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Although hyperglycemia is one factor that determines the outcome of
myocardial ischemic insult, it is still not clear whether it is causally related
to decreased ischemic tolerance in diabetic patients. In contrast to clinical
and epidemiological studies demonstrating a higher risk of cardiovascular
disorders in diabetic patients, experimental data are not unequivocal and
suggest that, aside from higher myocardial vulnerability, diabetes mellitus
may be associated with the triggering of adaptive processes leading to para-
doxically lower susceptibility to ischemia. It has been proposed that this
phenomenon shares some molecular pathways with short-term precondition-
ing and other forms of endogenous protection against ischemia/reperfusion

injury in the nondiseased heart. The present article reviews some contro-
versial findings of enhanced resistance to ischemia in the diabetic heart
that stem from experimental studies in different models of myocardial
ischemia/reperfusion injury. Specifically, it addresses the issue of potential
mechanisms of increased resistance to ischemia in an experimental model
of streptozotocin-induced diabetes, particularly with respect to the role of
reactive oxygen species, hyperglycemia as one of the stress factors, and cell-
signalling mechanisms mediated by ‘prosurvival’ cascades of protein
kinases in relation to the mechanisms of classical ischemic precondition-
ing. Finally, mechanisms involved in the suppression of protection in the
diabetic myocardium including the effect of concomitant pathology, such
as hypercholesterolemia, are discussed.
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SUSCEPTIBILITY TO ISCHEMIA/REPERFUSION
INJURY IN THE DIABETIC HEART:
CONTROVERSIES IN EXPERIMENTAL STUDIES
Diabetes mellitus is associated with a higher risk of congestive
heart failure and ischemic heart disease including myocardial
infarction, which has been described in various clinical and
epidemiological studies (1,2). Deterioration of heart function
and rhythm disorders that can develop in diabetic patients
even in the absence of coronary artery disease, are common
manifestations of diabetic cardiomyopathy associated with
impaired homeostasis of Na*, Ca** and K* in cardiomyocytes.
Development of diabetes leads to oxidative stress (3,4) and
defects in the sarcolemmal and sarcoplasmic reticular mem-
branes of cells, as well as to alterations in the function of ion
transport systems (eg, Na*/K*- and Ca?*-ATPase, Na*/H* and
Na*/Ca’* exchangers, and Ca’* channels) resulting in abnor-
mal handling of Na* and Ca?* in the diabetic myocardium,
thereby possibly compromising its tolerance to ischemia (5-9).

However, in contrast to human studies, experimental data
are not unequivocal, suggesting that diabetic hearts are not
uniform in their susceptibility to ischemic injury, which may
not only be increased, but also unchanged or even decreased
(10,11). One of the main reasons for the differences between
clinical and experimental studies may be the contribution
of other pathologies in diabetic patients such as hyperten-
sion, hypercholesterolemia (HCH), microvascular dysfunc-
tion, neuropathy and nephropathy, as well as treatment with
antidiabetic drugs, particularly, sulfonylureas that block the

preconditioning (PC) effect during myocardial ischemia by
preventing the opening of K(ATP) channels (11-14). These
circumstances may determine the overall outcome of myocar-
dial response to ischemia in diabetic patients.

First, paradoxical results showing better recovery of con-
tractile function in the hearts of diabetic rats subjected to
ischemia/reperfusion (I/R) were reported by Tani and Neely
(15). Later, Liu et al (16) showed that acute streptozotocin
(STZ)-induced diabetes reduced the size of infarction measured
by tetrazolium staining by nearly 70% in a rat model of regional
I/R. Several mechanisms have been proposed to explain the
discrepancies in experimental studies. It was suggested that dif-
ferences among the duration, severity and the type of diabetes,
and different study protocols testing the effect of ischemia
alone or ischemia and subsequent reperfusion, as well as differ-
ent end points accounted for the conflicting results. Further
explanations such as severity of ischemic protocol (ie, global
zero flow versus low-flow ischemia), the presence of the meta-
bolic substrate in the perfusion medium and the differences in
the experimental models used in the studies (open-chest ani-
mals or isolated hearts) should also be taken into considera-
tion. Finally, species differences and the distribution of coronary
collaterals and myocardial perfusion may contribute to the
variability of the results (10,17).

Thus, studies of infarct size indicate that diabetic dogs
develop larger infarcts than normal dogs (18), whereas in dia-
betic rabbits and rats, infarct size tends to be smaller (16,19).
Similarly, susceptibility to arrhythmias in the hearts of diabetic
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rats has been found to be both enhanced and reduced (20,21).
Functional recovery on reperfusion in diabetic rats has been
reported to be improved in the early stage and impaired in the
later phase of the disease (22).

Significant alterations in heart function occur in the chronic
(nine weeks) phase of STZ-induced diabetes (increased ratio of
heart weight to body weight, decreased heart rate and coronary
flow, and lower rates of contraction and relaxation, along with
reduced myocardial levels of high energy phosphates and
morphological deteriorations in the endothelial capillary cells
as a manifestation of developing diabetic cardiomyopathy).
Surprisingly, these diabetic hearts were more resistant to Ca**
overload after transient depletion of Ca** followed by its
repletion: 85% of the diabetic hearts survived Ca?* paradox-
induced injury in contrast to 0% survival in nondiabetic hearts
(23). In these surviving hearts, not only was restoration of elec-
trical activity and coronary flow almost completely achieved, an
improved recovery of contractile function that reached 75% of
the baseline values was also observed. Moreover, recovery of
systolic function was accompanied by a remarkable attenua-
tion of irreversible contracture and diastolic dysfunction,
which was associated with a tremendous rise in left ventricular
end-diastolic pressure in the nondiabetic controls as a conse-
quence of Ca** overload of cardiomyocytes. Importantly, the
concentration of ATP and total adenine nucleotides in the
diabetic hearts that survived Ca?* paradox injury was signifi-
cantly higher than in the nondiabetic controls (24). The latter
was accompanied by superior preservation of the cell ultrastruc-
ture demonstrated by the absence of hypercontracted and rup-
tured myofibrils, and by the maintenance of sarcolemmal and
mitochondrial integrity (25).

Our in vivo studies in open-chest anesthetized rats with
acute (one week) STZ-induced diabetes (26) clearly demon-
strated the differences in the susceptibility of the diabetic
hearts to ischemia-induced ventricular arrhythmias and
irreversible myocardial damage. The size of the myocardial
infarct (IS) (as a percentage of the area at risk [AR]) in the
diabetic rats reached only 67% of that in the nondiabetic con-
trols, whereas the incidence and severity of ventricular arrhyth-
mias were not influenced by the diabetic state. The latter was
also confirmed in other in vivo studies (27,28) showing that
the incidence of severe ventricular arrhythmias during left
anterior descending coronary artery occlusion and reperfusion,
such as ventricular tachycardia (VT) and fibrillation (VF), was
similar in the acutely diabetic hearts and in the nondiabetic
controls.

Our studies performed on Langendorff-perfused rat hearts in
the same model of acute STZ-induced diabetes (29) also demon-
strated that despite the development of cardiomyopathy in the
early stage of the disease (demonstrated by bradycardia and
reduced rates of contraction and relaxation, as well as by decreased
pressure-rate product — an index of cardiac contractile perform-
ance) only 42% of these hearts exhibited VT, of which 16% had
short episodes of VF and no sustained VF (SVF). This was in con-
trast to 100%, 70% and 36% of nondiabetic hearts that demon-
strated VT, VF and SVE respectively (P<0.05). Moreover, this
antiarrthythmic protection was maintained even in the chronic
(eight weeks) phase of the disease, and although VT occurred in
almost all of the diabetic hearts, the total duration of both VT and
VF was substantially shorter than in the respective controls (30).
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Furthermore, in chronically diabetic rats, antiarrhythmic
protection was observed not only in isolated heart prepara-
tions, but also in the diabetic animals in vivo, in which the
ectopic activity was also lower, the incidence of VT was
reduced by more than two-fold compared with the respective
controls and lethal SVF was completely abolished. In contrast,
anti-infarction protection in these animals was attenuated
compared with the acute phase of the disease, indicating a
dichotomy in the susceptibility of the diabetic hearts to
ischemia-induced ventricular arrhythmias and irreversible
injury in relation to the duration of the diabetic state (26).

Collectively, these results support a view of somewhat lower
sensitivity of the diabetic rat heart to I/R injury in both stages
of the disease, although with different manifestations of an
enhanced ischemic tolerance.

Mechanisms of lower sensitivity to I/R injury in the
diabetic heart

Metabolic alterations in the diabetic heart involve impaired
metabolism of carbohydrates including glucose transport and
utilization (31). The role of glycogen metabolism during
ischemia is still a matter of debate. On one hand, anaerobic
glycolysis provides a major source of ATP production, but on
the other hand, it also results in the increased accumulation of
acidic glycolytic metabolites that decrease intracellular pH and
contribute to the severity of injury. It is suggested that pro-
cesses related to the alterations in glucose metabolism and to
the regulation of intracellular pH are responsible for the
reduced sensitivity to ischemia under certain experimental
conditions (6,8,10,11). For example, in contrast to less severe
models using low flow or moderate ischemia (with lower degree
of acidosis due to the partial washout of lactate), in a setting of
severe zero-flow ischemia, decreased glycolytic flux may be
actually beneficial and attenuate the production of glycolytic
products and H* load. Under conditions of global I/R associ-
ated with Na* and Ca’* gain, a lower rate of glycolysis due to
inhibition of phosphofructokinase activity — the rate-limiting
step in glycolysis — by enhanced levels of fatty acids (32) and
decreased activity of Na*/H*-exchanger collectively or separ-
ately, may result in a lower gain of Na* during ischemia and,
thus, reduced influx of Ca* via Na*/Ca** exchange during
early reperfusion (6,8,10).

Furthermore, it was found that in the acutely diabetic rat
heart, the mitochondrial mechanisms of energy transfer can
adapt to the conditions of increased energy demands due to
augmented calcium transients and that the latter may also
account for its reduced susceptibility to injury (33).

Antiarrhythmic mechanisms in the diabetic myocardium
Regarding the mechanisms of arrhythmogenesis, it is known
that outward potassium currents are reduced to a different
extent in the epi- and endocardial layers of the diabetic myo-
cardium (34), thus attenuating dispersion of refractoriness as a
substrate for re-entry arrhythmias occurring during ischemia.
Moreover, K(ATP) channels in diabetic cardiomyocytes have
been found to be open and significantly more sensitive at
higher levels of ATP (35).

Activation of K(ATP) channels has generally been con-
sidered to be one of the mechanisms of cardioprotection (36),
which includes protection against arrhythmias related to
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Figure 1) Effect of acute (one-week) streptozotocin-induced diabetes
(D) and ischemic preconditioning (I-PC) in the nondiabetic myocar-
dium on the size of myocardial infarction (IS) (A), number of pre-
mature ventricular complexes (PVC) (B), severity of ischemia-induced
ventricular arrhythmias (C) and postischemic recovery of left ventri-
cular developed pressure (LVDP) (D) in Langendorff-perfused rat
hearts. IS is expressed as a percentage of the area at risk (AR). LVDP
recovery is expressed as a percentage of preischemic values. Data are
presented as mean £ SEM from 10 to 12 hearts per group. *P<0.05
versus nondiabetic control (C) group

triggered activity caused by enhanced Ca** influx (37). Moreover,
sarcolemmal K(ATP) channels appeared to be involved in antiar-
rhythmic protection in the rabbit (38) and canine (39) myocar-
dium. In addition, resistance to arrhythmias caused by high
calcium in the hearts of diabetic rats can be explained by the
alterations in the properties of L-type Ca** channels and reduced
Ca?* influx (7).

Moreover, accumulation of lactate during ischemia is sub-
stantially lower in the diabetic myocardium and does not reach
the same level as in nondiabetic hearts (29,30). Thus, a
decreased production of acid metabolites and subsequent reduced
local acidosis as a source of alterations in the cell membrane cur-
rents, and electrophysiological changes promoting arrhythmo-
genesis (40) may contribute to the suppression of arrhythmias
occurring during ischemia in diabetic hearts. In addition, lower
susceptibility to reperfusion-induced arrhythmias in the hearts of
diabetic rats is supported by the observation of an increased
resistance to calcium overload in the diabetic myocardium (41).

Diabetes as an alternative form of an adaptive PC-like
phenomenon

Figure 1 summarizes the cardioprotective effects observed in
Langendorff-perfused hearts of acutely diabetic rats compared
with the same effects in the hearts of nondiabetic animals sub-
jected to one episode of I/R (ischemic PC [I-PC]) before sus-
tained ischemia (27,42-44). Our studies revealed that both
acute diabetes and [-PC in nondiabetic hearts resulted in
similarly smaller infarctions (infarct size/area at risk reduced
by 60%) (Figure 1A), lower vulnerability to ischemia-induced
severe ventricular arrhythmias (Figures 1B and 1C) demon-
strated by a significantly decreased total number of premature
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TABLE 1

Potential mechanisms of preconditioning-like protection in

the diabetic myocardium: Relevance to ischemic

preconditioning

Alterations in glucose metabolism (45), high glucose acting as a
preconditioning mimetic in nondiabetic myocytes (47,48)

Abnormal calcium handling — calcium preconditioning (50)

Increased production of reactive oxygen species (4,56) coupled with higher
levels of antioxidants (42,49)

Increased activation of protein kinase C epsilon (64,65)

Increased mitogen-activated protein kinase activity, enhanced activation of
extracellular signal-regulated kinases 1 and 2 (51,52)

Increased phosphoinositide 3-kinase/Akt activity, endothelial nitric oxide
synthase activity (48,53,54)

Increased hypoxia-inducible factor 1-alpha, vascular endothelial growth
factor; decreased inflammation and fibrosis (55)

ventricular complexes (Figure 1B) and a reduced severity of
arthythmias (lower arrhythmia score [Figure 1C]). In addition,
postischemic recovery of left ventricular function (left ventri-
cular developed pressure) after global I/R was also significantly
improved in both diabetic hearts and nondiabetic [-PC hearts
(Figure 1D).

Potential mechanisms of PC-like protection in the diabetic
myocardium are summarized in Table 1. Altered metabolism of
glucose has been proposed to play a role in cardioprotective
mechanisms in the diabetic myocardium based on the finding
that inhibition of glucose uptake by cells can mimic I-PC and
salvage normal myocardium (45), whereas restoration of glyco-
gen stores depleted by I-PC leads to a loss of myocardial protec-
tion (46). Moreover, high glucose (25 mM) treatment has been
shown to render normal cardiomyocytes resistant to chronic
hypoxia-induced apoptosis and necrosis by preventing the
accumulation of Ca?* during hypoxia (47). Importantly, high
concentrations of glucose rendered cardiomyocytes resistant to
apoptosis in the absence of insulin (48). Furthermore, it has
been demonstrated that enhanced glucose represents a stressful
stimulus that is able to trigger an adaptive response in the dia-
betic heart (49).

Increased resistance to ischemia in experimental models of
diabetes can also be associated with alterations in intracellular cal-
cium signalling, consistent with the findings demonstrating that
increased calcium concentrations can induce PC-like protection
in the normal heart (50).

Furthermore, research has demonstrated a higher activity of
prosurvival protein kinases in acutely diabetic myocardium
(51-54). In addition, several other protective mechanisms such
as reduction in the levels of proinflammatory cytokines increase
in the cell survival factors (hypoxia inducible factor 1-alpha and
vascular endothelial growth factor) and angiogenesis, and
reduced fibrosis, have been found to be activated in the acute
phase of STZ-induced diabetes (55).

Thus, greater tolerance to ischemic injury observed in the
diabetic heart can be considered an alternative form of intrinsic
cardioprotection analogous to that induced by I-PC in the nor-
mal heart or by adaptation to chronic myocardial hypoxia when
numerous metabolic stimuli, particularly those related to oxida-
tive stress and increased reactive oxygen species (ROS) produc-
tion and to intracellular calcium signalling can trigger
protection against acute I/R injury.
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The role of free radicals and the pro-oxidative/antioxidative
state in the diabetic heart

Kakkar et al (56) demonstrated that although increased gen-
eration of ROS can be detected in the very early stage of STZ-
induced diabetes, the latter was also accompanied by an
increased level of antioxidative enzymes (eg, catalase, super-
oxide dismutase and glutathione peroxidase). Enhanced levels
of endogenous antioxidants may, thus, be considered to be a
manifestation of the adaptive response in the rat diabetic myo-
cardium (57) induced by increased ROS similar to that demon-
strated in nondiabetic hearts exposed to [-PC (43,58).

Increased generation of ROS coupled with higher activ-
ities of antioxidant enzymes and concentration of anti-
oxidants in models of experimental diabetes have been
reported by several authors (49,56). In a recent study, we
found that one week after the induction of diabetes in a rat
model of STZ-induced diabetes (42), a decreased susceptibil-
ity to ventricular arrhythmias manifested by a lower total
number of PVCs and shorter duration of VT episodes during
30 min of ischemia was associated with significantly elevated
levels of antioxidants such as coenzyme Q10 and, in particu-
lar, coenzyme Q9 in the left ventricular myocardium of dia-
betic animals. In addition, the levels of alpha-tocopherol
were enhanced by 22.5% in the diabetic hearts. Similar
increases were also observed in the myocardium of the non-
diabetic rats preconditioned with one episode of I/R
(Figure 2A). In the study by Chen et al (49), higher resist-
ance of the diabetic hearts to I/R injury was associated with
an increased antioxidant capacity of the myocardium already
in the acute phase of STZ-induced diabetes with severe
hyperglycemia (blood glucose level greater than 20 mM), or
when the hearts of normal animals were perfused with a simi-
larly high concentration of glucose.

The results of our study also highlighted an important aspect
related to the antioxidant treatment of diabetics. While treat-
ment with the antioxidant N-acetyl-L-cysteine and the nitric
oxide (NO) synthase inhibitor NG-nitro-L-arginine methyl
ester (L-NAME) conferred effective protection against ischemia-
induced arrhythmias, both interventions were not effective in
the diabetic rat heart and did not confer any additional myocar-
dial protection during I/R (42). Thus, it is possible that changes
in the pro-oxidant/antioxidant state modify a response of the
diabetic heart to antioxidant treatment. The latter may result in
areduced effectiveness of N-acetyl-L-cysteine to further suppress
arrhythmias in the diabetic myocardium. Similarly, pretreatment
with L-NAME that was found to be cardioprotective and
reduced the extent of I/R injury in the normal nonprecondi-
tioned hearts (59), was antiarrhythmic only in the nondiabetic
hearts (42). Conversely, because L-NAME suppressed increased
ischemic tolerance in the acutely preconditioned nondiabetic
myocardium (59), its antiarrhythmic effect may be also attenu-
ated under conditions of the diabetic state.

Thus, it is conceivable that both cardioprotection conferred
by I-PC in the healthy heart and increased resistance to
ischemia in the diabetic myocardium share similar molecular
protective pathways such as ROS and NO signalling. These
data are supported by results of the study by Chen et al (49)
who demonstrated that, in the presence of L-NAME, reper-
fusion arrhythmias were increased in the diabetic heart, sug-
gesting that NO is involved in the mechanisms of protection in

Exp Clin Cardiol Vol 15 No 4 2010

Subcellular mechanisms of myocardial adaptation in diabetes

A Antioxidants
2701 c
vz D
% 220 I -PC 5
o 1707 * i
° * «
E 1201 g
70
20
CoQ9 CoQ10
B TBARS
60- * CBL
]|
% t
40 t
2
E
< 20+
0
C I-PC D

Figure 2) Pro-oxidative/antioxidative effects in the myocardium of
diabetic rats and in the hearts of normal rats preconditioned with one
cycle of ischemiafreperfusion (I-PC) (5 min each). A Effects of acute
diabetes mellitus (D) and I-PC on the tissue levels of antioxidants
determined by high-performance liquid chromatography. o-toc alpha-
tocopherol; CoQ9 Coenzyme Q9; CoQ10 Coenzyme QI10. Data
are presented as mean + SEM of eight to 10 hearts per group.
*P<0.05 versus nondiabetic control (C) hearts. B Myocardial con-
centration of thiobarbituric acid reactive substances (TBARS) at
baseline (BL) and after test ischemia (I) in the nonpreconditioned
controls, hearts preconditioned with I-PC and hearts from one-week
diabetic rats. Data are presented as mean + SEM of six to eight hearts
per group. *P<0.05 wersus BL; TP<0.05 wersus nondiabetic
controls

the diabetic myocardium and, more importantly, that the effi-
cacy of antiradical interventions may differ in the nonadapted
and adapted myocardium.

The role of ROS-mediated signalling in the mechanisms of
higher ischemic tolerance of the diabetic myocardium has been
demonstrated in experiments performed in the hearts of acutely
diabetic rats, which showed an increased resistance to calcium
overload despite markedly impaired biophysical properties
(decreased fluidity) of the sarcolemmal membrane due to the
processes of ROS formation and nonenzymatic glycation of
membrane proteins (24). Moreover, reversal of these deleteri-
ous effects of ROS on protein glycation by treatment with
resorcylidene aminoguanidine attenuated not only the changes
in membrane properties and its enhanced rigidity, but abol-
ished calcium tolerance in diabetic hearts, indicating that a
certain amount of ROS formation is required to trigger adapt-
ive processes in the diabetic myocardium (41). In addition,
moderately increased myocardial production of ROS during
the PC procedure (43) is likely to play a role in myocardial
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Figure 3) Schematic representation of molecular signalling mediated
by ‘survival’ cascades of protein kinases. ACH Acetylcholine; Akt
Akt kinase; BAD Proapoptotic protein; Bcl-2 Antiapoptotic protein;
CAT Catecholamines; eNOS Endothelial nitric oxide [NO] synth-
ase; ERKI1/2 Extracellular signal-regulated cascade of mitogen-
activated protein kinases [MAPK]; GLUT Glucose transporter;
GPCR G protein-coupled receptor; GS Glycogen synthase; GSK-3
GS kinase-3; IGF-I Insulin growth factor; K,pp ATP-sensitive
K* channel; MAPKK Mitogen-activated protein kinase kinase;
MEK1/2 Upstream regulator of MAPK; mPTP Mitochondrial
permeability transition pore; p70s6K Ribosomal S6 kinase; PI3K
Phosphoinositide-3 kinase; PKC Protein kinase C; RNS Reactive
nitrogen species; ROS Reactive oxygen species; TKR Tyrosine kin-
ase receptor

preservation through the attenuation of ROS levels during the
subsequent phase of sustained ischemia (60). Similar to the
preconditioned myocardium in diabetic hearts, cardioprotect-
ive effects during ischemia were associated with lower produc-
tion of ROS (reduced thiobarbituric acid reactive substance
levels) than in nondiabetic rat myocardium (Figure 2B).

Thus, it appears that radicals play a dual role in the heart.
Apart from their damaging role in the nonadapted myocar-
dium, they may act as signalling molecules involved in protect-
ive mechanisms of both short-term cardioprotection and
long-lasting cardiac adaptation (59,61). These findings further
address the issue of the effectiveness of antiradical interven-
tions in the intact nonadapted (ie, unstressed) myocardium
and in the myocardium that has shifted to a defensive pheno-
type in response to stress.

The role of protein kinases in cardioprotection of the
diabetic myocardium

It has been found that calcium-induced protection against I/R
injury is associated with the translocation of protein kinase C
(PKC) (50). Moreover, hyperglycemia is a powerful stimulus
for PKC activation and is known to occur in the diabetic myo-
cardium even in the early phase of the disease (62). In addi-
tion, translocation of PKC has been shown to mediate
cardioprotection in the hearts of STZ-induced diabetic rats
(63), whereas PKC inhibition abolishes the increased resist-
ance to I/R injury in diabetic hearts (64). Furthermore, it was
shown that the activation of cardiac PKC epsilon in genetic-
ally engineered mice mediates antiapoptotic effects and leads
to the preservation of left ventricular pump function, which
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promotes the survival phenotype and inhibits the negative
inotropic properties of chronic hyperglycemia (65).

Extracellular signal-regulated kinases (ERK) 1/2 and phos-
phoinositide 3-kinase (PI3K)/Akt cascades, which are both
involved in hypertrophic growth, cross-talk at different levels
of cell transduction and converge on the same mitochondrial
target proteins, have generally become regarded as the so-called
‘survival’ cascades involved in the mechanisms of the acute
heart rescue (66-68). Figure 3 is a schematic representation of
these two potentially regulatory cascades and their interaction
in cardioprotection in the normal heart.

Consistent with studies demonstrating an important role of
protein kinase signalling in cardioprotection in the diabetic
myocardium (53,64), we detected a nearly threefold increase in
the levels of phosphorylated ERK1/2 in diabetic hearts in the
acute (one week) phase that correlated with reduced infarct
size (51), suggesting a potential positive role of this cascade in
the response of the diabetic heart to an acute ischemic chal-
lenge. In concert, the study by Xu et al (52) clearly demon-
strated that short- and long-term duration of hyperglycemia
exert opposite influences on intracellular signalling mediated
by the ERK1/2 pathway, which correlated with the size of the
myocardial infarct and the intensity of apoptotic processes.
While in the acute phase of STZ-induced diabetes, increased
ERK1/2 activity, reduced infarct size and smaller number of
dead myocytes were observed. These protective effects were
suppressed according to the duration of the disease.

Because the PI3K/Akt cascade plays an important role in
cell survival mechanisms and in the regulation of glucose
metabolism in the normal heart (68), it could be expected to
be involved in the changes in ischemic tolerance in diabetic
patients. Accordingly, it was reported by Ma et al (53) that
PI3K/Akt and endothelial NO synthase become transiently
activated in the early stage of diabetes, thereby leading to a
subsequent increase in NO formation, which may protect the
heart from I/R injury.

To elucidate the role of PI3K/Akt in the PC-like effect of high
glucose (22 mM) in the normal heart (glucose PC) and in
response to I/R injury in the diabetic heart (blood glucose greater
than 20 mM) in lethal injury, the PI3K/Akt inhibitor wortman-
nin was administered at a concentration (100 nM) that sup-
pressed PC-induced infarct size limitation in normal hearts (44).
While infarct size was not affected by wortmannin in the control
groups, cardioprotection was abolished in both glucose precondi-
tioned (Figure 4A) and diabetic (Figure 4B) groups by treatment
with this compound, indicating that activation of the PI3K/Akt
cascade is involved in the mechanisms of anti-infarct protection
triggered by high glucose.

Therefore, similar to the nondiabetic heart (Figure 3), it
appears that in diabetic hearts, many molecular mechanisms
can be responsible for the activation of endogenous cardiopro-
tection, at least in the early phase of the disease.

Effect of PC in the diabetic heart

Whether the diseased myocardium can be preconditioned simi-
larly to a healthy one is still a matter of discussion. Some authors
consider PC to be a ‘healthy heart’ phenomenon, and it is well
documented that enhanced resistance to I/R injury in the nor-
mal preconditioned myocardium may be abolished by concur-
rent pathological conditions such as HCH (69).

Exp Clin Cardiol Vol 15 No 4 2010



In this respect, of major concern may also be hypoglycemic
therapy with oral antidiabetic agents, particularly sulphonyl-
urea drugs (eg, glibenclamide) in humans, because as a conse-
quence of their action, K(ATP) inhibition (and suppression of
clinical manifestations of PC under conditions of myocardial
ischemia) may be one of the causes of higher mortality in dia-
betic patients (12,14,70). Accordingly, Loubani et al (13)
explained a failure to precondition human cardiomyocytes by
the treatment of patients with oral hypoglycemics. Furthermore,
Hassouna et al (71) reported that PC with ischemia, phenyl-
ephrine, adenosine or diazoxide failed to protect diabetic myo-
cardium. However, activation of PKC or p38-mitogen-activated
protein kinase was still protective. These authors suggested
that mitochondrial dysfunction in the diabetic myocardium,
possibly dysfunctional mitochondrial K(ATP) channels, leads
to the inability to respond to PC.

In contrast, using other experimental models, several
studies have demonstrated that under certain conditions, the
diabetic myocardium can be preconditioned, albeit with a
stronger PC stimulus. In other words, increased threshold for
cardioprotection in the diabetic myocardium requires higher
intensity PC. Thus, Tsang et al (54) reported that only three
cycles of I-PC significantly reduced the size of infarction in
diabetic rats compared with the efficiency of one cycle of I-PC
in nondiabetic animals. Cardioprotective effects correlated
with significant elevation in Akt phosphorylation after only
three cycles of I-PC in diabetic animals, whereas similar chan-
ges in Akt activity were detected in the hearts of nondiabetic
animals after only one cycle of I-PC. The latter indicates that
the diabetic heart still maintains the potential to be precon-
ditioned; however, to achieve PC protection of the diabetic
myocardium, it is necessary to increase the I-PC stimulus to
reach the threshold for cardioprotection and a critical level
of Akt phosphorylation to confer a protective effect.

Accordingly, it was shown in our study of the isolated rat
heart (29) that one cycle of I-PC did not confer any additional
antiarrhythmic protection or further reduction in the accumu-
lation of lactate during ischemia of acutely diabetic hearts
compared with nonpreconditioned hearts. It appears that
because the diabetic myocardium appears to be already ‘pre-
conditioned’, the latter may mask the effect of any further
protective interventions.

In agreement with our results, Galagudza et al (72) recently
reported that rats with alloxan-induced insulin-dependent dia-
betes mellitus also exhibited smaller infarct size and lower sus-
ceptibility to ventricular tachyarrhythmias. However, the same
procedure using one cycle of [-PC was ineffective in the diabetic
animals — different from the healthy rats — thus supporting the
existence of an endogenous cardioprotective phenotype (meta-
bolic PC) in experimental diabetes.

It is also possible that due to induction of the adaptive
mechanisms, the diabetic state increases the threshold for
cardioprotection and, thus, a stronger PC stimulus is required
to achieve this threshold than in the nonadapted
myocardium.

Loss of endogenous cardioprotection in the diabetic heart

Duration of the diabetic state markedly determines myocardial
response to I/R. It was shown in our studies (29,30) that an
increased resistance to ischemia-induced arrhythmias in the
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Figure 4) Effect of the phosphoinositide-3 kinase inhibitor wortmannin
(W; 100 nM) on the size of myocardial infarction in Langendorff-
perfused rat hearts preconditioned with high glucose (GPC) (A) and
in the hearts of acutely (one-week) diabetic (D) rats (B). Data are
presented as mean + SEM of eight to 10 hearts per group. *P<0.05
versus controls (C); TP<0.05 versus GPC or D. AR Area at risk; IS
Infarct size; LV Left ventricle

acutely diabetic myocardium can be attenuated in the later
phase of the disease, with more severe manifestations of the dia-
betic state and development of diabetic cardiomyopathy. Thus,
in the chronic (eight-week) phase of the disease, the severity of
arrhythmias in isolated rat hearts was higher than in the acute
phase because the incidence of severe ventricular arrhythmias,
such as VT and VE was increased compared with diabetes in the
acute phase (ie, one week). Moreover, anti-infarct protection in
these animals was blunted compared with anti-infarct protection
in the acute phase of the disease (26). Xu et al (52) also demon-
strated that in the chronic phase of STZ-induced diabetes, anti-
infarct protection was lost, and that this effect was associated
with a decrease in ERK1/2 phosphorylation compared with
time-matched nondiabetic controls, indicating that long-term
duration of hyperglycemia exerts a negative influence on
ischemic myocardial injury that may depend on an ERK1/2-
mediated intracellular signalling pathway.

Similar to the loss of protection against I/R injury rendered
by I-PC in the nondiabetic heart that was abrogated by an
additional pathological condition (69), HCH induced by a
high-cholesterol fatty diet appeared to be one of the reasons for
the loss of anti-infarct protection in the acutely diabetic
Langendorff-perfused rat hearts in our study (Figure 5A).
Furthermore, in this ‘double-disease’ model, we observed that
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Figure 5) Effect of hypercholesterolemia (HCH) induced by high-cholesterol fatty diet in acutely diabetic (D) rats on the size of myocardial
infarct (IS) (A), ventricular tachyarrhythmias (B) and recovery of left ventricular developed pressure (LVDP) (C) in isolated rat hearts. Data
are presented as mean + SEM of 10 to 12 hearts per group. ¥*P<0.05 versus diabetic hearts. AR Area at risk
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Figure 6) Expression of peroxisome proliferator-activated receptor
(PPAR-y) messenger RNA in the hearts of control (C), diabetic
(D) and diabetic-hypercholesterolemic (D+HCH) rats at baseline
(open bars) and after 30 min of global ischemia and 2 h reperfusion
(filled bars). Data are presented as mean = SEM of at least four
hearts per group. *P<0.05 versus baseline in controls; TP<0.05 wver-
sus baseline. GAPDH Glyceraldehyde-3 phosphate dehydrogenase

in vivo, HCH exacerbated severe ventricular arrhythmias in
open-chest animals subjected to left anterior descending artery
occlusion (27,28), tachyarrhythmias in isolated hearts
(Figure 5B), and impaired postischemic recovery of left ventri-
cular function in diabetic hearts subjected to global ischemia
and reperfusion (Figure 5C). This suggests that the combina-
tion of diabetes and other pathologies also blunts endogenous
cardioprotection in the diabetic heart.

Although peroxisome proliferator-activated receptors
(PPAR) as key transcriptional regulators of lipid metabolism,
energy production (73) and inflammation (74) have been sug-
gested to play an important role in susceptibility to myocardial
I/R injury in the normal heart (75), their role in cardioprotec-
tion, particularly in pathological models such as diabetes and
HCH,, is not fully understood. To clarify this issue, we explored
a potential link between a response to I/R in the hearts of both
diabetic and diabetic HCH rats, and changes in cardiac PPAR
gene expression. Enhanced resistance to I/R injury in the
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diabetic hearts was associated with preservation of baseline
messenger RNA levels of PPAR-y on I/R — in contrast to its
marked downregulation in nondiabetic controls. Concurrent
HCH attenuated both cardioprotection and changes in PPAR-y
levels in diabetic animals (Figure 6). These findings indicate
that PPAR activation may be involved in the adaptive cardio-
protective mechanisms activated in the diabetic myocardium
in the acute phase to counteract metabolic disorders or, on the
other hand, that loss of cardioprotection is potentially related
to the downregulation of PPAR promoting proinflammatory
effects. Thus, PPAR may represent an important therapeutic
target in the management of ischemic heart disease in diabetic
patients.

CONCLUSION

Experimentally induced diabetes mellitus may trigger adaptive
processes in the myocardium in, at least, the early stage of
the disease that are analogous to short-term cardioprotection
in the nondiseased preconditioned myocardium. Similar to
classical I-PC, the PC-like effect of high glucose against lethal
myocardial injury is mediated via activation of the PI3K/Akt cas-
cade. Response to I/R in the diabetic heart may be attenuated
according to the duration of the diabetic state and by concomi-
tant pathology such as HCH, and in both conditions is associ-
ated with changes in gene expression of PPAR, suggesting an
important role of PPAR in I/R injury in pathologically altered
myocardium.
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