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Abstract

Glibenclamide is a widely used drug applied for the blockage of ATP-sensitive K+ channels (KATP channels) ubiquitously present in plasma
membranes and mitochondria. While KATP channels opening was shown to be cytoprotective under variety of pathophysiological conditions, in
certain cases KATP channel blockage is required for cell survival and the recovery of a living organism. However, in the literature glibenclamide
application was shown to produce several adverse effects. In this work some aspects of glibenclamide treatment will be considered in relation
to its adverse effects in mitochondria.
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Opinion

Glibenclamide (glyburide) is a sulfonylurea derivative, N-p-
[2-(5-Chloro-2-methoxybenzamido) ethyl] benzene sulfonyl-
N'-cyclohexylurea (C,,H,,CIN,0.S), which is widely used as a
blocker of ATP-sensitive potassium channels (KATP channels)
ubiquitously present in plasma membranes and mitochondria.
KATP channel is an octameric multiprotein complex that
comprises four pore-forming Kir subunits, which are inward-
rectifier K* channels, and four sulfonylurea receptors (SUR) [1].
Molecular composition of mitochondrial KATP channel (mKATP)
channel remains yet undisclosed and the most part of the notions
on the properties of mKATP channel was obtained from the studies
on plasmalemmal KATP channels. It is known that glibenclamide
binds to SUR subunits to block KATP channel [1,2]. SUR subunit of
KATP channel belongs to ATP binding cassette proteins that bind
ATP upon its hydrolysis [1-3]. MgATPase activity of SUR subunits
is thought to be required for KATP channel functioning, its
activation by KATP channels openers and the channel blockage by
glibenclamide [3]. The same mechanism is supposed to underlie
KATP channel blockage in mitochondria. Generally, no blockage of
KATP channels was observed either in the absence of MgATP, or
in the presence of Mg* or ATP alone [4,5]. Glibenclamide binds
to mKATP channels with high affinity, however values of K, (~1-6
uM [4]) obtained for mKATP channels were by the order higher
than inhibition constants obtained for sKATP channels [1]. This
was used by Garlid’s group for semiquantitative estimation of the
density of mKATP channels in mitochondria from various tissues
with fluorescent glibenclamide derivative [6].

Glibenclamide is a widely applied antidiabetic drug, known
to stimulate insulin release by blocking sKATP channels in beta-
cells. However, the application of sulfonylureas (glibenclamide
and tolbutamide) produced adverse effects in heart and brain,
such as increased cardiovascular mortality in patients with
diabetes [7], and increased neurodegeneration after hypoxic brain
injury [8]. In our work we observed one of the adverse effects of
glibenclamide application in vivo caused by the direct effects of
this drug on mitochondrial functions.

The impact of glibenclamide treatment on the
endurance to physical stress

It is well known that physical endurance of a living organism
to the exercise training requires enough cellular ATP, for the
most part produced by oxidative phosphorylation (OxPhos). In
our recent studies we examined the impact of mKATP channels
opening on the endurance of animals to physical stress. For this
purpose, we let the rats swim in a bath with a load and registered
swimming time starting from the beginning until exhaustion. The
animals were separated in two groups, of which one was treated
with glibenclamide intraperitoneally (1mg/kg weight). Based on
the ex vivo study, the untreated animals also were separated in
two groups: control and those who exhibited elevated mKATP
channel activity. As we have shown in our works, glibenclamide
administration in vivo was capable of full block of mitochondrial
KATP channel, both control and activated [9,10]. As we observed
by monitoring the swimming time, improved physical endurance
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correlated with elevated mKATP channel activity, whereas the
treatment with glibenclamide, and respectively, blockage of
mKATP channel, resulted in a dramatic failure of the physical
endurance as compared to untreated animals [9,10].

As showed the study of mitochondrial functions in vitro,
mKATP channel opening by diazoxide increased phosphorylation
efficiency (P/0), which coincided with improved endurance in
animals that exhibited elevated mKATP channel activity in vivo.
Meanwhile a fall of P/O in the presence of glibenclamide in vitro
well agreed with dramatic failure of the endurance, far below the
control, under glibenclamide application in vivo, which indicated
a correlation between phosphorylation efficiency and physical
endurance in such a way that improved efficiency of ATP synthesis
coincided with improved endurance to physical stress [10].
However, regardless of the opposite effects on P/0, dependent on
the opening and blockage of mKATP channel, based on the study
on isolated mitochondria we concluded that dramatic impact of
glibenclamide on physical endurance could not be considered as a
reversal of the effects of mKATP channel opening.

The mechanistical background of glibenclamide action
in vivo

To explain dramatic effects of glibenclamide on the physical
endurance, the effect of this drug on mitochondrial functions
needs to be considered. According to the present knowledge,
ATP-sensitive potassium transport, which is directed to the
matrix space in energized mitochondria, dissipates Ay, a free
energy generated by the electron transport chain. Being energy
consuming process K* uptake results in obligatory increase in the
respiration rate, which in turn reduces membrane potential AY¥ ,

dependent on the share of mKATP channel in oxygen consumption.
The impact of mKATP channel opening on AY¥  is not the same
in different cell types. As we have shown earlier, mKATP channel
contributed ~30-35% to the total K* uptake in brain and liver
mitochondria. This was of no effect on the membrane potential in
rat liver mitochondria, but slightly (~20%) depolarized rat brain
mitochondria [11,12].

Glibenclamide, as well as the other mKATP channel blocker
(5-HD), by blocking ATP-sensitive K* uptake, reversed the effects
of mKATP channel opening on respiration and AY¥ : reduced the
rate of state 4 respiration proportionally to the share of mKATP
channel in K* uptake, and restored A¥  in a measure dependent
on the share of ATP-sensitive K* transport in oxygen consumption.
In the brain, it partially restored ROS production dependent on
AY [12] and Ca** uptake reduced by mKATP channels opening
[13]. Thus, glibenclamide restored mitochondrial functions
dependent on the rate of ATP-sensitive potassium transport and
its share in respiration: state 4 oxygen consumption, A¥ , part of
the ROS production dependent on A¥ , and Ca** uptake.

However, quite different was with the effect of glibenclamide
on oxidative phosphorylation. As we have shown recently [10],
neither mKATP channel opening with diazoxide, nor mKATP
channel blockage by glibenclamide could be explained as the
result of the modulation of mKATP channel conductance.

On Figure 1 the typical effects of mKATP channel opening
with diazoxide and the channel blockage with glibenclamide
on mitochondrial functions (state 3 and state 4 respiration,
respiratory control ratio RCR, the rate of phosphorylation ], , and
phosphorylation efficiency P/0) are shown in Figure 1.
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Figure 1: The effects of mKATP channel opener diazoxide (DZ) and blocker, glibenclamide (Glb) on mitochondrial functions: state 4 and
state 3 respiration (a, b), respiratory control ratio, RCR (c), the rate of phosphorylation, J, . (d) and phosphorylation efficiency, P/O (e).
Incubation medium: 120mM KCI, 0.5mM EDTA, 5mM sodium glutamate, 1 mM KH,PO,, 20mM Tris-HCI buffer (pH 7.4); ADP was added at
0.2 mM, DZ at 0.5 uM, Glb at 10 uM. Mtm, n = 6. * — p<0.05 as compared to control; # — p<0.05 as compared to diazoxide.
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As show the data, in rat liver mitochondria state 4 respiration
was increased by mKATP channel opening proportional to the
rate of potassium transport (Figure 1a). mKATP channel opener
diazoxide moderately uncoupled mitochondria (reduced RCR),
apparently suppressed both the rate of state 3 respiration and
the rate of ATP synthesis, but simultaneously increased P/O
(Figure 1b-1e). Glibenclamide reversed the effect of diazoxide
on state 4 respiration (Figure 1a), but similarly suppressed
state 3 respiration and decreased the rate of phosphorylation
(Figure 1b-1d). However, unlike the case with diazoxide, this was
accompanied by the ultimate fall of phosphorylation efficiency
(Figure 1e).

[tworthmentionthatneithersuppression ofstate 3respiration,
nor inhibition of the OxPhos by diazoxide and glibenclamide
could be explained by the direct bioenergetic consequences of
the modulation of mKATP channel activity. Thus, in the case of
diazoxide, similar stimulation of state 4 respiration and mild
uncoupling accompanied by the moderate decrease in RCR to
the same extent with protonophore could not mimick the effect
of mKATP channel opening on the OxPhos (unpublished results).
This was not a specific action of diazoxide because similar effects
on mitochondrial functions also resulted from the stimulation of
K* transport without using any drugs (unpublished observations).
Referring to the study on the inhibition of F F, ATP synthase by
K*/H* ionophore gramicidin [14], we proposed [10] that similar
mechanism can underlie OxPhos inhibition by diazoxide, which
resulted from the opening of mKATP channel and stimulation
of potassium cycling that produced uncoupling of molecular
mechanism of F F, ATP synthase functioning (decoupling).

Unlike its effect on other mitochondrial functions, mKATP
channel blocker glibenclamide not only failed to restore OxPhos,
but dramatically aggravated the impairment of the OxPhos
system caused by mKATP channel opening. It should be stressed,
that OxPhos, which is dependent on AW , was suppressed
despite mitochondrial energization and restoration of AW
by glibenclamide. Interestingly, both mKATP channel opening
and mKATP channel blockage by glibenclamide resulted in
suppression of the OxPhos. However, the effect of glibenclamide
on the OxPhos could not be a result of mKATP channel blockage,
because the abolition of ATP-sensitive K* transport by varying
K* concentration in the medium and reducing K* uptake merely
restored control mitochondrial functions.

Considering the mechanism of the blockage of mKATP
channel, which requires glibenclamide binding to SUR subunit in
the presence of MgATP required for MgATPase activity [3-5], other
than mKATP channel, targets of this drug can be suggested to
explain its dramatic effect on ATP synthesis. Thus, of the molecular
targets of glibenclamide, ability of glibenclamide binding to
adenine nucleotide translocase (ANT) already was shown [15]. As
showed molecular docking study, glibenclamide binding to ANT
can interfere with ADP/ATP translocation [Zym], which in turn
should hamper ATP synthesis. Unlike diazoxide, shown to affect
several ATP-binding enzymes [16], the ability of glibenclamide to
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bind to ATP binding proteins was not extensively studied in the
literature. However, it is tempting to speculate several targets of
glibenclamide among ATP binding proteins, including F F, ATP
synthase, which could be as well one of the putative targets of this
drug.

The molecular mechanism in which OxPhos system is
affected by glibenclamide needs a more detailed study. Especially
important are consequences thereof in vivo. Returning to in vivo
experiment, contrary effects of mKATP channel opening and
blockage on phosphorylation efficiency correlated well with the
opposing effects on physical endurance. However, as showed the
results obtained on isolated mitochondria, despite the correlation
between P/0 and physical endurance, dramatic failure of both
parameters under the application of glibenclamide was not the
consequence of the blockage of mKATP channel activity.

Thus, for understanding of the mechanisms of glibenclamide
action in vivo, it remains important to discriminate between the
effects ensuing from mKATP channel blockage and the effects not
related to potassium transport in mitochondria. As it was shown
on isolated mitochondria, glibenclamide, by blocking mKATP
channels favors ROS production and mitochondrial Ca?* overload
[12,13,17], which in turn promotes the opening of mitochondrial
permeability transition pore [13]. All these effects could contribute
to the impairment of physical endurance in vivo. However, from
the study of glibenclamide impact on mitochondrial functions,
one can hypothesize that the impairment of the OxPhos system,
not caused by the blockage of mKATP channels, is the straightest
cause for the dramatic failure of physical endurance caused by
glibenclamide administration in vivo.

There we considered only one, however important, aspect
of glibenclamide impact on mitochondrial bioenergetics and the
energy metabolism in a living organism. Regarding glibenclamide
impact on mitochondrial functions and the consequences thereof
in vivo, there is much remains to be studied yet. Particularly,
there is a need to find selective KATP channel blocker, safer for
mitochondrial functions. The results of our studies allow for the
following conclusion.

Conclusion

OxPhos system is one of molecular targets of glibenclamide
both in vitro and in vivo, which modulation under the action of
this drug, as well as the mechanisms underlying coupling between
the efficiency of ATP synthesis and physical endurance in a living
organism, need to be studied in more details. Dramatic fall of
both under the action of glibenclamide was not the result of the
blockage of mKATP channel and could not be explained by the
effect of glibenclamide on potassium transport or mitochondrial
energy state. Plausible explanation of the observed dramatic
impact of glibenclamide on the physical endurance in vivo is the
impairment of the OxPhos caused by the inhibition of either ANT,
or F F, ATP synthase, which can be considered as one more off-
target adverse effect of glibenclamide, not caused by the direct

impact of this mKATP channel blocker on the channel activity.
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