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Żochowska, M.; Olszewska, A.;

Kulawiak, B. Alternative Targets for

Modulators of Mitochondrial

Potassium Channels. Molecules 2022,

27, 299. https://doi.org/10.3390/

molecules27010299

Academic Editor: Yukio Yoneda

Received: 18 November 2021

Accepted: 31 December 2021

Published: 4 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Review

Alternative Targets for Modulators of Mitochondrial
Potassium Channels
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Abstract: Mitochondrial potassium channels control potassium influx into the mitochondrial matrix
and thus regulate mitochondrial membrane potential, volume, respiration, and synthesis of reactive
oxygen species (ROS). It has been found that pharmacological activation of mitochondrial potassium
channels during ischemia/reperfusion (I/R) injury activates cytoprotective mechanisms resulting in
increased cell survival. In cancer cells, the inhibition of these channels leads to increased cell death.
Therefore, mitochondrial potassium channels are intriguing targets for the development of new
pharmacological strategies. In most cases, however, the substances that modulate the mitochondrial
potassium channels have a few alternative targets in the cell. This may result in unexpected or
unwanted effects induced by these compounds. In our review, we briefly present the various classes
of mitochondrial potassium (mitoK) channels and describe the chemical compounds that modulate
their activity. We also describe examples of the multidirectional activity of the activators and inhibitors
of mitochondrial potassium channels.

Keywords: mitochondrial potassium channels; cytoprotection; mitochondria; potassium channel
openers

1. Introduction

Earlier studies on isolated mitochondria have indicated that the transport of potassium
ions is an important element in regulating their volume. This potassium transport process
has also been observed in various cellular systems. Western blot analysis of isolated
mitochondria has shown the presence of protein-binding antibodies specific to potassium
channel counterparts in the plasma membrane. Finally, the presence of the mitoK channels
in the inner mitochondrial membrane (IMM) was confirmed by measuring the activity of a
single channel by the patch clamp technique. Mitochondrial potassium channels play an
important role in mitochondrial functioning due to the flow of positive charge (in the form
of K+) through the IMM. These channel proteins have been identified in the mitochondria of
various tissues, including the heart, skeletal muscle, and neuronal cells. Activation of mitoK
channels by passing K+ through the IMM causes changes in the mitochondrial membrane
potential that increase mitochondrial oxygen consumption and influence mitochondrial
ROS synthesis. Therefore, mitoK channels are an important part of cell signaling pathways
and can be thought of as triggers for cell survival or cell death [1–3].

Several potassium channels have been identified in the IMM, such as ATP-sensitive
potassium channels (mitoKATP); small (mitoSKCa), intermediate (mitoIKCa), and large
conductance (mitoBKCa) calcium activated potassium channels; sodium dependent potas-
sium (mitoSlo2) channels; and voltage-dependent (mitoKv1.3 and mitoKv7.4) potassium
channels [4,5].
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The activation of mitoK channels by means of small molecule potassium channel
openers (KCOs) induces cardio- and neuroprotective effects against various injuries, includ-
ing ischemia-reperfusion. On the other hand, the pharmacological inhibition of mitoKv
channels induces cell death in cancer cells (Figure 1) [1]. The beneficial effects induced by
modulators of mitoK channels are related to changes in mitochondrial physiology. The
activity of mitoK channels regulates the synthesis of mitochondrial ROS and mitochondrial
matrix Ca2+ uptake, which directly regulates the opening of the mitochondrial permeability
transition pore (mPTP), a key trigger of cell death pathways [6].
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pharmacological substances.

For these reasons, mitoK channels are promising targets for the development of new
pharmacological tools to modulate their activity. However, the use of pharmacological
modulators of mitoK channels carries a high risk that these compounds will interact
with other targets in the cell, which can lead to unwanted effects or make it difficult to
distinguish which effects are related to mitoK channels. In this review, we will provide
basic information about the key modulators of mitoK channels and their alternative sites of
action.

2. Modulators of Mitochondrial ATP-Sensitive Potassium Channels

The first potassium channel identified in the IMM was the ATP-sensitive potassium
channel in rat livers [7]. This channel is inhibited by ATP and the antidiabetic sulfonylurea,
glibenclamide [7]. Later, the same type of channel was identified in other tissues, such as
the heart [8–10], brain [11–13], skeletal muscle [14], human T-lymphocytes [15], and skin
fibroblasts [16]. Electrophysiological experiments revealed that the conductance of the
channel is usually close to 100 pS [11,17–19]; however, channels with lower conductance,
close to 10 pS, have also been reported [7,8]. These differences in reported conductance
may result from the various experimental conditions.

Initial findings suggested that the channel was formed by the Kir6.1 or Kir6.2 subunits,
yet the molecular identity of mitoKATP remained unclear [20]. However, later studies



Molecules 2022, 27, 299 3 of 34

showed that the ROMK2 isoform of the renal outer medullar potassium channel could
be the structural component of the channel [9,21]. Interestingly, it was also suggested
that the subunits of ATP synthase could form channels with mitoKATP pharmacological
properties [22]. Recently, it was shown that the pore-forming subunit of the mitoKATP
channel is a product of the CCDC51 gene [10]. Many studies have demonstrated that
mitoKATP is inhibited by glibenclamide; therefore, it was speculated that the SUR subunit,
which is a glibenclamide receptor, is an integral part of the channel. Indeed, CCDC51
interacts with mitoSUR, encoded by the ABCB8 gene. The channel formed by these
two proteins has the canonical pharmacological properties of the mitoKATP channel [10].
Activation of the mitoKATP channel induces or mediates cardio- or neuroprotection against
various insults, including I/R. This phenomenon is well documented; however, the details
of the cytoprotection mechanism are still not fully understood [17,23,24].

The list of pharmacological modulators of the mitoKATP channel is relatively long.
Diazoxide and BMS191095 can be treated as canonical pharmacological activators of the
mitoKATP channel [25], along with nicorandil, cromakalim, pinacidil, or P1075. Inhibitors of
the mitoKATP channel include glibenclamide (glyburide), 5-hydroxydecanoic acid (5-HD),
tetraphenylphosphonium, and 4-aminopyridine [1,25]. 5-HD is described as a relatively
selective inhibitor of mitoKATP channels, and it does not inhibit plasma membrane KATP
channels [6,23]. However, all these compounds either have well-described alternative
targets in the cell or induce cellular processes, which makes it difficult to reliably assess the
detailed mechanism of their operation [26]. Importantly, most of these compounds were
tested in the mitochondrial context.

The most notable opener of mitoKATP channels is diazoxide, which is used in the treat-
ment of diabetes [27]. Early studies revealed that this compound shows higher specificity
toward mitoKATP than to KATP channels from the plasma membrane and sarcoplasmic
reticulum [28]. Therefore, it is believed that the application of diazoxide at appropriately
low concentrations should result in selective activation of the mitoKATP channel. However,
diazoxide inhibits the activity of respiratory chain complex II [29]. Moreover, diazoxide
directly activates protein kinase c epsilon (PKC-ε) (Table 1) [30]. Interestingly, it was shown
that diazoxide and glibenclamide modulate the channel formed by CCDC51 only in the
presence of the mitoSUR subunit [10]. Activation of ROMK2 found in mitochondria by
diazoxide has also been observed [21].

Initial studies on isolated mitochondria suggested that BMS191095 was a specific
activator of mitoKATP channels [31,32] that activated the channels in the nanomolar range
of concentrations [32]. Electrophysiological studies confirmed that this compound opens
cardiac, neuronal, and dermal fibroblast mitoKATP channels [11,16,33]. Several studies
have shown that BMS191095 induces cytoprotection by activating mitoKATP channels. For
example, BMS191095 induced cytoprotection against I/R injury in mice and rat cardiac
tissue [32,34] and pig skeletal muscle [35]; cytoprotection induced by this compound was
reversed by 5-HD. Additionally, BMS191095 was shown to activate neuronal mitoKATP,
regulate neuronal mitochondrial function [36,37], and induce neuroprotection against vari-
ous insults [36,38,39]. It was also shown that BMS191095 and the less-selective BMS180448
inhibited human platelet aggregation; preincubation with both glyburide and 5-HD blocked
this effect [40]. In contrast, the application of BMS191095 protected myoblast C2C12 cells
against toxicity induced by the deregulation of calcium homeostasis, and these effects
were not reversed by 5-HD [41]. This compound was also shown to induce neurotoxicity
effects [24,32].

Nicorandil, like diazoxide, was shown to mimic ischemic preconditioning of heart
tissue by the activation of mitoKATP channels [42,43]. However, this compound can also
activate sarcolemmal KATP channels [44]. Other studies have reported that nicorandil
can be a donor of nitric oxide (NO) [45,46]. Additionally, it can stimulate superoxide
dismutase and inhibit xanthine oxidase activity, therefore acting as an antioxidant [46–48].
The bidirectional effects of nicorandil were recently observed in a study describing the
beneficial effects of this compound on fatigue in slow skeletal muscle fibers [43]. On the one
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hand, nicorandil activated the channel; on the other hand, it acted as an antioxidant and NO
donor [43]. Further experiments revealed that nicorandil blocks mitochondrial glutamate
malate-driven respiration in skeletal muscle [49]. Nicorandil can induce cytoprotection
in dystrophin-deficient cardiomyocytes, and these effects are only partially reversed by
the mitoKATP blocker 5-HD [50]. Another recent example of the bidirectional activity
of nicorandil can be seen in the regulation of the expression of selected genes, such as
heme oxygenase-1 or interleukin-8, by nicorandil in human umbilical vein endothelial cells
(HUVECs). Only some of the observed effects were reversed by 5-HD, and thus were linked
to mitoKATP activity [51]. In addition to the other openers listed above, it has also been
suggested that malonate and atpenin A5, which are inhibitors of complex II, can activate
mitoKATP channels and induce cardioprotection [52,53].

Similar to mitoKATP openers, inhibitors of this channel can either interact with other
proteins or enter various metabolic pathways. For example, 5-HD, which is a canonical
mitoKATP inhibitor, was shown to inhibit sarcolemmal KATP channels [54]. In contrast, 5-HD
does not inhibit mitoKATP from rat brains [11]. It was also found that 5-HD is metabolized
by acyl-CoA synthetase and enters beta-oxidation, which can induce the switch from
glucose to fatty acid metabolism [55–57]. Therefore, the direct interaction of 5-HD with
mitoKATP has been questioned. Additionally, 500 µM of 5-HD was shown to stimulate the
activity of mitochondrial complex II and inhibit complex III in skeletal muscle cells [49].
Another study revealed that both glibenclamide and 5-HD can interact with ADP/ATP
carriers from the inner mitochondrial membrane [58]. Additionally, glibenclamide can
activate the mitochondrial permeability transition pore by increasing its sensitivity to
calcium ions [59]. Moreover, glibenclamide inhibits chloride channels [60,61].

To examine whether the ROMK protein acts as a possible mitoKATP channel-forming
component, research has focused on the use of compounds regulating the activity of this
protein. For example, it was reported that VU591 inhibits ROMK channels with high speci-
ficity [62–64]. However, this molecule induced mitochondrial depolarization and matrix
contraction in mitochondria from both wild-type and ROMK knockout cells. [65]. Moreover,
VU591 reversed matrix swelling induced by BMS191095 in the ROMK knockout cells. These
observations suggest that VU591 has some alternative targets in mitochondria [65].

Table 1. Examples of mitoKATP channel modulators and their off-target activity.

Name Function Example of Off-Target Activity Ref.

Diazoxide Opener

Inhibition of mitochondrial complex II.
Protonophoric properties.

PKC-ε activator.
ROS inducer.

[16,29,30,37,57]

BMS191095 Opener Induction of mitoKATP-independent cytoprotection.
Induction of neurotoxicity. [16,24,32,37,41]

Nicorandil Opener NO donor.
Antioxidant, inhibition of xanthine oxidase activity. [43,45–47]

5-HD Inhibitor

Sarcolemmal KATP channel inhibitor.
Substrate for acyl-CoA synthetase.

Stimulation of mitochondrial complex II.
Inhibition of mitochondrial complex III.

Possible interaction with mitochondrial ADP/ATP carriers.

[49,54–56]

Glibenclamide Inhibitor
Activation of mPTP.

Possible interaction with mitochondrial ADP/ATP carriers.
Inhibitor of cAMP-activated chloride channels.

[58–61]

VU591 Inhibitor
(ROMK)

General inhibitor of ROMK channels.
Mitochondria uncoupling. [64,65]
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3. Mitochondrial Calcium-Activated Potassium Channels

In the IMM, a group of calcium-activated potassium channels have been identified,
namely large conductance K+ (mitoBKCa) channels [66], intermediate conductance K+

(mitoIKCa) channels [67], and small conductance K+ (mitoSKCa) channels [68]. Their com-
mon property is regulation by calcium ions—their open probability increases in the presence
of Ca2+ [17]. This common activation mechanism may indicate that these proteins are acti-
vated under the same physiological conditions. However, these channels differ in terms
of other regulatory mechanisms. In addition, a different spectrum of pharmacological
substances regulates their activity.

3.1. Large Conductance Calcium-Activated Potassium Channels

The mitoBKCa channel was originally identified in the mitochondria of LN229 glioma
cells by the patch clamp technique. The recorded channel had a conductance of 295 pS mea-
sured in a 150 mM KCl bath and pipette solution [66]. Later, the channel was described in
other tissues, including the heart [69], brain [70,71], skeletal muscle [72], endothelium [73],
dermal fibroblasts [74], and pulmonary and kidney epithelial cells [75,76]. Interestingly,
similar channels have been identified in the mitochondria of mammals, lower organisms,
and plants [77–80].

The pore-forming α subunit of both the mitoBKCa and the plasma membrane BKCa
channels is encoded by the KCNMA1 gene. The VEDEC isoform of the α subunit (the name
comes from the amino acid sequence at the C-terminus of the protein) is targeted to cardiac
mitochondria [81,82]. Recently, it was shown that transfection with a VEDEC-encoding
plasmid results in mitoBKCa channel activity in HEK293T cells [83].

Similar to their plasma membrane counterparts, mitoBKCa channels are modulated by
various endogenous modulators. It was shown that heme and hemin inhibit channel activ-
ity, and that carbon monoxide reactivates channels blocked by heme [84–86]. The channel
is also modulated by other gasotransmitters, such as hydrogen sulfide (H2S) [87–92], redox
signals, and protons [93]. The channel is also activated by 17β-estradiol, which can lead to
cardioprotection [94].

Several synthetic modulators have been used to activate the mitoBKCa channel [6,95].
Some of the first synthetic BKCa channel activators used for mitoBKCa channels were

the benzimidazolone derivatives NS1619 and NS004 [69,96,97]. Interestingly, NS004 was
also described as a cystic fibrosis transmembrane conductance regulator (CFTR) channel
opener [98]. Application of NS1619 protects the heart tissue from I/R injury, and many
studies have shown that this effect may be mediated by mitoBKCa [69,82,99]. NS1619 acts
by shifting the voltage-sensor of BKCa channels toward the activated state, as the open
probability is barely altered when the voltage sensing domain (VSD) is at rest [100,101].
Although NS1619 is a known mitoBKCa channel opener, this compound has many effects un-
related to the channel. For example, it can induce nonselective ion transport across the inner
mitochondrial membrane [102] and inhibit complexes of the respiratory chain [102,103]. An-
other study showed that NS1619 has oligomycin-like properties and inhibits mitochondrial
ATP synthase. Additionally, NS1619 inhibits sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA) [104], and L-type calcium channels (Figure 2) [105]. NS1619 also stimulates Ca2+-
gated chloride currents in smooth muscle cells of the rabbit pulmonary artery [106]. BKCa
channel-independent immediate and delayed preconditioning of neuronal cells was also
observed after the application of NS1619 [107,108].
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“−“—inhibition.

NS11021, a biarylthiourea derivative, has a higher potency and selectivity as a BKCa
channel opener than NS1619 [109]. Application of NS11021 shifts the voltage-activation
curve of the channel to more negative potentials, and activation is independent of free
Ca2+ concentration [100,110,111]. NS11021 increases the open probability of BKCa channels
by altering the gating kinetics without affecting the single-channel conductance. It also
protects the heart from I/R injury via mitoBKCa channel activation [110]. Interestingly,
NS11021-induced activation of mitoBKCa channels prevents cold-storage induced injury of
kidney epithelial cells [75].

Although NS11021 was thought to be more specific than NS1619, it was later shown to
induce mitochondrial depolarization in a sucrose medium in the absence of K+ salt [112]. It
was also found that NS11021 applied at higher concentrations (10–30 µM) can activate KV7.4
and have minor inhibitory effects on Kv7.2/7.3 channels. The same study showed that
NS11021 is a positive modulator of α7 nicotinic acetylcholine receptors at concentrations of
10–30 µM [109].

Another set of mitoBKCa channel openers is CGS7181 and CGS7184. Mitoplast patch
clamp recording has revealed that the mitoBKCa channel of glioma cells is activated by
CGS7184 [113]. Application of this opener decreased ROS synthesis by brain mitochondria
in a model of reversed electron flow, and this effect was reversed by mitoBKCa channel
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inhibitors [114]. However, in contrast to the effects of NS1619, CGS7184 and its derivative
CGS7181 induced cell death, an effect unrelated to mitoBKCa channel activation [113,115].
CGS7184 can also directly activate ryanodine receptor (RyR2) calcium release [116]. Evi-
dently, the modulation of alternative targets by these compounds may be responsible for
the observed increase in cytosolic calcium ion concentration [95].

Interestingly, both CGS7184 and NS1619 show mitoBKCa channel activation in sin-
gle channel patch clamp technique measurements; however, they exert opposing effects
on cells. CGS7184 has a cytotoxic effect while NS1619 is cytoprotective. Therefore, the
cytotoxic outcome of CGS7184 must be related to the off-target effects of this compound.
Conversely, in the case of NS1619, the off-target effect is synergistic to some extent, lead-
ing to cytoprotection, especially in I/R processes. One of the mechanisms of action that
distinguishes these compounds is the different manner in which calcium ions are released
from the endoplasmic reticulum. CGS7184 releases Ca2+ by opening RyR2 channels, while
NS1619 releases Ca2+ through the inhibition of SERCA in a pH-dependent manner [117,118].
Opening of RyR2 channels by CGS7184 naturally activates SERCA by Ca2+, which leads
to a significant increase in the consumption of intracellular ATP, while NS1619 causes
inhibition of SERCA, reducing ATP consumption. NS1619′s inhibition of SERCA increases
as pH decreases and is reversible. Notably, a drop in pH occurs during ischemia (Figure 2).

Another interesting mitoBKCa channel modulator is chlorzoxazone, which is an FDA-
approved centrally acting muscle relaxant [119]. This compound produces a left shift in
the activation curve of BKCa channels, yet it does not affect the Ca2+-sensitivity of the
channels during that process [119]. It was used to treat a patient with progressive cerebellar
degeneration, who had a BKG354S mutation in the KCNMA1 gene [120]. Chlorzoxazone also
activates SKCa and IKCa channels, and 30 µM chlorzoxazone suppresses voltage-dependent
L-type Ca2+ currents [119]. Another mitoBKCa channel modulator is a synthetic inhibitor
with a natural origin: diCl-DHAA (12,14-dichlorodehydroabietic acid). It was reported to
reduce I/R in rat cardiac myocytes [121,122].

The mitoBKCa channel is also activated by naturally occurring openers. Similar to
the plasma membrane BKCa channel, the mitoBKCa channel is activated by the sex hor-
mone 17-estradiol (17β-estradiol, EST). 17β -estradiol has been applied to the mitoBKCa
channels in vascular smooth muscle using the black lipid membrane technique or the
ventricular mitoplasts of rats using patch clamp [94]. The activation of mitoBKCa channels
by 17β-estradiol requires the β1 subunit [123]. 17β-estradiol has been described as an
L-type channel agonist that induces a rapid increase in intracellular calcium concentration
through the potentiation of the channel and the activation of cascade signaling pathways,
such as Src/ERK/CREB/Bcl-2 [124]. Another example of a naturally occurring mitoBKCa
channel modulator is naringenin, a plant-derived flavonoid found in a variety of fruits
and herbs [125]. Naringenin has been found to induce cardioprotection by activating
mitoBKCa channels [126]. Recently, it was shown that naringenin also activates mitoBKCa
and mitoKATP channels in skin fibroblasts [127]. Naringenin also has a stimulatory effect on
BKCa channels in the absence of the auxiliary β subunits of the channel, increasing the prob-
ability of channel opening [128]. The beneficial effects of naringenin have been described
for many disorders, including cardiovascular, pulmonary, metabolic, and neurological
issues [95]. When applied to NSC-34 neuronal cells, naringenin shifted the activation curve
of the M-type K+ current (Kv7.2, 7.3, and 7.5) to more negative potentials [128].

Several inhibitors of mitoBKCa channels have been described. This group contains
the short peptides charybdotoxin (ChTx) and iberiotoxin (IbTx), quinine, and diterpene
paxilline. Charybdotoxin is a scorpion (Leiurus quinquestriatus) toxin identified in 1985
as a BKCa channel blocker [66,129–131]. Later, it was also shown to inhibit mitoBKCa
channels [66]. In addition, charybdotoxin also inhibits the IKCa, Kv1.2, and Kv1.3 channels
and, at lower potency, the Kv1.6 channels [132].

Iberiotoxin, a toxin from the red scorpion Buthus tamulus is 68% homologous to
charybdotoxin; however, it does not block any other ChTX-sensitive K+ channels [133,134].
Moreover, iberiotoxin can block the BKCa channel in the presence of the auxiliary β1
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subunit [135]. Interestingly, both charybdotoxin and iberiotoxin are inactive in the presence
of the auxiliary β4 subunit [136,137].

Paxilline, a tremorgenic indole toxic alkaloid produced by Penicillium paxilli, has
been used to block mitoBKCa channels in guinea pig ventricular cells, rat ventricular my-
ocytes, and rat heart and liver cells [138,139]. Higher concentrations of paxilline modulate
SERCA at the phosphoenzyme level [140,141]. At a concentration of 10–50 µM, paxilline
decreases light scattering, slightly uncouples respiration [142], and protects HT22 cells
against glutamate-induced cytotoxicity [143].

Lastly, quinine is a compound from cinchona trees that has been found to inhibit BKCa
channel-caused K+ uptake into isolated mitochondria. Quinine is also known to inhibit
KV2.2 and K2P18.1 channels [144]. Structural studies have shown that BKCa channels
possess a conserved heme-binding sequence motif. Hemin binds to the linkage segment
between the RCK1 and RCK2 domains and induces conformational changes different than
those induced by Ca2+ [85]. It regulates the inactivation of the K+ channel and N-type
inactivation of Kv1.4 and Kv3.4 channels [145].

3.2. Intermediate Conductance Calcium-Activated Potassium Channels

Intermediate conductance calcium-activated potassium channels from the mitochon-
drial inner membrane show a conductance close to 27 pS and were identified for the first
time in human colon cancer cells [67]. The pore-forming subunit of IKCa channels from the
plasma membrane has six transmembrane spanning regions (S1–S6), with the conducting
pore located between S5 and S6. The gating is conferred upon Ca2+ binding to calmodulin
(CaM), which is constitutively bound to the C-terminus of each channel subunit [146,147].
It was shown that the activity of IKCa channels in the mitochondria and plasma membrane
influences oxidative phosphorylation in pancreatic ductal adenocarcinoma cells [148].

The IKCa channels from the plasma membrane and mitochondria are activated by
several synthetic modulators, such as NS309 [148–153], DCEBIO [150,154–156], and riluzole
(Table 2). Riluzole has not been tested on mitoIKCa channels per se, though it was used
to measure mitochondrial membrane potential (∆ψ). However, these compounds are
not selective modulators of IKCa channels, as they can also activate SKCa channels [157].
Riluzole is an FDA-approved drug [154] that activates K2P10.1, TRPC5 [158], K2P2.1,
K2P4.1, and Slo2 channels [159]. This compound can also inhibit Na+, Trpm4 [160–163], and
Cl- channels [164], as well as GABA reuptake [165]. Moreover, riluzole increases glutamate
uptake and modulates glutamate receptors [166]. Interestingly, NS309 is believed to be a
more potent activator of the IKCa channel than 1-EBIO or DCEBIO [149].

IKCa channels are inhibited by clotrimazole [67,155,167–169], which can also inhibit
BKCa channels [170]. Clotrimazole plays a role in the acute inhibition and chronic induction
of human cytochrome P450-dependent enzymes, leading to liver damage. The second
inhibitor of the channel, TRAM-34, is a clotrimazole-based derivative [67,148,155,171,172].
It is more selective for IKCa channels than it is for KV, BKCa, and SKCa channels [173].
TRAM-34 decreased astrogliosis and microglial activation, and attenuated memory loss in
an Alzheimer’s disease mouse model [174].
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Table 2. Examples of mitoIK channel modulators and their off-target activity.

Name Function Example of Off-Target Activity Ref.

Riluzole Opener
Activation of SKCa, K2P2.1, K2P10.1,

K2P4.1, TRPC5, Slo2 channels.
Inhibition of Trpm4 and chloride channels.

[161,162,164,167]

NS309 Opener Opener of SKCa channels. [149,151]

DCEBIO Opener Opener of SKCa channels. [153,159,160]

Clotrimazol Inhibitor
Inhibition of BKCa channels.

Inhibition of cytochrome
P450-dependent enzymes.

[67,170]

TRAM-34 Inhibitor Inhibition of Kv, BKCa, SKCa channels
when applied at higher concentration. [150,173]

3.3. Small Conductance Calcium-Activated Potassium Channels

In the inner mitochondrial membrane, small conductance calcium-activated potassium
channels have also been identified [68]. The conductance of SKCa channels is approximately
4–14 pS. The gating of these channels is conferred by Ca2+ binding to calmodulin, which,
as with in IKCa channels, is constitutively bound to the C-terminus of each channel sub-
unit [146,147]. The plasma membrane and mitochondrial SKCa channels are activated by
several compounds, such as 1-EBIO, DCEBIO, NS309, CyPPA, or riluzole [151,155,175–177].
As mentioned above, these compounds can also activate IKCa channels; however, not all
of these compounds were used in mitoSKCa/IKCa channel studies. The activation of the
mitoSKCa channel with NS309 is known to reduce neurotoxicity [151]. NS309 is a more
potent activator of the recombinant SK2 channels than DCEBIO and 1-EBIO [178]. It has
also been shown that 1-EBIO activates CFTR channels [179]. CyPPA-mediated activation
of the mitoSK2 channel leads to neuroprotection of HT-22 cells [177,180]. CyPPA can also
inhibit melanogenesis by modulating the GSK3β/β-catenin/MITF pathway, as well as
reduce nitric oxide release in microglia [181].

The mitoSKCa channel is inhibited by a canonical SKCa channel peptide blocker,
apamin [151,155,182]. This inhibitor blocks SKCa channels in concentrations ranging from
pM to nM. Apamin is known to bind to the outer pore region of the SKCa channel; however,
it is membrane impermeable and can show off-target activity at higher concentrations.
Apamin regulates gene expression in various signaling pathways [183]; for example, it
downregulates or inhibits the expression of TNF-α, intracellular cell adhesion molecule
(ICAM)-1, vascular cell adhesion molecule (VCAM)-1, transforming growth factor (TGF)-β1,
fibronectin, the NF-κB signaling pathway, and signal transducers and activators of tran-
scription (STAT) in vitro, thereby inhibiting proinflammatory cytokines and type 2 helper
(Th2) lymphocyte chemokines [184].

The mitoSKCa channel, similar to its plasma membrane counterpart, can be blocked
by several synthetic inhibitors, such as NS8593 or UCL1684 [182,185]. UCL1684 mimics
the binding residues of the structural elements of a naturally occurring inhibitory neu-
rotoxin: apamin. This compound displaces apamin binding and is considered a pore
blocker, acting at the apamin binding site [186]. SKCa channels are also blocked by
chlorzoxazone [187–189]. This compound, which serves as a muscle-relaxing drug and
a probe for human liver cytochrome P-450IIE1 (CYP2E1), suppresses voltage-dependent
L-type Ca2+ current.

4. Mitochondrial Voltage-Dependent Potassium Channels

In the inner mitochondrial membrane, voltage-gated potassium channels, including
mitoKv1.3, mitoKv1.5, and mitoKv7.4, have been identified [1]. These channels have also
been found in the plasma membrane. Interestingly, the Kv1.3 channel is also present
in the endoplasmic reticulum and the Golgi apparatus. The activity of Kv channels is
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regulated by changes in the cell membrane potential [190]. These channels are composed
of voltage-sensing and pore-forming α-subunits and auxiliary β-subunits that enable them
to perform a wide variety of physiological functions [191]. Each α-subunit is composed of
six transmembrane domains (S1–S6) with the S1–S4 transmembrane domains surrounding
a central pore domain built of two S5–S6 helices. The four α-subunits link together to
form the functional square-pore structure of the Kv channel [192]. Previous work has
shown that mitoKv1.3 channels are highly overexpressed in cancer cells and immune
cells, and that modulation of these channels is effective in the treatment of cancer [193].
There are many Kv channel modulators, and we will focus only on those modulators that
have been described as acting on the Kv channels found in mitochondria. Most of these
modulators also modulate Kv channels present in various cellular compartments with
different specificity dependent on the concentration used.

4.1. Mitochondrial Kv1.3 and Kv1.5 Channels and Their Modulators

The pore-forming subunit of the Kv1.3 channel is encoded by the KCNA3 gene.
The presence of mitoKv1.3 channels was originally observed in T cells [194]; however,
mitoKv1.3 channels are also present in cancer cells, such as leukemia Jurkat T cells,
prostate cancer PC-3 cells, and breast cancer MCF-7 cells [195]. The Kv1.3 channel is also
found in the nuclear membrane of Jurkat T cells, MCF-7 cells, A549 lung cancer cells, and
SNU-484 gastric cancer cells, as well as in human brain tissue [196]. The mitoKv1.5 channel
has been found in the inner mitochondrial membrane of J774 macrophages [197].

Kv1.3 channels have been identified in mitochondria by incubating isolated mitochon-
dria with plasma membrane Kv1.3 channel-specific inhibitors, such as margatoxin (MgTx)
and Stichodactyla toxin (ShK). These compounds are effective in inducing hyperpolarization
of the mitochondrial membrane [194].

The Kv1.3 and Kv1.5 channels of the plasma membrane play a key role in the regula-
tion of cell proliferation, migration, and differentiation; their inhibition leads to blockage
of the cell cycle and cell proliferation [198]. In contrast, the inhibition of mitoKv1.3 and
mitoKv1.5 channels, either by the Bax protein or by specific inhibitors, plays a key role
in the activation of the apoptotic pathway [195,197]. Other known inhibitors of the mi-
toKv1.3 channel are clofazimine and the non-phototoxic 5-methoxy-psoralen derivatives,
Psora-4 and PAP-1 [199]. Application of MgTx, ShK, or Psora-4, results in changes in
membrane potential, synthesis of reactive oxygen species (ROS), and release of cytochrome
c from the mitochondrial intramembrane space [200]. Both MgTx and ShK act directly on
the mitoKv1.3 channel when applied to mitoplasts. However, these inhibitors are peptides,
which limits their permeation of cellular membranes; therefore, they are not useful as
mitoKv1.3 channel inhibitors in vivo and in whole-cell studies. The peptide nature of
these blockers also limits their ability to block channels in the plasma membrane, and their
long-term administration carries the risk of provoking an immune response. This is not the
case with psoralen derivatives, such as Psora-4 and PAP-1, and clofazimine, an antibacterial
drug used in the treatment of leprosy (Table 3). Clofazimine inhibits the mitoKv1.3 and
mitoKv1.5 channels, making it highly effective for studies on cancer treatment. In Vivo
studies on the murine B16-F10 orthotopic melanoma model have demonstrated that the
application of clofazimine resulted in a 90% reduction in tumor mass (Figure 3) [197].
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In mice transplanted with orthotopic human COLO 357 cells, intraperitoneal ad-
ministration of clofazimine resulted in a 50% reduction in tumor mass [201]. The use of
clofazimine also led to apoptosis of B cells in patients suffering from chronic lymphocytic
leukemia [199]. Additionally, clofazimine inhibits in vitro Wnt signaling in a wide range of
triple-negative breast cancer subtypes that do not respond to hormonal drugs and targeted
therapies [202]. Clofazimine also has an immunosuppressive effect that results from the
selective blocking of the Kv1.3 channel, which is involved in the proliferation and survival
of T effector cells, and, therefore, is a good target for the treatment of autoimmune diseases.
Blocking the Kv1.3 channel changes the amplitude and frequency of intracellular Ca2+

oscillation and inhibits the calcineurin/nuclear factor of activated T-cells (NFAT) signaling
pathway [203]. Clofazimine interacts with and eventually blocks Kv1.3 channels in a precise
and state-dependent manner. It may block open Kv1.3 channels during long depolarizations
or block inactivated channels once they have been opened by brief depolarizations. Clofaz-
imine’s mechanism of blocking plasma membrane Kv1.3 channels opens up its possibility
for use in the treatment of autoimmune diseases, where the expression of these channels in
immune cells is increased [204]. Clofazimine is also a promising drug for the treatment of
cryptosporidiosis and nonviral diarrhea in children [205]. In addition, it was effective at
preventing skin graft rejection in a mouse transplant model [203]. The use of clofazimine
in the treatment of drug-resistant tuberculosis has also been described. The mechanism
of action in this case is not entirely clear; however, most likely it acts on Mycobacterium
tuberculosis as a pro-drug that is reduced by NADH dehydrogenase, releasing reactive
oxygen species upon reoxidation. Clofazimine likely competes with menaquinone (MK-4),
a key cofactor in the mycobacterial electron transfer chain, for reduction by NADH [206].

Psora-4 has been shown to bind to the central, highly-conserved pore of Kv channels,
and it may also bind to the side pockets formed by the backsides of the S5 and S6 helices
and the S4–S5 linker [207]. The simultaneous occupation of both binding sites by the drug
results in an extremely stable nonconducting state and increases Psora-4 selectivity for
mitoKv1.3 and mitoKv1.5 channels [207]. Due to the inhibition of the plasma membrane
Kv1.3 channel, Psora-4 can promote the differentiation and morphological, as well as
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electrophysiological, maturation of neurons derived from progenitor cells; therefore, it can
be used in the treatment of multiple sclerosis [208]. By inhibiting the Kv1.3 channel present
on T cells and glomerular infiltrating macrophages, Psora-4 halts rapidly progressive
glomerulonephritis and may also be used to treat other autoimmune diseases [209].

PAP-1-MHEG is a recently synthetized PAP-1 derivative that has a higher degree of
solubility due to the presence of an oligomeric chain of ethylene glycol. At a concentration
of 10 µM, PAP-1-MHEG was able to induce apoptosis more effectively than could PAP-1
in cells isolated from leukemia patients that express mitoKv1.3. PAP-1-MHEG, similar to
the other derivatives, blocks the mitoKv1.3 channel through the alkyl-O-phenyl part and
causes depolarization of the mitochondrial membrane, which is crucial for the induction of
apoptosis. It has also been found that the coumarin ring of PAP-1 and its derivatives acts
as a “ROS generator” (Table 3) [210]. However, the unique aspect of PAP-1-MHEG is its
ability to block the activity of respiratory chain complex I, via its the methoxy oligoethylene
glycol (MOEG) domain, which may interfere with electron transport and the ubiquinone
redox cycle. This interference is likely due to the proximity of the mitoKv1.3 channel and
the NDUFS1 and NDUFS3 subunits of respiratory chain complex I; however, this requires
further research [210]. None of the 5-methoxy-psoralen derivatives (Psora-4, PAP-1, PAPTP,
PCARBTP, and PAP-1-MHEG) show any cytotoxic effect in cells with significantly fewer
mitoKv1.3 channels, and do not significantly increase the mortality of tumor cells that
overexpress mitoKv1.3 channels and have elevated ROS levels [199,210,211].

4.2. Mitochondrial Kv7.4 Channel and Its Modulators

The Kv7 channel subfamily consists of five members named sequentially from Kv7.1
to Kv7.5, encoded by the KCNQ1-5 genes. Each of these channels forms homotetramers,
or sometimes heterotetramers, that exhibit different tissue distributions and physiological
roles [212]. The Kv7.1 channel is present in the heart, pancreas, gastrointestinal tract, thyroid
gland, brain, portal vein, and inner ear. The Kv7.2 and 7.3 channels are mainly expressed
in the central nervous system; Kv7.4 is the major voltage-gated potassium channel in the
inner ear and bladder smooth muscle; and Kv7.5 is expressed in skeletal muscle and plays
a key role in contractility [213].

The presence of mitoKv7.4 channels was demonstrated in the mitochondria of H9c2
cardiomyoblasts and in isolated adult cardiomyocytes. This channel can be activated by
retigabine and flupirtine, which induce mitochondrial depolarization and reduce the uptake
of calcium ions into the matrix, resulting in cardioprotection against ischemia/reperfusion.
This effect was abolished by the Kv7.4 channel inhibitor XE991 [214].

Both flupirtine and retigabine are activators of virtually all types of Kv7 channels,
except Kv7.1, and thus have a broad spectrum of action and several side effects (Table 3).

Flupirtine is a triaminopyridine compound that serves as a nonopioid analgesic in the
treatment of acute and chronic musculoskeletal pain [215]. It also has muscle relaxant [216]
and anticonvulsant properties [217]. Flupirtine activates Kv7.2 and Kv7.3 channels, thus
inhibiting the firing of sustained neuronal action potentials. This inhibits the excitability of
neurons and reduces the excitatory transmission of neurotransmitters [218].

Flupirtine also acts as an N-methyl-D-aspartate (NMDA) antagonist and can reverse
the effects of NMDA receptors, which play a key role in learning, although flupirtine does
not bind directly to them. Additionally, flupirtine normalizes the level of intracellular
glutathione and increases the expression of the antiapoptotic protein Bcl-2 in neuronal
cells exposed to prion proteins. This neuroprotective effect of flupirtine can be used in
the treatment of prion diseases [219]. Flupirtine has also been studied in the treatment of
tinnitus and overactive bladder [220]. Approximately 8–12% of bioavailable flupirtine in
humans is eliminated as a derivative of mercapturic acid by conjugating glutathione with
intermediate quinone diimine, which is believed to be responsible for the hepatotoxicity of
flupirtine [221].

Retigabine (RTG), also known as ezogabine, is used as an anticonvulsant drug
(Table 3) [222]. This potassium channel opener has been approved as an adjunct to treat
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drug-resistant partial seizures [223]. However, due to its low benefit-to-risk ratio, the use of
retigabine was discontinued in 2017, at which time the search for safer and more effective
alternatives commenced [212].

RTG binds to Kv7.2-5 channels (encoded by KCNQ2-5) in neurons near the channel
gate, which stabilizes the open channel state. The amino acid residues of glycine (G) 301
and tryptophan (W) 236 are crucial for this binding. The absence of W236 in KCNQ1 (which
encodes the Kv7.1 channel) explains the lack of RTG binding to that channel [224]. Retiga-
bine and flupirtine have shown antinociceptive effects in a rat model of gout. It is believed
that Kv7 channels generate low-threshold, inactivating voltage-gated potassium currents
that play an important role in regulating the excitability of nociceptive neurons [225]. To
date, the analgesic effect of RTG has been demonstrated in models of pain due to neuroplas-
ticity, bone cancer [226], inflammation [227], nerve degeneration [228], and the application
of capsaicin to the viscera [229]. RTG at high concentrations may also result in positive
allosteric modulation of γ-aminobutyric acid (GABA) receptors, specifically GABAA, and
affect GABA metabolism (at concentrations > 10 µM). At high concentrations (>100 µM)
RTG may also be a weak inhibitor of sodium and calcium channels [230]. RTG and ethanol
show a similar effect on GABAergic and glutamatergic neurotransmission, which suggests
they may interact. RTG reduces the basal rate of dopamine release in a dose-dependent
manner in the mesolimbic system, which may be important in the treatment of psychotic
diseases [231]. In contrast to RTG, high doses of ethanol increase dopaminergic neuro-
transmission [232]. Repeated administration of RTG significantly reduces neurological
changes in the hippocampus caused by long-term administration of ethanol [233]. RTG also
reduces NMDA-induced cell apoptosis in organotypic hippocampal cultures and in models
of hypoxia and hypoglycemia [234]. A reduction in memory impairment and a slight
improvement in learning post-alcohol consumption were also observed in rats treated with
RTG [235]. There are few other reports on the effects of RTG on memory; however, one
study has shown that even a single administration of RTG immediately after a traumatic
experience can prevent fear memory consolidation and thus prevent posttraumatic stress
disorder [236]. Retigabine has shown a sedative effect in studies of mania and bipolar
disorder treatment [237]. It also significantly reduces the duration of in vitro myotonia,
which causes excessive muscle stiffness, by activating K+ currents during the sequences of
action potentials [238]. After cerebral ischemia and reperfusion, there was a reduction in
the area of cerebral infarction, tightening of tight connections between the cells of the blood
vessel epithelium, reduced permeability of the blood-brain barrier, and reduced levels of
MMP-2 and MMP-9 proteins in the ischemic area under the influence of RTG [239]. RTG
and flupirtine, due to their oxidizing properties, reduced serum-induced ROS levels in
neurons in the dentate gyrus; thus, they showed neuroprotective effects unrelated to the
activity of Kv7 channels [234]. At high concentrations (>100 µM), retigabine inhibits Kv1-9
and Kv11 channels; at low concentrations (0.3–3 µM) it also inhibits the Kv2.1 channel.
This inhibition is partially irreversible and may account for some of the undesirable effects
of RTG application. The neuroprotective effect of RTG in neurons may result from the
coordinated action of RTG on the Kv2.1 and Kv7 channels [240].
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Table 3. Examples of modulators of mitoKv channels, their off-target activity, and clinical use.

Name Function Example of Off-Target Activity Clinical Use Ref.

Flupirtine Opener

Activator of Kv7.2/Kv7.3
heterotetramer, Kv7.2, Kv7.3

and Kv7.5,
NMDA antagonist,

normalizes the level of glutathione,
increases the expression of Bcl-2.

Approved for treatment of
acute and chronic

musculoskeletal pain.
Anticonvulsant.

[217,218,220,222]

Retigabine
(ezogabine) Opener

Activator of Kv7.2/Kv7.3
heterotetramer, Kv7.2, Kv7.3

and Kv7.5,
modulator of GABAA receptors,

inhibitor of Kv2.1.

Potentially effective painkiller,
potentially effective in the
treatment of mental and

neurodegenerative diseases,
approved as an

anticonvulsant drug
in years 2011–2017.

[222–224,226–228,230,
234,237,239,240]

Psora-4 Inhibitor
Inhibitor of plasma membrane

Kv1.3, promotes the differentiation
and maturation of neurons.

Potentially effective in the
treatment of cancer,

autoimmune diseases, and
multiple sclerosis.

[199,207–209]

PAP-1 and
PAP-1-MHEG Inhibitor Inhibitor of the respiratory chain

complex I, induces ROS.
Potentially effective in the

treatment of cancer. [210,211]

Clofazimine Inhibitor

Inhibitor of the calcineurin/NFAT
pathway, inhibitor of

mycobacterial electron
transfer chain.

Potentially effective in the
treatment of cancer and
autoimmune diseases,

approved for treatment of
leprosy and

drug-resistant tuberculosis.

[202,204,206,209]

5. Mitochondrial Sodium-Activated Potassium Channels

Sodium-activated potassium channels belonging to the Slo2 (KNa) family have been
identified in the mitochondria of cardiac tissue [241–243]. Two genes encode Slo2 chan-
nels in mammalian cells: KCNT2, which encodes Slo2.1 (also known as Slick) channels,
and KCNT1, which encodes Slo2.2 (Slack) channels [244]. The conductance of the Slack
channel was found to be approximately 180 pS, while Slick was found to be approximately
140 pS [244]. Structurally, a part of the pore domain and the transmembrane S6 segment of
the Slack channel share similarities with Slo1 channels [245]. Interestingly, Slo2 channels
can form calcium-sensitive channels after interaction with BKCa channels [244]. The activ-
ity of both Slo2.1 and Slo2.2 channels is stimulated by sodium ions [244,246,247]. These
channels are also activated by several pharmacological compounds, including bithionol,
riluzole, loxapine, and niclosamide [244,247]. Slo2 channels are inhibited by compounds
such as bepridil [246], clofilium [248], R56865 [246], and quinidine [244,247] (Table 4).
It was found that the activation of mitochondrial Slo2 channels by bithionol induced
thallium uptake into isolated mouse cardiac mitochondria as well as mitochondria of C.
elegans [243]. The activity of mitoSlo2 channels is inhibited by bepridil. It has been pro-
posed that these channels play an important role in cardioprotection, similar to mitoBKCa
and mitoKATP channels [241–243,249]. Recently, using the black lipid membrane technique,
sodium-activated potassium channels with a conductance of 150 pS were described in
brain mitochondria [250]. Sodium ions have been shown to decrease complex I activity and
increase complex IV activity in isolated mitochondria. These effects are accompanied by a
slight decrease in mitochondrial ROS synthesis and an increase in mitochondrial membrane
potential. It was suggested that these effects were related to the activity of the channel.
However, no pharmacology specific to Slo2 channels was used in the study [250].

The modulators used to identify and describe mitoSlo2 channels have multiple tar-
gets in the cell. For example, bithionol inhibits several enzymes, such as mammalian
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mitochondrial glutamate dehydrogenase [251,252], human adenylyl cyclase [253], and N-
acyl-phosphatidylethanolamine phospholipase D [254]. Bithionol also induces effects at the
cellular level. For example, the application of bithionol induced apoptosis in ovarian cancer
cells via cell cycle arrest, ROS generation, and inhibition of autotaxin [255,256]. Bithionol
has been identified as an apoptosis-inducing photosensitizer for keratinocytes [257]. Its
antiseptic and anthelminthic activities have also been studied, e.g., it inhibits the 3-oxoacyl
acyl-carrier-protein reductase of Plasmodium falciparum and the large tumor antigen of
polyomaviruses [258–260].

Another cardiac mitoSlo2 channel opener, bepridil, is a known calcium channel in-
hibitor (inhibiting channels such as L-type Ca2+ channels) and is used as an antiarrhyth-
mic drug [261]. Additionally, it was shown that bepridil modulates the activity of a
few potassium channels. In HEK 293 cells, a low micromolar concentration of bepridil
(2–5 µM) inhibited the slow component of cardiac delayed rectifier K+ currents composed
of KCNQ1/KCNE1 gene products in a concentration-dependent manner [262]. Addition-
ally, bepridil and R56865 inhibited KATP channels in guinea pig ventricular myocytes, with
an estimated IC50 value of 10.5 µM for outward KATP channel currents at a +60 mV holding
potential and 6.6 µM for inward currents recorded at −60 mV [246]. Another study showed
that 1–10 µM bepridil activated the mitoKATP channels of cardiac mitochondria in guinea
pigs and induced cardioprotection against ischemia/reperfusion injury [263].

Clofilium is another modulator of Slo2 channels. This inhibitor can modulate a broad
spectrum of channels, including Slo3, Kv1.5 [264], and TASK-2 channels [265], as well as
NMDA receptors [266]. NMDA inhibition was observed after the application of 0.1 µM
of clofilium [266]. Clofilium can also induce apoptosis in human promyelocytic leukemia
cells [267]. Although clofilium has not been used for mitoSlo2 channel modulation, it was
shown to play a role in mitochondrial DNA (mtDNA) maintenance, which was detected
by an increase in mtDNA copy number in C. elegans and in yeast. A similar effect was
observed in POLG-deficient cultured human fibroblasts after the application of 0.5–2.5 µM
clofilium [268]. It was concluded that the observed effects were unrelated to the inhibition
of potassium channels and that clofilium has a new target in yeast and human cells [268].
Interestingly, the application of clofilium reduced hypoxia-induced neuronal cell death;
however, the neuroprotective mechanisms were related to the inhibition of K+ efflux [269].

Table 4. Examples of mitochondrial sodium-activated potassium channel modulators and their
off-target activity.

Name Function Example of Off-Target Activity Clinical Use Ref.

Bithionol Opener

Inhibition of mammalian
mitochondrial glutamate

dehydrogenase, human adenylyl
cyclase, and N-acyl-

phosphatidylethanolamine
phospholipase D.

Induces apoptosis of ovarian
cancer cells.

Apoptosis-inducing
photosensitizer for keratinocytes.

Treatment of helminthic infection,
inhibits 3-oxoacyl

acylcarrier-protein reductase of
Plasmodium falciparum and the

large tumor antigen of
polyomaviruses; inhibits host
caspases and also reduces the
detrimental effects of anthrax
lethal toxin, diphtheria toxin,

cholera toxin, Pseudomonas
aeruginosa exotoxin A, Botulinum

neurotoxin, ricin, and Zika.

[250–259]

Bepridil Inhibitor
Inhibition of calcium channel.
Inhibition of KATP channels in

guinea pig ventricular myocytes.
An antiarrhythmic drug. [261–263]

Clofilium Inhibitor

Modulation of activity of Slo3,
Kv1.5, and TASK-2 channels and

NMDA receptors.
Influences mtDNA maintenance.

Potentially useful for treatment of
POLG-related diseases. [267,269,270]
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6. Modulators of Mitochondrial TASK Channels

To date, 15 genes encoding a group of two-pore domain K+ channels (K2P) have been
identified in mammalian cells [159,271]. The synthesized proteins are distinguished by a
unique subunit architecture with a molecular weight of approximately 70 kDa [270,272,273].
The group of K2P channels has been divided into 7 functional groups: TREK, TRAAK,
TALK, TWIK, TASK, THIK, and TRESK. TREK (K2P 2, K2P 10) and TRAAK (K2P 4)
activity is regulated by pressure, temperature, lipid environment, and the presence of
volatile anesthetics. TALK (K2P 16, K2P 17) is activated in an alkaline environment or
by the presence of NO, and TWIK (K2P 7, K2P 1, K2P 6) has weak rectifying properties.
TASK (K2P 15, K2P 3, K2P 9) is inhibited in an acidic environment and activated by volatile
anesthetics. THIK (K2P 12, K2P 13) is inhibited by halothane; lastly, TRESK (K2P 18) is
activated by calcium ions. The structure of the K2P channel includes four transmembrane
(4TM) domains, two re-entry pore loop (P) domains, two selectivity filters (SF), and in-
tracellular amine and carboxyl terminals. K2P also includes a so-called cap structure,
which plays a special role in its regulation [270]. Two identical K2P subunits form a sin-
gle, central selective K+ pore, although some K2P subunits may also form heterodimeric
complexes in vivo, e.g., TASK-1 and TASK-3 subunits [274,275]. The 4TM domains of
the K2P channel family mediate the background potassium currents observed in many
cells of bioelectric excitable tissues, such as the heart, brain, muscles, and sensory organs.
Interestingly, K2P channels open in the physiological voltage range of the cell membrane
and are simultaneously regulated by a number of neurotransmitters and biochemical
mediators. It should be noted that, while single functional channels do not have two
pores in their structure, each α-subunit has two P domains in its base sequence, hence
the name K2P (two-pore domain and not two-porous) channels [270]. The K2P channel
family includes the TASK potassium channel subfamily, composed of TASK-1, TASK-3,
and TASK-5 [276,277], all of which display K+ outwardly rectifying currents that do not
depend on membrane voltage. TASK-1 and TASK-3-mediated currents are highly sensitive
to extracellular pH [277–279]. TASK-5 has no functional expression [280]. The TASK-3
channel (K2P9.1, KCNK9, 8q24) was discovered more than 20 years ago in the plasma
membrane of mammalian cells. Since then, TASK-3 potassium channels have also been
identified in the inner mitochondrial membrane (mitoTASK-3) of melanocytes, melanomas
(WM35 and B16F10), and keratinocytes [6,281–283]. The mitoTASK-3 channel was detected
in the human keratinocyte HaCaT cell line, with a channel conductance of 83 pS at posi-
tive voltages and 12 pS at negative voltages in symmetric 150 mM KCl, as measured by
the single-channel patch clamp technique. Lidocaine and an acidic pH (<6.2) have been
shown to block channel activity. The mitoTASK-3 channel, similar to its plasma membrane
version, is also sensitive to an acidic pH [282,283]. Silencing TASK-3 gene expression
leads to changes in mitochondrial structure and induces apoptosis in human melanoma
cells [284]. It seems particularly interesting that thus far, only the TASK-3 channel from
the K2P channel group has been identified in the inner mitochondrial membrane. The
apparent lack of other K2P channels in the IMM to date is all the more curious because, as
mentioned above, TASK-3 and TASK-1 can form a functional heterodimer of potassium ion
transporting channels [274,275]. This may be due to the tissue-specific localization of the
TASK-1 and TASK-3 channels. TASK-3-like channels have been located in the mitochondria
of the aldosterone-producing layer of the adrenal cortex zona glomerulosa cells [285]. It was
shown that knockdown of the TASK-3 gene caused changes in migration and cell survival
in gastric cancer, and that the TASK-3 gene could be a potential target for gastric cancer
treatment; however, it was not possible to distinguish the role of mitoTASK-3 in addition
to the plasma membrane isoform [286]. The role of mitochondrial potassium channels in
cancer development was discussed in a recent review [287]. Studies have also shown that
overexpression of TASK-3 channels occurs in several types of cancer, such as melanoma,
ovarian carcinoma, and breast cancer [281,282,288–291]. One of the major problems in
distinguishing the role of mitochondrial potassium channels from those located in the
plasma membrane is their molecular identity or close similarity. Nevertheless, despite the
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extensive structural similarity of K2P channels, there are differences in the interaction of
small molecule compounds among these channels, which may also explain small structural
differences as well as why only TASK-3 is located in the IMM [270]. Unfortunately, there
are only a few known small-molecule compounds that modulate the activity of the TASK-3
channel [292]. To date, the verified modulators of TASK-3 channels include: the recently
described plant-derived compound withaferin A (known in traditional medicine for cen-
turies) [293], an inhibitor based on THPP (5,6,7,8-tetrahydropyrido [4,3-d]pyrimidine) [292]
and its recently synthesized derivatives IN-THPP and mitoIN-THPP [294], ruthenium red
(which has an IC50 of 0.7 µM) [295], and DR16 and DR16.1, which can penetrate biological
membranes [276].

Recently, a study by Zúñiga et al. showed that withaferin A, the active biological
component of Withania somnifera plant extract, has properties that inhibit the activity of
the TASK-3 channel on the cell membrane (Table 5) [293]. In light of recent studies, this
is an extremely interesting observation, as the expression of the KCNK9 gene for TASK-
3 channels is increased in human breast tumors and lung tumors [295] and in 90% of
ovarian tumors [288]. Despite the demonstration of a direct effect of withaferin A on the
activity of the TASK-3 channel, it should be noted that it is still unclear whether it only
affects the channel located in the plasma membrane or also that in the IMM. Withaferin
A also acts on cellular pathways, such as cell cycle arrest [296,297], inhibits apoptosis via
activated Akt-mediated inhibition of oxidative stress and ROS-dependent mitochondrial
dysfunction in human colorectal cancer cells [298,299], and inhibits endoplasmic reticu-
lum stress-associated apoptosis [300]. Low doses of withaferin A are cardioprotective in
ischemia/reperfusion events via upregulation of the antiapoptotic mitochondrial pathway
in an AMPK-dependent manner [301]. Another group of recently-synthetized inhibitors of
TASK-3 channel activity is the 5,6,7,8-tetrahydropyrido [4,3-d]pyrimidine (THPP)-derived
compounds IN-THPP and mitoIN-THPP, which differs by the addition of a triphenylphos-
phonium (TPP) group [294]. Because of its positive charge, the TPP group directs the
mitoIN-THPP compound to the IMM. MitoIN-THPP is thus able to inhibit cancer cell
migration to a higher extent than IN-THPP, which suggests that mitoTASK-3 is important
in cell melanoma cell survival. It should be mentioned that after accumulation in the IMM,
mitoIN-THPP is hydrolyzed to IN-THPP-COOH (the active molecule) and TPP-propyl-OH,
which is itself unable to trigger apoptosis [292]. Ruthenium red and Ru360, other potential
inhibitors of the TASK-3 potassium channel, are only useful for measurements in isolated
TASK-3 channels systems because of their broad spectrum of interactions with different
proteins in the cell, e.g., ryanodine receptors and mitochondrial calcium uniporter (MCU),
respectively [302–305]. Because ruthenium red and Ru360 are known compounds that
disturb intracellular calcium homeostasis, it is difficult to examine the role of TASK-3 and
mitoTASK-3 in cellular processes [295,304,306–308]. Two novel TASK-3 channel inhibitors
(DR16 and DR16.1) were found using virtual screening, and their inhibitory potency was
tested using the whole cell patch clamp technique. DR16 had an IC50 of 56.8 µM, and
DR16.1 had an IC50 of 14.2 µM. DR16 and DR16.1 also have inhibitory potency for the
TASK-1 channel, with an IC50 of 24.7 µM and IC50 of 21.21 µM, respectively [276]. It
is worth noting that these compounds are not able to distinguish between TASK-1 and
TASK-3, nor between those located in the plasma membrane and IMM.
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Table 5. Examples of mitochondrial TASK-3 channels modulators and their off-target activity.

Name Function Example of Off-Target Activity Clinical Use Ref.

Lidocaine Inhibitor

Inhibition of voltage-dependent
Na+ and K+ channels;

Inhibition of the proliferation and
metastasis of breast cancer cells by

inhibiting the function of
TRPM7 channels;

reduces the levels of the tumor
markers IL-1, TNF-α, and IL-8;

inhibition of lung cancer
proliferation.

A local anesthetic;
used to treat ventricular

tachycardia;
increases the sensitivity of

breast cancer cells to
tamoxifen; enhances the

toxicity of the cancer drugs
mitomycin C, pirarubicin,

softening lotion,
and cisplatin.

[309,310]

Withaferin A Inhibitor
Cell cycle arrest,

Akt-mediated inhibition; inhibit
on endoplasmic reticulum stress.

Used for centuries in
traditional Indian medicine;
however, there is no good
evidence that it is safe or

effective for treating
any disease.

[292,295–299]

mitoIN-THPP Inhibitor

Decrease in cellular ATP even
when glycolysis was not impaired,

up to an extent similar to that
triggered by oligomycin, an

inhibitor of the FOF1
ATP-synthase; activates the

AMP-dependent kinase;
induction of

massive mitochondrial
fragmentation, increase in ROS

level, and apoptosis.

[293]

Ruthenium red
and Ru360 Inhibitor

Inhibition of ryanodine receptors
and mitochondrial calcium

uniporter (MCU).
[294,302–305]

DR16 and
DR16.1 Inhibitor Inhibition of TASK-1. [276]

7. Pharmacology of Mitochondrial HCN Channels

Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are nonselective
cation channels encoded by four genes, HCN-1,-2,-3, and -4, located on chromosomes 5, 19,
1, and 15, respectively, in humans. HCN channels belong to the superfamily of channels
with six transmembrane segments [311]. Functional channels result from the assembly of
four subunits, which together form a centralized pore that regulates ion flow across the
membrane. Each subunit has several domains: a transmembrane voltage-sensing domain,
a transmembrane pore-forming domain, a cytoplasmic C-linker, and a cytoplasmic cyclic
nucleotide-binding domain (CNBD), which is critical for the modulation of the channels
by cyclic nucleotides [312,313]. HCN channels also have an auxiliary TRIP8b subunit
(Rab8b-interacting protein), which acts as an antagonist of cAMP. In the presence of TRIP8b,
HCN channels only open at more hyperpolarized potentials [314]. The cryo-EM structures
of the human HCN1 channel (hHCN1) have been determined in the absence and in the
presence of cAMP, a physiological ligand of HCN channels [184].

HCN channels are mainly expressed throughout the heart and the central nervous
system. HCN1 is highly expressed in the neocortex, hippocampus, cerebellar cortex,
brainstem, and spinal cord. HCN2 is especially abundant in thalamic and brainstem nuclei.
The expression of HCN3 is relatively modest, scattered throughout the brain. HCN4 is
expressed in the olfactory bulb and the thalamus. All HCN subunits are expressed in the
peripheral nervous system [315]. In the heart, all four isoforms have been detected and
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were differentially expressed according to the cardiac region. HCN2 and HCN4 are the
most abundant isoforms in most mammalian atria and ventricles [316], which also display
a minor presence of HCN1. HCN3 is expressed at a low level throughout cardiac regions.
There is also evidence for the expression of HCN channels in cells outside of the nervous
system and heart, such as the kidneys [317], pancreas [318], and bladder [319]. All HCN
isoforms, except HCN3, are present in the retina [320]. HCN channels are localized mainly
in the plasma membrane, although they have also been detected in the mitochondria of rat
kidneys, human HEK 293 cells [321], and human cardiac tissue [321].

HCN channels are voltage-gated, and, in contrast to most other voltage-gated Kv
channels, they are activated by membrane hyperpolarization [322]. HCN channels are
permeable to both Na+ and K+ ions but are weakly selective for potassium compared with
other voltage-gated Kv channels [323]. Functionally, they differ from each other in terms
of activation time. HCN1 channels are the fastest; HCN4 channels are the slowest; and
HCN2 and HCN3 are intermediate. In the case of physiological modulators, HCN channels
are activated by direct binding of cyclic nucleotides, including cyclic monophosphate
nucleotides, such as cAMP, cGMP, and cCMP. There is also evidence that HCN channels
are regulated by changes in intracellular pH [155], cholesterol [324], phosphatidylinositol-
4,5-bisphosphate [64], and caveolin 3 [33].

Dysfunction of HCN channels has been implicated in heart arrhythmogenic diseases
and nervous system diseases, such as pain disorders, epilepsy, and ataxia [325–327]. Many
pharmacological compounds influencing the activity of HCN channels affect not only the
HCN channels of the cell membrane themselves, but also the mitochondrial HCN channels
(Table 6). Unfortunately, some of them also have off-targets. One example is the bradycardic
drug ZD7288. Experiments on isolated mitochondria showed that ZD7288 inhibits the flow
of ions through HCN channels not only in the heart but also in the kidneys [321]. Addi-
tionally, ZD7288 was shown to reduce oxygen consumption coupled to ATP synthesis and
hyperpolarization of the inner mitochondrial membrane [321]. ZD7288 may also directly
block T-type Ca2+ channels in mouse spermatogenic cells [328] and the sodium channel
NaV1.4 in dorsal root ganglion [329], and can cause a robust depression of mossy fiber
basal synaptic transmission [330]. Another HCN drug, ivabradine, also seems to be tar-
geted to mitochondria. After ischemia/reperfusion mitochondrial stimulation, ivabradine
reduced mitochondrial ROS formation and increased mitochondrial ATP production [331].
Ivabradine, a member of benzazepines, was the first clinically approved HCN channel
blocker and is used to decrease heart rate. Ivabradine binds to the HCN channel pore
and blocks HCN channels in pacemaker cells within the sinoatrial node; however, it is
not specific to HCN isoforms. More specific to HCN channel isoforms are the modulators
zatebradine and EC18 for HCN4 channels, MEL55A for HCN1 and HCN2 channels, and
MEL57A for HCN1 channels. Additionally, another HCN channel modulator, gabapentin
(an anesthetic, analgesic, and antiepileptic drug), reduces HCN4 channel-mediated cur-
rents in neurons [332] and inhibits mitochondrial branched-chain aminotransferase [333],
opening mitochondrial ATP-dependent potassium channels and blocking voltage-gated
calcium channels in a mouse model [334]. Lamotrigine, an HCN channel agonist (and
anticonvulsant drug) may also block T-type Ca2+ channels [335].
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Table 6. Examples of modulators of mitoHCN channels and their off-target activity.

Name Function Example of Alternative Targets Clinical Use Ref.

ZD7288 Inhibitor

Inhibitor of T-type Ca2+ and
NaV1.4 channels.

Reduced oxygen consumption
coupled to ATP synthesis and
hyperpolarization of the IMM

causes a depression of mossy fiber
basal synaptic transmission.

Bradycardic drug [320,321,328–330]

Gabapentin Inhibitor Inhibitor of mitochondrial
branched-chain aminotransferase.

An anesthetic,
analgesic, and

antiepileptic drug;
reduces the symptoms
of alcohol withdrawal.

[331,332,336]

Lamotrigine Inhibitor Blocks T-type Ca2+ channels. Anticonvulsant drug [335]

8. Summary and Perspectives

Over the last dozen years, emerging research on potassium channels clearly indicates
their involvement in both protective processes and processes influencing cell death. It
seems that one of the targets for the regulation of both cellular protection and apoptotic and
necrotic processes is the potassium channels found in the inner mitochondrial membrane.
A well-documented phenomenon is a protection of heart muscle cells from I/R injury with
the use of small-molecule chemical compounds and potassium channel activators of the
IMM, e.g., diazoxide and NS1619. Unfortunately, due to the presence of the same types of
potassium channels in both the plasma membrane and the IMM, it is extremely difficult
to distinguish their participation in both protective and cytotoxic processes. Additionally,
the knockdown of the genes responsible for the expression of individual isoforms does not
give the desired results, because potassium channels are usually expressed by the same
genes, and the difference may result from alternative splicing. Small-molecule chemical
compounds modulating the activity of the potassium ion channels in the plasma membrane
also modulate the activity of those in the IMM. Although diazoxide acts through an auxiliary
subunit, it exhibits the concentration differences necessary to activate a channel in the
plasma membrane as well as that in the IMM. In light of recent studies, it seems extremely
important to find ways to regulate the expression or activity of the channel only in the
IMM, which could protect heart cells in the processes of ischemia/reperfusion or to induce
apoptotic processes in cancer cells. Examining the side effects of small-molecule potassium
channel modulators may also reveal synergistic pathways that regulate cytoprotection and
cellular cytotoxicity, in addition to modulating potassium channels in the IMM.
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