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Minoxidil opens mitochondrial K rp channels and confers
cardioprotection
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1 ATP-sensitive potassium channel in the mitochondrial inner membrane (mitoK otp channel) rather
than in the sarcolemma (sarcK A rp channel) appears to play an important role in cardioprotection. We
examined the effect of minoxidil, a potent antihypertensive agent and hair growth stimulator, on
sarcK otp and mitoK s rp channels in guinea-pig ventricular myocytes.

2 Minoxidil activated a glybenclamide-sensitive sarcK 5tp channel current in the whole-cell recording
mode with an ECs, of 182.6 uM. Minoxidil reversibly increased the flavoprotein oxidation, an index of
mitoK ,tp channel activity, in a concentration-dependent manner. The ECs, for mitoK,rp channel
activation was estimated to be 7.3 uM; this value was notably ~25-fold lower than that for sarcKsrp
channel activation.

3 Minoxidil (10 uM) significantly attenuated the ouabain-induced increase of mitochondrial Ca**
concentration, which was measured by loading cells with rhod-2 fluorescence. Furthermore,
pretreatment with minoxidil (10 uM) before 20-min no-flow ischaemia significantly improved the
recovery of developed tension measured after 60 min of reperfusion in coronary perfused guinea-pig
ventricular muscles. These cardioprotective effects of minoxidil were completely abolished by the
mitoK orp channel blocker 5-hydroxydecanoate (500 uMm).

4 Our results indicate that minoxidil exerts a direct cardioprotective effect on heart muscle cells, an
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effect mediated by the selective activation of mitoK ,tp channels.
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Introduction

Cardiac myocytes contain ATP-sensitive potassium (Katp)
channels in both sarcolemmal plasma membrane (sarcKatp
channels) and in mitochondrial inner membrane (mitoKrp
channels) (Noma, 1983; Garlid et al., 1996; Liu et al., 1998).
SarcK rp channels have been molecularly defined as an
octameric complex of four pore-forming Kir6.2 and four
SUR2A sulphonylurea receptors (Inagaki et al., 1996; Clement
et al., 1997). On the other hand, the molecular cloning of
mitoKrp channel has not yet been achieved, although recent
studies using Kir6.1- and Kir6.2-deficient mice suggest that
neither of these subunits is an essential component of the cardiac
mitoK stp channel in mice (Miki et al., 2002; Suzuki et al., 2002).

MitoKrp channels possess a distinct pharmacological
profile, while sharing some pharmacological properties with
sarcK tp channels. Notably, diazoxide opens mitoKtp
channels ~2000-fold more potently than sarcK,tp channels
in cardiac myocytes (Garlid et al., 1996). Consistent with this,
Liu et al. (1998) have demonstrated that diazoxide oxidizes the
mitochondrial matrix redox potential via opening of mitoK op
channels in rabbit hearts, whereas sarcK rp channels are
resistant to diazoxide. Zang et al. (2001) have also demon-
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strated that diazoxide increases the open probability of
reconstituted myocardial mitoK srp channels in lipid bilayers.
Using diazoxide as a pharmacological tool, recent studies have
suggested that mitoKrp channels rather than sarcKarp
channels are involved in cardioprotection (Garlid et al.,
1997; Liu et al., 1998; Sato et al., 2000b). However, diazoxide
has been reported to inhibit succinate dehydrogenase (Schéfer
et al., 1969; Hanley et al., 2002), suggesting that the
interpretation of the effect of diazoxide may not be straight-
forward. Accordingly, to further elucidate the functional role
of mitoKrp channel, it is desirable to look at another
mitoK ,tp channel-specific agent.

Minoxidil (chemical structure shown in Figure 1) is a potent
Katp channel opener, and has been shown to act as a
vasodilating agent (Campese, 1981; Leblanc et al., 1989), and
the drug is used externally for treatment of androgenetic
alopecia at present (DeVillez, 1990). Hayashi et al. (1993)
reported that a relatively high concentration of minoxidil
opened the sarcK,rp channel in guinea-pig ventricular
myocytes. Contrarily, the effect of minoxidil on cardiac
mitoKrp channel remains unclear. Although minoxidil has
been shown to improve the contractile function after
ischaemia—reperfusion in dog hearts (Yamamoto et al.,
2002), cardioprotective action of minoxidil is not well under-
stood. In the present study, we therefore examined the effects
of minoxidil on mitoK stp channels by measuring flavoprotein
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Figure 1 Chemical structures of minoxidil sulphate, diazoxide, and
nicorandil.

fluorescence in guinea-pig ventricular myocytes. The results
show that minoxidil confers cardioprotection via preferential
activation of mitoK orp channels.

Methods

The investigation conforms to the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes
of Health (NIH publication No. 85-23, revised 1985).

Cell preparation

Adult guinea-pig ventricular myocytes were isolated by
collagenase digestion, as previously described (Tohse et al.,
1992). Once isolated, the cells were suspended in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% foetal calf
serum at room temperature until use. The cells used in the
present experiments had a regular shape with clear cross-
striation.

Membrane current measurement

The patch-clamp technique was used in whole-cell patch or
nystatin-perforated patch configuration, as previously de-
scribed (Sakamoto et al., 1998). Single ventricular cells were
superfused with HEPES-buffered Tyrode’s solution containing
(in mM): NaCl 143, KCl1 5.4, CaCl, 1.8, NaH,PO, 0.33, MgCl,
0.5, glucose 5.5, and HEPES 5 (pH 7.4) at 37°C. For whole-cell
patch recording, the internal pipette solution (solution A)
contained (in mM) K-aspartate 110, KCl 20, CaCl, 1.4, MgCl, 1,
EGTA 10, HEPES 5, phosphocreatinine 1, and, unless
otherwise noted, K,-ATP 1 (pH 7.4). In a separate series of
whole-cell clamp experiments, 100 uM ADP was added to the
solution A. For nystatin-perforated patch recording, the
pipette solution (solution B) contained (in mM) K-aspartate
110, KC1 20, CaCl, 1, MgCl, 1, EGTA 0.1, HEPES 5 (pH 7.4),
and nystatin. A stock solution of nystatin was added to the
pipette solution to a final concentration of 300 ugml™' just
before the experiments. In both whole-cell and nystatin-
perforated patch recordings, the membrane potential was held
at —40mV and depolarized first to +50mV and then
hyperpolarized to —100mV with a slope of —60mV s~'. This
ramp-pulse protocol was repeated every 5s. The quasi-steady
state membrane current was plotted against the membrane

potential during hyperpolarizing voltage ramps. The current
signals were filtered at 3 kHz with a digital Gaussian filter and
digitized at 2kHz for data analysis with pClamp software
(Axon Instruments, Foster City, CA, U.S.A.). These experi-
ments were performed at 36°C.

Flavoprotein fluorescence measurement

To index the mitoKrp channel activity, flavoprotein fluores-
cence was measured by a modification of method described by
Sato et al. (1998). Briefly, the cells were superfused with a bath
solution containing (mM): NaCl 143, KCIl 5.4, CaCl, 1.8,
NaH,PO, 0.33, MgCl, 0.5, and HEPES 5 (pH 7.4) at room
temperature (x22°C). Flavoprotein fluorescence was excited
at 480 nm (for 200 ms) and emitted at 520 nm. At the end of
each experiment, cells were exposed to the mitochondrial
uncoupler 2,4-dinitrophenol (DNP, 100 M) to obtain maximal
flavoprotein oxidation. The emitted fluorescence was mon-
itored with a cooled charge-coupled device (CCD) digital
camera (Hamamatsu Photonics, Hamamatsu, Japan). The
imaging of flavoprotein was analysed for average pixel
intensities of regions of interest drawn to include the whole
cell, and expressed as a percentage of the DNP-induced
maximal oxidation, using an Aquacosmos image-processing
system (Hamamatsu Photonics).

[Ca’™ ], measurement

The Ca’" fluorophore rhod-2 was used to measure the
changes of mitochondrial Ca®* concentration ([Ca®*],,). For
rhod-2 loading, cells were plated on uncoated 35mm Falcon
culture dishes with a medium based on a 1:1 mixture of
DMEM and HEPES-buffered Tyrode’s solution, supplemen-
ted with 10% foetal calf serum. Then, cells were loaded with
10 uM rhod-2 acetoxymethyl ester for 120 min at 4°C. After
cold loading, cells were incubated for 30 min at 37°C. This
two-step cold loading/warm incubation protocol achieves
exclusive loading of rhod-2 into the mitochondria (Trollinger
et al., 2000). Cells loaded with rhod-2 were perfused with a
HEPES-buffered Tyrode’s solution containing 2.7 mM CaCl,
at 37°C. Rhod-2 fluorescence was excited at 540nm (for
100 ms), with emission monitored through a 605-nm (55-nm
bandpass) barrier filter. The imaging of rhod-2 was analysed
for the average pixel intensities of regions of interest drawn to
include the whole cell, following correction for background,
using an Aquacosmos image-processing system (Hamamatsu
Photonics).

Coronary-perfused right ventricular myocardium

The isolated coronary-perfused guinea-pig right ventricular
free wall was prepared as described previously (Shigematsu
et al., 1995). In brief, the preparation was mounted in the
recording chamber and pinned to the floor of the chamber.
The coronary artery was perfused with oxygenated Tyrode’s
solution containing (in mM) NaCl 136.7, NaHCO; 11.9, KCl
5.4, NaH,PO, 0.42, MgCl, 0.5, CaCl, 1.8, and glucose 11 (pH
7.35-7.40 when gassed with 97% O, and 3% CO,). The flow
rate was maintained at 1.04+0.2mlmin~' g~' wet weight using
a roller pump (MP-3; Tokyo Rikakikai, Tokyo, Japan). The
surface of the preparation was superfused with glucose-free
hypoxic Tyrode’s solution (10 mlmin~") to minimize direct O,
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diffusion from the surface of the preparations into the muscles.
The composition of the hypoxic Tyrode’s solution was the
same as above, except that it contained no glucose and was
gassed with 97% N, and 3% CO,. The temperatures of these
solutions were maintained at 37+0.5°C. The basal portion of
the preparation was stimulated at 3Hz throughout the
experiment and contractile tension was recorded using a force
transducer (TB-612T; Nihon Kohden, Tokyo, Japan) con-
nected to the apical end of the preparation. Resting tension
was adjusted to obtain the optimal developed tension. The
contractile tension was monitored on a multibeam oscilloscope
(VC-9A; Nihon Kohden) and recorded on a multichannel
thermal array corder (WT-645G; Nihon Kohden).

After equilibration for 90min, the preparations were
assigned to the study groups. Control (n=15): the preparations
were subjected to 20min of no-flow ischaemia followed by
60 min of reperfusion. Minoxidil (n = 4): the preparations were
treated for 5min with minoxidil (10 uM) followed by a 10-min
washout before no-flow ischaemia. Minoxidil + 5-HD (n=4):
pretreatment with the mitoK,tp channel blocker 5-hydro-
xydecanoate (5-HD, 500 uM) (Sato et al., 1998) starting 5 min
prior to and continued during minoxidil treatment. Minox-
idil4+ HMR (n=3): pretreatment with the sarcK,tp channel
blocker HMR 1098 (HMR, 30 uM) (Sato et al., 2000b) starting
Smin prior to and continued during minoxidil treatment.

Chemicals

Minoxidil sulphate was a kind gift from Taisho Pharma-
ceutical (Omiya, Japan). HMR 1098 (HMR) was a kind gift
from Aventis Pharma (Tokyo, Japan). Pinacidil, sodium 5-
hydroxydecanoic acid (5-HD), glybenclamide, and ouabain
were purchased from Sigma (St Louis, MO, U.S.A.). Rhod-2
acetoxymethyl ester was purchased from Molecular Probes
(Eugene, OR, U.S.A.). Nystatin and 2,4-dinitrophenol (DNP)
were purchased from Wako Pure Chemical (Osaka, Japan).
Minoxidil sulphate and glybenclamide were dissolved as a
100 mM stock solution in dimethyl sulphoxide, and the final
concentration of solvent was <0.1%. Pinacidil was dissolved
as a 50mM stock solution in 0.1 N HCl+saline. A stock
solution of nystatin dissolved in methanol at a concentration
of 10mg'ml™" was prepared fresh before each experiment.
QOuabain, 5-HD, HMR, and DNP were dissolved in the
perfusate.

Data analysis

Data are presented as mean +s.e.m., and the number of cells or
experiments is shown as n. Concentration—response data were
fit with a four-parameter logistic equation:

A

Y = Al + (A2 — A1)/(1 + 10(logECs, — [minoxidil])")

where Y is the current (Figure 2b) or the flavoprotein
oxidation (Figure 5), Al is the minimum current (Figure 2b)
or the minimum flavoprotein oxidation (Figure 5), A2 is the
maximum current (Figure 2b) or the maximum flavoprotein
oxidation (Figure 5), [minoxidil] is the concentration of
minoxidil, and n is the Hill coefficient. Curve fits were
performed with Origin 7J software (OriginLab, Northampton,
MA, U.S.A)). Intergroup comparisons are made by Student’s
t-test for two groups and by ANOVA followed by Fisher’s post
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Figure 2 Effects of minoxidil on the sarcKarp channels. (a)
Representative current—voltage relationships recorded under
whole-cell patch clamp. Each concentration of minoxidil was
applied for S5min. (b) Dose-response curve for minoxidil-induced
sarcK 4tp channel currents. The current traces obtained in each drug
concentration were subtracted from the control current tracing. The
amplitude of minoxidil-sensitive current at 0mV was normalized to
the cell capacitance of each cell. All data resented as mean+s.e.m.,
with numbers of cells given in parentheses.

hoc test for multiple groups. A value of P<0.05 was regarded

as significant.

Results
Effect of minoxidil on membrane currents

To test the effect of minoxidil on sarcK orp channel, membrane
current was recorded with patch-clamp techniques. Figure 2a

British Journal of Pharmacology vol 141 (2)
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shows the representative current traces recorded in the whole-
cell configuration. When 1mM ATP was included in the
pipette solution, cumulative application of minoxidil (10—
300 uM) resulted in a concentration-dependent increase in the
quasi-steady-state outward current. The minoxidil-induced
outward current was completely inhibited by subsequent
application of 10 uM glybenclamide (data not shown), indicat-
ing that minoxidil is an activator of sarcK,rp channel.
Figure 2b illustrates the dose-response curve for minoxidil-
induced currents measured at the membrane potential of 0mV.
The estimated ECs, value for minoxidil in activating glyben-
clamide-sensitive outward current was 182.6 uM.

To determine if intracellular ADP modulates the effect of
minoxidil, the quasi-steady-state membrane current was
recorded by adding ADP to the internal pipette solution.
ADP (100 uM) per se did not affect the outward current and
the current amplitude measured at 0mV was 2.7+1.3 (n=11)
and 2.9+ 1.2pApF~! (n=35) in the absence and presence,
respectively, of ADP in the pipette. As shown in Figure 3a,
there was no significant change in the amplitude of minoxidil-
induced outward current, when the patch pipette contained
ADP. In a nystatin-perforated patch configuration, as shown
in Figure 3b, significant current activation could not be
detected even at a high concentration of minoxidil (300 uM),
whereas pinacidil at a concentration of 100 uM produced a
robust increase in outward current.
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Figure 3 (a) Summarized effect of intracellular ADP on minoxidil-
induced sarcK o7p channel current. ADP (100 uM) was added to the
pipette in the whole-cell recording mode. (b) Comparative effect of
minoxidil and pinacidil on sarcK otp channel current recorded in the
nystatin-perforated patch configuration. In each panel, the ampli-
tude of sarcK rp channel at OmV was normalized to the cell
capacitance of each cell. Each bar represents the mean +s.e.m., with
numbers of cells given in parentheses.

Effect of minoxidil on flavoprotein oxidation

Figure 4 shows the representative images of flavoprotein
fluorescence in a cell exposed to minoxidil. Flavoprotein
fluorescence was low under control condition (Figure 4b) in
agreement with earlier reports (Liu et al., 1998; Romashko
et al., 1998). Exposure to minoxidil (10 uM) oxidized flavo-
protein and increased the fluorescence (Figure 4¢), which was
reversible on washout (Figure 4d). Subsequent exposure to
DNP (100 uM) led to increase in flavoprotein fluorescence
(Figure 4e). As summarized in Figure 5, minoxidil increased
flavoprotein fluorescence in a concentration-dependent man-
ner. The estimated ECs, value for minoxidil to induce
flavoprotein oxidation was 7.3 uM. Coadministration of 5-
HD (500 uMm), a selective mitoK 5 rp channel blocker (Sato et al.,
1998), virtually abolished the minoxidil-induced flavoprotein
oxidation. These results indicate that minoxidil is an opener of
mitoK otp channels.

Effect of minoxidil on mitochondrial Ca®* overload

A previous study demonstrated that the opening of mitoK,1p
channels by diazoxide attenuated the mitochondrial Ca’*
overload (Ishida ez al., 2001). We therefore examined the effect
of minoxidil on mitochondrial Ca®* overload. As summarized
in Figure 6, treatment of myocytes with ouabain (1 mM)
evoked mitochondrial Ca®>* overload and the intensity of
rhod-2 fluorescence significantly increased from 27.6+1.3 to
75.7+8.5a.u. after 30-min exposure to ouabain (P<0.001).

Figure 4 Imaging of flavoprotein fluorescence in guinea-pig
ventricular myocyte. (a) Transmitted image. (b—) A pseudocolour
palette was applied to visualize the relative increase in flavoprotein
oxidation, to yield images of cell at control (b), after 7-min exposure
to 10 uM minoxidil (c), washing out of minoxidil (d), and 2 min after
exposure to 100 uM DNP (e).
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Figure 5 Summarized dose-response data for minoxidil-induced
flavoprotein oxidation. Values are expressed as percents relative to
those obtained with DNP. All data are presented as mean +s.e.m.,
with numbers of cells given in parentheses.
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Figure 6 Summarized effect of minoxidil on ouabain-induced
mitochondrial Ca>* overload. In each group, drugs (minoxidil,
10 uM; 5-HD, 500 uM; glybenclamide, 10 uM) were applied together
with ouabain (1 mM), and the resultant fluorescence was collected at
15 and 30 min after exposure to ouabain. Each point indicates the
meants.em. *P<0.001 vs baseline; #P<0.001 vs ouabain;
P <0.001 vs ouabain + minoxidil.

Table 1 Changes of developed tension before ischemia

Coadministration of minoxidil (10 uM) significantly prevented
the ouabain-induced increase in rhod-2 fluorescence to
40.3+3.0a.u. (P<0.001 vs ouabain alone). The effect of
minoxidil was antagonized by both 5-HD (500uM) and
glybenclamide (10 uM). These results indicate that opening of
mitoK,tp channels by minoxidil attenuates the ouabain-
induced Ca®* overload in mitochondria.

Effect of minoxidil on contractile function during
ischaemia/reperfusion

To test whether minoxidil confers cardioprotection in guinea-
pig hearts, coronary perfused right ventricular preparations
were subjected to 20-min no-flow ischaemia, followed by 60-
min reperfusion. Table 1 summarizes the changes in developed
tension before ischaemia. Neither 5-HD (500 uM) nor HMR
(30 uM) alone had any significant effect on developed tension.
Although not statistically significant, the developed tension
was slightly depressed by minoxidil (10 uM). Figure 7 shows
the time courses of developed tension during ischaemia/
reperfusion. Pretreatment with 10uM minoxidil prior to
ischaemia significantly improved the recovery of contractility
after 60 min of reperfusion, compared with controls (64.0+ 1.8
vs 34.8+4.1%, P<0.01). This cardioprotective effect of
minoxidil was blocked by 5-HD (39.7+0.5%, P<0.01 vs
minoxidil alone), but not by HMR (61.3+3.1%, P=NS vs
minoxidil alone), suggesting that the cardioprotective effect of
minoxidil results from mitoK orp channel activation.

Discussion

Minoxidil is a potent K,tp channel opener and has diverse
actions ranging from vasodilation to promotion of hair growth
(Campese, 1981; Leblanc et al., 1989; DeVillez, 1990).
Although significant side effects, such as ventricular arrhyth-
mia and severe hypotension, may limit the clinical utility of the
Karp channel openers, these compounds are effective in
protecting cells from ischaemic injury, and thus merit further
investigation. The major finding of the present study is that
minoxidil could open mitoK,rp channels =&25-fold more
potently than sarcK,rp channels in guinea-pig ventricular
myocytes, and thereby attenuated mitochondrial Ca** over-
load and improved contractile recovery after ischaemia/
reperfusion.

In agreement with the previous report (Hayashi et al., 1993),
minoxidil activated the sarcK orp channels in a concentration-
dependent fashion, with an ECs, value of 182.6 uM when
assessed by whole-cell recording in the presence of 1 mM ATP.
We further found that, in contrast to pinacidil, minoxidil

Group Stabilization
Control (n=15) 11.6+0.8 mN
Minoxidil (n=4) 11.84+0.8 mN
Minoxidil +5-HD (n=4) 12.04+0.8mN
Minoxidil + HMR (n=4) 11.6+1.0mN

Drug
5-HD or HMR Minoxidil Preischemia
— — 11.3+0.9mN
— 11.04+0.9mN 11.840.8 mN
1294+ 1.0mN 12.04+0.8 mN 12.04+0.8 mN
11.8+1.0mN 11.1+£0.9mN 11.4+1.0mN

Values are mean+s.e.m. Stabilization: at the end of 90min of stabilization; 5-HD or HMR: 5min after treatment with 5-
hydroxydecanoate or HMR 1098; minoxidil; Smin after treatment with minoxidil in the absence and presence of 5-hydroxydecanoate or

HMR 1098; preischemia: immediately before the onset of ischaemia.
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Figure 7 Time courses of changes in developed tension during 20-
min no-flow ischaemia and 60-min reperfusion. Each point indicates
the mean+s.e.m. for 3-5 preparations, and is expressed as a
percentage of the preischaemic value.

evoked only a small outward current even at high concentra-
tion (Figure 3b), when sarcK,rp current recordings were
performed with nystatin in the pipette solution (nystatin-
perforated patch). Therefore, minoxidil is less potent than
pinacidil in activating sarcK,rp channel current. The perfo-
rated-patch technique allows the exchange of monovalent
cations and anions, whereas it maintains intracellular meta-
bolites intact (Horn & Marty, 1988). In this respect, the
activity of minoxidil to open sarcK,rp channels is dependent
on the intracellular ATP concentrations, and the drug can be
expected to have no effect on the sarcK rp channel under
normal condition. Recently, diazoxide and nicorandil, a
putative mitoKrp channel opener (Liu et al., 1998; Sato
et al., 2000a), have been shown to activate sarcKtp channels
during simulated ischaemia or when intracellular ADP is
raised (D’hahan et al., 1999; Matsuoka et al., 2000). Such an
ADP-dependent activation of sarcK,rp channel has been
proposed to underlie the cardioprotective effect against
ischaemia-induced contractile dysfunction of mouse heart
(Suzuki et al., 2003). In the present study, we found that
minoxidil did not enhance the sarcK,rp channel activity even
when the patch pipette contained 100 uM ADP (Figure 3a).
These results indicate that minoxidil may not open sarcKrp
channels even when intracellular ADP was considerably
increased, a condition to be encountered, for example, during
ischaemia.

MitoKrp channel activity was indexed by measuring
flavoprotein fluorescence (Liu er al., 1998). It is so far the
only method that can be used to assess mitoK,rp channel
activity in intact cells. However, two previous studies
(Lawrence et al., 2001; Hanley et al., 2002) have failed to
demonstrate the oxidation of flavoprotein by diazoxide. These
discrepancies are likely to reflect the different experimental
conditions. They used freshly isolated myocytes and measured
flavoprotein fluorescence in the presence of glucose. In our
experiments, the cells were kept in a culture medium until use
to stabilize the mitochondrial redox state. Moreover, since
mitoK otp channel-induced flavoprotein oxidation is detectable
only if uncompensated by increased production of electron
donor such as NADH (Chance et al., 1972), we used the
glucose-free Tyrode’s solution for measurement of flavopro-

tein fluorescence. Under our experimental conditions, the
mitoKrp channel opener diazoxide oxidized flavoprotein in
guinea-pig ventricular myocytes (Sato et al., 2003). The present
study demonstrated that minoxidil reversibly oxidized the
flavoprotein in a concentration-dependent manner (Figures 4,
5). Moreover, the mitoK 5p channel blocker 5-HD completely
abolished the minoxidil-induced flavoprotein oxidation. The
estimated ECs, value for minoxidil-induced flavoprotein
oxidation was 7.3 uM. This value was notably ~25-fold lower
than that for sarcK ,tp channel activation assessed by whole-
cell recording (182.6 uM), suggesting that minoxidil primarily
activates mitoK ,rp channels in cardiac cell. Thus, a pharma-
cological profile of minoxidil is qualitatively similar to that of
diazoxide and nicorandil.

Ca’* uptake into mitochondria is driven primarily by the
large negative electrical potential of the matrix (Gunter &
Pfeiffer, 1990). Therefore, depolarization of the mitochondrial
membrane via opening of mitoK,rp channels reduces the
driving force for Ca’* influx and, hence, results in the
prevention of mitochondrial Ca*>* overload. In agreement
with this hypothesis, we have reported that, in rat cardiomyo-
cytes, opening of mitoK,rp channels by diazoxide attenuates
the ouabain-induced mitochondrial Ca®* overload, and such
an effect is associated with the depolarization of the
mitochondrial membrane (Ishida et al., 2001). In the present
study, using the same experimental design, we found that
minoxidil could prevent the ouabain-induced Ca*™ overload in
mitochondria (Figure 6). The concentration of minoxidil used
in these experiments (10uM) was close to the ECs, for
flavoprotein oxidation. The mitoKorp channel blocker 5-HD
completely abolished the effects of minoxidil. Moreover, the
degree of protection conferred by minoxidil was comparable to
that seen with diazoxide (data not shown). Here, we used
diazoxide and 5-HD as the mitoK sp channel-selective agents.
However, it has also been claimed that diazoxide inhibits
succinate dehydrogenase and 5-HD is converted to 5-HD-CoA
(Schifer et al., 1969; Hanley et al., 2002; Lim et al., 2002).
Thus, the interpretation of our results may not be straight-
forward. So far, there is no report suggesting that minoxidil,
like diazoxide, inhibits succinate dehydrogenase. The specific
succinate dehydrogenase inhibitor malonate could not prevent
the ouabain-induced mitochondrial Ca®* overload (our
unpublished data). Furthermore, the nonselective Katp
channel blocker glybenclamide abolished the effect of minox-
idil, in a manner similar to 5-HD (Figure 6). We therefore
propose that cardioprotective effects of minoxidil are mediated
by the opening of mitoKrp channels, although mitoK,rp
channel-independent action cannot be completely excluded.

We found that brief exposure to minoxidil prior to
ischaemia improved the recovery of developed tension after
reperfusion. In the present study, the coronary flow rate was
maintained at 1.0+0.2mImin~'g~! wet weight using a roller
pump. It is therefore reasonable to assume that, under our
experimental condition, cardioprotective effects of minoxidil
are not due to vasodilation resulting from vascular sarcK,rp
channel activation. As described above, minoxidil can hardly
open sarcK o rp channels at the concentration used. In addition,
the putative mitoK,rp channel blocker 5-HD but not the
putative sarcK 5tp channel blocker HMR completely abolished
the effect of minoxidil (Figure 7). These results further support
the notion that minoxidil confers cardioprotection via pre-
ferential activation of mitoK otp channels.
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