
between regional coronary flow reduction and contractile dysfunction
of the myocardium [10]. Such an adaptation to ischemia maintains
myocardial integrity and viability [9,10]. In patients, chronic myo-
cardial hibernation occurs in unstable and stable angina, acute myo-
cardial infarction, left ventricular dysfunction and congestive heart
failure [7].

Reversible myocardial contractile dysfunction can also develop
upon reperfusion, when blood flow is fully or almost fully restored,
referred to as myocardial stunning [7]. Timely reperfusion is manda-
tory to salvage the ischemic myocardium from infarction [11,12];
however, reperfusion is associated with reperfusion injury. This post-
ischemic contractile dysfunction of viable myocardium requires hours
or days to recover [13]. In patients, myocardial stunning occurs fol-
lowing global ischemia/reperfusion (I/R) of hearts, such as in cardiac
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arrest, during cardiac surgery, or in regional I/R as in percutaneous
coronary intervention, thrombolysis, unstable angina or in stress or
exercise-induced angina [14]. The complex relationship between re-
gional myocardial blood flow and function during myocardial hi-
bernation and stunning is depicted in Heusch [10].

In reversible myocardial contractile dysfunction, the cardiomyo-
cytes are dysfunctional but eventually recover [15]. Mechanisms for
reversible myocardial contractile dysfunction include a disruption in
cardiomyocyte calcium (Ca2+) homeostasis which includes decreased
responsiveness of the myofilaments to Ca2+, intracellular Ca2+ over-
load, and disturbed excitation-contraction uncoupling due to sarco-
plasmic reticulum (SR) dysfunction [9,16,17]. Myofilament structural
alterations, biochemical modifications and degradation of myofilament
proteins, such as troponin I (TnI) alters Ca2+ responsiveness [16]. In a
pig model of myocardial hibernation with a sustained and moderate
reduction of regional coronary flow for 24 h, a reduction in sarcomeres
was observed [18]. Examination of biopsies from patients with myo-
cardial hibernation revealed a reduction in the expression, and dis-
organization of the myofilament proteins actin, myosin and titin [19].
In pig models of chronic hibernation, there was downregulation of
mitochondrial proteins involved in the citric acid cycle and electron
transport chain (complexes I–V), therefore limiting mitochondrial
oxygen consumption [20,21].

When myocardial ischemia occurs beyond 20–40min, necrosis en-
sues and contractile function is lost as the myocardium is irreversibly
damaged [7]. During ischemia, gap junction-mediated communication
between the cardiomyocytes is loosed [22], and during reperfusion, gap
junctions propagate cardiomyocyte hypercontracture which contributes
to contraction band necrosis [22]. Moreover, gap junctions in the non-
ischemic regions of the surviving/remote myocardium are fewer and
smaller and their distribution is disrupted [23].

I/R injury also induces an inflammatory response that leads to LV
dysfunction. Increased inflammatory mediator expression, including
cytokines and chemokines, and an infiltration of inflammatory cells in
the infarct region contribute to scar formation and LV remodeling [24].
Scar formation is mediated by cardiac fibroblast proliferation, migra-
tion and differentiation into cardiac myofibroblasts, which synthesize
and secrete extracellular matrix proteins [25]. The fibrotic tissue ex-
pands to areas remote to the infarct zone and contributes to altered
ventricular compliance and increased stiffness [26]. This results in LV
dysfunction in both the infarcted and remote myocardium [27,28].

1.2. Ischemic conditioning

Ischemic conditioning, brief repeated episodes of I/R performed
locally at the heart or in tissue or organs remote from the heart (remote
ischemic conditioning), induces cardioprotection and reduces I/R in-
jury and therefore the final infarct size in experimental animal models
but also in patients [29–31]. Ischemic pre- and perconditioning, re-
spectively, refer to brief repeated episodes of I/R immediately before
and during the sustained I/R, while postconditioning refers to a con-
ditioning manoeuvre performed immediately at the onset of reperfusion
[29,30]. Whereas local ischemic conditioning is only applicable as is-
chemic pre- and postconditioning, remote ischemic conditioning in-
cludes ischemic pre-, per- or postconditioning [30]. Remote ischemic
conditioning is straightforward in clinical application as it can be in-
duced by repetitive inflation and deflation of a blood pressure cuff
placed on a limb [30]. Several proof-of-concept studies have demon-
strated that local and remote ischemic conditioning reduce myocardial
damage/infarct size, specifically a reduction in infarct size as de-
termined by biomarker (creatine kinase–muscle brain, or troponin)
release, in patients undergoing interventional reperfusion for acute
myocardial infarction or cardiovascular surgery under ischemic cardi-
oplegic arrest [32]. Ischemic conditioning reduces I/R injury in most,
but not all studies in patients with acute myocardial infarction and
those undergoing cardiovascular surgery. Different single-center studies

suggest improved clinical outcome, a significant reduction in all-cause
mortality and major adverse cardiac and cerebrovascular events rate, of
patients after ischemic conditioning, however, no phase III study is
available which has reported improved clinical outcomes as the pri-
mary end point for any of the ischemic conditioning manoeuvres [32].
Recently, the first prospective trial on remote ischemic conditioning in
patients with acute myocardial infarction reported improved clinical
outcome as the primary endpoint (cardiac death and hospitalization)
over a minimum follow-up period of 12months [33].

In the following sections, we focus on experimental results on the
effects of myocardial ischemic conditioning on short term myocardial
contractile dysfunction following I/R. A Pubmed search with the key-
words “ischemic pre- per- or postconditioning,” and “ischemia/re-
perfusion injury”, “atrial trabeculae” or “ventricular papillary muscle”,
“isolated perfused heart”, “left ventricular end-diastolic pressure”, “left
ventricular developed pressure”, and “Ca2+ homeostasis”, “contractile
proteins” or “mitochondria” was done. Articles on ischemic con-
ditioning up to October 2018 in English, or with an abstract in English,
that provided data in humans or animals have been reviewed. Relevant
reference articles from within these have been selected for further
discussion.

2. Effects of ischemic conditioning on myocardial contractile
function

2.1. Ex vivo

In ex vivo models of isolated ventricular papillary muscle from an-
imals [34,35] or atrial trabeculae from patients [36–38], ischemic pre-
[35–37,39] or postconditioning [38] can be simulated by brief and
repetitive changes from glucose-free hypoxic buffer with reduced pH
and gassed with 95% N2/5% CO2, to reoxygenation buffer (with glu-
cose, physiological pH and gassed with 95% O2/5% CO2) before or after
the sustained simulated ischemia. Before, during and after the sustained
simulated ischemia, the developed force of isometric contraction was
determined as a measurement of contractile function [35–40]. The
contractile function of isolated ventricular papillary muscles from rats
[40], rabbits [35] and guinea pigs [39] was improved by ex vivo pre-
conditioning [35,39] or remote ischemic preconditioning performed in
vivo on hindlimbs before tissue collection [40]. In right atrial trabeculae
isolated from right atrial appendages of patients who underwent elec-
tive coronary artery bypass graft surgery, ischemic conditioning was
simulated ex vivo, pre- (4min simulated ischemia followed by 16min
reoxygenation) [36,37] or postconditioning (4 cycles of 30 s or 60 s si-
mulated ischemia/reoxygenation) [38] also resulted in improved con-
tractile function following 90min of sustained simulated ischemia.
Although more accessible in human studies than ventricular samples,
atrial trabeculae are not necessarily an indicator of ventricular con-
tractile function. Indeed, baseline force of contraction was lower in
right atrial trabeculae than in right ventricular trabeculae, and a
prostacyclin analogue increased the force of contraction in right atrial
trabeculae and had no effect on the force of contraction of right ven-
tricular trabeculae isolated from pigs [41]. Furthermore, excitation-
contraction coupling differs between atrial and ventricular cardio-
myocytes in pigs and rodents [42].

In isolated perfused heart models myocardial contractile function
can be assessed with left ventricular end-diastolic pressure (LVEDP) and
left ventricular developed pressure (LVDP), obtained by subtracting the
end-diastolic pressure from the end-systolic pressure. In isolated rat
hearts, local ischemic preconditioning by 1, 2 or 3 cycles of 3 or 5min
global I/R before 30–45min sustained ischemia improved postischemic
left ventricular diastolic function by reducing LVEDP and improving
LVDP recovery [43,44]. In the long term when hearts were excised
7 days after in vivo I/R, LVDP only recovered better with local ischemic
pre- but not with postconditioning [45]. These data hint towards a
difference between the impact of ischemic pre- and postconditioning on
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functional recovery. In mice, remote ischemic preconditioning by
6 cycles of 5min I/R on both hind limbs 24 h before [46], and in rats
4 cycles of 5min I/R on one limb immediately before [47,48] the
30–40min sustained global ischemia on the isolated heart improved
postischemic left ventricular diastolic function by reducing LVEDP and
improving LVDP recovery. Similarly, pre-treatment with plasma dialy-
sate from healthy human volunteers [49] or rabbits [50] who received
remote ischemic preconditioning resulted in improved LVDP and
LVEDP in isolated perfused mouse [49] and rabbit hearts [50] with
global I/R, respectively. Improved left ventricular function in isolated
perfused mouse, rat and rabbit hearts coincided with smaller infarct
sizes [46–50]. However, the isolated heart is not a suitable model to
examine the effects of ischemic preconditioning on myocardial stun-
ning. Myocardial stunning has been shown to occur in the isolated
perfused rat heart following 20min of ischemia [51]. In this study on
myocardial stunning, at 60min of reperfusion, cardiac output reached
85% of the maximum [51]. However, in the isolated heart model car-
diac output deteriorates as contractile and chronotropic function de-
cline 5–10% per hour [52].

2.2. In vivo

In vivo animal models show conflicting results regarding the effects
of ischemic conditioning on myocardial contractile function. Again,
studies have been performed in models where myocardial stunning
occurs. Local ischemic preconditioning of the left anterior descending
coronary artery in conscious sheep (6 cycles of 5min I/R before 12min
sustained ischemia) [53,54], or open-chest rabbits (1 min of ischemia
and 6min reperfusion before 10min sustained ischemia) [55], reduced
myocardial stunning during reperfusion determined by a recovery of
wall thickening fraction [53–55]. In the sheep model, the ischemic area
was less than 20% of the LV mass in both controls and ischemic pre-
conditioned groups, and there was no report of myocardial infarction
[53,54]. As in myocardial stunning, the sustained ischemic period in
this model was too brief (12min) to cause myocardial infarction
[53,54]. Consequently, it can be assumed that the reduction in myo-
cardial stunning was independent from a reduction in infarct size in this
model [53,54]. However, local ischemic preconditioning of the left
anterior descending coronary artery in open-chest dogs (2.5/5min
ischemia and 5min reperfusion) and pigs (2 cycles of 5min I/R) before
15min sustained ischemia, did not improve myocardial stunning during
reperfusion, and there was no evidence of myocardial infarction in
these models in controls and ischemic preconditioned groups [56,57].
Differences between these models include species differences, varia-
tions in the sustained ischemic period, and the number and repetitions
of the cycles of ischemic preconditioning, may explain the discrepancies
in the effects of ischemic preconditioning on myocardial stunning
[53–57].

Importantly, in patients who underwent elective percutaneous cor-
onary intervention, local ischemic preconditioning induced protection
against postischemic left ventricular diastolic dysfunction [58]. How-
ever, remote ischemic preconditioning did not improve ischemic left
ventricular dysfunction during reperfusion in patients who underwent
elective percutaneous coronary intervention [59]. In both studies,
however, there was no clear evidence that ischemic preconditioning
was cardioprotective [58,59]. In one study, 60% of patients who re-
ceived remote ischemic preconditioning had increased cardiac troponin
I [59], while the other study did not report biomarkers of myocardial
injury, or infarct size by imaging techniques [58].

In isolated papillary muscle, atrial trabeculae, whole heart pre-
parations and in the in vivo setting it is not possible to determine
whether improved myocardial contractile function is a direct con-
sequence of ischemic conditioning or due to improved myocardial
viability associated with a reduction in I/R injury. For example, a ne-
gative correlation between infarct size and postischemic LVDP in a
model of global ischemia in isolated perfused rabbit hearts, indicated

that the improved LVDP was only due to a reduction in infarct size by
ischemic preconditioning and not due to a direct effect on myocardial
contractile function [60].

2.3. Effects of ischemic conditioning at the subcellular level

Nonetheless, evidence indicates that there may be direct effects on
myocardial contractile function independent of infarct size. The un-
derlying signaling, however, is not well understood. Various experi-
mental models suggest, that myocardial signaling of local and remote
ischemic conditioning is similar but it seems to be species specific [30].
However, independently of the involved myocardial signaling, mi-
tochondria are viewed as end-effectors of cardioprotective strategies in
all species tested so far. Ischemic conditioning preserved mitochondrial
respiration and thus ATP production and improved Ca2+ homeostasis.
Alterations of mitochondrial function clearly not only improve myo-
cardial contractile function but also cardiomyocyte viability [61]. In
addition to mitochondrial function, ischemic conditioning induces, via
myocardial signaling, post-translational modifications and changes in
the expression of proteins of the contractile machinery and thus also
induces changes in myocardial contractile function. Post-translational
protein modifications are mechanisms of acute alterations in protein
function, whereas changes in protein expression are most likely asso-
ciated with long-term outcomes.

Therefore, in the following sections we focus on the effects of is-
chemic conditioning on cardiomyocyte energy metabolism, alterations
in cardiomyocyte Ca2+ homeostasis and ROS production – all known to
be relevant for myocardial contractile function. Known post-transla-
tional modifications of contractile proteins, which seem to be asso-
ciated with myocardial contractile function, are also discussed.

3. Energy metabolism, Ca2+ homeostasis and oxidative stress

3.1. During ischemia/reperfusion (I/R)

ATP is mandatory to maintain myocardial contractile function and
more than 95% of this ATP is generated by mitochondrial oxidative
phosphorylation under normoxic conditions [62]. Myocardial con-
tractile function involves thin filament proteins, actin, tropomyosin and
the troponins, as well as thick filament proteins, myosin light chain 1
and myosin light chain 2 (regulatory light chain). During myocardial
contraction, when myosin binds to actin to form cross-bridges during
contraction, and when the bond is broken during relaxation, ATP is
utilized [63]. Through cytosolic influx and release through the ryano-
dine channel (RyR), Ca2+ diffuses to the contractile machinery to in-
itiate contraction by activating the actin-myosin interaction [63].
During relaxation, Ca2+ is rapidly removed from the cytosol by ATP-
dependent processes.

I/R injury results in mitochondrial damage which contributes to
impaired energy metabolism and cardiomyocyte contractile dysfunc-
tion [64,65]. During ischemia, inadequate blood flow through the
coronary arteries results in low oxygen and nutrient (such as glucose
and fatty acid) supply to the surrounding cardiomyocytes and sub-
cellular mitochondria. The reduced oxygen supply disrupts oxidative
phosphorylation in the mitochondrial respiratory chain, and high-en-
ergy phosphates, mainly ATP and phosphocreatine, are reduced
[66–68]. Cellular ATP levels are depleted, and ATP is synthesized at a
lower rate mainly through anaerobic glycolysis which also results in
reduced nicotinamide adenine dinucleotide (NADH) accumulation
[69,70]. Cytosolic Ca2+ and Na+, and mitochondrial Ca2+ are over-
loaded [70] and utilization of the available Ca2+ for myocardial con-
tractile function is decreased [71]. Reperfusion restores oxygen de-
livery, and mitochondrial respiratory activity and ATP synthesis are
partially recovered [72]. Phosphocreatine recovers rapidly whereas
ATP recovers more slowly [73].

During reperfusion, however, the recovery of ATP synthesis
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contributed to hypercontracture of isolated rat cardiomyocytes [74].
The initial availability of ATP induced Ca2+ oscillations, i.e. Ca2+ up-
take by the sarcoplasmic reticulum through sarcoendoplasmic re-
ticulum calcium transport ATPase (SERCA) and Ca2+ release into the
cytosol by ryanodine receptor calcium release channels, and an accu-
mulation of Ca2+ in the mitochondria of isolated rat cardiomyocytes
[75,76]. This resulted in contraction/hypercontracture and MPTP
opening of isolated rat cardiomyocytes [75,76]. Alternatively, other
studies showed that secondary to MPTP opening, Ca2+ was released
from the mitochondria into the cytosol, which may have caused hy-
percontracture in rat cardiomyocytes [77,78] (Fig. 1a). I/R injury was
also associated with reduced Ca2+-contraction coupling and contractile
response to Ca2+ in isolated guinea pig hearts [79].

Reperfusion is also associated with an increased formation of cel-
lular ROS. ROS was produced by the mitochondria in isolated rat car-
diomyocytes following I/R [75]. ROS directly induced hypercon-
tracture in adult rabbit cardiomyocytes [80] and in rat cardiomyocytes,
treatment with an antioxidant prevented ROS formation, hypercon-
tracture and MPTP opening during reperfusion [81] (Fig. 1a). Together,
cellular ROS, hypercontracture and opening of the MPTP contribute to
reperfusion-induced death of cardiomyocytes [82].

3.2. Ischemia/reperfusion and ischemic conditioning

Regardless of the stimulus site (local or remote ischemic con-
ditioning), in response to intracellular activated signaling cascades,
signal transduction of ischemic conditioning converges onto the mi-
tochondria [30]. Local and remote ischemic pre- and postconditioning
preserved mitochondrial respiration [72,83,84], ATP production
[72,84,85] and mitochondrial membrane potential [86] directly after
the conditioning manoeuvre in human right atrial appendages [84] and
during reperfusion in rat [72,85–87] and pig hearts [83]. A reduction in
infarct size accompanied preserved mitochondrial respiration and ATP
production in isolated perfused rat hearts subjected to global I/R and
pre-treated with dialysate from pigs which received remote ischemic
pre- or perconditioning [31,72]. A reduction in infarct size also ac-
companied preserved mitochondrial membrane potential in isolated
perfused hearts from rats which received remote ischemic pre-
conditioning [86]. In patients who underwent cardiac surgery, remote
ischemic preconditioning preserved mitochondrial respiration in situ in
left ventricle biopsies and right atrial appendages [84,88]. Phospho-
creatine is involved in the transport of ATP from the mitochondria to
ATPases, i.e. sites of utilization in the cytosol [89]. ATP, produced by
the mitochondria, generates adenosine diphosphate (ADP) and

phosphocreatine, a reaction catalyzed by creatine kinase, which then
enter the cytosol to generate ATP and creatine [90]. Ischemic pre-
conditioning in rat hearts resulted in higher levels of phosphocreatine
during reperfusion [87,91]. Exogenous phosphocreatine administration
in rats had beneficial effects during ischemia by restoring ATP levels
[92].

Ischemic preconditioning in isolated perfused rat hearts improved
the viability of cardiomyocytes which were subsequently isolated [61].
In mitochondria or cardiomyocytes isolated from rat [31,61,72,93] or
rabbit hearts [94], local and remote ischemic pre- or perconditioning
improved Ca2+ homeostasis [61], inhibited MPTP opening
[31,72,93,94] and reduced hypercontracture [61] (Fig. 1b). Local [95]
and remote [31,72,84] ischemic conditioning was associated with re-
duced ROS production by the mitochondria isolated from rat hearts and
human right atrial appendages. As such, ROS-induced hypercontracture
and MPTP opening may also be attenuated by ischemic conditioning
(Fig. 1b). Mitochondrial function is essential for a proper cardiomyo-
cyte contraction and as such may also underlie an improved contractile
function seen in association with improved mitochondrial function in
trabeculae of human right atrial appendages with RIPC [84].

4. Effects of ischemic conditioning on cardiomyocyte contractile
proteins

Myocardial I/R injury causes numerous adaptational changes in the
surviving cardiomyocytes, and thereby initiates a cascade of re-
modeling processes that eventually progress to heart failure. Early re-
modeling processes include post-translational modification and ac-
celerated degradation of proteins involved in myocardial contractile
function [96–101]. These processes are critically triggered by oxidative
stress [102], which has been reported to modify the activity of nu-
merous redox sensitive kinases and phosphatases [103]. Potentially
oxidized proteins in myocardial muscle include actin, tropomyosin, and
myosin heavy chain [104]. Importantly, oxidative stress is elevated in
infarcted as well as in remote regions of hearts with myocardial I/R
injury [105].

There are different post-translational modifications and changes in
transcription rates of contractile proteins in response to ischemic con-
ditioning [106–110]. Protein kinases and protein phosphatases catalyze
the most frequent protein modification: the reversible and thus short-
acting phosphorylation of specific amino acids, particularly Ser, Thr
and Tyr residues. The regulation of the phosphorylation status of a
protein is a potent mechanism to regulate its biological activity [111].

Cardiac myosin binding protein c (cMyBPc), a thick filament protein
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Fig. 1. Key signaling steps on subcellular level, influencing short term myocardial contractile function during ischemia and reperfusion without (a) and with (b)
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(Fig. 2), can regulate cross-bridge formation by dynamic phosphoryla-
tion by protein kinase A, protein kinase C and Ca2+-calmodulin-acti-
vated kinase, indicating that cMyBPc phosphorylation is an important
modulator of myocardial contractile function. Following I/R injury,
total phosphorylation of cMyBPc is decreased and results in increased
cleavage of cMyBPc, which is associated with thick filament disruption,
reduction in actomyosin cross-bridges and contractile dysfunction
[112]. Transgenic mice with myocardial-specific expression of a
cMyBPc mutant, which mimics constitutive phosphorylation, were
shown to be resistant to I/R injury [113], and hearts from transgenic
mice with nonphosphorylatable cMyBPc develop contractile dysfunc-
tion and heart failure [114,115]. Myocardial stunning in a rat model
was associated with increased phosphorylation of cMyBPc, which was
abolished by ischemic preconditioning [110]. It was speculated that
this decreased phosphorylation of cMyBPc may play a role in cardio-
protection by ischemic preconditioning [110]. However, these results
are surprising as basal levels of cMyBPc phosphorylation are considered
to be necessary for maintaining thick filament orientation, dynamic
regulation and contractile mechanics, and phosphorylation of cMyBPc
is associated with decreased infarct size and enhanced myocardial re-
laxation in mice [113,116]. In isolated perfused rat hearts, ischemic
preconditioning upregulated the gene expression of cMyBPc in com-
parison to I/R [20]. The consequences of upregulated gene expression
of cMyBPc on myocardial contractile function in ischemic pre-
conditioning are unclear and most likely associated with long-term
outcomes. Taken together, there is evidence that ischemic conditioning
induces cMyBPc dephosphorylation and increased gene expression;
however, its exact role in ischemic conditioning needs further eluci-
dation.

The sarcomeric Z-disk (Fig. 2) plays a role in mechanosensation and
mechanotransduction, and provides a molecular link to the t-tubular
system and the sarcoplasmic reticulum [117]. Signaling molecules, such
as protein kinase A and protein kinase C epsilon are preferentially lo-
calized at the Z-disks [118], which may increase the likelihood of
transmitting ischemia-induced alterations to the contractile apparatus.
Phosphoproteomic analysis provided evidence that remote ischemic
preconditioning is associated with increased phosphorylation of Z-disk
proteins, including myozenin-2, obscurin, and myopalladin [106].
However, the functional implications of these modifications for myo-
cardial contractile function and a possible role of the Z-disk in cardio-
protection are currently unknown.

Troponin I (TnI) (Fig. 2) is a key regulator of contraction and

relaxation, and an increased phosphorylation of TnI has been shown to
accelerate myocardial relaxation [119,120]. By returning to its myosin
blocking position for myofilament interaction during relaxation, tro-
pomyosin also plays a central role in both contraction and relaxation.
Phosphorylation of tropomyosin enhances actin activated myosin S-1
ATPase activity, whereas depressed phosphorylation of tropomyosin is
associated with impaired myofilament function and decreased myo-
cardial ejection fraction [74,121]. It was postulated that tropomyosin is
phosphorylated as a compensatory mechanism to augment myocardial
contractile function during periods of oxidative stress when myosin
function is impaired [122]. Remote ischemic preconditioning in mouse
hearts is associated with increased phosphorylation of TnI and tropo-
myosin (2) (Fig. 2).

In pigs with remote ischemic preconditioning, increased phosphor-
ylation of proteins involved in myocardial contractile function was
observed [123]. These include F-actin capping protein beta subunit
variant II, xin actin-binding repeat-containing protein 1 which is in-
volved in protection of actin filaments during depolymerization, actin-
binding LIM protein 1, and nexilin which is a filamentous actin-binding
protein [123].

During prolonged ischemia and reperfusion, nitric oxide (NO) syn-
thase activity is decreased, [124] possibly by a shift within the arginine
metabolism [125]. NO synthesis and availability are increased in re-
sponse to ischemic conditioning suggesting NO to be an important
mediator of cardioprotection [126,127]. Increased NO availability is
associated with S-nitrosylation, a NO-mediated nitrosylation of a thiol
group [128]. Local ischemic pre- [108] and postconditioning [109] of
isolated perfused mouse hearts increases S-nitrosylation levels of
myomesin, cardiac α-myosin heavy chain [108], myosin light chain 1
and α cardiac muscle actin [109] (Fig. 2) and were associated with
improved postischemic myocardial LVDP [108] and the rate-pressure
product [109]. The functional relevance of S-nitrosylation in cardio-
protection is further supported by findings showing that exposure of
isolated perfused rat hearts to the S-nitrosylating agent S-nitrocysteine
before ischemia, increased levels of cardiac intracellular S-nitrosothiols
and improved the rate-pressure product during reperfusion [129]. The
effects of S-nitrosylation may alter function of the contractile apparatus.
In cardiomyocytes and cardiac skinned fibers from papillary muscle
isolated from mice, contractile proteins such as myosin heavy chain,
myosin light chain 3, actin, tropomyosin, TnI and TnC, cMyBPc, and
titin were S-nitrosylated by treatment with the S-nitrosylating agents, S-
nitrocysteine and S-nitrosoglutathione. [130]. Low levels of S-

Fig. 2. Short term post-translational modifications by ischemic conditioning of proteins in the cardiomyocyte sarcomere. The sarcomeric Z-disk defines the lateral
borders of the sarcomere. The troponin complex consists 3 protein subunits, the Ca2+-binding troponin C, the actomyosin ATPase inhibitory troponin I and the
tropomyosin-binding troponin T. Cardiac myosin binding protein c is a thick filament protein that interacts with titin, myosin and actin, and regulates sarcomeric
assembly, structure and function as well as cross-bridge formation, i.e. binding of actin to myosin, through phosphorylation by protein kinase A, protein kinase C or
Ca2+/calmodulin-dependent kinase. S-nitrosylation of myosin, actin and the M-band protein myomesin occurs in ischemic preconditioning or ischemic post-
conditioning. Remote ischemic preconditioning is associated with phosphorylation of troponin I, tropomyosin and certain Z-disc proteins. A decrease in cardiac
myosin binding protein c phosphorylation occurs in response to ischemic preconditioning. Ischemic preconditioning is associated with decreased expression in the
myosin light chain kinase gene. cMyBPc-cardiac myosin binding protein c; P-phosphorylation; SNO-S-nitrosylation; TnC-troponin C; TnI-troponin I; TnT-troponin T.
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nitrosylation desensitized the myofilaments to Ca2+ and decreased
maximal force development, whereas higher levels of S-nitrosylation
impaired the relaxation rate and cross-bridge turnover [130]. Low le-
vels of S-nitrosylation, e.g. during oxidative stress, down-regulated
myocardial contractile function (Fig. 2) [130].

Ischemic preconditioning was associated with increased O-linked
beta-N-acetylglucosamine (O-GlcNAc) glycosylation of myocardial
proteins. O-GlcNAc post-translationally modifies serine or threonine
residues of nuclear and cytoplasmic proteins by a sugar modification of
the hydroxyl group, a form of protein glycosylation [131]. Isolated
atrial trabeculae from patients who underwent elective heart surgery
exposed to dialysate from healthy volunteers who had remote ischemic
preconditioning, had improved myocardial contractile function fol-
lowing the hypoxic stimulus and this improved function was associated
with an increased expression of O-GlcNAc [132]. In skinned rat ven-
tricular myocardial trabeculae, the contractile proteins actin, myosin
heavy chain, myosin light chain 1 and 2, and TnI, were modified by O-
GlcNAc glycosylation. Such O-GlcNAc glycosylation decreased myo-
cardial myofilament Ca2+ sensitivity [133], thus O-GlcNAc glycosyla-
tion may therefore contribute to the mechanisms of ischemic con-
ditioning.

Ischemic preconditioning in isolated perfused rats hearts was asso-
ciated with a decreased expression of the gene encoding myosin light
chain kinase (MLCK) after I/R compared to hearts subjected to only I/R
[107]. MLCK is a Ca2+/calmodulin-dependent protein kinase that
phosphorylates ventricular and atrial myosin light chains [134,135]. By
phosphorylating ventricular myosin light chain, MLCK regulates sar-
comere reassembly and left ventricular function [134,135]. The func-
tional relevance for altered MLCK expression in ischemic conditioning
is largely unclear and is more likely associated with long-term outcomes
of myocardial contractile function.

Nonetheless, in the long-term, altered protein turnover may be an
important mechanism of cardioprotection. I/R injury results in a sub-
stantial loss of ventricular myocytes, which, especially prior to com-
pleted scar formation, implies a significant increase in mechanical
stress to the remaining viable tissue. This increased mechanical demand
of the remote myocardium requires an increased turnover of proteins of
the contractile machinery, including the elastic filament protein titin
[136]. In isolated hearts ischemic preconditioning protected the func-
tion of the ubiquitin proteasome system by diminishing oxidative da-
mage to 19S regulatory subunits by allowing this complex to facilitate
degradation of proapoptotic proteins [137]. Preserving or even im-
proving the function of the proteasomal system after I/R injury may
therefore be an important goal for the development of novel treatment
strategies.

5. Conclusion

Ischemic conditioning reduces infarct size in animal models and
patients, but evidence indicates a parallel improvement on post-
ischemic myocardial contractile function. Ischemic conditioning has a
direct effect on postischemic myocardial contractile function by
changes in cardiomyocyte energy metabolism and post-translational
modifications of contractile proteins. Future studies should be carried
out to unravel these additional effects of ischemic conditioning in pa-
tients. Meaningful evaluation could include the assessment of myo-
cardial contractile function following elective cardiac surgery when
infarct size remains constant. Improving postischemic contractile dys-
function, may translate into improved long-term clinical outcomes.
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