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Short communication

5-Hydroxydecanoate selectively reduces the initial increase in
extracellular Kq in ischemic guinea-pig heart
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Abstract

Ž . qThe aim of the present study was to determine the effect of 5-hydroxydecanoate 5-HD on extracellular K levels during global
q Ž . qischemia for 30 min employing K -sensitive electrodes in isolated guinea-pig hearts. 5-HD 100 mM reduced the K accumulation

during the early period of ischemia, but did not inhibit the elevation of extracellular Kq in the latter half of the ischemic period which
Ž . qwas selectively enhanced by ouabain 3 mM . Thus, 5-HD appears to exert a similar mode of action as glibenclamide on extracellular K

accumulation in the ischemic guinea-pig hearts. The present study also strengthens the previous conclusion that an ATP-sensitive Kq

channel contributes only to the initial increasing phase of extracellular Kq accumulation during ischemia in guinea-pig hearts. q 1998
Elsevier Science B.V.
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1. Introduction

q Žw qx .An increase in extracellular K concentration K e

during myocardial ischemia is speculated to lead to ven-
Ž .tricular arrhythmias Weiss and Shine, 1981 . In the global

w qxischemic model, the changes in K show a characteris-e

tic triphasic pattern comprising an initial increasing phase,
followed by a constant or falling phase, and finally a late

Žincreasing phase Wilde et al., 1990; Sakamoto et al.,
.1997 . Previous reports have shown that glibenclamide, an

q Ž .ATP-sensitive K channel K blocker, reduces theATP
w qx w qxinitial increasing phase of K but has no effect on Ke e

Žlevels during the late increasing phase Wilde et al., 1990;
.Mitani et al., 1992; Sato et al., 1994 . In contrast, gliben-

clamide has also been shown to lose its efficacy during
ischemia when intracellular ADP content increases
Ž .Venkatesh et al., 1991 . Glibenclamide is not a selective
inhibitor of K as it has also been reported to inhibitATP

Naq–Kq pump activity in hamster insulin-secreting cells
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Ž . yRibalet et al., 1996 , Cl channel activity in guinea-pig
Ž .and canine myocytes Yamazaki and Hume, 1997 and

prevent the induction of inducible nitric oxide synthase in
Žcultured macrophages and the anesthetized rat Wu et al.,

.1995 . Therefore, the study of the role of K on extra-ATP

cellular Kq accumulation during myocardial ischemia re-
quires further evaluation.

Ž .Sodium 5-hydroxydecanoate 5-HD , which is struc-
turally unrelated to glibenclamide, was reported to block

ŽK channels in guinea-pig myocytes Notsu et al.,ATP
.1992a,b , and to be an ischemia-selective K blocker inATP

Ž .dog hearts McCullough et al., 1991 . It has been reported
that 5-HD antagonizes infarct size reduction of ischemic

Žpreconditioning in dogs, rabbits and rats Auchampach et
al., 1992; Hide and Thiemermann, 1996; Schultz et al.,

.1997 . For a more accurate investigation of the role of
w qxK channels in myocardial K changes during is-ATP e

chemia, we examined the effect of 5-HD on each of the
three phases of ischemia in isolated guinea-pig hearts. To
determine the selective modulation of K by 5-HD inATP

the initial phase, the Naq–Kq pump inhibitor ouabain,
known to affect both the constant and late increasing
phases, was also tested.
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2. Materials and methods

2.1. Preparation

Isolated Langendorff perfused heart preparations were
used in all the experiments. Male guinea-pigs weighing

Ž .300–450 g Nihon Ikagaku, Tokyo, Japan were hep-
Ž .arinized 1000 Urkg, i.p. and killed by decapitation.

Their hearts were rapidly excised and immersed in ice-cold
Ž .modified Krebs–Henseleit buffer solution KHB , compris-

Ž .ing in mM NaCl 118, KCl 4.7, CaCl 2.5, MgSO 1.2,2 4

KH PO 1.2, NaHCO 25, and glucose 10, in an atmo-2 4 3

sphere of 95% O –5% CO . After contraction had ceased,2 2

the hearts were cannulated via the aorta, perfused retro-
gradely at a constant pressure of 60 mmHg, placed in the
chamber where temperature and humidity were controlled
to maintain the cardiac surface at 378C, as described by Du

Ž .Toit and Opie 1992 .
Aortic pressure was monitored by connecting a pressure

Ž .transducer Model 800, Bentrey Transtec, CA to the aortic
cannulae. In order to measure the left ventricular pressure,
a latex balloon filled with distilled water was inserted via
the left atrium into the left ventricular cavity and inflated
so that the left ventricular end-diastolic pressure was ad-
justed to 5–10 mmHg. The balloon was connected to a

Žpressure transducer MPU-0.5, Toyo Baldwin, Tokyo,
.Japan . The transducers were connected to carrier ampli-
Ž .fiers AP-621G, Nihon Kohden, Tokyo, Japan to obtain

pressure pulses. The first derivative of the left ventricular
Ž .pressure LV d Prd t was calculated by pressure processor

Ž .EQ-601G, Nihon Kohden . Heart rate was recorded by a
Ž .heart rate counter AT-601G, Nihon Kohden and triggered

by the left ventricular pressure pulses. The left ventricular
developed pressure was calculated as the difference be-
tween the left ventricular systolic and diastolic pressures.
The coronary flow was measured with a blood flow trans-

Ž .ducer FF-040T, Nihon Kohden connected to an electro-
Ž . w qxmagnetic flowmeter MFV-2100, Nihon Kohden . K e

was measured by employing ion-selective electrodes, as
Ždescribed elsewhere Hill et al., 1978, Sakamoto et al.,

. Ž . Ž1997 . Briefly, a polyvinyl chloride PVC tube o.d. 1.5
.mm, i.d. 1.0 mm was pulled in a flame and attached to a
Ž .stainless steel wire diameter 0.2 mm with PVC dissolved

in tetrahydrofuran. The tube was cut to make the inner tip
diameter of the electrode about 0.1 mm. The Kq electrode
was filled with 500 mM KCl solution and sealed with a
membrane made from dried tetrahydrofuran solution con-

Ž . Žtaining mgrml valinomycin 4, potassium tetrakis 4-
.chlorophenyl borate 1, dibutyl sebacate 70 and PVC

Ž .high-molecular weight 25. The reference electrode was
placed in the right ventricle. Kq-selective and reference
electrode was connected to a high-impedance amplifier
Ž .MEZ-7200, Nihon Kohden by an Ag–AgCl wire. The
voltage difference was amplified with a bioelectric ampli-

Ž .fier AB-621B, Nihon Kohden and displayed by a pen
Ž .recorder FBR-252A, Toa Electric, Tokyo, Japan .

2.2. Experimental groups

The four experimental groups employed were: control
Ž . Žns6 , 10 mM 5-HD Research Biochemical Interna-

. Ž .tional, Natick, MA -treated ns4 , 100 mM 5-HD-treated
Ž . Žns6 and 3 mM ouabain Research Biochemical Interna-

. Ž .tional, Natick, MA -treated ns4 . All drugs were added
directly to the perfusate to produce final concentrations.
The concentration of ouabain used in this study was shown
not to increase the left ventricular end-diastolic pressure.
All the hearts were perfused for 30 min equilibration
period, after which they were perfused for 10 min in the
presence or absence of drugs. This period was followed by
global ischemia by clamping the aortic cannulae for 30
min.

2.3. Statistical analysis

The data are expressed as mean"S.E.M.. One-way or
Ž .two-way analysis of variance ANOVA followed by Dun-

net’s post-hoc test was used for multiple comparisons,
Ž .using Super ANOVAe Abacus Concepts, Barkeley, CA .

Differences were considered to be statistically significant
when the P value was less than 0.05.

3. Results

3.1. Changes in cardiac function before ischemia

In the control group, cardiac function did not change
Ž .during perfusion for 10 min with normal KHB Fig. 1 .

Likewise, the addition of 10 or 100 mM 5-HD to the
perfusate produced no effect on cardiac function. The
addition of 3 mM ouabain significantly increased LV
d Prd t and heart rate, but did not affect the other parame-

Ž .ters Fig. 1 .

3.2. Changes in extracellular K q during ischemia

w qxIn control hearts, the change in K during 30 min ofe

ischemia showed the typical triphasic pattern made up of
an initial rapid rise, followed by a constant phase, and

Ž . w qxfinally a late increasing phase Fig. 2 . The level of K e

rose rapidly from its pre-ischemic value of 5.9 mM to
Ž12.0"0.8 mM 6 min after the onset of ischemia the

. w xeinitial increasing phase . Thereafter, K was maintainedq
Ž .at a constant level for 6 to 13 min the constant phase , and

Žthen rose continuously up to 30 min the late increasing
.phase reaching 25.1"0.9 mM.

w qxIn 10 mM 5-HD-treated hearts, the rise of K duringe

the initial phase was significantly reduced when compared
w qxto the control group. The level of K 6 min after thee

Žonset of ischemia was 8.9"0.6 mM Fig. 2; P-0.05,
one-way analysis of variance followed by Dunnet’s post-

. w qxhoc test . In the 100 mM 5-HD-treated group, K e
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Ž . Ž .Fig. 1. Effects of 5-hydroxydecanoate 5-HD and ouabain on the changes in the left ventricular developed pressure A , the first derivative of the left
Ž . Ž . Ž . Ž . Ž .ventricular pressure LV d Prd t B , heart rate C , coronary flow D and the left ventricular end diastolic pressure E in isolated guinea-pig hearts

before ischemia. The data represent the means"S.E.M. of 4 to 6 hearts. ) P-0.05, significantly different from the values before treatment.

Ž .reached a value of 8.9"0.4 mM P-0.05 6 min follow-
ing the onset of ischemia and thereafter was maintained at
a constant level for 6 to 11 min. This was followed by a
continuous rise 30 min after the onset of ischemia reaching

w qxa final value of 23.8"3.0 mM. The K at the end ofe

ischemia in both 5-HD-treated groups was not significantly
different in comparison to the control group.

w qxIn the ouabain-treated hearts, K rose slowly up to 5e
Ž .min after the onset of ischemia Fig. 2 . The constant

phase and late increasing phase developed earlier than in

w q xFig. 2. Time-courses of K changes in control, 5-hydroxydecanatee
Ž .5-HD -treated and ouabain-treated guinea-pig hearts during ischemia.
The data represent the means"S.E.M. of 4 to 6 hearts. If error bars are
not shown, the S.E.M.s are included within the symbols.

the control group. The late phase reached 27.1"1.1 mM
at 30 min.

3.3. The time to the onset of ischemic contracture

We defined the time to the onset of ischemic contrac-
ture as the time when the increase of the left ventricular
end diastolic pressure during ischemia reached 2 mmHg.
In the control group, the time to the onset of ischemic
contracture was 16.8"1.7 min. In the 10 and 100 mM
5-HD-treated hearts, the time to the onset of ischemic
contracture slightly decreased to 13.2"1.6 and 14.2"0.7
min, respectively. In the 3 mM ouabain-treated hearts, the
time to the onset of ischemic contracture was 11.0"3.1
min. Ouabain and 5-HD did not significantly affect the
time to the onset of ischemic contracture at the concentra-
tions tested in the present study.

4. Discussion

It has been reported that 5-HD reduced the cellular Kq

loss during 5 min of ischemia in dog hearts in vivo
Ž .Miyoshi et al., 1996 . However, there is little or no
information available concerning the direct effect of 5-HD

w qxon the triphasic changes of K during global ischemiae

in isolated hearts. In the present study, 10 or 100 mM
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5-HD, concentrations which had no effect on cardiac func-
tion or coronary flow, significantly reduced the initial

w qxincreasing phase but had little effect on K in the latee

increasing phase. Similar findings have been previously
reported with glibenclamide in our and the other laborato-

Žries Wilde et al., 1990; Mitani et al., 1992; Sato et al.,
. q q1994 . Using ouabain, a selective inhibitor of the Na –K

pump, no effect was seen on the initial increasing phase.
Therefore, it appears that 5-HD has a similar mode of
action as glibenclamide in blocking K channels duringATP

myocardial ischemia. The present study indicates that the
Kq efflux through K channels contributes partially toATP

w qxthe initial increasing phase of K during ischemia, ande

that the activation of these channels is not required for
development of the late increasing phase. It has been
reported that K channels in myocytes initially open andATP

Žsubsequently close during maintained anoxia Thierfelder
.et al., 1994 . Therefore, it is possible that K channelsATP

are activated during early ischemia, i.e., the initial increas-
ing and the constant phase, and thereafter inactivated
during the late period of ischemia.

Recently, the mitochondrial K channel was reportedATP
Žto be a target for a potassium channel opener Garlid et al.,

.1996 . The selective activation of the mitochondrial KATP

channel by diazoxide protected against hypoxia-induced
cell death and lactate dehydrogenase release, and this

Žprotection was blocked by 5-HD Garlid et al., 1997; Liu
.et al., 1997 . These data are consistent with the idea that

the mitochondrial channels are potential targets of 5-HD.
The present study does not rule out the possibility that the
mitochondrial K channels may be a potential site ofATP

cardioprotective activity such as inhibition of ischemic
contracture. However, it appears to be more appropriate to
consider that 5-HD blocks the sarcolemmal K channelsATP

and inhibits the Kq efflux in the present experiment, since
w qxK is supposed primarily to reflect the activity ofe

sarcolemmal K channels in ischemic hearts.ATP

We have previously reported that the late increasing
w qxphase in K develops after glycolytic ATP synthesise

Ž . q qceases Sakamoto et al., 1997 . Since the Na –K pump
has been shown to be preferentially fueled by glycolytic

ŽATP production in sheep cardiac Purkinje cells Glitsch
.and Tappe, 1993 , it is possible that the reduction in

Naq–Kq pump activity by the cessation of glycolysis
w qxcontributes to the increase of K during the late increas-e

ing phase. In a previous study, it was found that 10 mM
ouabain induced a large monophasic Kq efflux during

Ž .ischemia in isolated rabbit heart Weiss and Shine, 1982 .
These results may have reflected the ouabain-induced cel-
lular injury since the pre-ischemic treatment with 10 mM
ouabain developed the elevation of the left ventricular end
diastolic pressure. The present study demonstrates that
pre-ischemic treatment of 3 mM ouabain hastened the
constant phase and the onset of the late increasing phase in
w qxK . Furthermore, this concentration did not alter pre-e

ischemic end diastolic pressure value or the time to the

onset of ischemic contracture. It appears then, that ouabain
is capable of further modifying the constant and late
increasing phases, and suggests that these two phases are
sensitive to a reduction of Naq–Kq pump activity during
ischemia. By employing a more selective K channelATP

blocker, the present study also confirms that Kq efflux
precedes a decrease in Kq uptake due to a reduction in
Naq–Kq pump activity in the ischemic heart.

In summary, these results show that 5-HD selectively
w qxreduced the initial increase in K , in a similar manner toe

glibenclamide. K contributes to the initial increasingATP
w qxphase of K , but does not appear to play a major role ine

the late increasing phase during ischemia in guinea-pig
hearts. Ouabain selectively enhanced the constant and late

w qxincreasing phases in K during ischemia. Our resultse

further strengthen the idea of a temporal difference in the
contribution of different ATP-dependent Kq efflux mecha-

w qxnisms to K in the ischemic guinea-pig heart.e
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