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Abstract

The objective of this study is to understand the mechanism underlying the cardioprotective effects of pinacidil, an ATP-sensitive Kq

Ž .channel K opener. We examined the effects of 10 mM pinacidil in cultured chicken cardiomyocytes. Pinacidil caused aATP
Žw 2qx .concentration-dependent delay in metabolic inhibition-induced increase in intracellular calcium concentration Ca and creatinei

phosphokinase release, and this action was antagonized by glyburide, a K blocker. Neither verapamil, an L-type Ca2q channelATP
q 2q w 2qxblocker, nor bepridil, a Na –Ca exchange inhibitor, affected the time course of increase in Ca induced by metabolic inhibition.i

q w 2qxPinacidil did not have an effect on the amplitude of K -induced increase in Ca , but accelerated the rate of decline following peaki
q w 2qxstimulation. In contrast, glyburide reduced the amplitude of K -induced increase in Ca and prolonged the rate of decline. Thesei

Ž .results provide direct evidence that pinacidil protects cardiomyocytes from metabolic inhibition-induced injury by cyanide CN through a
w 2qx 2q q 2qdelay in the onset of increase in Ca , rather than by inhibition of the L-type Ca -channels or by alteration of Na –Ca exchange.i

q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

q Ž .The ATP-sensitive K K channels play an impor-ATP

tant role in the regulation of cellular response to myocar-
dial distress such as ischemia and cardioplegic arrest.
Under normal conditions, the physiologic level of ATP
inhibits K channels. The probability of channel open-ATP

ing is increased when ATP levels fall below a critical
concentration. Thus, activation of these channels in the
heart may provide endogenous cardioprotection under con-
ditions in which cardiac metabolism is compromised, such

Žas myocardial ischemia Beuckelmann et al., 1993; Wick-
.enden et al., 1998 . The selective K channel openersATP

have been the focus of much recent attention due to their
potential cardioprotective effects of improved postischemic
recovery of contractile function, delayed onset of ischemic
contraction, and reduced infarct size in several cardiac

Žischemia models in vitro Galinanes et al., 1992; Cavaro et
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8403

.al., 1995; Hearse, 1995: Lawton et al., 1996 . However,
much less is known about the mechanism underlying these
effects. It was initially suggested that a direct cardioprotec-
tive effect for K openers is due to the shortening of theATP

action potential duration and subsequent reduction in Ca2q

Ž .entry and cardiac work Cole et al., 1991 ; yet later
evidence showed that the protective effects of K areATP

Žindependent of action potential duration shortening Grover
.et al., 1995a,b . It is generally agreed that the abnormal

w 2qxrise in Ca induced by oxygen deprivation and by thei

local rise in extracellular Kq is a common pathological
Žprocess during ischemia and cardioplegic arrest Cheung et

.al., 1986; Opie and Du Tit, 1992 . Recently, we have
reported that the metabolic inhibition-induced increase in
w 2qx 2qCa is independent of Ca influx through the L-typei

or T-type Ca2q channels as evidenced by the fact that
Ž 2q .verapamil and nifedipine L-type Ca channel blockers

Ž 2q .and mibefradil T-type Ca channel blocker failed to
w 2qxaffect Ca transient in the cardiomyocytes. However,i

q w 2qxthe K -induced Ca transient was significantly reducedi
2q Žby both L- and T-type Ca -channel blockers Tang et al.,

.1998 . Previous studies have shown that K channelATP
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openers prevented the intracellular Ca2q loading induced
Ž .by ischemia Behling and Malone, 1995 and by hyper-

Ž .kalemic challenge Lopez et al., 1996a,b . However, it was
w 2qxnot shown whether prevention of the increase in Ca i

would result in protection of cellular injury in those mod-
els. In order to answer this question, we tested the effects
of pinacidil, a recently developed K channel openingATP

Ž .drug Arena and Kass, 1989 , on the time course of the
w 2qxmetabolic inhibition-induced increase in Ca and crea-i

tine phosphokinase release simultaneously. We also exam-
ined the effect of pinacidil on Kq-induced increase on
w 2qxCa and discussed the potential action of pinacidil toi

facilitate Ca2q homeostasis.

2. Materials and methods

2.1. Materials

Glyburide, verapamil, bepridil, creatine phosphokinase
assay kit, culture media and supplements, trypsin were

Ž .obtained from Sigma St. Louis, MO, USA . Pinacidil was
Ž .a gift from Eli Lilly Indianapolis, IN, USA . Fura-2, AM,

Ž Žthe product name for 5-Oxazolecarboxylic acid, 2- 6-
Ž Ž ŽŽ . . . . Ž Ž Žbis 2- acetyloxy methoxy -2-oxoethyl amino -5- 2- 2- bis
Ž ŽŽ . . . .2- acetyloxy methoxy -2-oxoethyl amino -5-methylphe-

. . . Ž . .noxy ethoxy -2-benzofuranyl - acetyloxy methyl ester and
Fura-2, AM calibration kit were obtained from Molecular

Ž .Probes Eugene, OR, USA . 33-mm glass culture plates
with heating electrodes were obtained from Bioptechs
Ž .Butler, PA, USA .

2.2. Culture of chicken cardiomyocytes

ŽFertile white leghorn eggs supplied by SPAFAS,
.Roanoke, IL were incubated at high humidity at 38.58C.

On day 14 of incubation, the eggs were opened, the
embryos sacrificed and the hearts immediately removed

Ž .and placed in warm Medium 199 Sigma . The ventricular
tissues were dissected, washed free of blood and clots and
placed in 2 ml of Medium 199 containing 0.125% trypsin.
The cleansed ventricular tissues were minced into pieces
of 1–2 mm diameter and incubated in the trypsin solution
for 20 min at 378C. Cells were separated by agitation, the
chunks allowed to settle out of suspension and the car-
diomyocyte rich supernate removed for plating. Using
densities in the range of 1 to 2=105 cells per ml, the cells
were plated onto collagen-coated, glass bottom, 33-mm
culture dishes at a volume of 1 ml per dish. Cells were
cultured in Medium 199 supplemented with 5% fetal calf
serum at 378C with 5% CO . After 3 days in culture, the2

cardiomyocytes were easily identified by their characteris-
tic spindle shape and in some cases exhibited spontaneous
beating. Cells were maintained in culture for 3–6 days

w 2qxbefore performing Ca determinations.i

2.3. Measurement of intracellular Ca2 q

w 2qx 2qThe Ca was measured using the fluorescent Cai
Ž .indicator Fura-2, AM as described by Tang et al. 1998 .

Cells grown in 33-mm glass bottom culture dishes were
Ž .washed four times with clear Medium 199 Sigma , loaded

with 5 mM Fura-2, AM in clear Medium 199 for 1 h. The
cells were washed four times with clear Medium 199 to
remove any free Fura-2, AM, and returned to the incubator
for 30 min to 1 h. During the experiments, cells were
maintained at 37.58C by a thermostat controlled heated

Ž .stage Bioptechs . 10 ml aliquots of each compound to be
tested were added to the dish at appropriate intervals
during the experiment. The fluorescent signal from indi-
vidual cells adherent to the glass bottom of the culture dish
was measured with a microscope-based spectrofluorometer
Ž .Intracellular Imaging, Cincinnati, OH with dual excita-
tion at 340 and 380 nm. The Ca2q concentration was
calibrated before each experiment with an intracellular

2q Ž .Ca imaging calibration kit Molecular Probes .

2.4. Metabolic inhibition by cyanide

4 mM NaCN was added to the cell culture to block
ATP synthesis from oxidative phosphorylation and pro-
duce metabolic hypoxia. 20 mM 2-deoxyglucose was added
to block anaerobic glycolysis that might interfere with the

w 2qxexperiments. Continuous tracings of Ca for individuali

cells in culture were made over a period of 60 min after
the addition of NaCN. T was calculated as the time,1r2

w 2qxafter addition of NaCN, for the Ca to reach 50% ofi

the maximum level achieved in response to added NaCN.

2.5. Creatine phosphokinase assay

The extent of metabolic inhibition-induced injury to
ventricular myocytes was quantitatively determined by the
amount of creatine phosphokinase released into the
medium. Samples were collected at time 0, 20, 40, and 60
min following addition of 4 mM NaCN by taking 10 ml
aliquots from the total 1 ml in the culture dish. Creatine
phosphokinase activity was measured by using an assay kit
Ž .Sigma and a UV-spectrophotometer with a wavelength of
340 nM. According to the Sigma protocol, the following
formula was used to determine creatine phosphokinase

Ž .activity: creatine phosphokinase activity Unitsrml s
D Armin = TVr6.22 = LP = SV, where D Armin is
change in absorbance per minute at 340 nm; TV is total

Ž . Ž .volume ml ; SV is sample volume ml ; 6.22 is millimolar
Ž .absorptivity of NADH at 340; LP is light path 1 cm .

2.6. Statistical analysis

All of the data are represented as mean"S.E.M. Stu-
w 2qxdent’s t-test was used to compare the increase in Ca i
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and creatine phosphokinase release in the presence of
pinacidil or glyburide to the control groups.

3. Results

3.1. Effects of pinacidil and glyburide on metabolic
[ 2 q]inhibition-induced increases in Ca and creatinei

phosphokinase release

w 2qxThe basal, unstimulated level of Ca in culturedi

chicken cardiomyocytes was determined to be 84"3 nM
Ž .ns286 cells, 36 experiments . Following CN treatment,
w 2qxCa began to increase after about 10 min and graduallyi

reached a plateau level of 240–250 nM within 40 min,
which was sustained until the end of recording. At the end

w 2qxof the experiments, when Ca had reached the plateaui
w 2qxlevel, average mean Ca was 246"7 nM, 234"13i

nM, 238"12 nM, and 211"15 nM, respectively, for
control and 0.1 mM, 1.0 mM and 10 mM pinacidil. T ,1r2

w 2qxhalf the time required for Ca to reach a CN stimulatedi

plateau, was determined for control and pinacidil-treated
cardiomyocytes. Pinacidil alone showed no effect on the

w 2qxresting Ca . However, pinacidil treatment produced ai

concentration-dependent delay in the metabolic inhibition-
w 2qxinduced increase in Ca as evidenced by the findingsi

Ž .that at the low concentration of pinacidil 0.1 mM , the
rate of onset and maximal response were similar to the
controls, whereas at higher concentration the rate of onset

w 2qx Ž .and rapid rise in Ca were significantly P-0.01i

delayed. The T for 10 mM pinacidil was almost twice1r2
Ž . Ž .as long 55 min as for controls 29 min . To elucidate

w 2qxwhether the delay of the Ca increase is associatedi

with the activation of K channels, glyburide, a selec-ATP
Ž .tive K channel blocker Brady et al., 1996 , was addedATP

to the incubation mixture to evaluate its blocking effect on
Ž .pinacidil. Glyburide 10 mM alone had no significant
w 2qxeffect on the resting Ca , but it shortened the time ofi

w 2qxonset and rapid rise in Ca after NaCN to a T of 22i 1r2
Ž . Ž .min Fig. 1 . Adding glyburide 10 mM along with

Ž .pinacidil 10 mM reversed the pinacidil action to a T1r2

of 32 min. These results suggest that the activation of the

Ž . Ž . w 2qxFig. 1. Glyburide 10 mM antagonism of pinacidil 10 mM action on the time course of metabolic inhibition-induced increase in Ca . Pinacidil,i

glyburide, or a combination was added into the culture dish at 1 min after the beginning of each recording. 4 mM NaCN was added 4 min later, as shown
w 2qxby the arrow. The experiments were recorded for up to 1 h. Each Ca tracing represents the mean from four to six independent experiments.i
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Ž .Fig. 2. Effects of pinacidil 0.1, 1.0, and 10 mM on metabolic inhibition-induced increase in creatine phosphokinase release at 0, 20, 40, and 60 min after
adding 4 mM NaCN. Pinacidil was added at 1 min after the beginning of recording, followed by NaCN 4 min later. Values are "S.E.M. for four to six

U Ž . ŽU UU .independent experiments. Significant differences from control in absence of pinacidil level of creatine phosphokinase P-0.05; P-0.01 .

K channel is responsible for the pinacidil effect ofATP
w 2qxdecreasing the rate of increase in Ca induced byi

metabolic inhibition.
To further evaluate the protective effect of pinacidil

against cell injury induced by metabolic inhibition, we
tested the level of creatine phosphokinase released into the

Žculture medium during NaCN exposure. Pinacidil 1 mM
.and 10 mM significantly reduced the creatine phosphoki-

nase release at 20 and 40 min following CN treatment
Ž .Fig. 2 . However, pinacidil at all concentrations failed to
influence the creatine phosphokinase release at the end of
the experiment. This pattern of pinacidil action on creatine

Ž . Ž .Fig. 3. Glyburide 10 mM antagonism of pinacidil 10 mM action on metabolic inhibition-induced increase in creatine phosphokinase release measured at
0, 20, 40, and 60 min after addition of 4 mM NaCN. Pinacidil, glyburide, or a combination was added at 1 min, and NaCN was added 4 min later.
U Ž .Significant P-0.05 difference from control creatine phosphokinase.
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w 2qx Ž . Ž .Fig. 4. Effects of verapamil and bepridil on metabolic inhibition-induced increase in Ca . Verapamil 10 mM or bepridil 10 mM was added into thei

culture dish at 1 min after the beginning of each recording. 4 mM NaCN was added 4 min later, as shown by the arrow. Each tracing represents the mean
from four to six independent experiments.

phosphokinase release appears to be in parallel with the
w 2qxtime course of its effect on the increase in Ca inducedi

Ž .by metabolic inhibition. Furthermore, glyburide 10 mM
alone had no effect on the metabolic inhibition-induced
increase in creatine phosphokinase release, but reversed

Ž .the inhibitory effect of pinacidil Fig. 3 .
To test whether the L-type Ca2q channels and the

Naq–Ca2q exchange system are involved in Ca2q over-
load during metabolic inhibition by NaCN, we examined
the effects of the L-type Ca2q channel blocker, verapamil,

q 2q Žand the Na –Ca exchange inhibitor, bepridil Labrid et

. w 2qxal., 1979; Schwartz et al., 1985 on the increase in Ca i
Žinduced by metabolic inhibition. Neither verapamil 10

. Ž .mM nor bepridil 10 mM effectively alters the time
w 2qxcourse for metabolic inhibition-induced increase in Ca ,i
Ž .with T of 28 min and 31 min, respectively Fig. 4 .1r2

Preliminary data also indicated that verapamil treatment
had no effect on the course of creatine phosphokinase

Ž .release data not shown . These results suggest that neither
L-type Ca2q channels nor Naq–Ca2q exchange are in-

w 2qxvolved in the increase in Ca induced by metabolici

inhibition.

w 2qx Ž .Fig. 5. Increases in Ca induced by 15, 25, and 45 mM KCl in untreated control cells or cells treated with 10 mM pinacidil or glyburide. Pinacidil ori

glyburide was added at 1.5 min and KCl was added 5 min later. Bars represent the means"S.E.M. of four to six independent experiments. Significant
ŽU .differences from control P-0.05 .
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Ž . w 2qxFig. 6. Effects of 10 mM pinacidil and glyburide on the initial rate of decline in the first 1–3 min after peak Ca stimulation by 15, 25, and 45 mMi
U ŽU UU .KCl. Pinacidil or glyburide was added at 1.5 min and KCl was added 5 min later. Significant differences from control P-0.05; P-0.01 .

3.2. Effects of pinacidil and glyburide on KCl-induced
[ 2 q]increase in Ca i

The effects of pinacidil and its antagonist, glyburide, on
w 2qxthe KCl-induced increase in Ca were examined.i

Ž .Pinacidil 10 mM did not significantly affect the peak
w 2qxlevel of Ca induced by 15, 25, and 45 mM KCl, whilei
Ž .glyburide 10 mM suppressed the peak level of KCl-in-

w 2qx Ž .duced increase in Ca Fig. 5 . Pinacidil and glyburidei

also had different influences on the rate of decline of
w 2qxCa following the initial peak level. In control cells,i

w 2qxKCl elicits an instant surge in Ca followed by ai

gradual recovery to a level slightly higher than the initial
w 2qx Ž .resting Ca . Both pinacidil and glyburide 10 mMi

w 2qxfailed to alter the rate of the initial rise in Ca buti

exerted different effects during the recovery phase. We
estimated the relative rates of decline by measuring the

w 2qxchange in Ca induced by varying concentrations ofi
w 2qxKCl from the time point of peak Ca and the slope ofi

the decline curve at their respective steady state levels over
Ž .a fixed period 1–3 min . As shown in Fig. 6, pinacidil

w 2qxaccelerated the rate of Ca decline at 25 and 45 mMi

KCl. The effect was especially prominent in response to 45
mM KCl. In contrast, glyburide significantly decreased the

w 2qxrate of Ca decline in response to 15 and 25 mM KCl.i

4. Discussion

Myocardial functions are highly dependent upon mito-
chondrial oxidative phosphorylation to generate ATP which
regulates the opening of K channels. Under physiologicATP

conditions, K channels are closed in the presence ofATP

adequate levels of ATP and opened when ATP falls.
Therefore, impairment of the mechanism of ATP produc-
tion, which occurs not only with CN treatment, but also
during ischemia, can result in metabolic cellular injury,

w 2qxand this process is thought to involve Ca . The findingi

that CN, an inhibitor of oxidative phosphorylation, induces
opening of ATP-regulated channels in single mammalian

Ž .heart cells was first reported by Noma 1983 , and this
model has since been used to simulate an ischemic condi-

Žtion in cardiomyocytes Lopez et al., 1996a; Koyama et
. 2qal., 1996 . It has been suggested that Ca loading during

myocardial injury can be the consequence of either pertur-
2q Žbation of the sarcolemmal Ca transport systems e.g.,

2q q 2q .Ca channels and Na –Ca exchanger leading to an
increase in Ca2q influx or uncontrolled release and seques-
tration of Ca2q by the sarcoplasmic reticulum and mito-

2q Žchondrial Ca pools Tani, 1990; Steenbergen et al.,
.1997 . In our study, metabolic inhibition induced a slow

w 2qxand sustained increase in Ca , which is evidenced byi

the loss of the ability of the cardiomyocytes to regulate
2q w 2qxCa homeostasis, i.e., to maintain the low free Ca ofi

10y7 M against the millimolar extracellular Ca2q. It has
been suggested that ATP generated by sarcoplasmic reticu-
lum-associated glycolytic enzymes may be involved in the
support of cellular Ca2q homeostasis by driving the Ca2q

Ž .pump Xu et al., 1995 . The use of 2-deoxyglucose to
inhibit glycolysis may play a role in inhibiting the sarco-
plasmic reticulum and sarcolemmal Ca2q pumps which

w 2qxmay explain, at least in part, the prolongation of Ca i
w 2qxby pinacidil. A similar pattern of increase in Ca wasi

also observed in rat atrial cells treated with the sarco-
plasmic reticulum Ca2q pump inhibitor, thapsigargin
Ž .Vigne et al., 1992; Metz et al., 1994 . Therefore, it is



( )T. Tang et al.rEuropean Journal of Pharmacology 376 1999 179–187 185

likely that the inhibition of the sarcoplasmic reticulum
Ca2q pump due to insufficient intracellular ATP is a major
mechanism responsible for the metabolic inhibition-in-

w 2qxduced increase in Ca . Under our experimental condi-i
w 2qxtions, the metabolic inhibition-induced increase in Ca i

reached a peak level of approximately 250 nM which may
seem modest in view of the previous observation that an

w 2qxincrease in Ca of 1 mM or greater may be required toi

cause fatal injury of the cells in other animal species
Ž .Fletcher et al., 1992 . Nevertheless, data obtained showed

w 2qxthat the time course of increase in Ca paralleled welli

with the time course of cellular injury as estimated by
creatine phosphokinase release. These results suggest that

w 2qxin chicken cardiomyocytes, a sustained increase in Ca i

may lead to cellular injury even at 25% of the reported
lethal concentration in other species.

Cardiac ischemia is known to be accompanied by a
q Žw qx .rapid accumulation of extracellular K K , a majore

Žcause of cardiac arrhythmias Weiss and Shine, 1982;
. qWatanabe et al., 1987 . It is well known that K -induced

membrane depolarization is followed by an influx of Ca2q.
To test whether a K opener has cardioprotective effect,ATP

we used pinacidil, a drug proven effective as an anti-hyper-
Žtensive in several clinical trials Friedel and Brodgen,

.1990; Vigne et al., 1992 . Pinacidil has also been shown to
protect the heart against experimental ischemia in terms of
improved coronary blood flow upon reperfusion and cell

Žsurvival after ischemia Lawton et al., 1996; Critz et al.,
.1997 . It is generally assumed that cardioprotection by

pinacidil during acute ischemia is attributable to Kq efflux
via the ATP-sensitive Kq channel. Glyburide and tolbu-

w qxtamide have been shown to reduce the rise of K e
ŽKantor et al., 1990; Wilde et al., 1990; Venkatesh et al.,

.1991 . In our study, pinacidil was shown to be effective in
delaying the onset of the metabolic inhibition-induced

w 2qxincreases in Ca and creatine phosphokinase release.i
ŽDuring the earlier period of exposure to NaCN before 40

.min , pinacidil also exhibited inhibition of the increases in
w 2qxCa and creatine phosphokinase release, but these in-i

hibitory effects were abolished at 60 min of NaCN expo-
w 2qxsure. The delay in the onset of the increase in Ca byi

pinacidil was reversed by glyburide which by itself also
w 2qxshortened Ca increase after metabolic inhibition. Thei

fact that glyburide alone showed no effect on creatine
phosphokinase release indicates that cellular damage was
not directly induced by glyburide, but rather as the result
of metabolic inhibition. It appears that the cardioprotection
by pinacidil is a time-dependent action which may account
for its effectiveness only during the early stage of cellular
energy stress. The fact that verapamil and bepridil failed to

w 2qxinhibit or delay the increase in Ca induced byi

metabolic inhibition suggests that the L-type Ca2q channel
and the Naq–Ca2q exchange system may not be involved
in the cardioprotective effects of pinacidil. These findings
are in general agreement with our previous report that both
L-type and T-type Ca2q channel blockers failed to exert

cardioprotection from Ca2q loading induced by NaCN in
Ž .cultured cardiomyocytes Tang et al., 1998 . Such charac-

teristics of pinacidil appear to be different from other KATP

openers, such as cromakalim and the cyanoguanidine
derivative, BMS-180448, which have been shown to in-

w 2qxhibit the increase in Ca during ischemia through ai

mechanism similar to that observed in rat heart treated
2q Ž .with Ca channel blockers Grover et al., 1995b .

w 2qxThe pinacidil effect obtained on KCl-induced Ca i
w 2qxtransient is consistent with the earlier study of Ca ini

Ž ŽŽ Ž Žventricular myocytes by using glycine, N- 2- 8- bis car-
. . . .boxymethyl amino -6-methoxy-2-quinolinyl methoxy -4-
. Ž . Ž . 2qmethylphenyl -N- carboxymethyl - QUIN2 as a Ca in-

w 2qxdicator, showing that hyperkalemia elicited a Ca tran-i
Ž .sient followed by gradual decline Powell et al., 1984 . It

has been postulated that Kq depolarization elicits an initial
Ca2q influx through voltage-sensitive Ca2q channels. In-
flux of Ca2q subsequently triggers the release of intra-

2q Ž .cellular Ca from various stores Feher et al., 1989 .
Ž .Weir 1990 summarized the biochemical evidence in

mammalian ventricle and supported the concept that the
Ca2q-ATPase of the sarcoplasmic reticulum may play a

w 2qxdominant role in determining the decline of the Ca i

once the release of Ca2q is over. In addition, the over-
w 2qxloaded Ca can be extruded out of the cells via mem-i

brane Ca2q pump or Naq–Ca2q exchange mechanism. It
should be noted that the added Kq was maintained
throughout the experiment. At the high concentration of 45
mM Kq, the Kq equilibrium potential, as predicted by the
Nernst equation, is expected to approach that of the mem-
brane potential. Our data showed that pinacidil did not

w 2qxalter the amplitude of the Ca transient induced byi

KCl, since the Kq channel opener is expected to have no
net effects on the net Kq flux. Nevertheless, the acceler-

w 2qxated decline of Ca produced by pinacidil suggests thati

activation of K channels may facilitate Ca2q home-ATP

ostasis. Our data showed a concentration dependent effect
w 2qxby pinacidil on the accelerated rate of Ca decline afteri

KCl stimulation. In the presence of pinacidil and 45 mM
KCl, the duration of K channel opening might beATP

prolonged during the recovery phase, thus delaying mem-
brane repolarization which requires NaqrKq exchange.

w 2qxWe speculate that Ca efflux could be indirectly en-i

hanced as a result. If this assumption is correct, it may also
explain why glyburide significantly decreased the rate of
w 2qx 2qCa decline and prolonged the Ca recovery phasei

w qxafter K stimulation, since glyburide may exert itse

action by partially blocking the Kq channels and thus
reduce the effect of Kq-induced depolarization and the net
Kq flux during repolarization. The reduced amplitude of

q w 2qxK -induced increase in Ca following glyburide isi

unexpected, since glyburide has not been reported to affect
w 2qx ŽCa in hyperkalemic challenged cells Lopez et al.,i

. w 2qx1996b; Jovanovic et al., 1997 , nor to influence the Ca i
Žin cells exposed to hypoxia or metabolic inhibition Russ

.et al., 1996 . It should be noted that other K openersATP
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may have different actions during hyperkalemic treatment.
For example, aprikalim and nicorandil have been shown to
prevent 16 mM Kq, but not 32 mM Kq, from inducing an

w 2qx Ž .increase in Ca in cardiomyocytes Lopez et al., 1996a ,i

and this action has been used to explain myocardial protec-
Žtion by K openers in hyperkalemic cardioplegia Law-ATP

.ton et al., 1996, Lopez et al., 1996a .
In summary, our findings provide direct evidence of the

cardioprotective effect of pinacidil at the cellular level by
showing that pinacidil delayed the onset of cellular injury
induced by metabolic inhibition as indicated by Ca2q

overloading and creatine phosphokinase release. Facilita-
tion of Ca2q homeostasis as observed during hyperkalemic
challenge may explain the cardioprotective effects of the
pinacidil type of K openers. This action of pinacidilATP

has potentially therapeutic benefit in terms of delaying the
onset of cardiac injury during ischemia and thus prolong-
ing the time for other therapeutic interventions to be made

w 2qx qavailable. Regulation of Ca by K appears to be basici

and the effects may be similar across various animal
species.
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