
CARDIOMYOCYTE MITOCHONDRIAL KATP CHANNELS
PARTICIPATE IN THE ANTIARRHYTHMIC AND ANTIINFARCT
EFFECTS OF KATP ACTIVATORS DURING ISCHEMIA AND RE-
PERFUSION IN AN INTACT ANESTHETIZED RABBIT MODEL

Biswadeep Das���, Chayna Sarkar�

����������� 	
 ������	�	��� ������������� ��������� 	
 ������ ������� ��� ����� ���	��� �����	�����  !"� �������
������ ����������� 	
 ������	�	��� ���������	��� #����� 
	� $����� ������� �������� %�����������&   '� �����

Cardiomyocyte mitochondrial K��� channels participate in the antiar-
rhythmic and antiinfarct effects of K��� activators during ischemia and
reperfusion in an intact anesthetized rabbit model. B. DAS, C. SARKAR.
Pol. J. Pharmacol., 2003, 55, 771–786.

Recent evidence suggests that the mitochondrial K
���

channels may be
involved as a subcellular mediator in cardioprotection afforded by ischemic
and pharmacological preconditioning by K

���
activators. The present study

investigated the effects of administration of non-hypotensive doses of ATP-
sensitive K� channel (K

���
) openers, nicorandil (NIC) and pinacidil (PIN),

and specific blockers of mitochondrial (5-hydroxydecanoate) and sarcolemmal
(1-{5-[2-(5-chloro-o-anisamido)ethyl]-2-methoxyphenyl}sulfonyl-3-methyl-
thiourea, HMR 1883) K

���
channels prior to and during coronary occlusion

and post-ischemic reperfusion on survival rate, ischemia- and reperfusion-
induced arrhythmias and myocardial infarct size in anesthetized rabbits.

In Group I, myocardial ischemia-induced arrhythmias were provoked by
tightening a ligature over the left main coronary artery for 30 min. In Group
II, arrhythmias were induced by reperfusion following a 20 min ligation of
the same artery.

Both in Group I and Group II, early iv administration of NIC (0.47 mg/kg),
PIN (0.1 mg/kg), HMR 1883 (3 mg/kg)/NIC and HMR 1883/PIN just prior
to and during ischemia increased survival rate (75%, 86%, 75% and 75%,
respectively, vs. 55% in the control in Group I; 75%, 75%, 75% and 67%,
respectively, vs. 50% in the control in Group II), significantly decreased the
incidence and severity of life-threatening arrhythmias and significantly
decreased myocardial infarct size. However, late iv administration of NIC or
PIN just prior to reperfusion did not increase survival rate nor confer any
antiarrhythmic or cardioprotective effects. The antiarrhythmic and cardio-
protective effects were abolished by pretreating rabbits with 5-hydroxy-
decanoate (5 mg/kg, iv bolus). In the present study, higher levels of malondi-
aldehyde and lower levels of reduced glutathione and superoxide dismutase
in necrotic zone of myocardium in all subgroups in Group II suggest little
anti-free radical property of NIC and PIN. Therefore, it may be assumed that
mitochondrial K

���
channel opening leads to mitochondrial generation and

release of ROS providing for IPC and antiarrhythmic activity. The mitochon-
drial rather than sarcolemmal K

���
channel may represent a potential site of

cardioprotection and antiarrhythmic activity.
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INTRODUCTION

ATP-sensitive potassium (K(��) channels are
known to exist in high density in the sarcolemmal
membrane as well as the mitochondrial membrane
of cardiomyocytes. The K(�� channel is a weakly
inward-rectifying K) channel that is inhibited by
intracellular ATP and activated by intracellular nu-
cleoside diphosphates. Both sarcolemmal and the
more nebulous mitochondrial K(�� channels in the
cardiovascular system might have a physiological
role in modulating cardiac function, particularly
under conditions of metabolic stress, such as hypoxia,
ischemia, and metabolic inhibition when intracellu-
lar ATP stores are reduced. Under normoxic condi-
tions, the K(�� channel exists mainly in a closed,
inactive form. However, during myocardial ische-
mia, as the intracellular ATP concentration falls
and ischemic metabolites (ADP, lactate, H)) accu-
mulate, the probability of the channel being open
increases. This results in an enhanced outward re-
polarizing flow of K) and cell membrane hyperpo-
larization. Consequently, the myocardial action po-
tential duration (APD) is shortened, the voltage-
dependent calcium current and myocardial contrac-
tility are decreased thereby leading to ATP preser-
vation during ischemia. Thus, it is thought that
K(�� channels exert a protective property in myo-
cardial ischemic diseases [20]. Recent studies hint
that mitochondrial K(�� channel opening rather
than sarcolemmal (surface) K(�� channel opening
may play a dominant role in affording cardiopro-
tection in ischemic hearts due to its energy-modula-
ting property [22, 23, 43, 50]. The K(�� channel
from cardiac myocyte mitochondria has been re-

ported to be 2000 times more sensitive to diazoxide
than the cardiomyocyte sarcolemmal K(�� chan-

nels, indicative of the fact that two distinct receptor
subtypes coexist within the cardiomyocyte [22, 23,
43]. Reports indicate that nicorandil, a hybrid K(��

channel opener and nitrate compound [63] at lower
doses exerts a direct cardioprotective effect on heart
muscle cells, an effect mediated by the selective ac-

tivation of mitochondrial K(�� channels [58].
Older studies on the effect of K(�� modulators

on cardiac arrhythmias have been inconsistent in
the setting of myocardial ischemia and reperfusion.
Most of them hypothesize that non-uniform short-

ening of the action potential during myocardial
ischemia may cause increased electrical inhomoge-

neity leading to development of arrhythmias during

acute myocardial ischemia with a tendency to in-
crease infarct size in perfused heart preparations
[13, 16, 38, 64]. Other studies have yielded contra-
dictory results, suggesting that such agents can pre-
serve myocardial function and decrease infarct size
[2, 70], as well as produce an antiarrhythmic effect
[3]. Moreover, the relative roles of sarcolemmal
and mitochondrial K(�� channel modulation on car-
dioprotection and arrhythmias during acute myo-
cardial ischemia and reperfusion are unclear.

Also, oxygen-free radicals generated during
reperfusion have been implicated as one of the ma-
jor causes in the development of reperfusion injury.
Reperfusion in ischemic myocardium can result in
increased formation of superoxide radical (O"

*+),
hydroxyl radical (OH*) and hydrogen peroxide [46].
Nicorandil has been reported to have free radical
scavenging and neutrophil modulating properties
[28, 45].

The aims of our present work, therefore, were
i) to assess whether treatment with non-hypotensive
doses of K(�� channel openers nicorandil and pi-
nacidil, the selective mitochondrial K(�� channel
blocker 5-hydroxydecanoate (5-HD), 5-HD/nicoran-
dil, 5-HD/pinacidil, the selective sarcolemmal K(��

channel blocker 1-{5-[2-(5-chloro-o-anisamido)ethyl]-
2-methoxyphenyl}sulfonyl-3-methylthiourea (HMR
1883) [12, 15, 25, 27, 60], HMR 1883/nicorandil and
HMR 1883/pinacidil produce proarrhythmic or an-
tiarrhythmic effects, and whether opening of the
sarcolemmal or mitochondrial K(�� channels is re-
latable to this effect, ii) to assess biochemically the
effects of nicorandil and pinacidil on oxidative
stress and antioxidant defenses in the myocardium
both during ischemia and reperfusion [by measur-
ing malondialdehyde (MDA), reduced glutathione
(GSH) and superoxide dismutase(SOD)], and iii) to
find out whether nicorandil or pinacidil given prior
to and during coronary occlusion or prior to and
during reperfusion result in cardioprotection.

MATERIALS and METHODS

Animals

Male New Zealand white rabbits, weighing
2–3 kg, were used in our experiments. The care and
use of animals in this work were in accordance
with “Guidelines for the Care and Use of Labora-
tory Animals”, prepared by the Indian National
Science Academy, New Delhi [1].
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Surgical preparation of the animals and hemody-

namic measurements

The animals were anesthetized with pentobarbi-
tone sodium (30 mg/kg) and ketamine hydrochlo-
ride (35 mg/kg) administered via a marginal ear
vein. After a midline cervical incision, the trachea
was cannulated. Animals were ventilated with room
air supplemented with O", tidal volume being ad-
justed to maintain arterial pH between 7.3 and 7.5,
pO" at 20 kPa and pCO" at 5 kPa. The rate of ven-
tilation was 55 min+ . The right jugular vein was
cannulated with polyethylene tubing for iv admini-
stration of drugs or saline.

Blood pressure was obtained from the right
common carotid artery using a pressure transducer
(P23XL; Gould, USA) for continuous recording of
arterial blood pressure as well as intermittent arte-
rial blood gas measurements (AVL 993; AVL Me-
dical Instruments, UK). Periodic monitoring and
maintenance of rectal temperature at 38.5 ± 0.5°C
was achieved with a heating pad.

The heart was exposed after the thorax was
opened in the left 4th intercostal space followed by
pericardiotomy. A loose loop of 3–0 atraumatic silk
(NW 5070, Ethicon, Johnson & Johnson, India)
was placed around the left main coronary artery
about 2 mm from its origin. The ends of the silk
were passed through the wall of a cylinder-shaped
polyethylene tube formed from a cannula and was
led outside the thorax. Thereafter, the heart was set
back in its place.

Electrodes were attached to the shaved area on
each limb for recording the surface ECG. After al-
lowing time (approximately 5 min) for the blood
pressure and the heart rate to stabilize, coronary ar-
tery occlusion was effected by pulling the ends of
the silk ligature taut to produce myocardial ische-
mia. Visible regional epicardial cyanosis, regional
hypokinesis within 20–30 s and ECG changes (in-
crease in R wave and ST segment elevation) were
confirmative of myocardial ischemia. Reperfusion
was induced by releasing the silk ligature whence
visible hyperemia was evident on the surface.

Survival and electrocardiographic arrhythmia

recordings

The ECG was continuously recorded using limb
lead II. The survival rate and the duration of ar-
rhythmias were registered in accordance with the
Lambeth Conventions [66], i.e. VF, VT and other

various arrhythmias like single ventricular ectopic
beats (VEBs), bigeminia and salvos. When VF oc-
curred, no attempt was made to defibrillate the ani-
mals.

An arrhythmia score was used to evaluate the
incidence and duration of various arrhythmias by
giving a grade to each animal as follows: 0 = no ar-
rhythmias; 1 = < 10s VT or other arrhythmias, no
VF; 2 = 11–30 s VT or other arrhythmias, no VF;
3 = 31–90 s VT or other arrhythmias, no VF; 4 =
91–180 s VT or other arrhythmias, and/or < 10 s re-
versibleVF; 5 = > 180 s VT or other arrhythmias,
and/or > 10 s reversible VF; 6 = irreversible VF [42].

Experimental groups and drug treatment

The experimental protocol consisted of two
separate groups. Group I concerned with the as-
sessment of drug action on ischemia-induced ar-
rhythmias and Group II concerned with the assess-
ment of drug action on reperfusion arrhythmias fol-
lowing an episode of coronary occlusion.

Group I

This part of the experiment involved 79 rabbits
allocated into 8 subgroups of 11, 8, 7, 12, 13, 12, 8
and 8, respectively, and the protocol is illustrated in
Figure 1. All the animals were subjected to a 30-min
coronary occlusion only. Animals were divided
into the following eight treatment subgroups. Sub-
group I (11 animals): control subgroup; iv 0.9%
NaCl (1 ml bolus) 5 min before coronary occlusion.
Subgroup II (8 animals): iv nicorandil (0.47 mg/kg
bolus) 5 min before coronary artery occlusion. Sub-
group III (7 animals): iv pinacidil (0.1 mg/kg) 5 min
before coronary artery occlusion. Subgroup IV (12
animals): iv 5-HD (5 mg/kg) 5 min before iv nico-
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S or N
or P

± 5-HD/
HMR 1883

5’ 30’ Occ

Fig. 1. Experimental protocol for Group I. ± 5-HD or HMR
1883 – Experiments were performed with or without prior
5-hydroxydecanoate or HMR 1883 administration (5 min be-
fore saline or nicorandil or pinacidil iv); Occ – period of coro-
nary occlusion; S – saline (1 ml, bolus; iv); N – nicorandil (0.47
mg/kg, bolus; iv); P – pinacidil (0.1 mg/kg, bolus; iv); 5-HD –
5-hydroxydecanoate (5 mg/kg, bolus; iv); iv – intravenous
injection



randil administration as in Subgroup II. Subgroup
V (13 animals): iv 5-HD (5 mg/kg) 5 min before iv
pinacidil administration as in Subgroup III. Sub-
group VI (12 animals): iv 5-HD (5 mg/kg) 5 min
before iv saline as in Subgroup I. Subgroup VII (8
animals): iv HMR 1883 (3 mg/kg) 5 min before iv
nicorandil administration as in Subgroup II. Sub-
group VIII (8 animals): iv HMR 1883 (3 mg/kg)
5 min before iv pinacidil administration as in Sub-
group III.

The animals in Subgroups II and III were used
to detect the ability of treatment with nicorandil
and pinacidil, respectively, to protect the animals
from ischemia-induced arrhythmias. The animals
in Subgroups IV and V were used to determine the
effects of treatment with nicorandil and pinacidil,
respectively, on ischemia-induced arrhythmias in
rabbits pretreated with 5-HD. The animals in Sub-
group VI were used to determine the effect of pre-
treatment with 5-HD on ischemia-induced arrhyth-
mias. The animals in Subgroups VII and VIII were
used to determine the effects of treatment with ni-
corandil and pinacidil, respectively, on ischemia-
induced arrhythmias in rabbits pretreated with
HMR 1883.

Group II

This part of the experiment involved 184 rab-
bits allocated into 16 subgroups of 12, 8, 8, 12, 13,

14, 8, 9, 13, 10, 11, 14, 15, 14, 11 and 12, respec-

tively, and the protocols are summarized in Figure 2.

All the animals were subjected to a 20-min coro-

nary occlusion followed by 120 min of reperfusion.

In case of VF at the time of onset of reperfusion,

the experiment was terminated and the animal was

considered dead during ischemia and was excluded

from the study. Animals were divided into the fol-

lowing sixteen treatment subgroups. Subgroup I

(12 animals): iv 0.9% NaCl (1 ml bolus) just before

coronary occlusion. Subgroup II (8 animals): iv ni-

corandil (0.47 mg/kg bolus) just before coronary

artery occlusion. Subgroup III (8 animals): iv
pinacidil (0.1 mg/kg) just before coronary artery

occlusion. Subgroup IV (12 animals): iv 5-HD (5

mg/kg) 5 min before iv nicorandil administration as

in Subgroup II. Subgroup V (13 animals): iv 5-HD

(5 mg/kg) 5 min before iv pinacidil administration

as in Subgroup III. Subgroup VI (14 animals): iv
5-HD (5 mg/kg) 5 min before iv normal saline as in

Subgroup I. Subgroup VII (8 animals): iv HMR

1883 (3 mg/kg) 5 min before iv nicorandil admini-

stration as in Subgroup II. Subgroup VIII (9 ani-

mals): iv HMR 1883 (3 mg/kg) 5 min before iv
pinacidil administration as in Subgroup III. Sub-

group IX (13 animals): iv 0.9% NaCl (1 ml bolus)

just before start of reperfusion. Subgroup X (10

animals): iv nicorandil (0.47 mg/kg bolus) just be-

fore start of reperfusion. Subgroup XI (11 animals):

iv pinacidil (0.1 mg/kg) just before start of reperfu-

sion. Subgroup XII (14 animals): iv 5-HD (5 mg/kg)

5 min before iv nicorandil administration as in Sub-

group X. Subgroup XIII (15 animals): iv 5-HD (5

mg/kg) 5 min before iv pinacidil administration as

in Subgroup XI. Subgroup XIV (14 animals): iv
5-HD (5 mg/kg) 5 min before iv 0.9% NaCl ad-

ministration as in Subgroup IX. Subgroup XV (11

animals): iv HMR 1883 (3 mg/kg) 5 min before iv
nicorandil administration as in Subgroup X. Sub-

group XVI (12 animals): iv HMR 1883 (3 mg/kg)

5 min before iv pinacidil administration as in Sub-

group XI.
The animals in Subgroups I and IX served as

the control subgroups. Animals in Subgroups II and

III were used to detect the ability of treatment with

nicorandil and pinacidil, respectively, during the

period of coronary occlusion to influence reperfu-

sion-induced arrhythmias and myocardial infarct

size. The animals in Subgroups IV and V were used

to determine the effects of treatment with nicoran-

dil and pinacidil, respectively, during the period of
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± 5-HD/
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± 5-HD/
HMR 1883

20’ Occ

20’ Occ

120’ Rep

120’ Rep

Fig. 2. Experimental protocol for Group II. ± 5-HD or HMR
1883 – Experiments were performed with or without prior
5-hydroxydecanoate or HMR 1883 administration (5 min be-
fore saline or nicorandil or pinacidil iv); Occ – period of coro-
nary occlusion; Rep – period of reperfusion; S – saline (1 ml,
bolus; iv); N – nicorandil (0.47 mg/kg, bolus; iv); P – pinacidil
(0.1 mg/kg; iv); 5-HD – 5-hydroxydecanoate (5 mg/kg, bolus;
iv); iv – intravenous injection



coronary occlusion on reperfusion-induced arrhyth-
mias and myocardial infarct size in rabbits pre-
treated with 5-HD.The animals in Subgroup VI
were used to determine the effect of pretreatment
with 5-HD before ischemia on reperfusion-induced
arrhythmias and myocardial infarct size. The ani-
mals in Subgroups VII and VIII were used to deter-
mine the effects of treatment with nicorandil and
pinacidil, respectively, during the period of coro-
nary occlusion on reperfusion-induced arrhythmias
and myocardial infarct size in rabbits pretreated
with HMR 1883. Animals in Subgroups X and XI
were used to detect the ability of pretreatment with
nicorandil and pinacidil, respectively, during the
period of reperfusion to influence reperfusion-
induced arrhythmias and myocardial infarct size.
Animals in Subgroups XII and XIII were used to
determine the effects of treatment with nicorandil
and pinacidil, respectively, during the period of
reperfusion on reperfusion-induced arrhythmias
and myocardial infarct size in rabbits pretreated
with 5-HD. Animals in Subgroup XIV were used to
determine the effect of pretreatment with 5-HD be-
fore reperfusion. Animals in Subgroups XV and
XVI were used to determine the effects of treat-
ment with nicorandil and pinacidil, respectively,
during the period of reperfusion on reperfusion-
induced arrhythmias and myocardial infarct size in
rabbits pretreated with HMR 1883.

Determination of the infarct size (for Group II)

After completing all measurements at the end of
each experiment, staining of the risk area was ac-
complished by reoccluding the coronary artery and
injecting methylene blue (3%) into the venous can-
nula thereby demarcating the area at risk. After
3 min, the heart was excised from the body of the
animal and washed in isotonic saline. After freez-
ing, the heart was sliced transversely from apex to
base into 2 mm sections. The slices were defrosted,
blotted and then incubated at 37°C with 0.1% w/v
nitroblue tetrazolium in Sorensen’s phosphate buffer
(0.1 M, pH 7.4) for 30 min. Normal myocardium
was stained dark blue within 15 min, while the in-
farcts (necrotic tissues) remained unstained or stained
only faintly. The areas of risk and infarct were de-
termined by using computer-aided planimetry.

Biochemical parameters

Myocardial tissue lipid peroxidation, glutathio-
ne (GSH) and SOD levels in non-risk zone, non-

ischemic zone, zone at risk and infarction were es-
timated by standard methods [5, 6, 14, 37]. Tissue
samples for non-risk zones were taken at the end of
30 min ischemia in Group I and tissue samples for
non-ischemic zones were taken after 20 min of
ischemia and 120 min of reperfusion in Group II
from the right ventricle not supplied by the left
coronary artery.

In brief, for MDA estimation cardiac tissue
sample and stock reagent (comprising of trichlo-
roacetic acid (15% (w/v) in 0.25 M HCl) and thio-
barbituric acid (0.37% (w/v) in 0.25 M HCl) in
a volume ratio of 1:2 were combined in a screw-
capped centrifuge tube, mixed and heated for 15 min
in boiling water. After cooling, the precipitate was
removed by centrifugation at 1000 g for 10 min and
the absorbance of the supernatant was measured at
535 nm against a sample blank containing reagents
but no sample. Results of lipid peroxidation were
expressed in terms of MDA (MDA/g wet tissue) af-
ter taking molar absorption coefficient of 1.56 ×
10� M + .cm+ for MDA.

For GSH determination, to 2.0 ml tissue sam-
ple, 0.5 ml precipitating solution (containing 1.67 g
metaphosphoric acid, 0.2 g Na"EDTA, 30 g NaCl
dissolved in 100 ml of water) was added. The mix-
ture was allowed to stand for 5 min and then fil-
tered. 1.6 ml phosphate solution (0.3 M Na"HPO5)
was added to 0.4 ml filtrate. 0.2 ml DTNB reagent
[5,5’-dithiobis(2-nitrobenzoic acid)] in 1% sodium
citrate was added to the mixture. The absorbance
was read at 412 nm. A blank was prepared with 1.6
ml of phosphate solution, 4 ml of diluted precipitat-
ing solution (to 3 parts, 2 parts of distilled water),
and 0.2 ml of DTNB reagent. Glutathione content
was determined from standard curve obtained from
different known quantity of pure GSH.

SOD determination was based on the method
originally described by Beauchamp and Fridovich
[5]; the xanthine-xanthine oxidase system was used
to generate O"

*+ and the reduction rate of cyto-
chrome by O"

*+ was monitored at 550 nm. The in-
hibition of this reduction when the SOD-containing
preparation was added was used as a measure of
the activity of SOD. Protein was estimated by the
method of Lowry et al. [44].

Drugs

Nicorandil pure powder was a gift from Torrent
Pharmaceuticals Ltd. (Gujarat, India) and HMR
1883 was obtained from Aventis Pharma Deutsch-
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land (Frankfurt, Germany). We purchased pinaci-
dil, glutathione (reduced), riboflavin, bovine serum
albumin, methylene blue and nitroblue tetrazolium
from Sigma Chemical Co. (St. Louis, MO, USA)
and 5-hydroxydecanoate (sodium salt) from Re-
search Biochemicals International (Natick, MA,
USA). 2-Thiobarbituric acid was purchased from
Loba Chemicals, India. All the drugs were dissolved
in dimethyl sulfoxide/saline, 1:1 mixture, where
necessary. Each dose was prepared on the day on
which the particular experiment was performed.

Statistical analysis

For the statistical analysis of the survival rate,
percentage protection and the incidence of arrhyth-
mias (percentage), Fischer’s Exact Probability Test
was applied. Arrhythmia scores were compared us-
ing Kruskal-Wallis Rank Sum Test. The other pa-
rameters were expressed as means ± SEM and after
one-way analysis of variance (one-way ANOVA)

were compared by means of Duncan’s New Multi-
ple Range Procedure. A p value < 0.05 was consid-
ered as statistically significant.

RESULTS

Group I

Hemodynamic variables (heart rate, mean arterial

blood pressure – MABP) and differences in arte-

rial blood gases

There were no significant differences in these
hemodynamic parameters between and within sub-
groups throughout the experimental period. The
minor reductions in MABP within subgroups at the
end of the 30 min ischemia compared to the base-
line values were not statistically significant. Rectal
temperature and arterial blood pH were well-main-
tained in the physiological range, and there were no
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Table 1. Effects of nicorandil, pinacidil, 5-hydroxydecanoate/nicorandil, 5-hydroxydecanoate/pinacidil, 5-hydroxydecanoate, HMR
1883/nicorandil, HMR 1883/pinacidil on the incidence, duration and severity of arrhythmias during coronary occlusion in anesthe-
tized rabbits

Subgroup n
Survived
(No./%)

Arrhythmia incidence
(No./%)

Duration of arrhythmia
(s)

Mean
arrhythmia

score�
None VF VT Other VF VT Other Total

I (CONT) 11 6/55 0/0 7/64 9/82 11/100 351.4
± 56.8

1101.6
± 101.4

146.2
± 36.1

1599.2
± 106.4

5.8
± 0.4

II (NIC) 8 6/75 6/75*** 0/0* 1/13* 2/25*** 0.0
± 0.0**

1.5
± 1.5**

80.5
± 48.4

82.0
± 60.6**

0.7
± 0.1****

III (PIN) 7 6/86 6/86*** 0/0* 1/14* 2/29*** 0.0
± 0.0**

2.1
± 2.1**

96.6
± 50.2

98.7
± 58.7**

0.6
± 0.2****

IV (5-HD
+ NIC)

12 6/50 0/0 7/58 0/83 11/92 362.1
± 58.4

1098.4
± 98.9

180.1
± 63.6

1640.6
± 108.1

5.8
± 0.6

V (5-HD
+ PIN)

13 6/46 0/0 10/77 10/77 13/100 378.6
± 61.6

1020.6
± 101.4

208.5
± 62.2

1607.7
± 110.6

5. 6
± 0.4

VI (5-HD) 12 6/50 0/0 7/58 10/83 12/100 366.2
± 59.6

1014.7
± 103.8

288.2
± 66.4

1669.1
± 114.2

5. 8
± 0.7

VII (HMR 1883
+ NIC)

8 6/75 6/75*** 0/0* 1/13* 2/25*** 0.0
± 0.0**

3.3
± 3.3**

64.6
± 33.2

67.9
± 46.7**

0.5
± 0.1****

VIII (HMR 1883
+ PIN)

8 6/75 6/75*** 0/0* 1/13* 2/25*** 0.0
± 0.0**

2.8
± 2.8**

118.1
± 52.9

120.9
± 56.8**

1.2
± 0.9****

n – total number of animals; No. – number of animals exhibiting the given response; % – percentage of the animals exhibiting the
given response; VF – ventricular fibrillation; VT – ventricular tachycardia; Other – extrasystoles, salvos and/or bigeminy; CONT –
control; NIC – nicorandil; PIN – pinacidil; 5-HD – 5-hydroxydecanoate; * p < 0.05 vs. control; ** p < 0.01 vs. control;*** p < 0.005
vs. control; **** p < 0.001 vs. control; � – data are means ± SEM



significant differences between subgroups during
the course of experimentation.

Arrhythmias during ischemia

Ventricular arrhythmias occurred immediately
following ligation of the left coronary artery. Major
arrhythmias started between 5 and 20 min post-oc-
clusion.

During ischemia, the number of animals without
any arrhythmia were significantly higher in the ni-
corandil-treated subgroup, the pinacidil-treated sub-
group, HMR 1883/nicorandil subgroup and HMR
1883/pinacidil subgroup compared with the control
rabbits. Treatment with nicorandil and pinacidil
significantly decreased the incidence of VF, VT
and other arrhythmias during coronary occlusion as
shown in Table 1. 5-HD pretreatment abolished the
beneficial effects of nicorandil and pinacidil on
ischemia-induced arrhythmias. However, pretreat-
ment with HMR 1883 did not abrogate the benefi-
cial effects of nicorandil and pinacidil on ische-
mia-induced arrhythmias. The arrhythmia scores
which take into account the severity and the dura-
tion of the arrhythmias in addition to the survival
rate in a single number were also significantly de-
creased in the subgroups receiving nicorandil,
pinacidil, HMR 1883/nicorandil and HMR 1883/
pinacidil (Tab. 1).

The durations of the various arrhythmias, e.g.
VF, VT, etc., during the coronary occlusion are pre-
sented in Table 1 for the various subgroups. Statis-
tically significant reductions in the lengths of ar-
rhythmic attacks were obtained for VF in the
nicorandil-treated, pinacidil-treated, HMR 1883/
nicorandil-treated and HMR 1883/pinacidil-treated
subgroups, for VT in the nicorandil-treated, pinaci-
dil-treated, HMR 1883/nicorandil-treated and HMR
1883/pinacidil-treated subgroups, and for total du-
ration of arrhythmic attacks in the nicorandil-treated,
pinacidil-treated, HMR 1883/nicorandil-treated and
HMR 1883/pinacidil-treated subgroups. The lengths
of arrhythmic attacks in the 5-HD/nicorandil and
5-HD/pinacidil subgroups were not significantly
different from that in the control subgroup indicat-
ing that the antiarrhythmic effects of nicorandil and
pinacidil were abolished by the cardiomyocyte mi-
tochondrial K(�� blocker, 5-HD.

Biochemical estimations

Changes in MDA, GSH and SOD levels in the
non-risk zone and zone at risk in the eight sub-
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Table 2. Effects of nicorandil, pinacidil, 5-hydroxydecanoate/
nicorandil, 5-hydroxydecanoate/pinacidil, 5-hydroxydecanoate,
HMR 1883/nicorandil and HMR 1883/pinacidil on MDA, GSH
and SOD levels in non-risk zone and zone at risk after 30 min of
coronary occlusion in anesthetized rabbits

Subgroups
Biochemical
parameters

Non-risk
zone

Zone
at risk

I (CONT) MDA 2.6 ± 0.29 2.8 ± 0.33

GSH 3.8 ± 0.55 1.1 ± 0.13*

SOD 6.8 ± 0.76 2.2 ± 0.79*

II (N) MDA 2.7 ± 0.25 2.7 ± 0.19

GSH 3.7 ± 0.56 3.5 ± 0.60

SOD 6.7 ± 0.73 6.5 ± 0.66

III (P) MDA 2.6 ± 0.21 2.3 ± 0.15

GSH 3.8 ± 0.59 3.5 ± 0.52

SOD 6.6 ± 0.66 6.3 ± 0.54

IV (5-HD + N) MDA 2.4 ± 0.20 2.5 ± 0.19

GSH 3.5 ± 0.67 1.2 ± 0.07*

SOD 6.5 ± 0.66 1.3 ± 0.47*

V (5-HD + P) MDA 2.4 ± 0.22 2.5 ± 0.21

GSH 3.5 ± 0.59 1.0 ± 0.10*

SOD 6.6 ± 0.77 1.7 ± 0.63*

VI (5-HD) MDA 2.7 ± 0.31 2.8 ± 0.22

GSH 3.8 ± 0.65 1.2 ± 0.14*

SOD 6.9 ± 0.88 2.0 ± 0.55*

VII (H + N) MDA 2.6 ± 0.24 2.6 ± 0.22

GSH 3.8 ± 0.56 3.6 ± 0.48

SOD 6.6 ± 0.84 6.5 ± 0.62

VIII (H + P) MDA 2.7 ± 0.22 2.5 ± 0.14

GSH 3.8 ± 0.60 3.6 ± 0.52

SOD 6.7 ± 0.61 6.5 ± 0.49

Data are means ± SEM; CONT – control; N – nicorandil; P –
pinacidil; 5-HD – 5-hydroxydecanoate; H – HMR 1883; MDA
– malondialdehyde (nmol/g of tissue); GSH – glutathione (�g/g
of tissue protein); SOD – superoxide dismutase (units/mg of tis-
sue protein); * p < 0.001 as compared to non-risk zone



groups are presented in Table 2. There were no sig-
nificant differences in the MDA levels in the vari-
ous zones among and between the various sub-
groups. GSH and SOD levels showed a decrease in
the zones at risk and in the non-risk zones when
compared to the non-ischemic zones in all the sub-
groups except subgroups II, III, VII and VIII.

Group II

Hemodynamic variables (heart rate, mean arterial

blood pressure – MABP) and differences in arte-

rial blood gases

As in Group I, there were no significant differ-
ences in these hemodynamic parameters between
and within groups throughout the experimental pe-
riod. Rectal temperature and arterial blood pH were
well-maintained in the physiological range, and
there were no significant differences between sub-
groups during the course of experimentation.

Arrhythmias during reperfusion

Following the 20-min occlusion of the coronary
artery and the resulting regional myocardial ische-
mia and infarction, the silk ligature around the ar-
tery was released for reperfusion to occur. Reperfu-
sion arrhythmias started within 30–45 s in the con-
trol animals. Higher number of animals survived
the reperfusion period in the subgroups (II, III, VII
and VIII) which were treated with nicorandil,
pinacidil, HMR 1883/nicorandil and HMR 1883/
pinacidil, respectively, during the coronary occlu-
sion but not in the subgroups (X, XI, XV and XVI),
which received nicorandil, pinacidil, HMR 1883/
nicorandil and HMR 1883/pinacidil, respectively,
during the period of reperfusion compared to the
control animals (Tab. 3).

The effects of nicorandil, pinacidil, 5-HD/nico-
randil, 5-HD/pinacidil, 5-HD alone, HMR 1883/ni-
corandil and HMR 1883/pinacidil on the incidence
and severity of arrhythmias during the 120 min of
reperfusion are presented in Table 3. During reper-
fusion, the number of animals without any arrhyth-
mias were significantly higher in subgroups II, III,
VII and VIII, i.e. the animals which were treated
with nicorandil, pinacidil, HMR 1883/nicorandil
and HMR 1883/pinacidil, respectively, during the
period of ischemia due to coronary occlusion but
not in subgroups X, XI, XV and XVI which were
treated with nicorandil, pinacidil, HMR 1883/nico-
randil and HMR 1883/pinacidil, respectively, be-

fore reperfusion. 5-HD pretreatment abolished the
beneficial effects of both nicorandil and pinacidil
on reperfusion arrhythmias. On the other hand, pre-
treatment with HMR 1883 did not prevent the
beneficial effects of nicorandil and pinacidil on
reperfusion arrhythmias.

Treatment with nicorandil, pinacidil, HMR 1883/
nicorandil and HMR 1883/pinacidil, respectively,
before the period of coronary occlusion in sub-
groups II, III, VII and VIII decreased the incidence
of VF, VT and other arrhythmias in comparison to
the control subgroup (Subgroup I) or subgroups
pretreated with 5-HD. Statistically significant de-
creases in the incidence of VT in subgroups II, III,
VII and VIII as well as other arrhythmias in sub-
groups II, III, VII and VIII were observed in com-
parison with the control animals.

The arrhythmia scores which take into account
the severity and the duration of arrhythmias in ad-
dition to the survival rate in a single numerical
quantity were also significantly decreased in sub-
groups II, III, VII and VIII (Tab. 3).

The durations of the various arrhythmias, e.g.
VF, VT and other arrhythmias during reperfusion
are presented in Table 5 for the control, nicorandil-,
pinacidil-, 5-HD/nicorandil-, 5-HD/pinacidil-, 5-HD-,
HMR 1883/nicorandil- and HMR 1883/pinacidil-
treated subgroups. Statistically significant reduc-
tions in the lengths of arrhythmic attacks were ob-
tained in subgroups II, III, VII and VIII (which re-
ceived nicorandil, pinacidil, HMR 1883/nicorandil
and HMR 1883/pinacidil, respectively, before coro-
nary occlusion) for VF, for VT and for total dura-
tion of arrhythmic attacks. No reduction in the
lengths of arrhythmic attacks were seen in sub-
groups X, XI, XV and XVI which received nico-
randil, pinacidil, HMR 1883/nicorandil and HMR
1883/pinacidil, respectively, before reperfusion.

Myocardial infarct size

All the experimental animals clearly demon-
strated areas of myocardial infarction arising from
20 min of coronary occlusion and 120 min of reper-
fusion. The area at risk was not significantly different
among the various subgroups in Group II (Tab. 4).
A significant reduction in myocardial infarct size,
expressed as a percentage of the area at risk were
observed in subgroups II, III, VII and VIII only, i.e.
in those animals which received nicorandil, pi-
nacidil, HMR 1883/nicorandil and HMR 1883/pi-
nacidil, respectively, before the 20-min coronary
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Table 3. Effects of nicorandil, pinacidil, 5-hydroxydecanoate/nicorandil, 5-hydroxydecanoate/pinacidil, 5-hydroxydecanoate, HMR
1883/nicorandil and HMR 1883/pinacidil on the incidence, duration and severity of arrhythmias during reperfusion in Group II ex-
periments in anesthetized rabbits

Subgroup n
Survived
(No./%)

Arrhythmia incidence
(No./%)

Duration of arrhythmia
(s)

Mean
arrhythmia

score�
None VF VT Other VF VT Other Total

Drugs administered prior to coronary occlusion

I (CONT) 12 6/50 0/0 5/42 12/100 12/100 30.6
± 6.4

91.3
± 14.4

5.2
± 1.6

127.1
± 19.2

5.8
± 0.2

II (NIC) 8 6/75 5/63*** 0/0 1/13*** 2/25*** 0.0
± 0.0**

2.4
± 2.4**

6.1
± 3.2

8.5
± 3.3**

0.7
± 0.1****

III (PIN) 8 6/75 5/63*** 1/13 1/13*** 2/25*** 2.1
± 2.1**

1.1
± 1.1**

8.6
± 4.3

11.8
± 4.7**

1.4
± 0.6*

IV (5-HD + NIC) 12 6/50 1/8 6/50 11/92 12/100 24.2
± 4.1

79.2
± 10.7

10.6
± 2.9

114.0
± 16.4

5.5
± 0.7

V (5-HD + PIN) 13 6/46 2/15 8/62 11/85 13/100 17.4
± 3.9

90.4
± 15.1

6.5
± 1.3

114.3
± 15.4

5.6
± 0.9

VI (5-HD) 14 6/43 1/7 9/64 14/100 14/100 23.5
± 2.7

86.7
± 18.9

6.2
± 1.9

116.4
± 19.1

5.8
± 0.6

VII (HMR 1883
+ NIC)

8 6/75 5/63*** 0/0 1/13*** 2/25*** 0.0
± 0.0**

2.3
± 2.3**

6.4
± 3.2

8.7
± 3.3**

0.7
± 0.2***

VIII (HMR 1883
+ PIN)

9 6/67 6/67*** 1/11 1/11** 2/22*** 1.4
± 1.4**

2.5
± 2.5**

5.2
± 2.6

9.1
± 4.1**

0.8
± 0.2***

Drugs administered prior to reperfusion

IX (CONT) 13 6/46 0/0 8/62 11/85 12/92 30.1
± 3.5

75.2
± 11.2

12.6
± 3.1

117.9
± 12.0

5.7
± 0.5

X (NIC) 10 6/60 2/20 4/40 8/80 10/100 19.6
± 4.4

82.5
± 12.2

10.2
± 2.5

112.3
± 12.8

5.2
± 0.4

XI (PIN) 11 6/55 2/18 7/64 9/82 10/91 21.0
± 3.2

77.1
± 14.6

16.2
± 1.3

114.3
± 15.4

5.3
± 0.5

XII (5-HD
+ NIC)

14 6/43 3/21 8/57 13/93 12/88 18.4
± 3.4

90.4
± 14.1

9.8
± 1.2

118.6
± 15.2

5.4
± 0.8

XIII (5-HD
+ PIN)

15 6/40 1/7 10/67 13/87 14/93 24.3
± 3.3

80.4
± 13.7

11.0
± 2.2

115.7
± 15.4

5.7
± 0.8

XIV (5-HD) 14 6/43 6/43 11/79 13/93 12/86 25.3
± 2.2

85.4
± 14.3

18.2
± 1.6

128.9
± 15.1

5.6
± 1.1

XV (HMR 1883
+ NIC)

11 6/55 2/18 7/64 10/91 11/100 18.4
± 6.3

80.6
± 11.4

18.2
± 1.3

117.2
± 12.6

5.4
± 0.7

XVI (HMR 1883
+ PIN)

12 6/50 3/25 6/50 9/75 12/100 20.4
± 5.9

78.1
± 13.6

15.3
± 2.1

113.8
± 14.6

5.5
± 0.7

� – data are means ± SEM; n – total number of animals; No. – number of animals exhibiting the given response; % – percentage of the
animals exhibiting the given response; VF – ventricular fibrillation; VT – ventricular tachycardia; Other – extrasystoles, salvos
and/or bigeminy; CONT – control; NICO – nicorandil; PIN – pinacidil; 5-HD – 5-hydroxydecanoate; H – HMR 1883; p < 0.05 vs.
control; ** p < 0.01 vs. control; *** p < 0.001 vs. control



occlusion period compared to the control subgroup.
The cardioprotective effects of nicorandil and pina-
cidil (when administered to rabbits during coronary
occlusion, i.e. before reperfusion) were abolished
by pretreatment with the selective mitochondrial
K(�� channel blocker, 5-HD, but not by HMR 1883.
However, it appears that by itself treatment with
5-HD has little effect on myocardial infarct size
(Tab. 4).

Biochemical parameters

The alterations in MDA, GSH and SOD levels
in the various zones in all the sixteen subgroups are
presented in Table 5. It is evident that MDA levels
in zones at risk were significantly higher in com-
parison to non-ischemic zones. In the zones of in-

farction, MDA levels were significantly higher
when compared to levels in the zones at risk. It is
notable that GSH and SOD levels showed a de-
crease in the zones at risk and in the zones of in-
farction when compared with the non-ischemic
zones in the sixteen subgroups. None of the treat-
ments influenced significantly these biochemical
parameters compared to the control.

DISCUSSION

Nicorandil and pinacidil at non-hypoten-

sive doses selectively activate cardiomyo-

cyte mitochondrial KATP channels in

the intact rabbit heart

The present study demonstrates that pretreat-
ment with nicorandil and pinacidil, both K(��

channel openers administered just prior to coronary
occlusion, may offer significant protective effect
during ischemia as well as reperfusion in anesthe-
tized rabbits. Therefore, both these treatments can
be regarded as arising out of pharmacological pre-
conditioning. In addition, the study provides evi-
dence that the openers are not protective when
given just prior to the reperfusion. 5-HD, a specific
mitochondrial K(�� channel blocker, offered no pro-
tection against arrhythmias in the ischemic-reper-
fused rabbit heart in vivo. However, pretreatment
with 5-HD but not HMR 1883 (a selective cardio-
myocyte sarcolemmal K(�� channel blocker) abol-
ished the beneficial effects of nicorandil and pina-
cidil on ischemia/reperfusion-induced arrhythmias
and cardioprotection suggesting that such effects
may have probably been achieved via the selective
activation of mitochondrial K(�� channels rather
than sarcolemmal K(�� channels.

Nicorandil, a hybrid K(�� channel opener and
nitrate compound [62, 63], is being used clinically
for the treatment of angina pectoris [40]. The car-
dioprotective effects of nicorandil in ischemic
hearts have received utmost attention as nicorandil
can improve the recovery of postischemic contrac-
tile dysfunction, can reduce infarct size and can
exert antiarrhythmic action in several animal mo-
dels [22, 33, 34, 49] and in humans [36, 39, 54].
Pinacidil is a cyanoguanidine compound capable of
opening K(�� channels [35]. K(�� channel openers
may shorten the action potential duration, thereby
reducing cellular calcium overload and preserving
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Table 4. Effects of nicorandil, pinacidil, 5-hydroxydecanoate/
nicorandil, 5-hydroxydecanoate/pinacidil, 5-hydroxydecanoate,
HMR 1883/nicorandil and HMR 1883/pinacidil on myocardial
infarct size, expressed as a percentage of risk region in anesthe-
tized rabbits

Subgroup
Area at risk
(% of total)

Infarct size
(% of area at risk)

Drugs administered prior to coronary occlusion

I (CONT) 45.6 ± 3.4 39.9 ± 4.1

II (N) 45.4 ± 3.8 19.6 ± 2.2*

III (P) 47.5 ± 3.4 21.7 ± 2.3*

IV (5-HD + N) 46.4 ± 4.1 39.2 ± 2.9

V (5-HD + P) 45.8 ± 4.2 41.6 ± 3.4

VI (5-HD) 44.3 ± 3.1 40.4 ± 3.2

VII (H + N) 45.4 ± 3.5 21.9 ± 2.0*

VIII (H + P) 47.2 ± 3.7 20.3 ± 2.1*

Drugs administered prior to reperfusion

IX (CONT) 44.3 ± 3.6 41.7 ± 3.2

X (N) 47.6 ± 3.5 37.8 ± 3.2

XI (P) 46.5 ± 3.1 39.0 ± 3.4

XII (5-HD + N) 44.5 ± 3.7 42.1 ± 4.2

XIII (5-HD + P) 48.6 ± 3.3 43.9 ± 3.2

XIV (5-HD) 45.8 ± 4.3 42.3 ± 3.3

XV (H + N) 47.5 ± 3.9 39.8 ± 3.6

XVI (H + P) 48.4 ± 4.2 39.4 ± 3.2

Data are means ± SEM; CONT – control; N – nicorandil; P –
pinacidil; 5-HD – 5-hydroxydecanoate; H – HMR 1883; * p <
0.01 vs. control
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Table 5. Effects of nicorandil, pinacidil, 5-hydroxydecanoate/nicorandil, 5-hydroxydecanoate/pinacidil, 5-hydroxydecanoate, HMR
1883/nicorandil and HMR 1883/pinacidil on MDA,GSH and SOD levels in non-ischemic zone, zone at risk and zone of infarction
after 20 min of coronary occlusion and 120 min of reperfusion in anesthetized rabbits

Sub-
groups

Bioche-
mical pa-
rameters

Non-
ischemic

zone

Zone
at risk

Zone of
infarction in
zone at risk

Drugs administered prior to coronary occlusion

I (CONT) MDA 3.1 ± 0.32 8.0 ± 1.31* 19.8 ± 1.86**

GSH 3.7 ± 0.56 1.1 ± 0.13* 0.2 ± 0.71**

SOD 7.2 ± 0.84 2.3 ± 0.96* 0.4 ± 0.31**

II (N) MDA 2.9 ± 0.31 6.5 ± 1.21* 17.2 ± 1.23**

GSH 3.7 ± 0.62 0.9 ± 0.14* 0.2 ± 0.63**

SOD 6.9 ± 0.93 1.7 ± 0.24* 0.4 ± 0.32**

III (P) MDA 3.2 ± 0.39 8.1 ± 1.31* 18.5 ± 1.53**

GSH 3.8 ± 0.72 1.2 ± 0.16* 0.4 ± 0.66**

SOD 6.9 ± 1.01 3.2 ± 0.96* 0.3 ± 0.22**

IV (5-HD
+ N)

MDA 2.8 ± 0.35 8.1 ± 1.31* 18.1 ± 1.37**

GSH 3.6 ± 0.54 1.0 ± 0.11* 0.2 ± 0.65**

SOD 6.8 ± 1.12 1.7 ± 0.50* 0.5 ± 0.10**

V (5-HD
+ P)

MDA 2.8 ± 0.44 8.2 ± 1.12* 18.2 ± 1.36**

GSH 3.7 ± 0.70 0.7 ± 0.58* 0.3 ± 0.62**

SOD 6.6 ± 1.01 2.3 ± 0.66* 0.4 ± 0.10**

VI (5-HD) MDA 3.3 ± 0.37 8.6 ± 0.89* 19.2 ± 1.32**

GSH 3.7 ± 0.40 1.2 ± 0.17* 0.3 ± 0.85**

SOD 6.7 ± 0.89 2.0 ± 0.82* 0.2 ± 0.16**

VII (H
+ N)

MDA 2.9 ± 0.31 6.4 ± 1.19* 16.9 ± 1.21**

GSH 3.6 ± 0.61 1.1 ± 0.21* 0.3 ± 0.62**

SOD 6.7 ± 0.87 1.6 ± 0.24* 0.6 ± 0.30**

VIII (H
+ P)

MDA 3.2 ± 0.27 8.0 ± 1.29* 17.3 ± 1.33**

GSH 3.7 ± 0.71 1.3 ± 0.20* 0.1 ± 0.51**

SOD 6.8 ± 1.01 3.3 ± 0.81* 0.2 ± 0.22**

Sub-
groups

Bioche-
mical pa-
rameters

Non-
ischemic

zone

Zone
at risk

Zone of
infarction in
zone at risk

Drugs administered prior to reperfusion

IX
(CONT)

MDA 3.2 ± 0.40 9.1 ± 1.47* 18.4 ± 0.94***

GSH 3.9 ± 0.76 1.2 ± 0.21* 0.2 ± 0.89***

SOD 6.3 ± 0.60 2.1 ± 0.85* 0.5 ± 0.23***

X (N) MDA 2.9 ± 0.35 8.4 ± 0.87* 17.3 ± 0.84***

GSH 3.8 ± 0.77 1.2 ± 0.83* 0.1 ± 0.75***

SOD 6.5 ± 0.50 1.0 ± 0.71* 0.6 ± 0.31***

XI (P) MDA 3.4 ± 0.71 8.7 ± 1.53* 16.1 ± 1.31***

GSH 3.5 ± 0.69 1.2 ± 0.96* 0.4 ± 0.62***

SOD 6.1 ± 0.28 0.9 ± 0.62* 0.3 ± 0.11***

XII (5-HD
+ N)

MDA 3.1 ± 0.73 9.0 ± 0.74* 18.3 ± 1.22***

GSH 3.2 ± 0.65 1.1 ± 0.29* 0.3 ± 0.76***

SOD 6.7 ± 0.58 0.8 ± 0.34* 0.3 ± 0.56***

XIII (5-HD
+ P)

MDA 2.9 ± 0.66 8.5 ± 0.90* 17.8 ± 1.14***

GSH 3.7 ± 0.82 0.8 ± 0.25* 0.2 ± 0.61***

SOD 6.4 ± 0.60 1.2 ± 0.34* 0.2 ± 0.92***

XIV
(5-HD)

MDA 2.6 ± 0.53 9.2 ± 1.41* 19.5 ± 1.46***

GSH 3.9 ± 0.65 1.2 ± 0.27* 0.2 ± 0.90***

SOD 6.3 ± 0.43 0.9 ± 0.32* 0.2 ± 0.70***

XV (H
+ N)

MDA 2.7 ± 0.33 8.3 ± 1.28* 18.1 ± 0.93***

GSH 3.9 ± 0.69 1.1 ± 0.77* 0.3 ± 0.66***

SOD 6.8 ± 0.51 1.2 ± 0.72* 0.7 ± 0.30***

XVI (H
+ P)

MDA 3.1 ± 0.24 7.5 ± 1.12* 17.3 ± 1.21***

GSH 3.6 ± 0.66 1.1 ± 0.88* 0.2 ± 0.58***

SOD 6.4 ± 0.55 0.8 ± 0.60* 0.2 ± 0.10***

Data are means ± SEM; MDA – malondialdehyde (nmol/g of tissue); GSH – glutathione (�g/g of tissue protein); SOD – superoxide
dismutase (units/mg of tissue protein); CONT – control; N – nicorandil; P – pinacidil; 5-HD – 5-hydroxydecanoate; H – HMR 1883;
* p < 0.001 as compared to non-ischemic zone; ** p < 0.001 as compared to zone at risk in subgroup I; *** p < 0.001 as compared to
zone at risk in subgroup VII



viability in ischemic/reperfused myocardium, which
was initially proposed as the mechanism for protec-
tion of ischemic myocardium. However, this hy-
pothesis cannot account for the mechanism of car-
dioprotection, because abbreviation of action po-
tentials is not necessary for protection [29, 30, 70].
Alternatively, recent pharmacological evidence hints
that mitochondrial K(�� channels are the dominant
effectors [22, 43].

Possible cardioprotective and antiarrhythmic

mechanisms of nicorandil and pinacidil

Interestingly, Sakai et al. [56, 57] reported sub-
cellular localization of nicorandil in cardiomyocyte
mitochondrial fractions of rats after oral dosing,
where nicorandil is partly transformed into SG-86
(denitrated nicorandil) with release of nitric oxide
(NO). NO has been implicated as a mediator of
both “early” as well as “(late) second window”
ischemic preconditioning (IPC), and mitochondrial
K(�� channels are the likely effectors. NO directly
activates mitochondrial K(�� channels and potenti-
ates the ability of nicorandil to open these channels
[48, 58]. However, pinacidil is not a NO donor and
its cardioprotective and antiarrhythmic activities
cannot be explained on this basis.

Several potential mechanisms may be consid-
ered as reasons for the beneficial effects of nicoran-
dil and pinacidil. The existence in mitochondria of
separate, highly regulated pathways for K) efflux
and influx strongly implies that mitochondrial vo-
lume is subject to regulation in vivo. Volume, in
turn, has been shown to regulate activity of the
electron transport chain. Mitochondrial K(�� chan-
nels by controlling the mitochondrial K) cycle are
thought to be involved in mitochondrial volume
control and cellular bio-energetics [21]. Most likely,
reperfusion provides oxygen to reactivate mito-
chondrial respiration but also causes a large pro-
duction of oxygen free radicals (as the electron
transport chain is in a reduced state) and a large in-
flux of Ca") in the cytosol as a result of sarcolem-
mal damage. Mitochondrial Ca") transport is, there-
fore, stimulated at maximal rates. Mitochondrial
Ca") accumulation causes profound alterations in
the permeability of the inner membrane to solutes,
leading to severe mitochondrial swelling. In addi-
tion, Ca") transport takes precedence over ATP
synthesis and hence energy production. Thus, it is

likely that mitochondrial K(�� activation may act

to inhibit ATP waste. Nicorandil at low doses

(100 �M) has been recently reported to open only

mitochondrial K(�� channels but not sarcolemmal

(surface) K(�� current whereas 10-fold higher con-

centrations recruit (open) both mitochondrial K(��

and sarcolemmal K(�� channels. Pooled dose-res-

ponse data have confirmed that nicorandil concen-

trations as low as 10 �M turn on mitochondrial K(��

channels, while sarcolemmal K(�� current requires

exposure to millimolar concentrations. Recently,

Shinbo and Iijima [61] reported that the K(�� cur-

rent induced by K(�� channel openers is potenti-

ated by NO in guinea pig ventricular cells. It has

been found that orally administered nicorandil dis-

tributes into heart mitochondria where it is partly

transformed into mainly its denitrated compound,

SG-86, possibly leading to continuous release of

NO. Thus, it is also possible that the mitochondrial

K(�� channel-opening activity of nicorandil and

SG-86 may be enhanced by the released NO in mi-

tochondria. However, NO and NO donors (e.g. S-ni-

troso-N-acetyl-DL-penicillamine) only weakly favor

the opening of mitochondrial K(�� channels and it

seems unlikely that the cardioprotective effect of

nicorandil is solely conferred by its nitrate moiety

[58]. Interestingly, in in vitro cell-pelleting models

of ischemia, a potent sarcolemmal selective sul-

fonylthiourea K(�� channel blocker (HMR1098),

did not block cardioprotective effects of nicorandil

[59, 60]. Our results in this in vivo rabbit model are

in concordance with respect to the sarcolemmal

K(�� channel blocker HMR 1883. In contrast, in

our set of experiments, 5-HD which is a selective

mitochondrial K(�� channel blocker abolished the

beneficial effects of nicorandil and pinacidil on the

rabbit myocardium. Thus, one possible mechanism

for myocardial protection during reperfusion by

K(�� channel openers, e.g. nicorandil and pinacidil,

may be by influencing intracellular calcium-con-

trolling mechanisms, possible through mitochon-

drial K(�� channels [55, 56, 59, 60]. Hence, the

older hypothesis that the “antiarrhythmic” effect

accruing out of the decrease in voltage-dependent

calcium influx secondary to improved repolariza-

tion and action potential duration shortening me-

diated by sarcolemmal K(�� channel opening by

K(�� channel openers [3, 7] may not be appropriate

in this context.
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Interaction between pharmacological

mitochondrial KATP channel activation,

release of reactive oxygen species (ROS)

and ischemic preconditioning (IPC) of the

myocardium

Endogenous antioxidants like superoxide dis-
mutase, glutathione and catalase may play an im-
portant role against free radical attack [19, 47].
During hypoxia or ischemia/reperfusion mitochon-
drial respiration and oxidative phosphorylation are
gradually uncoupled. An immediate consequence
of such gradual impairment of respiratory function
is the increase in the production of reactive oxygen
species and free radicals in the mitochondria. Ische-
mia leads to depletion of antioxidant enzymes which
makes ischemic myocardium vulnerable to free
radical damage at the time of reperfusion [17, 67].
Oxygen free radicals peroxidize polyunsaturated
membrane lipids and damage their structure and
functions (that increases the fluidity and perme-
ability of phospholipids membranes). Hence, there
is also a possibility of direct attenuation of ische-
mia/reperfusion injury because nicorandil has been
reported to have anti-free radical and neutrophil
modulating properties [28]. Data suggest that part
of the cytoprotective effect of nicorandil may be
mediated through inhibition of oxygen free radical
production by neutrophils [26]. Oxygen free radical
damage may be monitored by measuring MDA. In
the present study, higher levels of MDA and lower
levels of GSH and SOD in necrotic zone of myo-
cardium in all the twelve subgroups in Group II
suggest little anti-free radical property of nicoran-
dil and pinacidil. Furthermore, results of our study
indicate that administration of nicorandil and
pinacidil at the onset of reperfusion did not de-
crease the incidence and duration of life-threaten-
ing ventricular arrhythmias, and the size of myo-
cardial infarction. This may lead one to believe that
the observed cardioprotection due to nicorandil
may not be related to its anti-free radical and neu-
trophil-modulating properties in our experiments.
Additional support for this observation comes from
the study of Imagawa et al. [34] who state that neu-
trophil activation might not be an important factor
in the development of myocardial infarction in rab-
bit ischemia-reperfused myocardium.

The two main theories advanced for the deve-
lopment of reperfusion arrhythmias are excess in-
tracellular calcium cycling and formation of free

radicals. New techniques have shown excess cyto-
solic calcium levels during reperfusion [41] sup-
porting the proposal that excess calcium levels with
recycling underlie such arrhythmias. Hearse [32]
has proposed tight links between generation of free
radicals and reperfusion VF. The proposed mecha-
nism has been that free radicals at sufficiently high
concentrations damage the sarcoplasmic reticulum
[68] thereby causing calcium overload and conse-
quently promotion of calcium-dependent arrhyth-
mias. However, in our earlier studies (designed to
explore these aspects of ischemia/reperfusion-indu-
ced arrhythmias in the anesthetized rabbit model)
non-hypotensive doses of nicorandil, bimakalim
and celikalim failed to demonstrate any significant
free-radical scavenging properties [10, 11].

Mitochondrial K(�� channel opening has been
recently shown to effect IPC in the rabbit heart
[50]. IPC has been documented to reduce O"

*+ gen-
eration thereby preventing impairment of state III
mitochondrial respiration [53]. Recent experimen-
tal evidence suggests, however, that release of reac-
tive oxygen species (ROS) during ischemia/reper-
fusion may actually result in cardioprotection via
IPC due to K(�� channel activation [4, 8, 51, 52,
65, 69]. O"

*+ can activate mitochondrial K(�� chan-
nels due to a direct action on the sulfhydryl groups
of the channel protein. Opening of the mitochon-
drial K(�� channel occurs upstream of mitochon-
drial ROS generation in the protective pathway.
This protection is abrogated by N-2-mercaptopro-
pionyl glycine, a diffusible antioxidant, or dimethyl-
thiourea, a free radical scavenger [18, 69, 71, 72].
Since, nicorandil as well as pinacidil do not scav-
enge ROS generated during oxidative stress in rab-
bit myocardium in this study, it may be assumed
that mitochondrial K(�� channel opening leading to
mitochondrial generation and release of ROS pro-
vides for IPC and hence an antiarrhythmic activity.

Clinical implications of selective

mitochondrial KATP channel activation

with pharmacological agents

There is a lot of evidence for an important role
of the activation of mitochondrial K(�� channels
and IPC in human hearts. Pharmacological precon-
ditioning with K(�� channel openers, such as nico-
randil and pinacidil, may afford advantageous ef-
fects over IPC, because the drugs can be reversed
or are metabolized quickly and the dosage can be
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precisely adjusted and individualized. Any drug se-
lectively activating the mitochondrial K(�� channel
would be preferable for producing myoprotection
without excessive vasodilatation. These results act
as a pointer to receptor or channel subtypes. The
differences in drug sensitivity and subcellular lo-
calization indicate that mitochondrial K(�� chan-
nels are distinct from surface K(�� channels at
a molecular level [9, 24, 31, 33].

To conclude, the present study suggests that
treatment with non-hypotensive doses of nicorandil
or pinacidil just prior to coronary occlusion may re-
sult in protection against ischemia/reperfusion-in-
duced arrhythmias, reduce myocardial infarct size
and increase survival during acute myocardial in-
farction in anesthetized rabbits due to activation of
cardiomyocyte mitochondrial K(�� channels. In ad-
dition, the study provides evidence that the openers
are not protective when given just prior to the
reperfusion.
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