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Preservation of mitochondrial function by diazoxide during
sustained ischaemia in the rat heart
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1 A possible mechanism for the action of the K rp channel opener diazoxide on the improvement
of energy metabolism of ischaemic/reperfused hearts was examined.

2 Isolated, perfused rat hearts were subjected to 40 min ischaemia followed by 60 min reperfusion.
Diazoxide at concentrations of 3 to 30 uM was present in the perfusion buffer for the last 15 min of
pre-ischaemia.

3 Treatment of the perfused heart with diazoxide enhanced the post-ischaemic recovery of rate-
pressure product, attenuated the post-ischaemic rise in left ventricular end-diastolic pressure, and
suppressed the release of creatine kinase and purine nucleosides and bases from the reperfused heart.
Treatment of the heart with diazoxide also restored myocardial ATP and creatine phosphate and
attenuated the decrease in mitochondrial oxygen consumption rate after reperfusion. This
attenuation was maintained at the end of ischaemia as well as at the end of reperfusion.

4 In another set of experiments, myocardial skinned bundles were incubated for 30 min under
hypoxic conditions in the presence and absence of diazoxide, and then the mitochondrial oxygen
consumption rate was determined. Hypoxia induced a decrease in the mitochondrial oxygen
consumption rate of the skinned bundles to approximately 40% of the pre-hypoxic value. In
contrast, treatment of the bundles with 30 uM diazoxide preserved the normal mitochondrial oxygen
consumption rate during hypoxia. This effect was abolished concentration-dependently by the
combined treatment with either the K rp channel blocker glibenclamide or 5-hydroxydecanoate.

5 These results suggest that diazoxide is capable of attenuating ischaemia/reperfusion injury of
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isolated perfused hearts due to preservation of mitochondrial function during ischaemia.
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Introduction

ATP-sensitive potassium channel (K ,tp channel) openers, such
as diazoxide, cromakalim, nicorandil, and pinacidil, were first
identified as anti-anginal or anti-hypertensive drugs. The
mechanism for their action is attributed to the opening of
Karp channels, followed by inhibition of Ca?" influx in
smooth muscles, which then leads to vasodilatation.

Recently, there is increasing evidence that potassium
channel openers are not only vasodilators but also protectors
of heart muscle from injury. Several researchers have proposed
that cardiac K,rp channels may be involved in cardioprotec-
tion against ischaemia/reperfusion-induced injury (McPherson
et al., 1993; Grover, 1994; Liang, 1997; Gross, 1999). In
particular, opening of K ,rp channels has been shown to reduce
infarct size, to mimic ischaemic preconditioning, and to
enhance post-ischaemic recovery of cardiac contractile force
(McPherson et al., 1993; Hearse, 1995; Grover, 1997; Schwarz
et al., 1997). In addition, numerous studies have suggested that
Katp channel blockers such as glibenclamide abolish the
cardioprotective effects of K,tp channel openers.

The primary mechanism responsible for these observations
is thought to be the opening of sarcolemmal K,rp channels.
This action would be followed by shortening of action
potential duration (APD), and a reduction in calcium loading
in myocytes, whose events would be cardioprotective.
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However, several studies indicate that abbreviation of APD
is not necessary for the protection conferred by potassium
channel openers (Grover et al, 1995a,b). In addition, 5-
hydroxydecanoate (5-HD), which is believed to be a Karp
channel blocker, did not block the cromakalim-induced
sarcolemmal K,rp currents, but did block the anti-ischaemia
action (McCullough et al., 1991). These experimental results
suggest that the protective effects of potassium channel
openers are exerted by a mechanism that is unrelated to the
opening of sarcolemmal K rp channels.

Recently, a possible action of Karp channel openers on
mitochondrial function was proposed. Diazoxide and croma-
kalim were shown to improve post-ischaemic functional
recovery in isolated rat hearts and to stimulate Krp channel
activity in purified mitochondria (Garlid, 1996; Garlid et al.,
1997). It was also reported that sarcolemmal K,tp channels
were substantially insensitive to diazoxide, whereas they were
activated by cromakalim to a degree similar to that found for
mitochondrial K,tp channels. In addition, 5-HD completely
abolished the diazoxide-induced protective effect and inhibi-
tion of mitochondrial K* flux (Garlid et al., 1997; Liu et al.,
1998). Thus, it is possible to consider that diazoxide protected
ischaemic hearts by opening of mitochondrial Krp channels
rather than sarcolemmal Ktp channels and that 5-HD
appears to be a selective blocker of mitochondrial Katp
channels.
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It has been shown that mitochondrial K,tp channels
present on the inner membrane regulate mitochondrial volume
and energetics (Inoue et al., 1991; Paucek et al., 1992; Garlid et
al., 1996; Holmuhamedov et al., 1998). Regulation of volume
changes is important for metabolic control in mitochondria
(Halestrap, 1989). Thus, the effects of K otp channel openers on
the mitochondria may be linked indirectly to improvement of
cardiac energy production. However, the mechanism by which
opening of mitochondrial Kurp channels is linked to
cardioprotection remains unclear. In the present study, we
sought to determine whether or not diazoxide may protect
cardiac mitochondrial function against ischaemia/reperfusion
injury through its action on the energy-producing ability of
mitochondria.

Methods

Animals

Male Wistar rats, weighing 230—285 g, were used in the
present study. The animals were conditioned at 23 +1°C with a
constant humidity of 55+5%, a cycle of 12 h light and 12 h
darkness, and were given free access to food and tap water
according to the Guide for the Care and Use of Laboratory
Animals as promulgated by the National Research Council..
The protocol of this study was approved by The Committee of
Animal Use and Welfare of Tokyo University of Pharmacy
and Life Science.

Agents

Diazoxide, glibenclamide, and 5-hydroxydecanoate were
purchased from Sigma Chemical Co. (St Louis, MO, U.S.A.).

Perfusion of hearts

The rats were anaesthetized with diethyl ether. The hearts
were rapidly isolated, transferred to a Langendorff
apparatus, and perfused at a constant perfusion pressure of
70 mmHg with Krebs-Henseleit bicarbonate buffer of the
following composition (mM): NaCl, 120; KCl, 4.8; KH,PO,,
1.2; MgSO,, 1.2; CaCl,, 1.25; NaHCOs;, 25; and glucose, 11.
The perfusion buffer, at 37°C, was equilibrated with a gas
mixture of 95% O, and 5% CO, to pH 7.4. A latex balloon,
with an uninflated diameter of 3.7 mm and connected to a
pressure transducer (TP-200, Nihonkohden, Tokyo, Japan),
was inserted into the left ventricular cavity through the
mitral opening and secured by ligation. A pressure S-mmHg
of the initial left ventricular end-diastolic pressure (LVEDP)
was loaded onto the perfused heart. Left ventricular
developed pressure (LVDP), a convenient marker of cardiac
contractile function, was monitored by a pressure transducer
connected to a carrier amplifier (AP-621G, Nihonkohden)
throughout the experiment. Heart rate (HR) was measured
by means of a heart rate counter AT-601G, Nihonkohden,
Tokyo). The flow rate of the perfusate was monitored by an
electromagnetic blood flow meter (MFV-3100, Nihonkoh-
den, Tokyo) connected just proximal to the aortic cannula.
Haemodynamic parameters were recorded on a thermal pen
recorder (WT-645G, Nihonkohden, Tokyo). The rate-
pressure product (RPP) was determined by multiplying HR
by LVDP.

After a 30-min equilibration, an additional 15-min
perfusion was carried out, and then the perfusion was stopped
(ischaemia). The heart was immediately submerged in an organ

bath filled with the Krebs-Henseleit bicarbonate buffer in
which the 11 mM glucose had been replaced with 11 mM Tris/
HCI. This buffer had been previously equilibrated with a gas
mixture of 95% N, and 5% CO, to pH 7.4 and maintained at
37°C during the experiment to avoid hypothermia-induced
cardioprotection. After 40 min of ischaemia, the buffer in the
organ bath was drained, and the hearts were reperfused for
60 min at 37°C with the Krebs-Henseleit bicarbonate buffer
equilibrated with a gas mixture of 95% O, and 5% CO,. The
hearts were allowed to beat spontaneously throughout the
experiments. For the purpose of comparison, hearts were
perfused for 100 min under normoxic conditions, the time
equal to that for ischaemic plus reperfusion (normoxic group).

Treatment of the perfused hearts with different concentra-
tions of diazoxide (3 to 30 uM) was carried out by perfusing the
hearts with the agent in Krebs-Henseleit bicarbonate buffer for
the last 15 min of pre-ischaemia. Alternatively, diazoxide at
30 uM was perfused from the onset of reperfusion to the end of
reperfusion. One preparation out of seven in the case of 10 or
30 um diazoxide-treated hearts was excluded from data
analysis due to sustained ventricular tachycardia during
reperfusion. Diazoxide was dissolved in dimethylsulfoxide
(DMSO) and diluted in the Krebs-Henseleit buffer. The final
concentration of DMSO in the Krebs-Henseleit buffer was
0.04% (v v~'). Vehicle control perfusions were performed with
the same concentration of DMSO alone. We previously
confirmed that this concentration of DMSO had no effect on
cardiac function under our experimental conditions.

Examination of perfusate

The perfusate eluted from the heart was collected to determine
creatine kinase (CK) activity according to the method of
Bergmeyer et al. (1970). The perfusate was also used for
determination of purine nucleosides and bases (ATP metabo-
lites) such as adenosine, inosine and hypoxanthine by the
HPLC method described previously (Takeo et al., 1988).

Determination of myocardial energy metabolites

After appropriate sequences of perfusion, the hearts were
quickly frozen with liquid nitrogen. The frozen ventricle was
pulverized and mixed with 0.3 N HCIO, and 0.25 mm EDTA
under liquid nitrogen cooling. The extract was centrifuged at
8000 x g for 15 min at 4°C, and the resulting supernatant was
sampled for determination of myocardial ATP, ADP, AMP,
and creatine phosphate (CP). Myocardial adenine nucleotides
were measured by the HPLC method described previously
(Takeo et al., 1996). Myocardial CP was converted to ATP by
the enzymatic method of Lowry & Passonneau (1972). Energy
charge was calculated from the formula (ATP+0.5 x ADP)/
(ATP+ ADP+ AMP).

Mitochondrial oxygen consumption rate

The mitochondrial oxygen consumption rate was determined by
the method of Sanbe et al. (1993), which is a modification of the
method of Saks et al. (1989). After appropriate sequences of
perfusion, the vehicle- and diazoxide-treated hearts were quickly
removed from the perfusion apparatus. Myocardial bundles, 0.3
to 0.4 mm in diameter and 3 to 4 mm in length, were prepared
from the left ventricular free wall by use of a Mcllwain Tissue
Chopper (Mickle Lab. Engineering Co., NY, U.S.A.) and
transferred into relaxing medium A of the following composi-
tion (mM): EGTA, 10; MgSQO,, 3; taurine, 20; dithiothreitol, 0.5;
imidazole, 20; potassium 2-(N-morpholino)-ethanesulphonate,
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160; ATP, 5; CP, 15 (pH 7.0). The bundles were incubated for
20 min in 1 ml of medium A containing 75 ug ml~' saponin.
After incubation, the bundles (skinned bundles) were washed for
10 minin fresh medium A to remove the saponin. All procedures
were carried out at 4°C. The oxygen consumption rate of
skinned bundles was determined by means of a Clark-type
electrode connected to an Oxygraph (Central Kagaku, Tokyo)
containing skinned bundles in 1.0 ml of medium B (medium A
without ATP and CP but supplemented with 0.5% bovine serum
albumin) at 30°C with continuous and gentle stirring. The basal
oxygen consumption rate was measured following the addition
of 5 mM glutamate, 3 mM malate, and 3 mm KH,PO,. Total
oxygen consumption rate was measured after further addition of
1 mM ADP and 7.5 mM creatine. The maximal velocity of
oxygen consumption rate (V. of skinned bundles was taken as
the difference between total and basal oxygen consumption
rates. After determination of the oxygen consumption rate, the
skinned bundles were solubilized with 0.5 ml of 2 N NaOH for
30 min at 60°C, and then the protein concentration was
determined according to the method of Lowry et al. (1951). The
mitochondrial oxygen consumption rate was expressed as nano-
atoms of oxygen consumed per min per mg protein.

Hypoxic incubation of skinned bundles

To determine whether diazoxide directly affects mitochondrial
function or not, we prepared skinned bundles of the left
ventricular free wall from non-perfused hearts. The bundles
were placed into 2 ml of medium B in a tightly sealed chamber at
30°C for 30 min. The hypoxic condition was induced by
saturation of the chamber with 100% N, at the flow rate of
20 ml min~—' as described previously (Hayashi et al., 1995).
After a 30-min hypoxic or normoxic incubation, the skinned
bundles were quickly transferred to the glass cell, and then their
oxygen consumption rates were determined as described above.
Diazoxide or vehicle (0.1% (v v—!) DMSO) was added to the
incubation medium in the chamber before addition of the
skinned bundles. A combination of either diazoxide + gliben-
clamide or diazoxide+ 5-HD was also examined in the same
manner. The final concentration of DMSO in the medium B was
0.1%. We previously confirmed that this concentration of
DMSO had no effect on oxygen consumption rates under
hypoxic or normoxic conditions for at least 120 min.

Statistics

The results were expressed as the means+s.e.mean. The
statistical significance of differences in HR, coronary flow,
LVDP, RPP, and LVEDP just prior to 40 min ischaemia and
at the end of reperfusion between the hearts treated with
diazoxide and those treated with vehicle was evaluated by
analysis of variance (ANOVA), followed by Bonferroni’s or
Dunnett’s multiple comparison. Unpaired Student’s r-test was
performed for comparison between two groups. Differences
with a probability of less than 5% were considered to be
statistically significant (P <0.05).

Results

Cardiac function of perfused hearts

The effects of diazoxide on pre-ischaemic and post-ischaemic
cardiac function and coronary flow are shown in Table 1, and
the time course of changes in RPP of ischaemic/reperfused
hearts treated with 3 to 30 uM diazoxide is shown in Figure 1.

Table 1 Effects of diazoxide on pre-ischaemic and post-
ischaemic cardiac function and coronary flow in isolated rat

hearts
Just prior
to 40-min  60-min
Pre drug  ischemia reperfusion
HR (beats min~")
Vehicle 303+13 29146 276420
Diazoxide 3 uMm 276420 298+10 236+24
10 pm 311+10 316+14  289+26
30 pm 318+ 14 328412 295+12
CF (ml min—")
Vehicle 10.8+1.3 108+14 6.54+0.6
Diazoxide 3um 10.74+0.5 13.7+1.2 8.440.5
10 um 10.5+0.6 16.3+0.4* 7.54+0.7
30 pm 9.7£0.5 16.5+0.5% 9.14+0.3*
LVDP (mmHg)
Vehicle 109.5+1.8 114.0+1.8 23.5+54
Diazoxide 3um 96.0+6.5 98.0+6.2 46.0+4.1*%
10 um 96.5+8.0 107.2+7.2 67.1+4.4*
30 pm 89.0+4.5 103.0+3.8 81.5+7.1*
LVEDP (mmHg)
Vehicle 540 540  829+59
Diazoxide 3uMm 540 540 59.0+5.0*
10 um 540 540  48.0+4.9%
30 pm 540 540  38.5+6.5*%

Functional parameters were measured just before the start of
the drug treatment (—15min), just prior to 40-min
ischaemia (0 min), and after the 60-min reperfusion
(100 min). Each value represents as the mean+s.e.mean of
five experiments. *Significantly different from the vehicle
group (P<0.05). Abbreviations: HR: heart rate, CF:
coronary flow, LVDP: left ventricular developed pressure,
LVEDP: left ventricular end-diastolic pressure

|Agent|  Ischaemia | Reperfusion |

)

& 401
V Diazoxide (30uM, during reperfusion)
O Diazoxide (30uM)
A Diazoxide (10uM)
[ Diazoxide (3uM)
@ Vehicle

Rate pressure product (mmHg min” 10

-15 0 20 40 60 80 100
Perfusion time (min)

Figure 1 Time course of changes in rate pressure product of the
ischaemic/reperfused untreated heart and that treated with 3, 10, or
30 um diazoxide. Each value represents the mean+s.e.mean of five
experiments. Treatment with diazoxide was conducted for the last
15 min of pre-ischaemia (Agent) or only during reperfusion.

The basal (initial) values for HR, coronary flow, LVDP, RPP,
and LVEDP were similar in the vehicle- and diazoxide-treated
groups. Diazoxide had little effect on the heart rate before
ischaemia. At that time, however, the drug at 10 and 30 um
significantly increased coronary flow with a concomitant
increase in RPP. RPP declined to zero within 2.5 min after
the onset of ischaemia. Thereafter, it remained at that value
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Figure 2 Creatine kinase activity (left panel) and ATP metabolites (right panel) in the perfusate eluted from ischaemic/reperfused
hearts treated with 30 uM diazoxide prior to ischaemia. Each value represents the mean +s.e.mean of six experiments. *Significantly
different from the corresponding normoxic group (P<0.05). *Significantly different from the corresponding vehicle ischaemic/

reperfused group (P <0.05).

Table 2 Effects of diazoxide (30 uM) on high-energy phosphate content and energy charge of perfused hearts

ATP ADP AMP CP EC
At Omin (at the end of pre-ischaemia period)
Vehicle - 24.94+0.7 5.840.5 0.54+0.1 352+1.0 0.892+0.010
Diazoxide - 26.5+1.0 6.8+0.6 0.6+0.4 347+19 0.883+0.009
At 40 min
Vehicle Normoxia 24.440.8 5.740.3 0.3+0.1 34.04+0.8 0.87940.004
Ischaemia 1.440.2* 2.240.4* 18.140.9* 2.840.3* 0.112+0.012*
Diazoxide Normoxia 23.740.4 53403 0.440.1 342426 0.896 +0.008
Ischaemia 1.240.3* 2.64+0.3* 17.0+1.7* 3.0+0.3* 0.118+0.014*
At 100 min
Vehicle Normoxia 24.5+0.8 52404 0.54+0.1 34.0+0.8 0.897+0.006
Ischaemia 5.34+0.4* 4.240.2% 0.940.2 9.64+0.8* 0.713+0.018*
Diazoxide Normoxia 24.240.6 4.840.1 0.3+0.01 33.34+0.5 0.907 4 0.004*
Ischaemia 12.1+0.8+" 43+0.4 0.14+0.01"% 27.0+ 1.4 0.863+0.010%#

The values of adenosine triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP), and creatine phosphate
(CP) were expressed as umol per g dry tissue weight. Energy charge (EC) was calculated from the formula (ATP+0.5x ADP)/
(ATP+ADP+ AMP). Each value represents as the mean+s.e.mean of six experiments. *Significantly different from the normoxic
group (P<0.05). #Significantly different from the vehicle, ischaemic group (P<0.05).

during ischaemia. During reperfusion, bradycardia and
contractile dysfunction were observed in vehicle-treated hearts,
suggesting the genesis of severe ischaemic/reperfusion injury.
The RPP of the heart recovered to approximately 23% of the
pre-ischaemic value by the end of the reperfusion period. In
contrast, RPPs of the hearts treated with 10 and 30 um
diazoxide were significantly recovered to approximately 64
and 86%, respectively, of the pre-ischaemic value at the end of
reperfusion. Coronary reflow of the vehicle-treated heart was
reduced at the end of reperfusion, and the reflow was
significantly improved by only 30 uM diazoxide. The LVEDP
of the vehicle-treated heart began to rise at 10 min after the
onset of ischaemia and reached its peak level at approximately
20 min of ischaemia. It was further increased upon reperfu-
sion; the maximum level having been reached at 5 min after the
onset of reperfusion. Although the LVEDP gradually declined
during reperfusion, this high level of LVEDP was sustained
throughout reperfusion. In contrast, treatment with various
concentrations of diazoxide attenuated the rise in LVEDP
during reperfusion in a concentration-dependent manner, but
not during ischaemia. When perfused hearts were treated with

30 uM diazoxide only during reperfusion, the recovery of RPP
was not enhanced at the end of the reperfusion period
(6.6+2.0 mmHg min~"' x 1073 for vehicle-treated heart versus
6.6+ 1.0 mmHg min~'x 10™* for 30 um diazoxide-treated
heart, n=1>5 each).

Since treatment with 30 uM diazoxide resulted in the
maximum recovery of RPP and LVEDP, we employed 30 um
diazoxide in the subsequent experiments to further characterize
the pharmacological profiles of the agent.

Release of CK and ATP metabolites

To determine the release of CK from perfused hearts, we
collected the perfusate from the hearts and measured the CK
activity in the perfusate (left panel in Figure 2). During the 15-
min period of pre-ischaemic perfusion, CK activity in the
perfusate was less than 4 nmol NADPH min—' g~! wet tissue
regardless of the presence or absence of diazoxide (7= 6 each).
CK activity in the perfusate of the heart perfused for 100 min
under normoxic conditions was less than 6nmol
NADPH min~' g=' wet tissue regardless of treatment with

British Journal of Pharmacology, vol 129 (6)
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Figure 3 Mitochondrial oxygen consumption rate of the left ventricular skinned bundles isolated from hearts at the end of
ischaemia (at 40 min, left panel) and at the end of reperfusion (at 100 min, right panel) of hearts treated with 30 um diazoxide. Each
value represents the mean +s.e.mean of five experiments. *Significantly different from the corresponding normoxic group (P <0.05).
*Significantly different from the corresponding vehicle ischaemic/reperfused hearts group (P <0.05).
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Figure 4 Effects of different concentrations of diazoxide on the
mitochondrial oxygen consumption rate of myocardial skinned
bundles subjected to 30-min normoxia or hypoxia. Each value
represents the mean+s.e.mean of 3—6 experiments. Significantly
different from the corresponding normoxic group (P<0.05).
*Significantly different from the corresponding 0 um diazoxide
(P<0.05).

or without 30 uM diazoxide. CK activity in the perfusate from
the vehicle-treated heart markedly increased during reperfu-
sion, and treatment with diazoxide attenuated this release.
The amount of ATP metabolites released during reperfu-
sion was also determined (right panel in Figure 2). The release
of ATP metabolites was less than 0.1 umol g=' wet tissue
during pre-ischaemia (n=06). No appreciable release of ATP
metabolites was observed in hearts perfused for 100 min under

normoxic conditions (n=06). The release of ATP metabolites
was markedly increased during reperfusion following ischae-
mia. Treatment with diazoxide partially suppressed the release
of ATP metabolites during reperfusion (to approximately 78%
of the value for the vehicle-treated heart, n=6, P<0.01).

Myocardial energy metabolites

Myocardial energy metabolites such as ATP, ADP, AMP and
CP were determined in the heart treated with diazoxide to
examine the myocardial energy profile (Table 2). Myocardial
ATP and CP contents at the end of the pre-ischaemia were
24940.7 and 35.24+1.0 umol g~! dry tissue, respectively
(n=06). There were no significant differences in the metabolite
contents at 100 min of normoxia as compared with the pre-
ischaemic values (at 0 min). Myocardial ATP and CP
contents at the end of the ischaemia were approximately 6
and 8% of the pre-ischaemic values, respectively. Reperfusion
of the ischaemic heart resulted in little restoration of
myocardial ATP and CP contents (to approximately 21 and
27% of the pre-ischaemic values, respectively). Treatment
with 30 uM diazoxide for the last 15 min of the pre-ischaemia
did not alter the pre-ischaemic value of these metabolites, nor
did it prevent the decreases in myocardial ATP and CP
during ischaemia. During reperfusion, however, myocardial
ATP and CP contents were restored to approximately 46 and
78% of their pre-ischaemic values, respectively, by treatment
with 30 uM diazoxide (n=6). The myocardial ADP content
declined after sustained ischaemia and recovered after
reperfusion in vehicle-treated hearts, and treatment with
diazoxide did not alter this profile. Forty minutes of
ischaemia markedly increased AMP levels by 36 and 28 fold
of the pre-ischaemic values in vehicle- and diazoxide-treated
hearts. After reperfusion, the myocardial AMP content was
reversed in both hearts. The energy charge significantly
decreased after ischaemia and recovered during reperfusion in
both vehicle- and diazoxide-treated hearts. However, the
energy charge returned to a greater degree in the diazoxide
group than in the vehicle group after 60 min of reperfusion,
as shown in Table 2.

British Journal of Pharmacology, vol 129 (6)
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treated group (P<0.05).

Mitochondrial oxygen consumption rate of perfused
hearts

The mitochondrial oxygen consumption rate of the left
ventricular muscle of the hearts treated with diazoxide was
determined next (Figure 3). The rate for pre-ischaemic hearts
was 58.56+2.14 n atom O min~' mg~' protein (n=75). There
were no significant differences in the mitochondrial oxygen
consumption rate of perfused hearts under normoxic condi-
tions regardless of treatment or not with diazoxide. The
mitochondrial oxygen consumption rate of the vehicle-treated
heart under ischaemic conditions was significantly lower than
that of the normoxic heart (approximately 43% of the value
for the normoxic heart, n=5). A further decline in the
mitochondrial oxygen consumption rate was observed upon
reperfusion (approximately 21% of the value for the normoxic
heart, n=>5). In contrast, treatment with diazoxide preserved
the mitochondrial oxygen consumption rate at the ends of both
ischaemia and reperfusion (approximately 90 and 89% of the
value for the normoxic heart, respectively, n=>5 each).

Mitochondrial oxygen consumption rate under hypoxic
conditions

To determine whether or not diazoxide may protect the
mitochondrial oxygen consumption capacity from hypoxic
injury, we prepared skinned bundles from the left ventricular
free wall of normal rats and incubated them under hypoxic
conditions. At first, to determine the experimental conditions
of hypoxic incubations of skinned bundles, we measured the
mitochondrial oxygen consumption rate after 15 to 120 min of
hypoxia. The rate was reduced in a time-dependent manner
between 0 and 30 min of hypoxia (data not shown). Thus, we
employed 30-min hypoxia in subsequent experiments. Under

this condition, we measured the mitochondrial oxygen
consumption rate in the absence and in the presence of 3 to
30 um diazoxide (Figure 4). After the 30-min hypoxic
incubation, the mitochondrial oxygen consumption rate was
decreased to approximately 40% of the value for the normoxic
skinned bundles (n=6). When the skinned bundles were
incubated in the presence of 1 to 30 uM diazoxide, the
hypoxia-induced decrease in mitochondrial oxygen consump-
tion rate was attenuated in a concentration-dependent manner
(n=3to 6).

The preservation of mitochondrial oxygen consumption
capacity by treatment with 30 uM diazoxide was significantly
abolished by the combined treatment with either 1 to 10 uMm
glibenclamide (n=3 to 4, left panel in Figure 5) or 10 or 30 uM
5-HD (n=3 to 5, right panel in Figure 5).

Discussion

In the present study, we observed that treatment with
diazoxide during pre-ischaemia markedly enhanced the post-
ischaemic contractile recovery of ischaemic/reperfused hearts.
The beneficial effects of diazoxide on cardiac function are
comparable to those reported by other investigators (Garlid et
al., 1997). The improvement was associated with restoration of
myocardial high-energy phosphates and attenuation of the
release of CK as well as ATP metabolites. There are
controversial reports regarding the correlation between the
recovery of function and intracellular ATP levels following
myocardial ischaemia/reperfusion. Docherty et al. (1999)
reported that there was a correlation between intracellular
ATP levels and functional recovery following ischaemia/
reperfusion and that this correlation, while significant, was
quite modest. In contrast, Neely & Grotyohann (1984)
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suggested that there was no relation between intracellular ATP
levels and functional recovery following ischaemia/reperfu-
sion. Thus, the cause and effect relationship between recovery
of post-ischaemic contractile function and myocardial energy
levels still remains unclear. Despite such uncertainty, it is well
recognized that cardiac contraction basically requires myo-
cardial high-energy phosphates (Katz, 1977). Thus, appreci-
able levels of high-energy phosphates in the diazoxide-treated,
reperfused heart may be substantially beneficial for the
recovery of myocardial contractility of the reperfused heart.

The attenuation of the release of CK and ATP metabolites
suggests that an ischaemia-induced increase in the membrane
permeability of macromolecules such as CK protein across cell
membranes and/or induction of cardiac cell necrosis in the
reperfused heart was suppressed by treatment with diazoxide.
The finding also suggests that relatively small restoration of
myocardial ATP by treatment with the agent may be due to the
loss of ATP metabolites from the reperfused heart, since ATP
metabolites, such as adenosine and inosine, are substrates for
the salvage synthesis of ATP in hearts. In contrast, the
myocardial CP content of the heart treated with diazoxide was
restored to 78% of the pre-ischaemic value during reperfusion.
These results suggest that the ability to produce energy in
mitochondria may be appreciably preserved in the ischaemic
heart treated with diazoxide.

Recently, it has been shown that there is an isoform of the
K 4otp channel on the mitochondrial inner membrane, where the
channels regulate mitochondrial electron transport, volume,
and energetics (Inoue et al., 1991; Paucek et al., 1992; Garlid et
al., 1996; Holmuhamedov et al., 1998). Several investigators
have suggested that mitochondrial K rp channels may be
involved in cardioprotection against ischaemia/reperfusion
injury (Jovanovic et al., 1998; Liu et al., 1998). In addition,
Garlid et al. (1996; 1997) showed that diazoxide is 2000 fold
more selective for mitochondrial than for sarcolemmal Katp
channels. Therefore, it appears that diazoxide may protect
ischaemic hearts through promoting mitochondrial rather than
sarcolemmal function. Thus, we determined whether or not
diazoxide may protect the cardiac mitochondrial function
against ischaemia/reperfusion injury. In the present study, we
used a method to determine mitochondrial functional capacity
in skinned bundles (Saks et al., 1989). This method is efficient
to study the quantitative relationship between parameters of
mitochondrial respiration and cardiac function in each
preparation. At the end of the ischaemia, the oxygen
consumption rate of the myocardial skinned bundles
decreased, whereas this decrease was partially restored by
reperfusion. Diazoxide preserved this mitochondrial function
of the heart during ischaemia as well as during reperfusion.
Basically, the experimental conditions for measurement of
mitochondrial oxygen consumption rate are the same as those
for that of mitochondrial oxidative phosphorylation activity
(Saks et al., 1989). Thus, these results suggest that diazoxide is
capable of preserving mitochondrial oxidative phosphoryla-
tion activity during ischaemia and reperfusion.

Although we observed that treatment with diazoxide
attenuated the ischaemia-induced decrease in mitochondrial
activity, it remained to be determined whether diazoxide
may directly affect the mitochondria or not. Therefore, this
possibility was addressed in another set of experiments.
Skinned myocardial bundles were prepared from the left
ventricular free wall of normal rats and then exposed to 30-
min hypoxia in the presence and absence of diazoxide.
Incubation of the skinned bundles under hypoxic conditions
resulted in a decrease in mitochondrial oxygen consumption
rate, which was attenuated by diazoxide in a concentration-

dependent manner. This effect of diazoxide was abolished in
the presence of either K rp channel blocker glibenclamide or
5-HD in a concentration-dependent manner. Glibenclamide
is known to block K,rp channels on both cell membranes
and mitochondrial inner membranes (Paucek et al., 1992;
Szewczyk et al., 1995; Garlid et al., 1996). In contrast, 5-HD
does not affect cromakalim-induced shortening of action
potential duration or the cromakalim-induced decrease in
outward whole-cell potassium currents (McCullough ez al.,
1991). Both events are considered to be related to ionic
currents present in the cell membrane. In contrast, Garlid et
al. (1997) showed that 5-HD inhibited the ability of
diazoxide to open reconstituted mitochondrial Krp channels
in a relatively selective manner. Thus, 5-HD appears to
affect mitochondrial K rp channels rather than sarcolemmal
Karp channels. The above results suggest that diazoxide
preserves mitochondrial oxygen consumption rate under
hypoxic conditions, probably through opening mitochondrial
K stp channels.

In the present study, when perfused hearts were treated with
diazoxide only during reperfusion, the recovery of RPP was
not enhanced. In addition, it was at the end of ischaemia that
the mitochondrial oxygen consumption rate of the vehicle-
treated heart was decreased. These findings positively indicate
that the mitochondrial oxygen consumption capacity of the
heart had already decreased under ischaemic conditions prior
to reperfusion injury and suggest that the presence of diazoxide
during the ischaemic period is necessary to elicit the
improvement in the recovery of cardiac function. If so,
ischaemia/reperfusion-induced damage to cardiac function
and metabolism, at least in part, might be initiated and/or
promoted by the impairment in mitochondrial function during
the ischaemic period, but not during reperfusion.

It is still unclear how opening of mitochondrial Kurp
channels during the ischaemic period might protect against
the following reperfusion damage. During the steady state,
respiration is balanced by K* influx into mitochondria
through the K*/H™ anti-porter. One possibility is that the
opening of mitochondrial K,tp channels may cause a net
influx of K* and partially dissipate the mitochondrial
membrane potential (Garlid, 1996). This may be beneficial
against ischaemia-induced mitochondrial dysfunction, because
partial dissipation of the electrical gradient decreases the
paradoxical Ca?" influx into mitochondria (Liu et al., 1998;
Holmuhamedov et al., 1999). It is likely that preservation of
mitochondrial function during the ischaemic period may
contribute to the better recovery of myocardial high-energy
phosphate and myocardial ventricular function particularly at
an early period of reperfusion. However, an increased oxygen
consumption rate does not necessarily result in an increased
ATP synthesis (Liu et al., 1996). This discrepancy remains to
be addressed.

An increase in coronary flow during pre-ischaemic
period was seen in the heart treated with diazoxide. Since
this agent was shown to dilate peripheral vascular smooth
muscles (Nakai, 1994; Xia & Han, 1994; Quayle et al.,
1997), this effect may be anticipated to lead to recovery of
post-ischaemic cardiac function. To determine this possibi-
lity, we examined the relationship between coronary flow
at the end of pre-ischaemia and recovery of RPP at the
end of reperfusion in hearts treated with 3 to 30 um
diazoxide. There was no significant relationship between
these two parameters (r=0.384, n=15 P>0.05). It is,

therefore, unlikely that this increase in coronary flow
contributes much to the cardioprotective action of
diazoxide.
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In conclusion, the present study has shown that diazoxide
is capable of protecting the myocardium against ischaemia/
reperfusion injury and enhancing the recovery of post-
ischaemic myocardial contractile function in association with
restoration of myocardial high-energy phosphates. The
mechanism underlying this cardioprotective effect of diaz-
oxide may be attributed to preservation of mitochondrial
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