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The K,1p channel opener diazoxide protects cardiac myocytes

during metabolic inhibition without causing mitochondrial
depolarization or flavoprotein oxidation
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Ton Channel Group, Department of Cell Physiology and Pharmacology, University of Leicester, P.O. Box 138, Leicester,
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1 The Katp channel opener diazoxide has been proposed to protect cardiac muscle against
ischaemia by opening mitochondrial Katp channels to depolarize the mitochondrial membrane
potential, AW,,. We have used the fluorescent dye TMRE to measure AY,, in adult rat freshly
isolated cardiac myocytes exposed to diazoxide and metabolic inhibition.

2 Diazoxide, at concentrations that are highly cardioprotective (100 or 200 um), caused no
detectable increase in TMRE fluorescence (n=27 cells). However, subsequent application of the
protonophore FCCP, which should collapse A¥,,, led to large increases in TMRE fluorescence
(>300%).

3 Metabolic inhibition (MI: 2 mM NaCN + 1 mM iodoacetic acid (IAA) led to an immediate partial
depolarization of AW, followed after a few minutes delay by complete depolarization which was
correlated with rigor contracture. Removal of metabolic inhibition led to abrupt mitochondrial
repolarization followed in many cells by hypercontracture, indicated by cell rounding and loss of
striated appearance.

4 Prior application of diazoxide (100 uM) reduced the number of cells that hypercontracted after
metabolic inhibition from 63.7+4.7% to 24.2+1.8% (P<0.0001). 5-hydroxydeanoate (100 uMm)
reduced the protection of diazoxide (46.8+2.7% cells hypercontracted, P<0.0001 vs diazoxide
alone).

5 Diazoxide caused no detectable change in flavoprotein autofluorescence (n=26 cells).

6 Our results suggest that mitochondrial depolarization and flavoprotein oxidation are not
inevitable consequences of diazoxide application in intact cardiac myocytes, and that they are also

not essential components of the mechanism by which it causes protection.
British Journal of Pharmacology (2001) 134, 535—1542

Keywords:
Abbreviations:

Diazoxide; cardiac muscle; cardioprotection; mitochondrial membrane potential; preconditioning; Katp channel

AY.,, mitochondrial inner membrane potential; 5-HD, sodium 5-hydroxydecanoate; CN~, cyanide; DMSO,

dimethylsulphoxide; DNP, dinitrophenol; FAD, flavin adenine dinucleotide; FCCP, carbonyl cyanide p-
trifluoromethoxy-phenylhydrazone; TAA, iodoacetic acid; MI, metabolic inhibition; TMRE, tetramethylrho-

damine ethyl ester

Introduction

Diazoxide is a pharmacological activator of ATP-sensitive
K™ channels (Katp channels) which has been shown in many
studies to exert a protective effect against the damage caused
to cardiac muscle by ischaemia followed by reperfusion
(reviewed by Gross & Fryer, 1999; Cohen et al., 2000). This
protective effect mimics that of ischaemic preconditioning
seen when a prolonged ischaemic challenge is preceded by a
brief period of ischaemia followed by reperfusion. Katp
channels are thought to play a key role in the cardioprotec-
tion seen with both Katp channel openers and ischaemic
preconditioning, since in either case protection can be
blocked by Katp channel blockers such as glibenclamide or
S-hydroxydecanoate (Gross & Fryer, 1999; Cohen et al,
2000). Protection during ischaemia was initially suggested to
result from activation of K,1p channels in the sarcolemma of
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cardiac muscle, leading to an energy-sparing effect through
shortening of the action potential, reduced Ca>* entry and so
contractile force (Noma, 1983). However, several studies have
shown poor correlation between action potential shortening
and protection, and further that protection can occur in the
absence of action potentials (Gross & Fryer, 1999). In
addition to their expression in the plasma membrane of cells,
K atp channels have been described in the inner membrane of
mitochondria (Inoue et al., 1991) and attention has recently
focussed on these mitoKatp channels as the proposed
mediators of cardioprotection (Garlid er al., 1997; Liu et
al., 1998).

Much of the evidence for the involvement of mitoKstp
channels is pharmacological, based especially on the
selectivity of the channel opener diazoxide for mitoKatp
over sarcoKarp (Garlid et al., 1997; Grover & Garlid,
2000). The details of the mechanism by which mitoKtp
channels might cause protection remain obscure, but in
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rabbit myocytes in short-term culture, diazoxide has been
reported to increase flavoprotein autofluorescence (Liu et
al., 1998). This effect was potentiated by either activation
of protein kinase C or by adenosine, both manoeuvres
known to trigger cardioprotection (Sato er al., 1998; 2000).
Liu et al. (1998) suggested that opening of the mitochon-
drial Katp channels might dissipate the inner mitochondrial
membrane potential (AYW,) established by the protein
pump, and that this dissipation accelerates electron transfer
by the respiratory chain which if uncompensated by
increased production of electron donors, leads to net
oxidation of the mitochondria. In isolated cardiac mito-
chondria, Holmuhamedov et al. (1999) have found
diazoxide to cause depolarization of AW, and reduce
mitochondrial Ca?* entry, and have suggested that the
latter effect might contribute to cardioprotection. Further,
they reported that diazoxide (300 uM) could depolarize
mitochondria in cultured neonatal rat cardiac myocytes.
However, this has not so far been demonstrated in adult
myocytes, and Kowaltowski et al. (2001), have suggested
that the K* flux resulting from activation of mitoKatp
would not be sufficient to cause either significant depolar-
ization of A¥,, or uncoupling.

We therefore set out to determine whether diazoxide
can depolarize AY, measured more directly in intact
freshly isolated adult rat cardiac myocytes using the AW -
sensitive dye tetramethylrhodamine ethyl ester (TMRE).
We have been unable to detect any effect of diazoxide on
AY,, at concentrations of 100—200 uM, sufficient to cause
maximal cardioprotection. In contrast, the protonophore
FCCP or metabolic inhibition, which should cause
complete depolarization of AW, increased TMRE fluor-
escence by >300%. Diazoxide was, however, able to
protect cells against the hypercontracture that is normally
consequent on metabolic inhibition followed by its
removal in isolated cardiac myocytes. We were also
unable to detect changes in flavoprotein autofluorescence
in response to diazoxide. Our results suggest that
mitochondrial depolarization and FAD oxidation are not
inevitable consequences of diazoxide application in intact
cardiac myocytes, and that they are also not essential

components of the mechanism by which it causes
cardioprotection.
Methods

Preparation of isolated heart cells

Ventricular myocytes were isolated enzymatically from the
hearts of adult male Wistar rats (300—400 g) killed by
cervical dislocation. The care and sacrifice of animals
conformed to the requirements of the U.K. Animals
(Scientific Procedures) Act 1986. The heart was rapidly
removed and perfused in the Langendorff mode with
collagenase (type I, Sigma) and protease (type XV, Sigma)
solution as described previously (Lawrence & Rodrigo, 1999).
Cells were then dissociated mechanically and washed twice in
normal Tyrode solution (see below). Typically, the isolation
procedure gave a 70—90% yield of quiescent, rod-shaped
cells. Cells were stored at 10°C in Tyrode with the addition of
5 mM Na pyruvate, and used within 24 h.

Solutions

Isolated ventricular myocytes were allowed to settle on the
glass coverslip which formed the base of the 0.5 ml
experimental bath and continuously superfused with Tyrode
solution containing (in mMm): NaCl 135, KCI 6, NaH,PO,
0.33, glucose 10, MgCl, 1, CaCl, 2, HEPES 10, titrated to
pH 7.4 with NaOH (normal Tyrode). Where used, NaCN
(2 mM) and iodoacetic acid (1 mM) were added to Tyrode on
the day of the experiment and the pH readjusted to 7.4.
Other reagents were added to this solution as described in the
text. TMRE was obtained from Molecular Probes and
pluronic acid from Sigma.

Drugs

Diazoxide and carbonyl cyanide p-trifluoromethoxy-phenyl-
hydrazone (FCCP) were from Sigma. Drugs were dissolved in
dimethylsulphoxide (DMSO) (Sigma) as stock solutions and
diluted into Tyrode. DMSO, at the maximum concentration
used of 0.2%, did not have any measurable effect on the
parameters studied. Sodium 5-hydroxydecanoate (Sigma) was
dissolved directly in Tyrode solution.

Fluorescence imaging for measurement of mitochondrial
membrane potential, flavoprotein oxidation and
cell length

Cells were visualized with an upright Nikon E600FN
microscope using a Nikon 40 x, NA 0.8, water-immersion
fluor objective lens. Fluorescent dyes were excited with light
from a Polychrome II monochromator (T.I.L.L. Photonics),
and emitted light was imaged with a PentaMAX cooled CCD
camera via a Gen IV image intensifier (Princeton Instru-
ments). Image acquisition and analysis were performed with
MetaFluor software (Universal Imaging). Mitochondrial
membrane potential was measured using the dye tetramethyl
rhodamine ethyl ester (TMRE). TMRE is rapidly taken up
by live cells and because of its positive charge preferentially
distributes into negatively charged cellular compartments.
Cells were loaded with 6 uM TMRE in the ester form with
the addition of 0.01% pluronic acid for 15 min at room
temperature (20—22°C) and then washed for 5 min. TMRE
was excited at 475 nm and the fluorescence image was
collected above 520 nm after passage through a 505 nm
dichroic mirror. To minimise the photodamage that can be
caused by mitochondrial membrane potential-sensitive dyes,
the excitation light was heavily attenuated with neutral
density filters and exposure limited to 25 ms at a frame rate
of 0.2 Hz. To record flavoprotein autofluorescence an
excitation wavelength of 450 nm was used, neutral density
filters were omitted, the exposure time was increased to
50 ms, and emitted light was collected as for TMRE.

Image processing and statistical analysis

Fluorescence images were analysed using MetaFluor soft-
ware. Fluorescence intensity was measured from a region of
interest drawn to include the whole cell. A region of the field
without cells was used to measure background fluorescence.
After subtraction of background, the relative change in
fluorescence was calculated as AF/F,, where F, is the initial
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fluorescence level averaged over 10—20 sample points at the
beginning of the recording and AF at each sample time ¢ is
(F,—F,). This procedure sets the baseline fluorescence at
zero, while AF/F, value of 1 corresponds to a doubling in
fluorescence intensity. Cell length was measured using
MetaMorph software (Universal Imaging). To do this, a
threshold of 30% maximum fluorescence was applied to each
TMRE fluorescence image to isolate the image of an
individual cell, and the length of the cell was then recorded
for each frame.

All experiments were carried out at 32+2°C. Data are
presented as the mean+s.e.mean and the number of cells is
shown as n. For statistical analysis, Student’s paired or
unpaired z-test was used as appropriate.

Results

Diazoxide does not affect mitochondrial membrane
potential in rat ventricular myocytes

Since it has been proposed that diazoxide may exert
protective effects by depolarizing the mitochondrial inner
membrane, we sought to investigate any such depolarization
by using the rhodamine dye TMRE, which is sensitive to
mitochondrial membrane potential (AW,). We used the
cooled CCD camera to collect images of fields that usually
contained several ventricular myocytes, and measured
fluorescence from separate regions that encompassed the
whole of each cell. TMRE is positively charged, and
partitions between mitochondria and cytoplasm in a
Nernstian fashion. Under the loading conditions we used,
TMRE accumulates in mitochondria because of the negative
potential of the mitochondrial matrix (about —150 mV
relative to the cytoplasm), where it causes autoquenching of
fluorescence (Emaus et al., 1986; Duchen et al., 1998).
Depolarization of AW, leads to a redistribution of TMRE
from mitochondria to cytoplasm, with a resulting decrease in
quenching and increase in the fluorescence measured from
the whole cell. Consistent with this, we measured robust
increases in TMRE fluorescence when isolated ventricular
cells were exposed to treatments expected to depolarize
AY,, such as application of the uncoupler FCCP or
metabolic inhibition, as can be seen for example in Figures
la and 2a.

To investigate possible effects of diazoxide on AW,
TMRE-loaded myocytes were bathed in normal Tyrode
before being superfused with diazoxide for 7—10 min. Such
an experiment is illustrated in Figure la. Diazoxide (200 um)
caused no detectable change in fluorescence, though
subsequent exposure of the cell to the protonophore FCCP
(5 uM) caused an abrupt increase in fluorescence (AF/F,~3)
as expected for depolarization of AY¥,, (Di Lisa et al., 1995;
Leyssens et al., 1996). We were similarly unable to detect
any change in TMRE fluorescence in response to diazoxide
in 27 cells to which we applied the drug at either 100 or
200 pMm. In each cell we compared the fluorescence averaged
over 3 min before the application of diazoxide with that
averaged over 3 min in diazoxide (4 min after the initial
application of diazoxide). Each cell subsequently gave a
large response to either FCCP or metabolic inhibition (MI,
see below). Mean results for the effects of diazoxide and

FCCP are shown in Figure 1b. There was no significant
difference between the fluorescence measured before and
during diazoxide in these cells (P=0.29, paired t-test); the
mean values of AF/F, being 0.002+0.003 and 0.021+0.019
(n=27) before and during diazoxide respectively. Thus we
have been unable to detect any depolarization of AY,, as
indicated by a change in TMRE fluorescence in our
experiments.

Changes in AY,, and cell length in response to
metabolic inhibition

In single cardiac myocytes, metabolic inhibition (MI), or
hypoxia, of sufficient duration, followed by removal of MI
or reoxygenation leads to irreversible cell damage indicated
by cell shortening to a ‘hypercontracted’ state with loss of
striations and a change from rectangular to rounded cell
morphology (Silverman & Stern, 1994). Experiments with
the fluorescent dye JC-1, which alters its distribution
between monomer and aggregated forms in response to
AY,, suggest that MI causes mitochondrial depolarization,
and that AW, can be at least partially restored on
restoration of metabolism (Di Lisa et al., 1995; Leyssens
et al., 1996). We therefore used TMRE to measure changes
in A¥,, in response to MI and its removal and to correlate
changes in AW, with those in cell length. These experiments
also allowed us to establish a background procedure for
producing hypercontracture against which to assess any
protective effects of diazoxide.

Figure 2 shows the effect of inhibition of both oxidative
phosphorylation and glycolysis for 10 min with 2 mM NaCN
and 1 mM iodoacetic acid (CN~+IAA) on AW, and cell
length. Superfusion with CN~+IAA caused an immediate
partial depolarization of AW, followed by a further
substantial depolarization, reaching a peak in less than
S min. Depolarization was sustained in the continued
presence of CN~+IAA (Figure 2a). The corresponding
changes in cell length and morphology are shown in Figure
2b,c. The onset of the substantial phase of depolarization in
CN~ +1AA was followed by abrupt shortening to about 60%
of the initial cell length as cells went into rigor contracture,
which was fully developed when mitochondrial depolarization
reached completion. It is important to note that depolariza-
tion occurred prior to cell shortening so that the change in
cell length contributed only marginally, if at all, to the
increase in fluorescence. Removal of CN~+IAA lead to
rapid repolarization of AW, to near its initial level. Once
repolarization was complete, irreversible hypercontracture
occurred, indicated by further cell shortening to around 40%
of initial length (Figure 2b) with corresponding changes in
morphology (Figure 2d).

The biphasic response of AW, to combined application of
CN~ and IAA suggests that the immediate partial depolar-
ization may result from abolition of electrogenic proton
pumping by complex IV by CN~, with complete depolariza-
tion occurring after remaining stores of ATP have been
consumed, as suggested by its coincidence with rigor. The
effects of separate application of CN~ or IAA shown in
Figure 3 are consistent with this explanation. 2 mM CN~
alone caused an immediate sustained partial depolarization
(TMRE AF/F,=0.61+0.12, n=32, Figures 3a,c), which was
rapidly reversible on removal of CN~ and occurred without
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Figure 1 Diazoxide does not alter AY,, indicated by TMRE fluorescence in isolated rat cardiac myocytes. (a) Recording of
fluorescence from a single cardiac myocyte loaded with TMRE. Fluorescence was excited at 475 nm for 25 ms at 0.2 Hz, and
emitted light at >520 nm was imaged as described in the Methods. In this and subsequent figures, fluorescence was measured for a
region of the image that encompassed the whole cell, and is expressed as relative fluorescence AF/F, (see Methods). Diazoxide
(200 pum) and FCCP (5 um) were applied as indicated. (b) Mean (+s.e.mean) data from 27 cells in experiments like that shown in
(a). (c) Images showing a field of four cells before (i), and during (ii) the application of diazoxide and during the response to FCCP
(iii). Note the lack of change in fluorescence in response to diazoxide in contrast to the large increase that occurred with FCCP. The

timing of the images is indicated on the recording of panel (a).

change in cell length. Subsequent application of FCCP
caused an immediate large depolarization of AY, (Figure
3a). IAA applied alone caused no detectable change in AY,,
over 10 min (TMRE AF/F,=—0.03+0.03, n=22, Figure
3b,c), presumably since oxidative phosphorylation was
sufficient to maintain AW¥,, under these conditions. Subse-
quent addition of CN~ results in changes in TMRE
fluorescence essentially the same as those seen when CN~
and TAA are applied together. Mean responses of TMRE
fluorescence to CN~ and IAA, either alone or in combina-
tion, and to FCCP are shown in Figure 3c. The mean
increase in TMRE fluorescence in response to CN~ and TAA
was very similar to that caused by FCCP (AF/
F,=4.5440.36, n=48 and 4.89+0.67, n=18, respectively,
P=0.63), as would be expected if either procedure causes
complete mitochondrial depolarization.

Diazoxide protects cardiac muscle cells from
hypercontracture after metabolic inhibition

Since we could not detect mitochondrial depolarization in
response to diazoxide, we sought to determine whether it
could nevertheless protect cells from the damaging effects
that follow metabolic inhibition. To do this we used fields of
8—16 cells which were either superfused with Tyrode for
7 min (control) or exposed to 100 uM diazoxide for 5 min
followed by 2 min Tyrode. Either group was then exposed to
metabolic inhibition with 2 mM CN~ +1 mM IAA for 7 min,
after which they were returned to Tyrode with 5 mwMm
pyruvate. Five minutes after this, the number of hypercon-
tracted cells was counted. Figure 4 shows that pretreatment
with diazoxide reduced the percentage of cells that went into
hypercontracture  from  63.7+4.7% to 242+1.8%
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Figure 2 The effect of metabolic inhibition on AW,, and cell length. (a) Recordings of TMRE fluorescence from two cardiac
myocytes in response to superfusion with 2 mmM NaCN and 1 mMm iodoacetic acid (CN~ +IAA), applied as indicated. (b)
Corresponding changes in cell length, taken from the cell in (a) that gave the smaller fluorescence signal. The shortening to rigor
occurs after substantial depolarization of AW, has occurred, while following removal of metabolic inhibition near complete
repolarization precedes shortening into hypercontracture. (¢) Mean (+s.e.mean) cell lengths for 17 cells during rigor and after
hyercontracture, normalised to the initial length in normal Tyrode for each cell. *P<0.001. (d) Images showing a field of cells
before metabolic inhibition (i), in rigor (ii) and in hypercontracture after removal of CN~ +IAA (iii). The timing of the images is
indicated on the recordings of panels (a) and (b).

(P<0.0001). In intact hearts, the protective effects of 5-HD could inhibit the protection by diazoxide in isolated
diazoxide are antagonized by the mitoK otp channel inhibitor myocytes. In these experiments, 5-HD (100 uMm) was added
S5-hydroxydecanoate (5-HD), and we therefore tested whether with the diazoxide exposure and was present throughout the
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Figure 3 Separating the effects of cyanide and iodoacetic acid on A¥,,. (a) Recording of TMRE fluorescence in a cardiac myocyte
superfused with CN~ (2 mm) and FCCP (5 um) as indicated. CN ™~ caused a small and reversible depolarization of A¥,,, compared
to complete depolarization by FCCP. (b) TMRE fluorescence from a myocyte showing the lack of effect of IAA (1 mm) alone,
followed by depolarization of A¥,, by CN~ +IAA. (c) Relative fluorescence in a number of cells exposed to CN~, IAA,
CN~ +1AA and FCCP. Bars show mean (+s.e.mean) values from 32, 22, 48, 18 cells respectively.
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Figure 4 Diazoxide protection against the effects of metabolic
inhibition. Mean (+s.e.mean) data showing the effect of diazoxide
pretreatment (100 uM) and diazoxide in the presence of 5-hydroxy-
decanoate (100 um) on the percentage of hypercontracted cells 5 min
after removal of metabolic inhibition. Results are from 13, 15 and
eight experiments (138, 150 and 62 cells) in control, diazoxide, and
diazoxide + 5-HD respectively. *P<0.0001 compared to control.
TP<0.0001 compared to diazoxide alone.

subsequent metabolic inhibition and its removal. 5-HD
reduced the protective effect of diazoxide, increasing the
percentage of hypercontracted cells to 46.84+2.7%
(P<0.0001 vs diazoxide alone).

The effect of diazoxide on FAD autofluorescence

In rabbit ventricular myocytes in short-term culture,
diazoxide causes an increase in flavoprotein autofluorescence
(Liu et al., 1998). Since we have been unable to detect
mitochondrial depolarization in freshly isolated rat cardiac
myocytes, we have looked for increases in flavoprotein
autofluorescence in response to diazoxide in these cells.
Figure 5a shows an example of such an experiment.
Application of diazoxide (100 uM) had no effect on
flavoprotein autofluorescence, which however fell in response
to CN~+IAA, and increased with dinitrophenol (DNP,
200 uM) as expected if these caused flavoprotein reduction
and oxidation respectively. The mean results for a number of
cells are shown in Figure S5b, confirming that diazoxide
(100 pM, 10 min) did not affect flavoprotein autofluorescence
(AF/F,=0.034+0.03; n=26), while CN~+IAA and DNP
caused a decrease and increase respectively to —0.67+0.06
(n=32) and 2.09+0.23 (n=23), respectively. We conclude
that diazoxide, at concentrations that are protective against
the effects of metabolic inhibition, did not cause substantial
flavoprotein oxidation in rat ventricular myocytes.

Discussion
The results that we present in this paper show that, in

ventricular myocytes freshly isolated from rat heart, diaz-
oxide can give protection against the damage consequent
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Figure 5 Diazoxide and flavoprotein autofluorescence. (a) Record-
ing of flavoprotein (FAD) autofluorescence from a cardiac myocyte.
Excitation was at 450 nm for 50 ms at 0.2 Hz, emitted light at
>520 nm was imaged. Diazoxide (100 um), CN~ +IAA and
dinitrophenol (DNP, 200 um) were added as indicated. (b) Mean
(+s.e.mean) data from 26, 32 and 23 cells exposed to diazoxide as in
(a) and/or to CN~ +1AA or DNP.

upon simulated ischaemia and reperfusion. Such a protective
effect is in agreement with the reported effect of diazoxide in
protecting intact rat hearts subjected to ischaemia and
reperfusion as measured by improved recovery of function
and reduced infarct size (Garlid et al., 1997; Fryer et al.,
2000). However, under the same conditions, we were unable
to detect any change in mitochondrial membrane potential,
AVY,,, estimated using the dye TMRE. In contrast, applica-
tion of the protonophore FCCP or inhibition of both
glycolysis and oxidative phosphorylation both increased
TMRE fluorescence in a manner consistent with their causing
complete depolarization of AW, as has been reported
previously (Di Lisa et al., 1995).

Since we detected no change in AY,, in response to
diazoxide in any cells studied, it is interesting to estimate how
small a change we might have expected to resolve in our
experiments. It is important to note that in each of these cells
we subsequently observed a large increase in TMRE
fluorescence, usually of 400-500% (AF/F,=3-4), in

response to either FCCP or metabolic inhibition (e.g. Figures
la, 2a and 3c). To estimate the detectable change in
fluorescence we calculated the standard error of our
measurement of initial fluorescence in the absence of any
metabolic or other challenge as AF/F,=0.004. A measure-
ment 3 xs.e.mean from the mean fluorescence would occur
with P<0.01, and taking this as the minimum detectable
change in fluorescence gives an estimate for this change as
AF/F,=0.012. To interpret this in terms of depolarization we
need to know the relation between TMRE fluorescence and
AY¥,,. This has not been determined in intact cells, but in
suspensions of rat cardiac mitochondria, Emaus et al. (1986)
found that the fluorescence resulting from dequenching of
rhodamine 123 on mitochondrial depolarization was linearly
related to AW,,. If we assume such a linear calibration for
TMRE, which dequences in an essentially similar way
(Duchen et al., 1998), and that the fluorescence increase seen
with FCCP corresponds to a maximal depolarization of
150 mV, our minimum detectable change in fluorescence
would correspond to a change in AW, of <1 mV.

Our finding that diazoxide does not cause depolarization of
AY,, in intact myocytes agrees with the proposal of Garlid
(2000), who has estimated that K* flux through mitoKatp
channels would be insufficient to cause significant depolariza-
tion. In isolated mitochondrial preparations, diazoxide and
other Ktp channel openers have been reported to depolarize
AY,, to some extent (Holmuhamedov ez al., 1999). However,
Kowaltowski ef al. (2001) have argued that these studies in
isolated mitochondria represent effects that are independent
of mitoK,tp since the conditions (absence of Mg”** and
ATP) were such that mitoKatp channels should already be
open. Further studies of the conditions under which
mitochondrial depolarization does or does not occur in
intact myocytes or even intact cardiac tissue will be of great
interest.

We also did not detect flavoprotein oxidation, as indicated
by increased autofluorescence, in response to diazoxide
(Figure 5), although in the same cells CN~ or dinitrophenol
caused the expected reduction and oxidation respectively.
This contrasts with the findings of Liu et al. (1998) and Sato
et al. (2000) using rabbit myocytes, who have argued that
oxidation results from an uncoupling effect of mitoKatp
opening. It is possible that our contrasting findings reflect
differences in the metabolic state of the cells and in
experimental conditions. We used freshly isolated myocytes
in physiological saline, and worked at 32°C, whereas the
experiments on rabbit myocytes used cells kept in culture
medium for up to 2 days, and measured fluorescence in
glucose free solution at room temperature (Liu er al., 1998;
Sato et al., 2000).

Our experiments suggest that net flavoprotein oxidation
(and mitochondrial depolarization) are not essential steps in
protection by diazoxide, since we observed protection without
flavoprotein oxidation. It is possible that an uncoupling effect
of diazoxide through mitoK,tp opening occurred in our
experiments, but did not result in net flavoprotein oxidation
because of the availability of glucose as a substrate.
Alternatively, Kowaltowski et al. (2001) have suggested that
protection by diazoxide is unrelated to flavoprotein oxida-
tion, but rather that the protective action of diazoxide against
ischaemia occurs via a different mechanism; opening of
mitoK tp channels leading to preservation of mitochondrial
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matrix volume and so of the integrity of enzymes situated
between the outer and inner mitochondrial membranes. Our
results are consistent with this suggestion and also with
results published recently by Ovide-Bordeaux et al. (2000)
who used intact permeabilized rat cardiac muscle fibres and
found that diazoxide did not affect mitochondrial respiration
except when succinate was used as a substrate. In rabbit
myocytes, measurement of flavoprotein fluorescence has
provided attractive evidence for the hypothesis that mito-
Katp channel activation underlies cardioprotection by
pharmacological or ischaemic preconditioning (Liu et al.,
1998; Sato et al., 1998; 2000). Our experiments suggest that
flavoprotein fluorescence can not always be used as a
measure of mitoKrp activation, and in this context future

References

COHEN, M.V., BAINES, C.P. & DOWNEY, J.M. (2000). Ischemic
preconditioning: From adenosine receptor to Ktp channel. Ann.
Rev. Physiol., 62, 79—109.

DI LISA, F., BLANK, P.S., COLONNA, R., GAMBASSI, G., SILVER-
MAN, H.S., STERN, M.D. & HANSFORD, R.G. (1995). Mitochon-
drial membrane potential in single living adult rat cardiac
myocytes exposed to anoxia or metabolic inhibition. J. Physiol.,
486, 1—13.

DUCHEN, M.R., LEYSSENS, A. & CROMPTON, M. (1998). Transient
mitochondrial depolarizations reflect focal sarcoplasmic reticular
calcium release in single rat cardiomyocytes. J. Cell. Biol., 142,
975-988.

EMAUS, R.K., GRUNWALD, R. & LEMASTERS, J.J. (1986).
Rhodamine 123 as a probe of transmembrane potential in
isolated rat-liver mitochondria: spectra and metabolic properties.
Biochim. Biophys. Acta, 850, 436—448.

FRYER, R.M., HSU, A K., NAGASE, H. & GROSS, G.J. (2000). Opioid-
induced cardioprotection against myocardial infarction and
arrhythmias: mitochondrial versus sarcolemmal ATP-sensitive
potassium channels. J. Pharmacol. Exp. Ther., 294, 451 —-457.

GARLID, K.D. (2000). Opening mitochondrial K(ATP) in the heart—
what happens, and what does not happen. Basic Res. Cardiol., 95,
275-279.

GARLID, K.D., PAUCEK, P.,, YAROV-YAROVOY, V., MURRAY, H.N.,
DARBENZIO, R.B., D’ALONZO, A.J., LODGE, N.J., SMITH, M.A. &
GROVER, G.J. (1997). Cardioprotective effect of diazoxide and its
interaction with mitochondrial ATP-sensitive K* channels.
Possible mechanism of cardioprotection. Circ. Res., 81, 1072—
1082.

GROSS, G.J. & FRYER, R.M. (1999). Sarcolemmal versus mitochon-
drial ATP-sensitive K* channels and myocardial precondition-
ing. Circ. Res., 84, 973-979.

GROVER, G.J. & GARLID, K.D. (2000). ATP-Sensitive potassium
channels: a review of their cardioprotective pharmacology. J.
Mol. Cell. Cardiol., 32, 677—695.

HOLMUHAMEDOV, E.L., WANG, L. & TERZIC, A. (1999). ATP-
sensitive K" channel openers prevent Ca’>" overload in rat
cardiac mitochondria. J. Physiol., 519, 347—360.

studies that define the exact relationship between mitoKarp
channel opening and flavoprotein fluorescence under different
conditions will be important. Two key elements which would
greatly strengthen the hypothesis that mitoK Ap channels lay
a key role in cardioprotection are a clearly defined
mechanism by which they might induce protection and
identification of the molecular structure of the channel itself.

We thank Professors M.R. Duchen and 1.D. Forsythe for helpful
discussions during this work, Mrs D.E. Everitt for skilled technical
assistance, and the British Heart Foundation and Wellcome Trust
for support.

INOUE, I., NAGASE, H., KISHI, K. & HIGUTI, T. (1991). ATP-
sensitive K channel in the mitochondrial inner membrane.
Nature, 352, 244 —-247.

KOWALTOWSKI, A.J., SEETHARAMAN, S., PAUCEK, P. & GARLID,
K.D. (2001). Bioenergetic consequences of opening the ATP-
sensitive K channel of heart mitochondria. Am. J. Physiol., 280,
H649 - H657.

LAWRENCE, C. & RODRIGO, G.C. (1999). A Na'-activated K*
current (Kk n,) IS present in guinea-pig but not rat ventricular
myocytes. Pfliigers Arch., 437, 831 —838.

LEYSSENS, A., NOWICKY, A.V., PATTERSON, L., CROMPTON, M. &
DUCHEN, M.R. (1996). The relationship between mitochondrial
state, ATP hydrolysis, [Mg>"]; and [Ca®>"]; studied in isolated rat
cardiomyocytes. J. Physiol., 496, 111—128.

LIU, Y., SATO, T., OROURKE, B. & MARBAN, E. (1998). Mitochon-
drial ATP-dependent potassium channels: novel effectors of
cardioprotection? Circulation, 97, 2463 —2469.

NOMA, A. (1983). ATP-regulated K™ channels in cardiac muscle.
Nature, 305, 147 —148.

OVIDE-BORDEAUX, S., VENTURA-CLAPIER, R. & VEKSLER, V.
(2000). Do modulators of the mitochondrial Katp channel
change the function of mitochondria in situ? J. Biol. Chem.,
275, 37291 -37295.

SATO, T., OROURKE, B. & MARBAN, E. (1998). Modulation of
mitochondrial ATP-dependent K™ channels by protein kinase C.
Circ. Res., 83, 110—-114.

SATO, T., SASAKI, N., O'ROURKE, B. & MARBAN, E. (2000).
Adenosine primes the opening of mitochondrial ATP-sensitive
potassium channels: a key step in ischemic preconditioning?
Circulation, 102, 800—805.

SILVERMAN, H.S. & STERN, M.D. (1994). Ionic basis of ischaemic
cardiac injury: insights from cellular studies. Cardiovasc. Res.,
28, 581-597.

(Received June 4, 2001
Accepted July 13, 2001)

British Journal of Pharmacology vol 134 (3)



	fig_xref1
	fig_xref2
	fig_xref3
	fig_xref4
	fig_xref
	fig_xref5
	bib_xref
	bib_xrefR1
	bib_xrefR2
	bib_xrefR3
	bib_xrefR4
	bib_xrefR5
	bib_xrefR6
	bib_xrefR7
	bib_xrefR8
	bib_xrefR9
	bib_xrefR10
	bib_xrefR11
	bib_xrefR12
	bib_xrefR13
	bib_xrefR14
	bib_xrefR15
	bib_xrefR16
	bib_xrefR17
	bib_xrefR18
	bib_xrefR19
	bib_xrefR20
	bib_xrefR21

