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Ischemic preconditioning is a phenomenon in which single or multiple brief pe-
riods of myocardial ischemia-hypoxia with following reperfusion result in a mar-
ked reduction in myocardial infarct size, severity of stunning or incidence of car-
diac arrhythmias. Since IPC is a strong endogenous protective mechanism, the
triggering factors and effectors of IPC have been under intense investigation, with
an eye to developing a new treatment for acute myocardial infarction. The goal

of the present study was to examine whether the positive inotropic agents such as
milrinone, 5-bromisatin, derivative of indole-2, 3-dione, and the benzimidazole
compound 1-acethyl-5, 6-dimethoxy-2-methylthiobenzimidazole may lead to car-
dioprotection from hypoxic damage. The experiments were carried out on the
isolated isometricaly contracted guinea pig papillary muscles perfused by low oxy-
genated (pO, = 13-18 mmHg), glucose free Tyrode solution. The protocols of the
experiment were as follows: after a 20-min perfusion with normal (pO, = 560-580
mmHg) oxygenated saline containing one of the tested agents or vehicle (control)
followed a 60-min perfusion with low-oxygenated saline. The data have shown that
milrinone, a benzimidazole derivative, and 5-bromisatin in an inotropic concentra-
tion resulted in a less hypoxic injury of papillary muscle in comparison with con-
trol. In control papillary muscles the contraction force during 40 min was fully
depressed. In milrinone and benzimidazole groups the contraction force during
the same period sustained 30.5 and 40.7 percent of control, respectively. The
hypoxic contracture in milrinone and benzimidazole groups appeared significantly
(p < .05) later and its magnitude was about 34.0 percent smaller than in control.
The similar results were obtained with 5-bromisatin. The latter compound decre-
ased the hypoxic contracture of papillary muscles about 40.0 percent as compared
to control. Thus, a 20-min pretreatment of papillary muscles with milrinone, ben-
zimidazole derivative, or 5-bromisatin mimicked the IP by increasing Ca** ions in
the myocardium, and this most likely served as a trigger for induction of IPC,
leading to protection of the myocardium from hypoxic injury.
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INTRODUCTION

Single or multiple brief periods of myocardial ische-
mia (hypoxia as well) with following reperfusion ha-
ve been shown to protect the heart against a more
prolonged ischemic insult, the result of which is a
marked reduction in myocardial infarct size (1), se-
verity of stunning (2) or incidence of cardiac arrhyt-
hmias (3, 4). This phenomenon was discovered in
1986 by Murry et al. (5, 6) and has been known as
ischemic preconditioning (IPC). IPC has been de-
monstrated in a wide variety of animals, from dogs
to rats, in human myocardium as well (7-10). Since
IPC is a strong endogenous protective mechanism,
the triggering factors and effectors of IPC have be-
en under intense investigation (11-13) with an eye
to developing new treatments for acute myocardial
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infarction, moreover, evidence now exists suggesting
that ischemic preconditioning is clinically beneficial
(14). At present, several endogenous agonists such
as adenosine (15-17), norepinephrine (18-20) or bra-
dykinin (21, 22) have been shown to be triggers for
IPC. Activation of protein kinase C (PKC), which is
known to be a key player in numerous intracellular
signal transduction pathways (23-27), is believed to
be a central mechanism in the protection of IPC
across various species.

In 1983, the adenosine triphosphate sensitive po-
tassium channels (K, , channel) were discovered, and
in the 1990s it become clear that one of the possib-
le mechanisms through which the preconditioning
phenomenon worked was via the opening of the K

TP
channel (12, 28, 29). Recently there have been two
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K,,, channels demonstrated in the heart, the sarco-
lemmal channel (sarc K, ) and the mitochondrial
channel (mito K, ) (30-32). According to Gross and
Fryer (35), subsequent evidence suggested that the
recently identified mitochondrial K, , channel might
be the fundamental factor mediating IPC-induced
cardioprotection.

The goal of this study was (1) to examine wheth-
er the positive inotropic agents such as milrinone,
5-bromisatin, derivative of indole-2, 3-dione, and ben-
zimidazole compound 1-acethyl-5, 6-dimethoxy-2-me-
thylthiobenzimidazole may lead to cardioprotection
from hypoxic damage; (2) to review the experimen-
tal studies analysing the possible mechanisms of is-
chemic preconditioning for cardioprotection in the
absence and presence of some mimics of IPC.

Role of adenosine, alfa -adrenoceptors, protein-
kinase C and Ca’* in IPC. The first experimental
studies, which were carried out with dog’s heart,
have shown that the occlusion of circumflex artery
for one, two or four 5-10 min episodes (each sepa-
rated by 5-20 min of reperfusion) with the follow-
ing sustained 40 min occlusion prevented cumula-
tive metabolic deficits accumulation (adenine nucle-
otide, lactate), myocardial ischemic cell death, and
reduced ATP depletion. Changes in hemodynamics
or collateral blood flow did not account for the re-
duction in infarct size (5, 6). As a potential subcel-
lular mechanism of ICP was proposed the hypothe-
sis that reduced ATP depletion plays an essential
role in cardioprotection. In another study (34), the
mechanism by which IPC improves recovery of func-
tion and reduces enzyme release after a subsequent
30-min period of ischemia in perfused rat hearts
was related to ionic alterations in the myocardium.
Thus, during reperfusion the recovery of contractile
function was significantly better preconditioned he-
arts than in untreated hearts (71 = 9% vs. 36 =
8% initial left ventricular developed pressure), and
after 60 min of ischemia the preconditioned hearts
had a significantly less (1.6 time) release of the in-
tracellular enzyme creatine kinase. Furthermore, IPC
resulted in less expressed ionic alterations, pH, and
ATP depletion. These findings supported the hypot-
hesis that the preconditioning attenuates an increa-
se in [Ca’*], [Na*]. and [H*] during ischemia, most
likely because of a reduced stimulation of Na*-H*
and Na*-Ca?* exchange. In a short run Liu et al.
(35) and Thornton et al. (36) have demonstrated
experimentally that adenosine can mimic IPC, be-
cause a 5-min intracoronary infusion of adenosine
was as effective as 5 min of ischemia in perfused
isolated rabbit hearts against infarction from 45-min
ischemic insult. At that time, exposure of these ones
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to 8-sulfophenyltheophylline, an antagonist of ade-
nosine A, receptors, blunts the infarct size-limiting
effect of ICP. They concluded that cardiac like pe-
ripheral adenosine receptors are involved in the is-
hemic protection and that adenosine released du-
ring the preconditioning occlusion stimulates cardiac
A, receptors. Other investigators have come to the
same conclusion (37-39). For instance, Cohen et al.
(40) have shown that a sustained 30 min coronary
occlusion in open-chest rabbits led to a 10- to 20-
fold increase of the interstitial adenosine level. The
major role of endogenous adenosine is to increase
the coronary blood flow. Adenosine-induced vasodi-
latation is also enhanced by increasing H* and ope-
ning K, . channels, which occurs in the ischemic
myocardium (17). However, coronary vasodilatation
is not the only effect of adenosine in the ischemic
myocardium. Stimulation of adenosine A, receptors
coupled to G, proteins attenuates beta-adrenoceptor
mediated increases in myocardial contractility, Ca**
influx into myocytes and noradrenaline release from
the presynaptic nerves (41). Adenosine is produced
by the enzymatic dephosphorylation of 5-AMP by
5’-nucleotidase and by the hydrolysis of S-adenosyl-
homocysteine (SAH) by SAH-hydrolase. 5’-Nucleo-
tidase activity is thought to contribute to adenosine
production aside from the accumulation of 5-AMP
in the ischemic myocardium, while the hydrolysis of
SAH plays a major role in the adenosine produc-
tion in the normoxic myocardium. Furthermore, Ki-
takaze et al. (17, 42) have found that alpfa -adre-
nergic receptors, activated in ischemic hearts, incre-
ase both 5’-nucleotidase activity and adenosine pro-
duction. In the other studies (11), it has been stron-
gly suggested that alpfa -adrenoceptor stimulation
mediates cardioprotection seen in IPC, which is at-
tributable to activation of ectosolic 5’-nucleotidase.
Thus, a four-fold artery occlusion for 5 min separa-
ted by 5 min of reperfusion (ischemic preconditio-
ninig) in dogs contributes to a significant (p < 0.001)
rise of adenosine concentration in coronary venous
blood during the first cycle of reperfusion and con-
tinued to increase gradually with subsequent cycles
of reperfusion, remaining higher than in control
group. IPC significantly increased both ectosolic and
cytosolic 5’-nucleotidase activity in the myocardium.
The sequent 90 min coronary occlusion by followed
6 h of reperfusion showed that IPC markedly atte-
nuated the infarct size compared with control, al-
though the collateral flow did not differ in the two
groups. The infarct size normalized by risk area was
in control group 40.6 *= 2.3% and in IPC group 6.7
+ 2.0%. Methoxamine, an agonist of alfa -adreno-
receptors, mimicked the infarct-size limiting effect
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of IPC and simultaneously increased the ectosolic
and cytosolic 5’-nucleotidase activity to the levels
obtained with IPC. At that time, prazozin, an anta-
gonist of alfa -adrenoreceptors, completely abolished
the infarct size-limiting effect of ICP, as well as ec-
tosolic and cytosolic 5’-nucleotidase activity. Ectoso-
lic and cytosolic 5’-nucleotidases are different enzy-
mes, and it has been shown that activation of ecto-
solic 5’-nucleotodase plays a more important role
for cardioprotection in IPC (20). Activity of ectoso-
lic 5’-nucleotodase produces adenosine using extra-
cellular AMP, and this conversion of extracellular
AMP to adenosine may allow to convey endoge-
nous adenosine into cardiomyocytes for the substra-
tes of resynthesis of ATP.

Although at first sight activation of 5’-nucleoti-
dase and alpfa -adrenoreceptors seems to be inde-
pendent, they appear to be tightly linked, since the-
re are a lot of reports to show that activation of
alpfa -adrenoreceptors increases 5’-nucleotidase acti-
vity through activation of protein kinase C (PKC)
(24, 26, 38, 43, 44). For example, the augmentation
of ecto 5’-nucleotidase activity in the preconditioned
canine myocardium was strongly attenuated by inhi-
bitors of PKC, polymyxin B and GF109203X (45).
Both inhibitors blunted the infarct size-limiting ef-
fect of ischemic preconditioning as well (infarct size
33.1 + 6.9% and 35.1 = 6.4% in control and pre-
conditioning groups, respectively). An inhibitor of
ecto 5’-nucleotidase AMP-CP (o, B-methyleneade-
nosine 5’-diphosphate, 1.0 and 5 x 10° mol/l) blun-
ted the infarct size-limiting effect of IPC and redu-
ced the increased ecto 5’-nucleotidase activity from
748 £ 22 to 229 * 3.4 and 5.0 £ 1.7 nmol/mg
protein per minute, respectively (p < 0.001). Tran-
sient administration of methoxamine mimicked the
increase in ecto 5’-nucleotidase activity and the in-
farct size-limiting effect. At the same time, it was
observed that IPC translocates PKC from cytosolic
fractions to membrane fractions, indicating that IPC
activates PKC in the canine myocardium as well.

Thus, these and other studies suggest that acti-
vation of ecto-5-nucleotidase caused by activated
PKC is a primary mediator for the infarct size-limi-
ting effect of IPC (45). On the other hand, there is
a linkage of alfa -adrenoceptor activation to protein
kinase C with the following activation of ecto-5’-
nucleotidase in a preconditioned myocardium. The-
se observations indicate that endogenous norepineph-
rine, an agonist of alfa-adrenoceptors, can trigger
the infarct-size limiting effect of IPC in the heart
(46). Alfa -adrenoceptor activation has been shown
to stimulate phospholipase C and to increase the
production of inositol-1,4,5- triphosphate in a varie-

ty of organs and cells. For example, alpha -adreno-
ceptor activation in the myocardium is associated
with a rapid increase in inositol-1,4,5-triphosphate
production and a sustained increase in 1,2-DAG pro-
duction, as well as activation of calcium channels
and Na*-H* and Na*-Ca?* exchange ((47, 48). DAG
in turn activates PKC, which can phosphorylate a
spectrum of cardiac proteins that control myocardial
excitability and contraction (49-50). It is hypothesi-
zed that a PKC-induced modification of the Na*—
H* exchange turnover rate is responsible for cellu-
lar alkalisation (51), by either exchange in affinity
of the allosteric site for H* and/or an increase in
the maximal rate of ionic exchanger of the antipor-
ter. Gambasi et al. (52) discovered a shift to alka-
line pH, which was induced by phorbol ester and
prevented by PKC inhibitors H-7. Moreover, it is
now believed that the activation and translocation
of PKC during the preconditioning stimulus accounts
for the ability of cardiomyocytes to “remember” the
ischemic episode (53). PKC stays associated with the
membrane for about an hour after ischemia and can
phosphorylate proteins early in a second ischemic
period thus mediating the cardioprotection (54). In
the other study (55), the question was examined
whether direct stimulation of PKC can protect car-
diomyocytes against an injury induced by simulated
ischemia (Ca®* overload) and reperfusion (hypercon-
tracture). Cells of the rat heart were incubated in
anoxic media at pH 6.4 until pCa of < 5, intracel-
lular pH [pH] of 6.5 and cytosolic [Na*]. 50 umol/
1 were reached. For stimulation of PKC, 1,2DOG
(1,2-dioctanoyl-sn-glycerol), membrane-permeable
diacylglycerol analogue was used. The main finding
was the following: two-step treatment of cardiomy-
ocytes with 1,2DOG (20 pumol/l) before and during
simulated ischemia markedly reduced Ca** overload
during oxygen depletion and prevented the develop-
ment of hypercontracture during reoxygenation. Furt-
hermore, application of the PKC inhibitor BIM (bi-
sindolylmaleimide I) eliminated the protection of
two-step treatment with 1,2DOG against Ca** over-
load. None of the beneficial effects of two-step tre-
atment with 1,2DOG was observed when the PKC
inhibitor BIM was present until just before reoxyge-
nation. This observation also supports the conclu-
sion that treatment with 1,2DOG acts through PKC
activation.

According to Miyawaki et al. (56), the precondi-
tioning achieved by repetitive Ca?* depletion and
repletion for short duration conferred cardioprotec-
tion against ischemia-reperfusion injury via the acti-
vation of PKC as well, elicited by a transient incre-
ase in [Ca**] In other words, the crucial role of
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Ca?" as an important intracellular trigger or media-
tor for IPC was demonstrated. Thus, in this study it
was tested whether (1) elevation of [Ca**] by a brief
augmentation of [Ca®*] (2.3 mol/l) mimics IPC, (2)
administration of a Ca?" antagonist verapamil (8 x
x 102 pumol/l for 5 min each before / after IPC)
attenuates the protective effects of IPC, and (3) spe-
cific isoforms of PKC are involved with “Ca?*-me-
diated” preconditioning. A significant functional re-
covery and a decreased lactate dehydrogenase rele-
ase (7.0 = 0.7 vs. 21.9 = 1.4 U/g in control) were
observed in high-Ca** preconditioning and IPC he-
arts compared with ischemic control hearts i.e., the
protective effect of high-Ca®* preconditioning was
similar to that of IPC. The ATP content in precon-
ditioned hearts was significantly higher than in ische-
mic control hearts (13.8 £ 0.8 vs. 6.1 = 0.8 umol/g
dry wt). The cellular structure in the high-Ca®* he-
arts was also well preserved, similar by to that in
IPC hearts. Treatment with chelerythrine chloride
(specific PKC inhibitor) during IPC or high-Ca** pe-
riod also abolished their beneficial effects on the
cellular structure. The activation and translocation
of PKC from the cytoplasm to the sarcolemma were
observed in the preconditioned hearts as well.
Translocation of PKC from the cytoplasm to the plas-
ma membrane has been recognized as an index of
PKC activation (24, 45, 57). Verapamil administered
during IPC significantly attenuated the salutary ef-
fects of IPC, while pretreatment with verapamil alo-
ne did not exert a significant effect on the ishemic
injury compared with no pre-treatment in ischemic
control hearts. Chelerythrine completely blocked the
preconditioning-induced increase in PKC activity of
the membrane fraction. Treatment with verapamil
also significantly reduced the PKC activity of memb-
rane fraction in IPC hearts. These findings indicate
that intracellular Ca?*, which increases after induc-
tion of myocardial ischemia, plays an important role
in activating intracellular pathways leading to pro-
tection (56).

In our study, which was carried out on the iso-
lated isometricaly contracted guinea pig papillary
muscles under hypoxic conditions (perfusion with
low-oxygenated, pO, = 13-18 mmHg, glucose-free
Tyrode solution) the positive inotropic agents, milri-
none and benzimidazole derivative (1-acethyl-5,6-di-
methoxy-2-methylthiobenzimidazole), in a sense mi-
micked IPC. The protocols of the experiment were
as follows: after 20-min perfusion with normal (pO,
= 560-580 mmHg) oxygenated saline containing one
of the test agents or vehicle (control) followed a 60
min perfusion with low-oxygenated saline (58). The
data have shown that milrinone and benzimidazole
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derivative in an inotropic concentration (according
to their EC,; value, 83.0 umol/l and 240.0 pumol/l,
respectively) resulted in a less hypoxic injury of pa-
pillary muscle (in comparison with control). Thus,
in control papillary muscles the contraction force
dramatically decreased and during 40 min was com-
pletely depressed, while in milrinone and benzimi-
dazole groups the contraction force during the same
period decreased by 70.0 and 60.0 percent of con-
trol, respectively (p < 0.05). The hypoxic contractu-
re in milrinone and benzimidazole groups appeared
significantly (p < 0.05) later (4.88 = 1.5 min in
control, 10.8 = 1.8 min in milrinone, 8.75 = 2.4
min in benzimidazole) and its magnitute was about
34.0 percent smaller than in control. Similar results
were obtained with bromisatin (derivative of indo-
lin-2,3-dione) possessing positive inotropic proper-
ties as well (59) The latter compound decreased the
hypoxic contracture of papillary muscles by about
40.0 percent compared with control. Milrinone, a
well-known phosphodiesterase inhibitor, increases the
contraction force of papillary muscles through the
cyclic AMP-dependent way, i.e., in response to mil-
rinone in the myocardium more calcium ions
accumulate (60). The fact that carbachol, an anta-
gonist of muscarinic receptors, completely antagoni-
zes the positive inotropic effect of benzimidazole de-
rivative suggests the cyclic AMP-dependent mecha-
nisms in the action of this agent (61, 62). Besides,
the results obtained in the benzimidazole groups pre-
treated with the beta-adrenergic blocking agent dl-
propranolol, supported the hypothesis that activa-
tion of beta-adrenergic receptors as a possible ac-
tion mechanism might be involved in the positive
inotropic action of test agents. Stimulation of beta-
adrenergic signaling pathway or inhibition of phos-
phodiesterase in cardiac myocytes result in accumula-
tion of cyclic AMP and in activation of cyclic AMP-
dependent protein kinase A, as well as in phospho-
rylation of several PKA substrates. These include
the sarcolemmal L-type Ca**-channel, the ryanodine
receptor and phospholamban of the sarcoplasmic re-
ticulum, the myofibrillar protein troponin I as well.
Phosphorylation of these substrates contributes to
an increase in the cytosolic uptake of Ca?* ions,
enhanced contractility and accelerated relaxation in
response to positive inotropic agents acting via
cAMP-dependent way. Our experimental studies with
guinea pig papillary muscles confirmed that in the
positive inotropic action of benzimidazole derivative
the sarcolemmal L-type Ca?*-channels are involved
(63) and this compound increases the rate of ten-
sion development and the relaxation-onset index (64).
So, we could hypothesise that the influence of the
test agents augments the Ca®* content, in the myo-
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cardium preconditioned papillary muscles for the fol-
lowing injury of hypoxia.

More intimate studies have shown that alfa -ad-
renoreceptors and endogenous catecholamines (no-
radrenaline) are involved in the action mechanism
of bromisatin, othewise, bromisatin, differently than
milrinone and benzimidazole, thoroughly acts via a
cyclic AMP-independent way (65). Resent studies ha-
ve indicated that norepinephrine (2, 9, 26, 46) is
strongly implicated in IPC of the isolated heart of
the rat and other species. This endogeneous sub-
stance, as indicated above, stimulates phosphatidyli-
nositol cyclase and produces DAG and inositol-1,4,5-
triphosphate, causing elevation in cytosolic free
[Ca**]. through Ca’* release from the sarcoplasmic
reticulum (47, 48, 50, 66-67). Therefore it is pos-
sible to conclude that transient increase in [Ca**]
during IPC serves as a trigger for induction of IPC
and that [Ca’*] effectively of the activates PKC,
which modulates different ion channels (34, 68) le-
ading to protection myocardium.

So, a short-term application of the positive inot-
ropic agents elevates the resistance of the myocar-
dium to the following long-lasting ischemic-hypoxic
reperfusion injury, and, on the contrary, the drugs
exhibiting a negative inotropic action (for instance,
verapamil) display a deleterious influence on car-
dioprotection.

Role of ATP-sensitive potassium channels in IPC.
A better understanding of the mechanism of IPC
showed that PKC can activate the sarcolemmal K,
channels, followed by a shortening of the cardiac
action potential duration (APD) and thus exerts an
energy-sparing effect by reducing Ca®* influx in my-
ocardium (69-72). K, , channels are presented in
vascular smooth muscle cells (73-75) and in the sar-
colemma of ventricular myocytes, in the pancreatic
o- and B-cells (76), as well as in the inner mito-
chondrial membrane (77-80). K, , channel activity
is essentially voltage-independent, but is modulated
by intracellular nucleotides, particularly ATP, which
inhibit channel activity, while Mg>**ADP stimulate
their activity. Consequently, K, . channel activity is
regulated by cell metabolism and provides a means
of linking the electrical activity of a cell to its me-
tabolic rate. In the study by Light et al. (81) it is
shown that PKC is able to alter the stoichiometry
of ATP binding to K, ,, resulting in PKC-mediated
activation of K, , at a more physiological (millimo-
lar) ATP concentration. This finding has an impor-
tant implication for preconditioning, since no signi-
ficant myoplasmic reduction of ATP levels, which
triggers the opening of K, has been observed du-
ring a brief period of ischemic preconditioning.

The involvement of K, , channels in precondi-
tioning was first suggested by Gross and Aucham-
pach (82) and Auchampach et al. (83) in the canine
hearts. To test the hypothesis that preconditioning is
the result of opening ATP-sensitive potassium chan-
nels, the selective K, channel antagonists, glibenc-
lamide and sodium 5-hydroxydecanoate (5-HD), we-
re administered before or immediately after precon-
ditioning in barbital-anesthetized open-chest dogs
subjected to a 60 min left coronary occlusion follo-
wed by 5 hours of reperfusion. IPC was elicited by
a 5-minute artery occlusion followed by 10 min of
reperfusion before a 60 min occlusion period. Pre-
conditioning as usual, produced a marked reduction
in infarct size, whereas glibenclamide and 5-HD ad-
ministered before or immediately after preconditio-
ning completely abolished the protective effect of
IPC. At the same time these authors have shown
that the selective potassium channel opener RP 52891
contributed to a significant reduction in the infarct
size of preconditioned hearts. These results further
strengthen the hypothesis that activation of myocar-
dial K, , channels is involved in the mechanism of
IPC in dogs. Indeed, in the subsequent studies nu-
merous investigators have confirmed that pharmaco-
logical K, , openers contribute to the protection of
ischemic-reperfused myocardium in a number of mo-
dels and species (77, 84-87) and, on the contrary,
the blockers of these channels abolish protection
from IPC (88-93).

It is a well known that opening the K, , channel
on the surface membrane leads to membrane hy-
perpolarization and shortening of phase 3 of the
cardiac action potential (AP). Both these effects re-
sulted in a consequent closure of voltage-dependent
ion channels and reduction of free intracellular cal-
cium ions, which would theoretically produce a car-
dioprotective effect (94). However, it was observed
that enhanced shortening of the cardiac AP was pro-
bably not the end-effector in the mechanism res-
ponsible for the protective effect of the K, , ope-
ners. Thus, in 1994 Yao and Gross (93, 95) have
shown that bimakalim, an opener of K, , channels,
at a low dose did not significantly affect the ische-
mia-related shortening of the AP during the initial
5 min of occlusion of the descending coronary arte-
ry in dogs, though it markedly reduced the infarct
size (12.6 = 3.3% vs. 27.2 = 5.7% in controls) equi-
valent to two higher doses of bimakalin which en-
hanced AP shortening. Similarly, in other studies it
was established that there was no relationship bet-
ween APD shortening and the cardioprotective ef-
fect of cromakalim in dogs. Moreover, dofetilide, a
class III antiarrhythmic agent which abolishes the
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APD-shortening effect of cromakalim, at a dose that
prevented the cromakalim-induced shortening of
APD in ischemic tissue did not attenuate the car-
dioprotective effects of cromakalim (76, 96). In ad-
dition, dofetilide had no effect on infarct size when
given to non-preconditioned hearts and did not al-
ter the protective effect of preconditioning. These
findings suggested that the APD shortening obser-
ved with the surface K, , channel openers is not
correlated with their cardioprotective effects for IPC
(85).

Recently, Garlid et al. (97) in reconstituted bo-
vine hearts have shown that the K, , opener diazo-
xide was a week cardiac sarcK, , opener, but it was
a potent (about 1000-fold) opener of mitoK, ,, ma-
king it a useful tool for determining the importance
of this mitochondrial site. Myocyte studies showed
that diazoxide was significantly less potent than cro-
makalim in increasing sarcolemmal K* currents. Dia-
zoxide shortened ischemic APD also significantly less
than did cromakalim at equicardioprotective doses.
The studies on reconstituted rat mitochondrial car-
diac K, , demonstrated that diazoxide more potent-
ly activated the K* flux in this preparation. Glibenc-
lamide and 5-HD inhibited the protective effect of
diazoxide as well as K* flux through the diazoxide-
opened mitochondrial K, , These findings suggested
that openers of the ATP-sensitive potassium chan-
nels protect ischemic hearts in a manner consistent
with an interaction with mitoK, .. Liu et al. (79, 98)
using intact isolated rabbit ventricular myocytes si-
multaneously measured flavoprotein fluorescence as
an index of mitochondrial redox state and sarcK, ,
currents and showed that diazoxide induced a rever-
sible oxidation of flavoproteins at the doses that cor-
related with its cardioprotective effects but did not
activate sarcolemmal K, channels. The K, , chan-
nel blocker 5-HD inhibited both the redox changes
and cardioprotection. It was concluded that diazoxi-
de targets mitochondrial but not sarcolemmal K, ,
channels and implies that mitochondrial K, , chan-
nels may be effectors for ischemic preconditioning.

It has been reported that K, , channels also play
a role in the protection of preconditioning in hu-
man myocardium, since IPC consisting of 3 min of
simulated ischemia (90 min of hypoxic substrate-free
superfusion paced at 3 Hz and than by 120 min of
reperfusion) as well as during brief repeated coro-
nary occlusions is completely abolished by pretreat-
ment with glibenclamide, thus suggesting that it is
mainly mediated by K, , channels. Recently, in the
study of Ghosh et al. (77), it was been confirmed
that mitoK, , channels are involved in human pre-

conditioning as well. The authors used a model of
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simulated ischemia with right atrial trabeculae ob-
tained from patients undergoing elective cardiac sur-
gery, and investigated the effects of the mitoK,,
channel opener diazoxide, the blockers 5-HD and
glibenclamide, and the novel sulfonylthiourea
sarcK,, blocker HMR 1883. In this study, also a
dose-response analysis of the test agents was carried
out. So, it was shown that glibenclamide (10 uM),
which blocks K, , channels both in the sarcolemma
and the mitochondrial inner membrane, 5-HD (1
mM) which shows selectivity in blocking for mitoK
channels over sarcoK, . (99), abolished the protec-
tive effect of IPC on creatine kinase leakage in hu-
man myocardium. HMR 1883, which is thought to
have the reciprocal selectivity to 5-HD, preferential-
ly blocking the sarcK, , (85), in this study did not
block the protective effect of IPC. In the absence
of an IPC stimulus, the non-selective K, , chan-
nel opener pinacidil and the selective opener of
mitoK, , channels diazoxide were protective, redu-
cing creatine kinase leakage to the levels obtained
with IPC. So, this study provides evidence that mi-
tochondrial rather than sarcolemmal K, channels
are involved in human myocardium for ishemic pre-
conditioning.
Sarcolemmal K, channels are an octameric com-
plex composed of two protein subunits (76). The
pore is formed from four Kir6.2 subunits, each of
which is associated with a sulfonylurea (SUR) re-
ceptor subunit. Kir6.2 belongs to a family of in-
wardly rectifying K* channels (100), whereas SUR
is a member of the ATP-binding cassette subunit. It
is suggested that SUR2A serves as a regulatory su-
bunit in cardiac and skeletal muscles (99, 101, 102).
Unfortunately, the molecular identity of the mito-
chondrial K, ,, channel remains unknown as yet. Ho-
wever, there are suggestions, by Suzuki et al. (103),
that of the inwardly rectifying K* channel subunit
Kir6.1 might be a subunit of the ATP-sensitive K*
channel in the mitochondria as well as in the plas-
ma membrane. Certainly, the mitoK , and sarcK, ,
channels appear to exhibit minor differences in
their structure, but the function of the mitoK, ,
channel appears to be involved in the regulation of
matrix volume, while sarcK, . channels contribute
to the electrical activity of the cellular membrane.
Therefore, opening the mitoK, , channels leads to
mitochondria membrane depolarisation, K* ions in-
flux through mitochondrial K, , channels and chan-
ges in matrix volume (104-106). According to Ko-
waltowski (105), the opening of mitoK, , channels
would help preserve the architecture of the inner
membrane space with a subsequent slowing of ATP

hydrolysis and preservation of the ability to use cre-
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atine as a substrate of respiration. However, one
should bear in mind that in acute myocardial ische-
mia (hypoxia as well), in non-preconditioned hearts,
in the massive efflux of K* ions via K, channels
slows conduction and shortens the duration of the
AP as well as an effective refractory period. These
factors predispose to cardiac arrhythmias and ven-
tricular fibrillation. Moreover, the spatial dispersion
in these parameters, in part determined by inhomo-
geneity in extracellular potassium concentration, is
considered highly arrhythmogenic (107, 108, 109).
In such cases, the experimental studies have shown
that pharmacological agents that enhance the loss
of potassium ions in the myocardium (K, , channel
openers as cromakalim, pinacidil) are distinguished
by an arrhythmogenic action, and agents that inter-
fere with tissue potassium loss (K, , channels bloc-
kers, as glibenclamide) show antiarrhythmic effects,
prolonging the action potential duration and effec-
tive refractory period (110, 111).

In conclusion, it has been established that when
the heart of various animal species, including hu-
man, is subjected to a short-term non-lethal period
of ishemia, it quickly adapts itself to become resis-
tant to infarction from a subsequent ischemic insult.
This transient ischemic cardioprotection has been
shown to be mediated by stimulation of various re-
ceptors linked to PKC, for instance, by Ca?" ions,
norepinephrine, adenosine, bradykinin, opioids, nit-
ric oxide or endotelin-1 (27, 79, 107, 112-114). The
combined effect of the release of these substances
on G proteins and cell phospholipases of the isozy-
mes of PKC, which appears to be the first element
of a complex kinase cascade is activated during the
prolonged ischemia in the preconditioned hearts
(115). Recent studies have implied a possible exis-
tence of some protein kinase, whose activation car-
ries the signal from PKC to the mitochondrial K, ,
channels, causing them to open and thus protect
the myocardium from ischemic or hypoxic damage.
It is expected that with the action mechanism of
IPC more essentially understood, pharmacological
preconditioning (112) will become practical for cli-
nical use.
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V. Garliené

ISCHEMINIS PRIPRATINIMAS IR JO REIKSME
MIOKARDO APSAUGAI

Santrauka

Trumpalaikis vienkartinis arba daugkartinis ischeminis-hi-
poksinis poveikis miokardui saugo ji nuo ilgai trunkancio
ischeminio-reperfuzinio pakenkimo, pasireiskiancio miokar-
do infarkto apimties sumaz¢jimu ar maziau rySkiais ritmo
sutrikimais. Sis fenomenas atskleistas 1986 m. ir vadinamas
ischeminiu audinio pripratinimu (IP). Kadangi IP yra vidi-
nis lasteliy apsaugos mechanizmas, veiksniai, sukeliantys
Siuos mechanizmus, Siuo metu intensyviai tyrin¢jami, kad
bty gauta naujy vaisty imiam chroniniam Sirdies paken-
kimui gydyti. Sio darbo tikslas buvo tirti teigiamy inotro-
piniy medZziagy, milrinono, 5-bromizatino indolin-2,3-diono
darinio ir benzimidazolo darinio 1-acetil-5,6-dimetoksi-2-
metiltiobenzimidazolo poveikj miokardo susitraukimo jégai
ir ramybés jtempimui normos ir hipoksijos salygomis. Ty-

rimai atlikti su izoliuotais izometriSkai susitraukinéjanciais
jury kiauly¢iy papiliariniais raumenéliais, kurie buvo per-
fuzuojami bedeguoniniu ir neturinciu gliukozés Tyrode fi-
ziologiniu tirpalu (pO, 13-18 mm Hg, kai normoje pO,
560-580 mm Hg). Tyrimo eiga buvo tokia: 60 min. papi-
liarinius raumenclius perfuzavome prisotintu deguonimi
normaliu Tyrode tirpalu, toliau 20 min. perfuzija buvo at-
liekama su tiriamyjy junginiy atitinkamy koncentracijy tir-
palais. Po to vel 60 min. perfuzija hipoksiniu tirpalu su to-
mis paciomis junginiy koncentracijomis. Eksperimentai
parode, kad papiliariniy raumenéliy susitraukimo jéga ma-
Z€jo zymiai léciau, kai jie buvo veikiami hipoksiniu tirpa-
lu su milrinonu (83 umol/l) arba benzimidazolo dariniu
(240 umol/l). Hipoksija susitraukimo jéga kontrolinéje gru-
peje visai blokavo per 40 min., tuo tarpu milrinono ir ben-
zimidazolo grupése ji sudaré atitinkamai 30,5 ir 40,7%.
kontrolés atzvilgiu. Hipoksiné raumenéliy kontraktiira eks-
perimentinése grupése pradéjo vystytis gerokai (p < 0,05)
véliau ir buvo apie 34,0% mazesné, jei lygintume su
kontrole. Pana$iis rezultatai gauti ir veikiant 5-bromizati-
nui. Dél bromizatino poveikio kontraktiira buvo mazesné
apie 40%. Taigi preliminariné 20 min. trukmés papiliariniy
raumenéliy perfuzija su milrinonu, benzimidazolo dariniu
ir 5-bromizatinu, padidino Ca?* jony koncentracija miokar-
do audinyje, o tai tikriausiai ir tapo apsauginiu veiksniu
(imituojanciu ischeminj pripratinima) nuo hipoksijos sukel-
to pakenkimo.

Toliau straipsnyje diskutuojama apie adenozino, norad-
renalino, C proteinkinazes bei K, kanaly stimuliatoriy ir
blokatoriy jtaka miokardo ischeminiam pripratinimui, juy
veikimo mechanizmus ir klinikinio vartojimo galimybes.

Raktazodziai: jiry kiaulyCiy papiliariniai raumenys, tei-
giamos inotropinés medziagos milrinonas, 5-bromizatinas,
1-acetil-5,6-dimetoksi-2-metiltiobenzimidazolas, hipoksinis
miokardo pakenkimas
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