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bioenergetics by the opening of mKATP
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Abstract

Background: Cytoprotection afforded by mitochondrial ATP-sensitive K+-channel (mKATP-channel) opener diazoxide
(DZ) largely depends on the activation of potassium cycle with eventual modulation of mitochondrial functions and
ROS production. However, generally these effects were studied in the presence of Mg∙ATP known to block K+

transport. Thus, the purpose of our work was the estimation of DZ effects on K+ transport, K+ cycle and ROS
production in rat liver mitochondria in the absence of Mg∙ATP.

Results: Without Mg·ATP, full activation of native mKATP-channel, accompanied by the increase in ATP-insensitive K+

uptake, activation of K+-cycle and respiratory uncoupling, was reached at ≤0.5 μM of DZ,. Higher diazoxide
concentrations augmented ATP-insensitive K+ uptake, but not mKATP-channel activity. mKATP-channel was blocked
by Mg·ATP, reactivated by DZ, and repeatedly blocked by mKATP-channel blockers glibenclamide and 5-
hydroxydecanoate, whereas ATP-insensitive potassium transport was blocked by Mg2+ and was not restored by DZ.
High sensitivity of potassium transport to DZ in native mitochondria resulted in suppression of mitochondrial ROS
production caused by the activation of K+-cycle on sub-micromolar scale. Based on the oxygen consumption study,
the share of mKATP-channel in respiratory uncoupling by DZ was found.

Conclusions: The study of mKATP-channel activation by diazoxide in the absence of MgATP discloses novel, not
described earlier, aspects of mKATP-channel interaction with this drug. High sensitivity of mKATP-channel to DZ
results in the modulation of mitochondrial functions and ROS production by DZ on sub-micromolar concentration
scale. Our experiments led us to the hypothesis that under the conditions marked by ATP deficiency affinity of
mKATP-channel to DZ can increase, which might contribute to the high effectiveness of this drug in cardio- and
neuroprotection.
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Background
Cytoprotective effects afforded by the mitochondrial
KATP-channel (mKATP-channel) opening generally are
supposed to result from the modulation of mitochon-
drial functions and protective redox signaling triggered
by ATP-sensitive K+ transport, which helped tissues

recovery from the impairments caused by ischemic, hyp-
oxic [1–5] and metabolic stress conditions [6–9]. Numer-
ous pathophysiological conditions primarily affect
mitochondrial bioenergetic. Prevention of Ca2+ overload
[8], restoration of ATP synthesis, prevention of mitochon-
drial depolarization [3] and the regulation of mitochon-
drial ROS production resulting from mKATP-channels
opening in different cell types were shown to block apop-
totic and necrotic pathways triggered by multiple patho-
physiological states [1–9].
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The disclosure of the mechanisms underlying the
modulation of mitochondrial functions by mKATP-chan-
nels openers (pinacidil, diazoxide, nicorandil) needs the
study of the direct effects of these drugs on ATP-
sensitive potassium transport in mitochondria and their
consequences for mitochondrial functions. However,
their appraisal at present is complicated because of sev-
eral off-target effects of pharmacological mKATP-channel
openers [10, 11].
Of the known mKATP-channel openers diazoxide is

most widely used one. Apparent activation constants for
diazoxide show its much greater affinity to mitochondrial
than plasma membrane, KATP-channel [12]. Consistent
with the present views, bioenergetic effects of diazoxide
and its impact on ROS production are based on “mild un-
coupling” of the respiratory chain due to the opening of
mKATP-channel and the activation of mitochondrial potas-
sium cycle [13, 14]. But similar to other drugs, many side
effects of diazoxide were described, not caused directly by
mKATP-channel opening and capable of affecting ROS
production in a similar way, such as protonophoric prop-
erties at high micromolar concentrations [15], suppression
of SDH (Complex II) activity and respiratory inhibition
[16]. Thus proper appraisal of bioenergetic effects of
mKATP-channel opening using diazoxide as pharmaco-
logical tool requires the study of the direct effects of this
drug on potassium transport in mitochondria.
A common methodical approach to the activation of

mKATP-channel by mKATP-channel openers is based on
preliminary blockage of the channel by Mg∙ATP and conse-
quent activation, which for diazoxide lies in micromolar
concentration area (~ 30 μM). Thus, functional effects of
diazoxide as mKATP-channel opener generally were
assessed in the presence of Mg·ATP [13, 17]. The main
limitation of this approach is that it interferes with the
study of the effects of mKATP-channel opening on potas-
sium cycle because of the blockage of K+/H+-exchanger by
Mg2+ ions [13]. For this reason, proper understanding of
bioenergetic effects of diazoxide as well as diazoxide prop-
erties as mKATP-channel opener, require the estimation of
direct effects of diazoxide on potassium transport and mito-
chondrial functions in native mitochondria, in the absence
of Mg∙ATP. The aim of this work was to revise the effects
of diazoxide on mKATP-channel activity, potassium trans-
port, potassium cycle and ROS production in native rat
liver mitochondria, in the absence of Mg∙ATP.

Results
The effect of diazoxide on state 4 oxygen consumption in
rat liver mitochondria
Potassium transport is known to be coupled to the rate
of state 4 respiration, so to test the effect of diazoxide
on mitochondrial K+ transport, the effect of this drug on
the respiration was studied. Based on polarographic

records, in the absence of Mg∙ATP, diazoxide produced
about twofold increase in the rate of glutamate-driven
respiration (JO2) in native mitochondria, from 12.0 ± 1.0
to 26.0 ± 0.9 ng-at. O∙min− 1∙mg− 1 (Fig. 1a, black circles;
Fig. 1 Suppl). The effect was not dependent on simultan-
eous or sequential additions of the respiratory substrate
and diazoxide (Fig. 1b, Suppl). Also, as we observed earl-
ier [18], no apparent depolarization of mitochondria by
diazoxide was observed within the timeframes of the res-
piration assays. The effect of diazoxide on mitochondrial
respiration was concentration dependent, specific for
K+-based medium, and was not observed when K+ was
isotonically replaced by Na+ (Fig. 1a, empty circles). In
the absence of Mg∙ATP the activation of state 4 respir-
ation occurred at submicromolar concentrations of the
drug, ≤ 0.5 μM, whereas Mg∙ATP led to the shift of the
activation curve to micromolar concentrations (Fig. 1b).
Without Mg·ATP, at concentrations above ~ 0.5 μM, up
to high micromolar level (~ 100 μM) no further stimula-
tion of respiration by diazoxide was found (Fig. 1a, b).
To ascertain the effect of diazoxide on native mKATP-

channel activity, we determined its share in state 4 res-
piration from the respiration rate differences sensitive to
the addition of Mg2+ and ATP (Fig. 1c, d, Suppl,) in the
absence and the presence of 0.5 μM of diazoxide, which
caused full stimulation effect of this drug on the respir-
ation. Difference in the respiration rates sensitive to se-
quential additions of Mg2+ and ATP in K+-based
medium without diazoxide have shown that the share of
native mKATP-channel in the respiration was 4.0 ± 1.0
ng-at. O∙min− 1∙mg− 1 (Fig. 1c) and this constituted about
30% of the total respiration rate. Under maximal respir-
ation stimulation by diazoxide Mg·ATP-sensitive compo-
nent of oxygen consumption rose to 7.9 ± 1.1 ng-at.
O∙min− 1∙mg− 1 (Fig. 1c), which indicated twofold increase
in ATP-sensitive K+ uptake. In Na+-based medium Mg2+

similarly suppressed respiration, consistent with the no-
tion of the ability of Mg2+ ions to block Na+ uptake in
mitochondria. However, in Na+-based medium none ef-
fects of diazoxide on Mg2+-sensitive and ATP-sensitive
components of oxygen consumption were found (Fig. 1c),
which proved specific modulation of MgATP-sensitive
part of respiration related to mKATP-channel activity.
In the presence of Mg∙ATP diazoxide failed to stimu-

late respiration in submicromolar concentration area
(Fig. 1b, d), but full stimulation reached with micromolar
concentrations of the drug [12] gave the same estimate
of maximal mKATP-channel activity (Fig. 1d). This was
confirmed by the blockage of the channel activated by
diazoxide in the presence of MgATP by its blockers,
glibenclamide and 5-HD, which in the absence of diaz-
oxide under the same conditions had no effect on respir-
ation, but abolished the stimulation of the respiration
reached with 30 μM diazoxide (Fig. 1d). Based on K/O
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stoichiometry of 10:1 for NADH-dependent substrates
[19], the rate of ATP-sensitive potassium transport in
rat liver mitochondria rose from ~ 40 to ~ 80 nmol
K+∙min− 1∙mg− 1, which reflected maximal activity of the
channel activated in the presence of MgATP. At high
micromolar concentrations (up to 100 μM) diazoxide
could not increase the share of mKATP-channel in oxy-
gen consumption anymore (Fig. 1d).
In spite of more than twofold increase in the rate of state

4 respiration by diazoxide, it was rather surprising that con-
tribution of mKATP-channel to oxygen consumption rested
at the same level of ~ 30–33%, even at full respiration stimu-
lation. As we observed, this was caused by simultaneous in-
crement of ATP-insensitive component of respiration,
found in standard K+-based medium from the difference in
respiration rates sensitive to the addition of Mg2+ in the ab-
sence and the presence of diazoxide (Fig. 1c; Fig. 1c, d,
Suppl). Since Mg2+ is known to block considerable part of
Na+ and K+ transport, several types of K+ channels and K+/
H+-exchange [13, 20], we supposed that the synchronized
increase of both ATP-sensitive and ATP-insensitive

constituents of state 4 respiration under the action of diaz-
oxide (Fig. 1c) indicates the activation of ATP-insensitive
potassium transport in parallel with mKATP-channel open-
ing. Thus, to verify this assumption more directly, we stud-
ied the effect of diazoxide on potassium transport using
light absorbance technique.

The effect of diazoxide on mitochondrial matrix volume
The effect of diazoxide on potassium transport, similar
to oxygen consumption, was studied in the absence and
the presence of Mg·ATP. In standard incubation
medium without diazoxide considerable matrix swelling
indicated potassium uptake by energized mitochondria
(Fig. 2a). As we observed from absorbance assay, in K+-
based medium mitochondrial swelling too was sensitive
to submicromolar diazoxide concentrations (≤ 0.5 μM).
However, unlike the respiration, it was progressively in-
creased with the rise of diazoxide concentration up to
high micromolar level (Fig. 2a) which indicated increase in
total potassium uptake. Maximal swelling observed in this
work with 100 μM DZ was a sort of a median between

Fig. 1 The effect of diazoxide (DZ) on state 4 respiration in rat liver mitochondria in the absence and the presence of MgATP. a – Respiration
rates in K+- and Na+-based media against DZ concentration, lg [M]; b – normalized respiration rates in the absence (native mitochondria) and the
presence of Mg∙ATP; c – respiration rate differences in K+- and Na+-based media sensitive to the addition of Mg∙ATP and Mg2+ in the absence
and the presence of 0.5 μM DZ; d – respiration rate differences in the presence of Mg∙ATP sensitive to the addition of DZ, glibenclamide and 5-
HD. Additions are shown in the legends. M ±m, n = 9. c, d: * - P < 0.05 vs. MgATP, 0 DZ; ** - P < 0.01 vs. Mg2+; # - P < 0.01 vs. MgATP, 30 μM DZ

Akopova et al. BMC Molecular and Cell Biology           (2020) 21:31 Page 3 of 14



control and valinomycin (Fig. 2 Suppl). Thus to establish
the share of mKATP-channel in potassium transport we se-
lectively activated mKATP-channel by diazoxide in the ab-
sence and the presence of Mg∙ATP (Fig. 2b).
After the addition of Mg∙ATP to the medium, mito-

chondrial swelling was reduced to the minimum indicat-
ing essential block of potassium transport (Fig. 2a).
Then, following Jaburek et al. [17], mKATP-channel was
fully activated by 30 μM of diazoxide (Fig. 2a). Difference
in swelling amplitude sensitive to diazoxide stimulation
in the presence of Mg∙ATP reflected maximal mKATP-
channel activity and its share in K+ transport (Fig. 2b).
This was confirmed by the data showing the blockage of
reactivated channel by glibenclamide and 5-HD (Figs. 2a,
dotted lines; 2b). But while in the presence of Mg∙ATP
diazoxide failed to activate mKATP-channel anymore
even at high micromolar concentrations (Figs. 2a and b),
it exhibited potent activation of total potassium trans-
port, starting from nanomolar concentrations without
Mg∙ATP (Fig. 2b). When K+ was replaced by Na+, the acti-
vation of cation uptake was not observed either in the ab-
sence or the presence of MgATP, except weak stimulation
found in the absence of MgATP at high diazoxide

concentration, 100 μM (Fig. 2c). Similarly to K+ transport,
Mg2+ blocked most part of the Na+ uptake, which agreed
with the above oxygen consumption assay, but blocking
effect was not dependent on diazoxide (Figs. 1, 2c). So, in
support of our previous observations, absorbance assays
strongly indicated the activation of both ATP-sensitive
(mKATP-channel) and ATP-insensitive potassium trans-
port, highly susceptible to diazoxide activation in the ab-
sence of Mg∙ATP. However, unlike oxygen consumption
assay, this caused the decrease of the partial share of ATP-
sensitive potassium transport in total potassium uptake
with the rise of diazoxide concentrations from nanomolar
to high micromolar level (Fig. 2b). Thus, with the aim to
ascertain the above observations independently, and quan-
tify observed effects, we studied the effects of diazoxide on
potassium transport using pH-sensitive probe BCECF.

The effect of diazoxide on mKATP-channel activity, potassium
transport and potassium cycle in rat liver mitochondria
The effect of diazoxide on potassium uptake and mKATP-
channel activity
The quantitative estimation of potassium transport was
based on the notion that it is accompanied by the

Fig. 2 Absorbance assay of the effect of mKATP-channel ligands on K+ transport. a – typical pattern in standard incubation medium with DZ added at 0,
0.5 and 100 μM (as indicated); Mg∙ATP (black line); Mg∙ATP and DZ at 30 and 100 μM (grey lines); Mg∙ATP, 30 μM DZ, glibenclamide (dotted line) or 5-HD
(light grey); b, c− absorbance differences obtained in K+- (b) and Na+-(c) based media after the additions of DZ in the absence and the presence of
Mg∙ATP (b, c); after the additions of glibenclamide and 5-HD in the presence of Mg∙ATP, 30 μM DZ (b). The values obtained in control in the presence of
MgATP were subtracted. M ±m, n= 4; b, c: * - P < 0.05 vs. 0 DZ; ** - P< 0.01 vs. 30 μM DZ; # - P< 0.05 vs. MgATP, 0 DZ; ## - P< 0.01 vs. MgATP, 30 μM DZ
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equivalent countertransport of protons, and simultan-
eous changes in matrix pH (pHi) [13, 21]. Representative
curves of the change in matrix pH (ΔpHi), starting from
the addition of mitochondria to the medium, are shown
on the Figs. 3a and Fig. 3a Suppl. The changes in matrix
pH and the initial rates of potassium uptake (V0) in na-
tive mitochondria after the successive blockage of proton
transport by Mg2+ and ATP in the absence and the pres-
ence of diazoxide (Fig. 3b, c), were found with the purpose
to obtain the estimates of ATP-insensitive (sensitive to
Mg2+ only) and ATP-sensitive (sensitive to Mg·ATP) con-
stituents of K+ transport (Fig. 3d, e). Also, the contribution
of mKATP-channel to potassium transport and ΔpHi was
estimated from the activation of the channel by diazoxide
in the presence of Mg∙ATP (Fig. 3d, e).
As it was found from the experiments, at the concen-

tration of 0.5 μM shown to cause full activation of state
4 respiration in the absence of Mg2+ and ATP, diazoxide
increased both matrix pH and V0 of proton transport

related to K+ uptake (Fig. 3a, b, c and 2). In agreement
with oxygen consumption data, Mg2+ ions blocked es-
sential part of proton transport related to potassium up-
take, which was suppressed further by Mg∙ATP, in
parallel reducing ΔpHi (Fig. 3a, b, c, 4, 5). From sequen-
tial blockage of potassium transport by Mg2+ and ATP
(Fig. 3b, c), it was found that in the absence of Mg∙ATP
native mKATP-channel activity contributed about ~ 0.01
units change in pHi and ~ 40 nmol∙min− 1∙mg− 1 to V0 of
K+ uptake (Fig. 3d, e). Diazoxide at submicromolar con-
centration (0.5 μM) reliably increased V0 of both ATP-
insensitive and ATP-sensitive potassium uptake in native
mitochondria, with related changes in pHi (Fig. 3d, e).
Increase in V0 of Mg∙ATP-sensitive potassium transport
from ~ 40 to 60 nmol∙min− 1∙mg− 1 (Fig. 3e) indicated the
activation of native mKATP-channel by sub-micromolar
concentrations of this drug. Activity of native mKATP-
channel stimulated by low diazoxide concentrations
without Mg·ATP well agreed with the estimate of the

Fig. 3 The effect of diazoxide on matrix pH and V0 of K
+ uptake, in rat liver mitochondria. a – The typical changes in matrix pH (ΔpHi) in

standard incubation medium with following additions: DZ at 0, 0.5, 100 μM (1–3); 0.5 μM DZ, 1 mM Mg2+ (4); Mg·ATP and DZ added at 0.5 (5), 30
(6) and 100 μM (7); b, c – the changes in ΔpHi and V0 of K

+ uptake after sequential blockage of K+ transport by Mg2+ and Mg·ATP in the absence
(native mitochondria) and the presence of 0.5 μM DZ; d, e – the shares of ATP-sensitive and ATP-insensitive K+ transport in ΔpHi and V0 of K

+

uptake found from the blockage of K+ transport by Mg2+ and ATP in native mitochondria (−Mg·ATP) and the activation of mKATP-channel in the
presence of Mg·ATP (+Mg·ATP); DZ was added at 0.5 μM (−Mg·ATP); 0.5, 30 and 100 μM (+Mg·ATP). Additions are shown in the legend. M ±m,
n = 6; b, c: * - P < 0.05 vs control (0 DZ); # - P < 0.05 vs. Mg2+; ## - P < 0.01 vs. 0.5 μM DZ; ** - P < 0.01 vs. Mg2+, 0.5 μM DZ; D, E: * - P < 0.05 vs.
Mg2+ (native); # - P < 0.05 vs. MgATP (native) ## - P < 0.01 vs. MgATP, 0.5 μM DZ
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channel activity obtained with 30 μM diazoxide in the
presence of Mg∙ATP, ~ 65 nmol∙min− 1∙mg− 1, with re-
lated changes in pHi by ~ 0.015 units (Fig. 3d, e). Further
increase of diazoxide concentration up to 100 μM failed
to increase the channel activity anymore (Fig. 3a, 6–7;
3d, e), which was similar to oxygen consumption and ab-
sorbance assays.
Observed increase in state 4 oxygen consumption (Fig. 1 a)

was in line with the notion of the activation of potassium
cycle [13, 14]. To ascertain the ability of diazoxide to stimu-
late potassium cycling in sub-micromolar concentration area,
we conducted the quantitative estimation of the effect of
diazoxide on K+/H+-exchange in liver mitochondria.

The effect of diazoxide on mitochondrial K+/H+-exchange
In agreement with the published data [22] the elevation
of matrix pH, caused by potassium uptake from standard
incubation medium, typically was followed by matrix
acidification (Fig. 3a, 1-3, Fig. 3a Suppl) and matrix con-
traction (Fig. 3b Suppl) which reflected the activity of
K+/H+-exchanger. Proton transport was completely
blocked by specific inhibitor of K+/H+-exchanger quin-
ine (Fig. 3a Suppl). Both H+ influx and matrix contrac-
tion were activated by diazoxide (Figs. 3a;, 3a, b Suppl),
which proved the activation of K+/H+-exchange and was
confirmed further by the direct observation of K+ trans-
port with the probe PBFI1 (Fig. 3c, d, Suppl).
Uptake and efflux of K+ were accompanied by the in-

crease and the decrease in BCECF and PBFI fluores-
cence. As it was observed, DZ accelerated both phases of
K+ cycle (Fig. 3a; Fig. 3c, d, Suppl).
Quinine blocked K+/H+-exchange independent on the

presence of diazoxide (Fig. 3a Suppl), which was in line
with the notion that K+/H+-exchange was the only path-
way of K+ efflux from energized mitochondria under the
conditions of our experiment. In the presence of quinine
no changes in BCECF fluorescence after K+ uptake was
observed (Fig. 3a Suppl), which allowed quantitative esti-
mation of K+/H+-exchanger activity directly from proton
transport data [24]. In support of our earlier results
based on absorbance measurements showing mitochon-
drial contraction under the same conditions ([18] and
Fig. 3b Suppl), the addition of diazoxide at ≤0.5 μM in
the absence of Mg∙ATP resulted in the activation of K+/
H+-exchange, as showed observed changes in kinetics of
proton transport (Fig. 3a, 1, 2). Initial rate of quinine-
sensitive potassium efflux was reliably increased by
0.5 μM of diazoxide from 23 nmol∙min− 1∙mg− 1 in con-
trol to maximal value of 34 nmol∙min− 1∙mg− 1. Thus

activation of both phases of potassium cycle (Fig. 3c, d,
Suppl) well agreed with maximal stimulation of state 4
respiration by diazoxide on the same sub-micromolar
concentration scale. With the rise of diazoxide concen-
tration above ~ 0.5 μM no further activation of K+/H+-
exchange was observed [18], and even suppression of
K+/H+-exchange by the high micromolar concentrations
of the drug was observed (Fig. 3a, 3).
Mg2+ and Mg∙ATP dramatically suppressed the activity

of quinine-sensitive K+/H+-exchange (Fig. 3a, 4–7; Fig. 3a,
Suppl.), consistent with the notion of the blocking of K+/
H+-exchanger by Mg2+ ions [13]. This could explain the
absence of any apparent effect of diazoxide on K+/H+-ex-
change in the presence of Mg2+ and Mg∙ATP. Thus, the
blockage of K+ uptake by successive additions of Mg2+

and Mg∙ATP, together with the inhibition of K+/H+-ex-
change by Mg2+ eventually resulted in a strong suppres-
sion of potassium cycle.

Non-specific effect of diazoxide on potassium transport
Similar to absorbance assays (Fig. 2a, b) gradual elevation
of pHi by increasing concentrations of diazoxide (from 0.5
to 100 μM) in the absence of Mg∙ATP indicated gradual
increase of potassium uptake into matrix (Fig. 3a, 1-3).
The sequential blockage of K+ transport by Mg2+ and
Mg∙ATP allowed us observe that in native mitochondria
diazoxide reliably activated a transport constituent sensi-
tive to the blockage by Mg2+, which could be identified as
ATP-insensitive K+ uptake (Fig. 3d, e).
Unlike mKATP-channel, ATP-insensitive potassium

transport was not restored by diazoxide in the presence
of Mg2+ or Mg∙ATP. In fact, in the presence of Mg∙ATP
diazoxide selectively restored only mKATP-channel activ-
ity (Figs. 2b, 3d, e), which was proven by the complete
blockage of the activated channel by glibenclamide and
5-HD (Figs. 1d, 2b). Since in the presence of Mg∙ATP in-
crease in diazoxide concentration starting from ~ 30 μM
up to high micromolar level had no more effect on
mKATP-channel activity (Fig. 2b, 3d, e), we came to the
conclusion that the elevation of total potassium uptake
in native mitochondria under high diazoxide concentra-
tions, observed by absorbance (Fig. 2a, b) and BCECF
fluorescence measurements (Fig. 3a, 1-3), occurred at
the cost of ATP-insensitive potassium uptake. Propor-
tion of ATP-insensitive to ATP-sensitive potassium
transport (blocked respectively by Mg2+ and Mg·ATP)
increased with the rise in diazoxide concentration, and
starting from ~ 1:1 in submicromolar concentration area
(Fig. 3d, e), reached ~ 3:1 at 100 μM of the drug (Fig. 3a,
3 vs. 3d, MgATP, 100 μM diazoxide). So, obtained re-
sults unambiguously indicated the ability of diazoxide to
activate an ATP-insensitive potassium transport, which
under experimental conditions was irreversibly blocked
by Mg2+, and consequently, by Mg∙ATP.

1For this purpose mitochondria were loaded with 20 μM PBFI-AM for
20 min at room temperature. PBFI fluorescence was monitored at 345/
485 excitation/emission wavelengths [23]. The data of two independent
assays are in Fig. 3c, d Suppl.
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Bioenergetic effects of diazoxide in rat liver mitochondria
Uncoupling of mitochondrial respiration by diazoxide on
sub-micromolar scale
As we have shown, on sub-micromolar concentration
level diazoxide was effective in the activation of potassium
cycle due to the enhancement of total K+ uptake and the
activation of K+/H+ exchange. Potassium cycling is
energy-dissipating process, thus to assess uncoupling ef-
fect of potassium cycle stimulated by diazoxide, the re-
spiratory control ratio (RCR) was found at concentrations
efficient in stimulation of state 4 respiration. In Fig. 4a ob-
tained RCR values were plotted against the rate of state 4
respiration stimulated by increasing concentrations of
diazoxide. RCR decrease with the increase in state 4 oxy-
gen consumption indicated mitochondrial uncoupling
(Fig. 4a, black circles). With the aim to ascertain that un-
coupling by diazoxide resulted from the activation of po-
tassium transport, we compared the effect of diazoxide to
the effect of K+-ionophore, valinomycin. Based on RCR ra-
tios, the same respiration stimulation by diazoxide and
valinomycin resulted in similar mitochondrial uncoupling
(Fig. 4a, white circles). This allowed the conclusion that
uncoupling of the respiratory chain by diazoxide was

caused by the stimulation of potassium cycle resulting
from the activation of potassium uptake in mitochondria,
without any non-specific effect.
Despite the lack of diazoxide selectivity as mKATP-

channel opener in the absence of Mg∙ATP, the estima-
tion of the share of mKATP-channel in state 4 oxygen
consumption enabled us to assess partial contribution of
the channel to mitochondrial uncoupling. Thus, from
Fig. 4a, and the share of mKATP-channel in state 4 res-
piration found earlier (~ 8 ng-at. O∙min− 1∙mg− 1), we ob-
tained that maximal mKATP-channel activity stimulated
by diazoxide should reduce RCR in tightly coupled mito-
chondria by ~ 3.5 units, i.e. from ~ 7.5 to ~ 4.0, which
was consistent with the notion of mild uncoupling of the
respiratory chain [13].

mKATP-channel opening by diazoxide on sub-micromolar
level reduces ROS formation in liver mitochondria
To find the effect of diazoxide on ROS production in
liver mitochondria, DCF fluorescence was monitored
under steady-state conditions related to state 4 respir-
ation. Quasi linear increase of fluorescence under these
conditions was observed within ~ 5min since the

Fig. 4 Bioenergetic effects of diazoxide: respiratory uncoupling (a) and suppression of ROS production (b-d). a – To assess uncoupling effect
respiratory control ratio (RCR) was plotted against the rate of state 4 respiration (JO2) stimulated by diazoxide and valinomycin; b – the rates of
oxidant formation found as the increments in DCF fluorescence (1) and mitochondrial uncoupling found as RCR (2) against DZ concentration,
μM; c – the rates of ROS formation in tightly coupled mitochondria (RCR 7.5)), and under respiratory uncoupling by diazoxide and valinomycin
(RCR 4.0); d – the rates of oxidant formation in mitochondria respiring on succinate (1) and glutamate (2). M ±m, n = 4; B-D: *, # - P < 0.05 vs.0
DZ; **, ## - P < 0.05 vs. 0.05 μM DZ
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addition of mitochondria (Fig. 4a, b, Suppl). In non-
respiring mitochondria DCF gave very low fluorescence
signal, which apparently increased after the addition of
the respiratory substrates (Fig. 4 a, b, Suppl), thus DCF
fluorescence under experimental conditions largely
reflected ROS formation by the respiratory chain. The
increment of DCF fluorescence with time (JR) was plot-
ted against diazoxide concentration (Fig. 4b).
In sub-micromolar concentrations, capable of activa-

tion of ATP-sensitive K+ transport without apparent
mitochondrial depolarization, diazoxide in the absence
of Mg·ATP reliably reduced the rate of DCF oxidation as
compared to control (tightly coupled mitochondria, RCR
7.5 (Fig. 4b; Fig. 4 Suppl), which indicated the suppres-
sion of ROS production. Inhibition of the oxidants for-
mation in the respiratory chain well correlated with the
uncoupling effect of diazoxide on mitochondrial respir-
ation (Fig. 4b). Considering that respiratory uncoupling was
caused by the activation of potassium transport (Fig. 4a),
we examined whether mitochondrial ROS production was
similarly affected by valinomycin. As we observed, the same
uncoupling by valinomycin (at RCR ratio of 4.0 units) simi-
larly suppressed ROS production (Fig. 4 c). To ascertain
our conclusion about the reduction of ROS production by
diazoxide using glutamate as the respiratory substrate, we
conducted the same study with succinate adding rotenone
to abolish the reverse electron transport. Results obtained
on the succinate-driven respiration confirmed the inhib-
ition of ROS formation in parallel with the activation of K+

cycle (Fig. 4d). Reduction of ROS formation by diazoxide
was as well observed after the addition of antimycin A
to block electron transport at Complex III (the condi-
tions known to promote ROS production in mitochon-
dria (Fig. 4b Suppl)).
In the literature, ability of diazoxide to interfere with

DCF fluorescence and increase its intensity independent of
mKATP-channel opening was shown [25]. However, in our
work, on the contrary, DCF fluorescence was decreased by
diazoxide. Besides, referenced work reported the effects of
high micromolar concentrations of the drug; while in our
work low sub-micromolar concentrations of diazoxide were
used. As we have shown, DCF fluorescence was reliably re-
duced by as low as 0.05–0.5 μM of diazoxide, which was in
line with the activation of K+ cycle (Fig. 4a, b). Close effect
obtained with valinomycin under similar uncoupling condi-
tions, independent of diazoxide (Fig. 4c) confirmed the
conclusion that the decrease in DCF fluorescence can be
explained by the reduction of ROS formation in mitochon-
dria. Thus, we came to the conclusion that ROS production
in native liver mitochondria in the absence of Mg·ATP was
highly sensitive to low sub-micromolar diazoxide concen-
trations because of mKATP-channel opening, activation of
potassium cycling and respiratory uncoupling within the
same concentration range.

Discussion
The effect of diazoxide on mKATP-channel activity
To study the effect of diazoxide on K+ transport, two
sets of experiments were conducted: in the absence and
the presence of Mg·ATP. To ascertain specific activation
of mKATP-channel by submicromolar diazoxide concen-
trations (≤0.5 μM), potassium transport was sequentially
blocked by Mg2+ and ATP. With the aim to establish the
share of mKATP-channel in total K+ uptake, ATP-
sensitive K+ transport was activated by micromolar diaz-
oxide concentrations in the presence of Mg∙ATP in
agreement with [17] and then blocked by glibenclamide
and 5-HD to prove mKATP-channel opening. Without
MgATP, diazoxide exhibited potent activation of K+ up-
take. While in the presence of Mg·ATP mKATP-channel
was routinely activated by micromolar diazoxide concen-
trations (consistent with literary data), stepwise activation
of K+ uptake by increasing concentrations of the drug in
the absence of Mg∙ATP revealed high sensitivity of mKATP-
channel to this opener, with full activation at ≤0.5 μM.
Additionally, parallel activation of ATP-insensitive potas-
sium uptake was found that increased with the rise of diaz-
oxide concentration up to 100 μM.
Worth mention, that main limitation of our study was

the use of indirect methods to assess mKATP-channel activ-
ity and inability of molecular identification of ATP-
sensitive K+ transport sensitive to diazoxide in the absence
of MgATP. However, an estimate of native mKATP-channel
activity (~ 40 nmol K+·min− 1·mg− 1) using respiration and
proton transport assays well agreed with the assessment of
mKATP-channel activity with K+-selective electrode (45.0 ±
5.0 nmol K+·min− 1·mg− 1) by monitoring ATP-sensitive
potassium efflux from deenergized mitochondria [26].
Also, sequential blockage of K+ transport by Mg2+ and
ATP proved the activation of native mKATP-channel by
diazoxide. In the presence of MgATP, which blocked
mKATP-channel, no additional blocking of K+ transport by
mKATP-channel blockers glibenclamide and 5-HD was ob-
served (Fig. 1d). This proves that ATP-sensitive K+ trans-
port, activated by diazoxide and blocked by MgATP, can
be ascribed to native mKATP-channel activity in rat liver
mitochondria.
Mg∙ATP was generally thought to be indispensable for

mKATP-channel activation by potassium channels openers,
but in support of our findings, literary data as well showed
susceptibility of mKATP-channel to the activation by diazox-
ide and the blockage by glibenclamide and 5-HD in the ab-
sence of Mg·ATP [27, 28]. However, unlike the works
referred to above, which used high micromolar diazoxide
concentrations, we proved full stimulation of ATP-sensitive
K+ transport on sub-micromolar scale. The sensitivity of
native mKATP-channel of rat liver mitochondria to diazox-
ide was close to literary data on isolated reconstituted
mKATP-channel with apparent activation constant Ka ~ 350
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nM [12]. In our work, activation of the channel in the pres-
ence of Mg·ATP, even at high micromolar diazoxide con-
centrations (100 μM), could not exceed activity reached
with native channel at submicromolar concentrations of
the drug in the absence of Mg·ATP (Fig. 2a, b; Fig. 3d, e).
Thus our experiments allow us hypothesize that mKATP-
channel might comprise the site(s) accessible to pharmaco-
logic modulators and responsible for the channel activation
in the absence of Mg·ATP.

Side effect of diazoxide on potassium uptake in rat liver
mitochondria
In the literature several side effects of diazoxide were re-
ported, such as protonophoric uncoupling [15], respira-
tory inhibition [16], interference with flavoprotein
oxidation [29] and DCF fluorescence [25]. The lack of
diazoxide selectivity as mKATP-channel opener found in
our work, which was shown in parallel activation of
ATP-insensitive potassium transport, was novel not de-
scribed earlier side effect of this drug. ATP-insensitive
potassium transport rose gradually with the increase of
diazoxide concentration up to high micromolar level.
Accordingly, total potassium uptake under the action of
diazoxide increased because of the increase in ATP-
insensitive component (Figs. 2a, 3a). This resulted in the re-
duction of the ratio of ATP-sensitive to ATP-insensitive
potassium uptake with the rise of diazoxide concentration.
Unlike ATP-sensitive potassium transport, ATP-insensitive
one could not be restored by diazoxide and its blockage by
Mg2+ and Mg·ATP, was irreversible under experimental
conditions.
For the most part unspecific actions of diazoxide re-

ported in the literature [10] were observed at high mi-
cromolar concentrations (≥50–100 μM), and the side
effects of diazoxide were independent of its action on
potassium transport. Unlike the published data, side ef-
fect of diazoxide found in our work was the activation of
ATP-insensitive potassium transport, starting from low
sub-micromolar concentrations in the absence of Mg2+

and ATP. The nature of this transport remains yet to be
established. Thus, the ability of diazoxide to activate
other than KATP channels, BKCa and Kv channels, of
plasma membrane of smooth muscle cells was reported
[30]. But leaving aside several types of potassium chan-
nels already described in mitochondria (e.g. in the review
[11]), even in the case of mKATP channel, uncertainty
still exists about molecular mechanism of its response to
diazoxide [31, 32].
Generally, it is known that KATP-channels openers bind

to the receptor SUR subunits of the channel, which pos-
sesses MgATPase activity. So, the presence of MgATP is
considered to be indispensable for KATP-channel opening
[12]. Meanwhile, none of the recent hypotheses about mo-
lecular nature of K+ conductant subunit of mKATP-

channel could satisfactory explain the mechanism of
mKATP-channel’s response to pharmacological openers,
such as diazoxide [31, 32]. As it was reported in earlier
studies, in the heart, Kir6.2 was dispensable for the K+

conductance stimulated by diazoxide [31]. Also, none of
ROMK isoforms (Kir1.1, Kir3.1, and Kir3.4) proposed as
K+ conductant subunit of mKATP-channel [33, 34] was re-
sponsible for diazoxide-induced swelling of cardiac mito-
chondria [32]. These studies indicated that K+ conductant
subunit of mKATP-channel didn’t belong to either Kir6.x,
or Kir1.x channels, but molecular nature of the K+ pore of
mKATP-channel remained elusive.
However, quite recently, molecular composition of

mKATP-channel was disclosed, based on combined pro-
teomics, biophysical and biochemical studies [35]. This
work principally confirmed the knowledge on molecular
architecture of mKATP-channel as an octameric multi-
protein complex composed of four K+ conductant and
four receptor subunits, named MITOK and MITOSUR
respectively. Also, it was confirmed that K+ conductant
subunit of mKATP-channel performs a number of vital
functions, such as volume regulation, maintenance of
mitochondrial membrane potential, regulation of ATP
synthesis and Ca2+ transport [35]. Genetic deletion of
MITOK caused instability of ΔΨm, suppression of phos-
phorylation, and loss of cardioprotective effect of diazox-
ide [35].
Meanwhile, novel discovery of mKATP-channel put

novel questions about the functions of Kir6.x and Kir1.x
channels, which expression was found in cardiac, brain,
and other tissues [33]. Also, still much controversy re-
mains about the properties of mKATP-channel, their un-
explained diversity in different preparations (mitoplasts,
proteoliposomes, isolated mitochondria), and uncer-
tainty about the direct and off-target effects of pharma-
cological modulators of mKATP-channel. The disclosure
of molecular nature of mKATP-channel will help in filling
numerous gaps in the understanding of the properties of
mKATP-channels, their physiological functions, and mo-
lecular mechanisms of their interactions with pharmaco-
logical modulators.
Thus, to explain observed effects of diazoxide on

ATP-sensitive K+ transport, we cannot rule out some
particular mode of the activation of mKATP-channel in
the absence of Mg·ATP. Also, the blockage of ATP-
insensitive inward potassium transport by Mg2+ alone, in
the absence of ATP implies the involvement of some
other types of potassium channels in the activation of K+

transport by diazoxide.
The inability of diazoxide to stimulate state 4 respiration

at concentrations above ~ 0.5 μM (Fig. 1a), differed from
our transport assays, which showed gradual increase of K+

uptake with the increase of diazoxide concentration. Based
on proton transport study, we observed that lack in
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respiration stimulation with the increase in diazoxide con-
centration above a certain threshold well coincided with
the failure of this drug in stimulation of K+/H+-exchange
at concentrations above ~ 0.5 μM. Moreover, a suppres-
sion of K+/H+-exchange was observed with the increase of
diazoxide concentration to high micromolar level (Fig. 3a,
3). However, on sub-micromolar scale, “mild” uncoupling
of respiratory chain by diazoxide was shown to result dir-
ectly from the activation of potassium transport, which
was confirmed by close proximity of the effects of diazox-
ide and K+ ionophore valinomycin (Fig. 4a).

Suppression of ROS production by diazoxide in liver
mitochondria
The modulation of ROS production by diazoxide and its
cytoprotective effects was shown in multiple studies.
However, these works used high diazoxide concentra-
tions in the presence of MgATP [22]. The aim of this
work was to examine the effects of low diazoxide con-
centrations, capable of full stimulation of mKATP-chan-
nel activity without MgATP, on mitochondrial ROS
production. As we have shown in this work, rat liver
mitochondria exhibited high sensitivity of ROS produc-
tion to diazoxide at sub-micromolar concentration level
explained by high sensitivity of potassium transport to
this drug.
It worth mention, that published data showed much con-

troversy regarding the effect of diazoxide and other mKATP-
channel openers on ROS production in different tissues.
While many authors reported the increase of ROS produc-
tion caused by mKATP-channels opening [1, 2, 22, 36], other
studies showed the decrease of free radical formation caused
either by diazoxide, or mKATP-channel opening under
physiological and pathophysiological conditions in the heart
[3, 7], brain [3] and liver [6]. But while in the brain the de-
crease of ROS production can be explained by appreciable
mitochondrial depolarization due to potassium transport
[37], in heart and liver mKATP-channel opening was unable
to cause depolarization sensed by commonly used tech-
niques such as potentiometry or fluorescent probes [13].
Thus it was proposed that the reduction of ROS production
caused by mKATP-channels openers could be explained by
mild mitochondrial uncoupling and minor depolarizations
(~ 2–5mV) caused by ATP-sensitive K+ uptake [6, 25].
While we did not observe any apparent effect of diazoxide
on ΔΨm, our data in line with this assumption, showed a
good correlation between mitochondrial uncoupling and the
decrease of ROS formation in the course of forward electron
transport driven either by glutamate or succinate (Fig. 4b-d).
Thus minor fluctuations in ΔΨm caused by the uncoup-
ling of the respiratory chain remain a plausible explan-
ation for the observed decrease of ROS production by
sub-micromolar concentrations of diazoxide in liver
mitochondria under several conditions examined in this

work (Fig. 4 Suppl). Worth notion, that the mecha-
nisms controlling ROS production in mitochondria ex-
hibited large differences dependent on the cell types
[38]. So, the mechanisms in which diazoxide affects
ROS production as well can show cell-specificity. How-
ever, detailed study is required to answer this issue.
Similar to what was observed by Garlid’s group [22], in

our work matrix pH was increased by diazoxide (Fig. 3a,
1, 2), which is known to promote ROS production [39].
But unlike Garlid’s works, in our study diazoxide sup-
pressed ROS production within the timeframes coincident
with the elevation of matrix pH (Fig. 3a, 1, 2; Fig. 4a, b
Suppl). In our case, this difference can be explained by
strong activation of K+/H+-exchange, and mitochondrial
uncoupling caused by the activation of K+ cycle, which
was suppressed by MgATP in the works of Garlid’s group.
As we observed, in the presence of MgATP diazoxide in
micromolar concentrations increased K+ uptake by the
opening of mKATP-channel, but failed to restore K+/H+-
exchange in mitochondria (Fig. 3a, 6, 7). Matrix alcaliniza-
tion caused by the blocking of K+/H+-exchange in the
presence of MgATP could promote the elevation of ROS
production by mKATP-channel openers observed in Gar-
lid’s works [1, 22].

Conclusions
In this work using indirect methods to study K+ trans-
port and mKATP-channel actiuvity, we disclosed novel
aspects of native mKATP-channel opening by diazoxide,
and the ability of this drug to increase ATP-insensitive
potassium transport in mitochondria in the absence of
Mg∙ATP. Based on the experiments we established the
following: 1) high sensitivity of native mKATP-channel to
the activation by diazoxide with maximal effect at ≤0.5 μM,
which strongly affects mitochondrial bioenergetics on sub-
micromolar scale; 2) strong activation of ATP-insensitive
potassium transport, which was novel, not described earlier
side effect of the drug; 3) high sensitivity of state 4 oxygen
consumption to diazoxide at ≤0.5 μM caused by the activa-
tion of potassium cycle in the absence of MgATP and 4)
suppression of ROS production caused by the activation of
K+ cycle and mitochondrial uncoupling within the same
sub-micromolar concentration range. Based on the experi-
ments, we hypothesized the presence of high affinity sites
for diazoxide binding. Their possible screening by MgATP
shifts mKATP-channel affinity to diazoxide from sub-
micromolar to micromolar concentration scale.
Mitochondrial potassium channels, together with un-

coupling proteins represent potent uncoupling machinery
[14], which protects mitochondria from ROS overproduc-
tion and Ca2+ overload. The results obtained in our work
make ground for using diazoxide as an effective pharma-
cological tool for the modulation of mitochondrial bio-
energetics and ROS production. High sensitivity of
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mKATP-channel to diazoxide in the absence of ATP ob-
served in this study allows us hypothesize that under
pathophysiological states and conditions marked by ATP
deficiency (such as hypoxia and ischemia) affinity of
mKATP-channel to this drug can increase several times,
which might contribute to the high effectiveness of diaz-
oxide in cardio- and neuroprotection. This may be of rele-
vance for health care practice, based on the report of
successful application of sub-maximal doses of diazoxide
for neuroprotection published in the literature [40].
Molecular mechanism of mKATP-channel activation by

diazoxide and other mKATP-channel openers was not yet
established. Our experiments reveal novel aspects of
mKATP-channel interaction with diazoxide which would
help bring new insight into understanding of mKATP-
channel properties.

Methods
For the purpose to study the effect of mKATP-channel
opener diazoxide on native mKATP-channel activity, po-
tassium transport, and potassium cycle, the study was
conducted in parallel, in the absence and in the presence
of MgATP. To assess the mKATP-channel activity, the
channel was conventionally blocked by MgATP, opened
by high micromolar concentrations of diazoxide, and re-
peatedly blocked by mKATP-channel blockers glibencla-
mide and 5-HD [17]. To assess the effect of diazoxide
on mKATP-channel activity without MgATP, potassium
transport was sequentially blocked by Mg2+ and ATP.
ATP-sensitive part of K+ transport was assumed to reflect
mKATP-channel activity. The rate of ATP-sensitive K+

transport found without MgATP was compared to mKATP-
channel activity obtained in the presence of MgATP.

Mitochondrial preparations
The work has been conducted in accordance with
“Guide for the Care and Use of Laboratory Animals” 8th
ed. Washington, DC: National Research Council of the
National Academies: The National Academic Press,
2011. All procedures involving animals were approved
by the Ethics Commission on Animal Experiments of
A.A. Bogomoletz Institute of Physiology, NAS of
Ukraine. Adult Wistar-Kyoto female rats with 180–200 g
mean body weight, kept in plexiglass cages at 12/12-h
light/dark cycle (22 °C), and fed on standard diet with
free access to water, were obtained from Veterinary de-
partment of AA Bogomoletz Institute of Physiology.
Prior to sacrifice, the animals were lightly anesthetized

with ether inhalation and decapitated. Single animal was
used in each experiment. Liver was excised and washed
by cold 0.9% KCl solution (4 °C), minced and homoge-
nized in 1:5 volume of the isolation medium: 250 mM
sucrose, 1 mM EDTA, 20 mM Tris-HCl buffer, 4 °C (pH
7.2). Mitochondria were isolated by centrifugation at 700

x g for 7 min (4 °C). After the pellet was discarded,
supernatant was centrifuged again at 11000 x g for 15
min (4 °C). Final pellet was resuspended in a small vol-
ume of isolation medium without EDTA and stored on
ice. The protein content was determined by the Lowry
method.

The study of oxygen consumption
Oxygen consumption was studied polarographically in 1
cm3 closed termostated cell at 26 °C with platinum elec-
trode at constant stirring in standard incubation
medium: 120 mM KCl, 0.5 mM EDTA, 5 mM sodium
glutamate, 1 mM KH2PO4, and pH was adjusted to 7.4
by KOH. When necessary, K+ was isotonically replaced
by Na+; in the presence of Mg2+ EDTA was replaced by
EGTA. mKАТР-channel activity was assessed as ATP-
sensitive component of state 4 respiration, based on its
specific blockage by Mg∙ATP, reactivation by diazoxide
and repeated blockage with glibenclamide and 5-
hydroxydecanoate, 5-HD [17]. It was found as an abso-
lute value of respiration rate differences sensitive to the
addition of ATP in the presence of Mg2+; diazoxide in
the presence of Mg∙ATP, or glibenclamide and 5-HD in
the presence of Mg∙ATP and 30 μM diazoxide. When re-
quired, other additions to standard incubation medium
were as follows: MgCl2 (1 mM), ATP (0.3 mM), gliben-
clamide (10 μM), 5-HD (100 μM), oligomycin (1 μg/mg
protein), ADP (200 μM). Diazoxide was added at con-
centrations required. Cytochrome c was added to stand-
ard incubation medium at 10 μM. Respiratory control
ratio (RCR) was found as the ratio of state 3 to state 4
respiration rates. Final protein concentration was 1.5–
2.0 mg/ml.

The light absorbance assay of potassium transport
The effect of diazoxide on potassium transport was
assessed spectrophotometrically by monitoring the decx-
rease in the absorbance of mitochondrial suspensions
caused by potassium uptake and matrix swelling [17].
Absorbance was monitored at 520 nm in 1 cm3 cell in
standard incubation medium starting from the addition
of mitochondria at 1.0 mg/ml. Other additions were as
described above. The total absorbance change reached
since the addition of mitochondria to the incubation
medium was ascribed to matrix swelling. In order to as-
sess the effects of mKATP-channel ligands on the channel
activity, absorbance change differences (ΔA) were found
as the differences in swelling amplitude sensitive to diaz-
oxide and mKATP-channel blockers, glibenclamide and
5-HD, in the absence and the presence of Mg·ATP.

The study of proton transport
Proton transport and the change in matrix pH (ΔpHi)
were assessed with pH-sensitive fluorescent probe 2′,7′-
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bis-(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxy-
methyl ester (BCECF-AM) according to Brierley and Jung
[24]. Briefly, mitochondria were preloaded with BCECF-
AM (final concentration 10 μM) and incubated 10min at
37 °C, then washed from the excess dye and stored on ice
(4 °C). After addition of aliquots of the suspension (0.3
mg/ml) to standard incubation medium, the change in
BCECF fluorescence because of proton transport was re-
corded at the excitation/emission wavelengths 509/535
nm. Basal fluorescence (F0) caused by the addition of
mitochondria to the incubation medium was subtracted.
F0 was found by extrapolation of kinetic curves to zero
time. For the quantitative estimation of the initial rates of
proton transport (V0) aliquots of the suspension loaded by
BCECf were titrated by HCl in standard incubation
medium in the presence of 5∙10− 6M rotenone and 10− 6

M CCCP without EDTA. The changes in matrix pH
(ΔpHi) were determined in parallel under the same condi-
tions with a glass microelectrode in 1 cm3 volume of the
medium. Initial rates of proton transport (nmol H+∙min− 1∙
mg− 1) and the values of ΔpHi were determined from the
calibration curves obtained in the absence and the pres-
ence of Mg2+ and Mg∙ATP. In case of Mg∙ATP free con-
centration of H+ ions was obtained from parallel titrations
with glass microelectrode measuring pH in the absence
and the presence of Mg∙ATP.
The rates of potassium transport were found from the

rates of proton transport, based on the known stoichi-
ometry of 1H+:1 K+. K+/H+ exchange was assessed dir-
ectly by monitoring quinine-sensitive decrease in BCECF
fluorescence reflecting proton influx to the matrix [24].

The detection of ROS formation in mitochondria
To study the effect of diazoxide on ROS formation,
widely used probe 2′,7′-dichlorofluorescein diacetate
(DCFH2DA) was applied. This compound readily pene-
trates mitochondrial membranes following the concen-
tration gradient and is deacetylated in the matrix to
form membrane-impermeable non-fluorescent derivative
H2DCF (2′,7′-dihydrodichlorofluorescein), which is oxi-
dized by mitochondrial ROS with the formation of
highly fluorescent end product 2′,7′-dichlorofluorescein,
DCF [41]. Mitochondria in stock suspension (20 mg/ml)
were loaded with 200 μM of DCFH2DA for 30 min at
37 °C in the dark, then washed of excess probe and
stored on ice (4 °C). After addition of mitochondria at 1
mg/ml, the increase in DCF fluorescence reflecting ROS
formation was monitored over 5 min time interval, based
on polarographic monitoring of the rate of state 4 respir-
ation, which is inhibited with time because of gradual re-
lease of cytochrome c from mitochondria. Under the
conditions when steady state rate of respiration was estab-
lished, the time courses of DCF fluorescence exhibited
quasi linear increase in fluorescence intensity (Fig. 4 A, B

Suppl). The rate of the increase in DCF fluorescence and
the change in fluorescence intensity over the time of ob-
servation (3min) was assumed to reflect ROS formation
in mitochondria.

Chemicals
All reagents were from Sigma-Aldrich, USA. Deionized
water was used for solutions preparations.

Statistical analysis
The data were expressed as mean ± S.D. of 4–6 inde-
pendent experiments. Statistical analysis was performed
based on one-way and two-way ANOVA statistics
followed by Bonferroni multiple comparisons test. P <
0.05 was considered as statistically significant. For two-
way ANOVA statistics computer program supplied by
the site www.wessa.net [42] was used.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12860-020-00275-0.

Additional file 1: Figure S1. Typical polarographic records showing the
effect of diazoxide on the glutamate driven respiration of rat liver
mitochondria. On the curves are shown the additions to standard
incubation medium, the rates of respiration in ng-at. O·min− 1·mg− 1, and
the sequence of additions. Figure S2. The effect of diazoxide and valino-
mycin on the absorbance of mitochondrial suspension: A - typical time
courses of mitochondrial swelling in standard incubation medium (con-
trol, 1) and after the addition of valinomycin (2) and diazoxide (3); B – ab-
sorbance changes under the same conditions. The data are mean of 3
independent experiments (n = 3; M ±m; * - P < 0.05). Figure S3. A, B –
typical traces showing the time courses of BCECF fluorescence and ab-
sorbance in the absence (control) and the presence of 0.5 μM of diazox-
ide. Other additions are shown on the legends; quinine was added at 0.5
mM, MgCl2 at 1 mM. C, D – the typical changes in PBFI fluorescence in
the absence (1, 2) and the presence of DZ (3, 4); * - P < 0.05 (3, 4 vs. 1, 2).
Figure S4. A, B: Typical time courses of DCF fluorescence in rat liver
mitochondria in standard incubation medium with the additions de-
scribed in the legends. C: the changes in DCF fluorescence over 4 min of
incubation. The data are means of 4 independent experiments (n = 4;
M ±m; * - P < 0.05 as compared to controls without DZ).
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