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Abstract: Mitochondrial potassium channels have been described as important factors in cell pro-life
and death phenomena. The activation of mitochondrial potassium channels, such as ATP-regulated
or calcium-activated large conductance potassium channels, may have cytoprotective effects in
cardiac or neuronal tissue. It has also been shown that inhibition of the mitochondrial Kv1.3 channel
may lead to cancer cell death. Hence, in this paper, we examine the concept of the druggability
of mitochondrial potassium channels. To what extent are mitochondrial potassium channels an
important, novel, and promising drug target in various organs and tissues? The druggability of
mitochondrial potassium channels will be discussed within the context of channel molecular identity,
the specificity of potassium channel openers and inhibitors, and the unique regulatory properties of
mitochondrial potassium channels. Future prospects of the druggability concept of mitochondrial
potassium channels will be evaluated in this paper.
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1. Introduction

The mitochondrial potassium channels field started in the beginning of the 1990s when the first
paper describing potassium channel sensitive to ATP and antidiabetic sulphonylurea—glibenclamide
(mitoKatp channel) was described [1]. It was a strong indication that mitochondria may contain
potassium channels similar to those present in the plasma membrane. For almost a decade after, it
was not clear what the role of mitochondrial potassium channels was. This was because channels
would not support, due to membrane potential dissipation, a canonical function of mitochondria i.e.,
ATP synthesis. The finding of calcium-activated large conductance channel in inner mitochondrial
membrane (mitoBK¢,) would not help position potassium channel in mitochondrial function [2].
The discovery that activation of the mitochondrial potassium channel by potassium channel openers
induces protective mechanisms in cardiac myocytes positioned these proteins as an important player
in ischemic preconditioning [3]. This was a starting point for trials to target various mitochondrial
potassium channels with drugs to affect cell life.

Potassium channels, which are present in the plasma membrane, are the targets of many
substances employed in medicine. This is because K* trafficking through the plasmalemma plays
an important role in a variety of processes, including the regulation of heart function, muscle
contraction, neurotransmitter release, neuronal excitability, insulin secretion, epithelial electrolyte
transport, and cell proliferation [4-6]. Hence, plasma membrane potassium channels have been
recognized as potential therapeutic drug targets for many years. For example, voltage-regulated
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potassium channels offer opportunities for the development of new drugs for cancer, autoimmune
diseases; and metabolic, neurological, and cardiovascular disorders [4-7]. Clinically used potassium
channel modulators comprise of hypoglycemic sulfonylureas (potassium channel blockers, such as
glibenclamide), antiarrhythmic agents (nonselective potassium channel blockers, such as dexsotalol or
nifekalant), antianginal and cardioprotective agents (potassium channel openers, such as nicorandil or
levosimendan), and anticonvulsants (potassium channel openers, such as retigabine) [8].

The mitochondria, due to their crucial functions within all mammalian cells, are increasingly
considered to be targets in drug development [9-12]. Targeting mitochondrial potassium channels
in various cell types is an important aim of future studies in this context. The discovery and
characterization of mitochondrial K* channels in the liver, heart, brain, endothelium, or fibroblast cells
clarified the mitochondrial K* flux phenomenon [13-16].

First, the phenomenon of potassium uniport, which has been described previously in mitochondria,
is attributed to potassium selective channels [17]. Second, potassium channels in the mitochondrial
membrane are similar, due not only to biophysical properties but also pharmacological ones of
potassium channels present in the plasma membrane. For example, mitochondrial ATP-regulated
potassium (mitoKatp) channels were sensitive not only to ATP but also to antidiabetic sulfonylureas,
such as glibenclamide and 5-hydroxydecanoic acid (5-HD), and to potassium channel openers, such
as diazoxide [1,18-20]. Recently, the molecular identities of mitochondrial (mitoBKc,) and plasma
membrane large conductance Ca’*-activated potassium (BK¢,) channels were determined to have
a common genetic origin [21].

To date, potassium ions’ influx into the mitochondria was considered a consequence of high
membrane potential (negative in the matrix). Due to K*/H" exchanger activity in the inner
mitochondrial membrane, no harmful accumulation of K* in the matrix was observed [17]. This
kind of description would limit potassium channel action only as part of mitochondrial osmotic
controllers. Currently, K* flux is considered to be a regulator of mitochondrial membrane potential and
respiration, reactive oxygen species (ROS) synthesis, and mitochondrial plasticity, i.e., morphological
changes [6,14,16].

The presence of mitoKap channels in the inner mitochondrial membrane suggests that
mitochondria may be a target of potassium channel openers known to interact with plasma membrane
Katp channels [22]. Furthermore, linking cytoprotective phenomena with mitochondrial potassium
channels (and not with the potassium channel in plasma membrane) gave rise to a new area of research
investigating cytoprotective mechanisms via activation of or mitochondrial potassium channels [23].
This finding raised the question of the extent to which mitochondrial potassium channels could be
applicable targets for cardiac or neuronal protection in various physiological insults. Interestingly,
mitochondprial voltage regulated (mitoKv1.3) channel inhibition was recently described as an early event
of cancer cell death [24]. Summarizing, mitochondrial potassium channels’ activation or inhibition by
specific drugs could be used in cytoprotective or cell death regulation.

The druggability of mitochondrial potassium channels will be discussed in this paper within
the context of channel molecular identity and the specificity of potassium channel openers and
inhibitors towards mitochondrial channels (see Figure 1).
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Figure 1. Scheme of the druggability concept towards mitochondrial potassium channels. Modulators
of potassium channels (column [1]) must possess unique properties (column [2]) to affect K* flux into
the mitochondrial matrix (column [3]) in a specific way, thereby causing beneficial physiological effects
(column [4]).

The concept of the druggability of mitochondrial potassium channels is also based on drug
properties, such as lipophilicity and positive charge, leading to their accumulation in mitochondria.
This effect may promote specific drug actions on mitochondrial potassium channels. Moreover,
the unique environment for potassium channels in the inner mitochondrial membrane merits critical
analysis. Additionally, some pitfalls of using mitochondrial potassium channels as drug targets will be
discussed in this paper.

2. Three-Dimensional Mitochondrial Potassium Channel Mapping

To consider mitochondrial potassium channels as important targets for drugs, one should first
define three parameters. We call this concept three-dimensional mitochondrial potassium channel
mapping: “3D mitoK channel mapping”.

The first dimension of “3D mitoK channel mapping” concerns the molecular identity of
mitochondrial potassium channels. There are various potassium channels in the inner mitochondrial
membrane [16]. Before the era of mitochondrial potassium channels [1], the universal description
as “potassium uniport” was used to describe the phenomenon of K* electrogenic influx into
the mitochondrial matrix [17]. The current (June 2020) list of identified mitochondrial potassium
channels is as follows:

- mitoKarp channel: mitochondrial ATP-regulated potassium channel, the first potassium channel
described in the inner mitochondrial membrane [1]. Most likely, these channels might be formed
by two proteins: ROMK-type channels (encoded by KCNJ1 gene) [25-28] or the recently described
CCDC51 protein (encoded by CCDC51 gene) [29]. Additionally, ABCBS protein (mitochondrial
sulfonylurea receptor) is part of the mitoKap channel [29].

- mitoBKc, channel (encoded by KCNMAI gene): mitochondrial large conductance
calcium-activated potassium channel. This channel is a VEDEC isoform of the BK¢, channel,
which is known to be present in the plasma membrane of various cell types [21]

- mitoIKc, channel (encoded by KCNN4 gene): mitochondrial intermediate conductance
calcium-activated potassium channel [30]

- mitoSKc, channel (encoded by KCNN1, KCNN2, and KCNN3 genes): mitochondrial small
conductance calcium-activated potassium channel [31]
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- mitoKv1l.3 channel (encoded by KCNA3 gene): mitochondrial 1.3 voltage-gated potassium
channel (the first number denotes subfamily, and the second denotes the order of discovery) [32]

- mitoKv1.5 channel (encoded by KCNA5 gene): mitochondrial 1.5 voltage-gated potassium
channel [33]

- mitoKv7.4 channel (encoded by KCNQ4 gene): mitochondrial 7.4 voltage-gated potassium
channel [34]

- mitoTASK3 channel (encoded by KCNK9 gene): tandem pore-domain acid-sensitive potassium
channel type 3 [35]

- mitoSLO2 (in C. elegans encoded by gene SLO2, in mammals encoded by gene KCNT2):
mitochondrial sodium-activated potassium channel [36,37]

- mitoHCN (encoded by HCNI1, HCN2, HCN3, and HCN4 genes): mitochondrial
hypopolarization-activated cyclic nucleotide-gated channel [38,39]

The second dimension of “3D mitoK channel mapping” concerns the tissue profile of mitochondrial
potassium channels. There is a different set of mitochondrial potassium channels in various tissues [18].
One should not expect that all of the above mentioned channel proteins exist in all types of mitochondria.
For example, in cardiomyocyte mitochondria, five different potassium channels were described, but
in skin fibroblast mitochondria, only two types of potassium channels were observed [25,40], and in
keratinocyte mitochondria, only mitoTASK3 channel was observed [35]. The mitoKtp, mitoBKc,,
and mitoKv1.3 channels are the most abundant channels in mammalian mitochondria [15].

The third dimension of “3D mitoK channel mapping” concerns the level (amount) of specific
mitochondrial potassium channels in specific tissues. For example, it is believed that the number of
mitoKarp channels is higher in the brain than in cardiac mitochondria [41]. Interestingly, the mitoBKc,
channel in the brain is distributed in various amounts in various brain regions [42].

To summarize, before targeting with drugs specific K* channels in mitochondria, one should
consider the following: (1) Type of mitochondrial potassium channel, (2) presence of mitochondrial
potassium channels in specific tissues, and (3) the abundance of the mitochondrial potassium channel
in targeted tissue versus other tissue.

Additional aspects of this problem concern the presence of mitochondrial channels within various
cell compartments. The BK¢, channels, which are highly abundant in the cell membrane of various
cells, are present in only the inner mitochondrial membrane (mitoBK¢, channels) but not in plasma
membrane of cardiomyocytes [14]. This observation is notably unique for mitochondrial potassium
channels and may support that mitochondrial potassium channels and cardiac tissue are druggable
targets. The BKc, channel was also observed in the nucleus membrane [43].

Finally, within the same cell, there are mitochondria both having and not having the potassium
channel. It was shown that mitoBK¢, channels are probably not present in all mitochondria within one
neuron cell [42]. This uneven distribution of mitoBK¢, channels and the functional consequences of
the intracellular heterogeneity of mitochondrial potassium channels still need to be elucidated.

3. Plasma Membrane Versus Mitochondrial Potassium Channels: Molecular Identity

Identifying the molecular identity of the mitochondrial potassium channel is a key element for
the rational design and application of these proteins as precise drug targets. This step is important
because highly similar proteins are both present in the plasma membrane and inner mitochondrial
membrane. In recent years, there has been considerable progress in this area, but there are still many
open questions [13].

The plasmalemmal ATP-regulated potassium channel (Karp) was first described in
cardiomyocytes [44]. This Katp channel is also present in skeletal muscles, and in pancreas, where it
plays a crucial role in the regulation of insulin secretion from 3 cells. It seems that plasmalemmal Katp
channels have different structures and molecular compositions depending on their localization [45].
The plasmalemmal Katp channel consists of four Kir6.X pore forming subunits (either Kir6.1 or Kir6.2)
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and four SUR subunits (SUR1, SUR2, or SUR2B) [46]. Katp channels are sensitive to changes in
ATP concentrations, and by sensing the ATP/ADP ratio in the cytoplasm, these channels possess
the unique ability to couple cellular metabolism with plasma membrane potential. As mentioned,
KaTtp potassium channels of similar electrophysiological and pharmacological properties were also
found in the mitochondrial inner membrane: mitoKarp channels. These channels might be formed by
two proteins: ROMK-type channels [26] or CCDC61/ABCBS protein complex [29].

In fact, the mitoKarp channel was the first potassium channel ever identified in the mitochondrial
inner membrane [1]. This channel was detected in the mitochondria of several tissues, such as
the liver, heart, skeletal muscles, and brain [15]. Although the channel’s electrophysiological properties
are relatively well described, there is no consensus regarding its molecular topology in the inner
mitochondrial membrane. Several groups have investigated this issue, proving that the molecular
identity of mitoKarp is most likely different from its plasmalemmal counterpart. Recent discoveries
indicate that the ROMK?2 (renal outer medullary potassium channel 2; Kirl.1b) protein is a candidate for
the molecular constituent of the mitoKatp channel [26]. It appears that when overexpressed, the ROMK2
protein tends to localize in the mitochondrial inner membrane. Moreover, shARNA-mediated knockdown
of ROMK inhibited ATP-sensitive, diazoxide-activated components of mitochondrial thallium uptake.
The ROMK (Kirl.1a) protein was first described in the plasma membrane of renal cells. However,
this protein was later found to be widely expressed within different tissues. ROMK proteins are
encoded by distinct splice variants of the Kcnj1 gene. The expression of ROMK in mitochondria and
patch-clamp measurements confirmed its functional properties as a mitoKagp channel [27]. Recently,
it was proposed that the CCDC61 and ABCBS proteins constitute a mitoKap channel composed
of pore-forming and ATP-binding subunits (mitochondrial sulfonylurea receptor) [29]. Planar lipid
bilayer reconstitution of the pore subunit together with the mitochondrial sulfonylurea receptor showed
the canonical properties of the mitoKatp channel. Overexpression of the mitoKsrp channel triggers
mitochondrial swelling, whereas genetic ablation of this subunit causes instability in mitochondrial
membrane potential and decreases oxidative phosphorylation [29].

The BKc, (Kca1.1) is ubiquitously expressed within different tissues. The BKc, channel was first
discovered in the plasmalemma of chromaffin cells [47]. However, the activity of the BKc, channel has
also been described in other cellular structures, such as nuclei, ER, or mitochondria (named mitoBKc,
channel) [2]. Expression of the mitoBK¢, channel has been reported in several mammalian cell types,
including heart [48], brain [42,49-51], skeletal muscle [52], endothelium [53], and fibroblasts [40].
The channel was also found in the mitochondria of certain plants [54] and members of the Protista
kingdom [55].

A functional BK, channel is composed of four a-subunits. Each a-subunit spanned the membrane
seven times. The BKc, channel represents a unique class of ion channels not only because of its
high single channel conductance but also because it can be activated by Ca?* alone, membrane
depolarization alone, or by both factors synergistically [56]. This dual regulation allows BK¢, channels
to couple intracellular signaling to membrane potential and significantly modulate physiological
responses, such as neuronal signaling and muscle contraction [57].

Unlike Kp channels, all BK¢, channels found in distinct locations within the cell seem to be
the products of alternative splicing of a single Kcnmal gene [58,59]. Unfortunately, the exact molecular
identity of each isoform has not been determined. However, one of the mitochondprial splice variants
of the BK, channel is believed to have an extended C-terminal domain ending with the amino acid
residue VEDEC [60].

It was shown that increased expression of the Kv1.3 potassium (mitoKv1.3) channel in
the mitochondria of many types of cancer cells and participation in the process of apoptosis have
made it a potential target in cancer therapy [61]. The mitoKv1.3 channel is located on the inner
mitochondrial membrane in the same orientation as on the plasma membrane [32]. Similar Kv1.3
channel is also detected in the Golgi apparatus and in the membrane of endoplasmic reticulum.
Activation of the Kv1.3 channel located in plasmalemma leads to increased cell proliferation and
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differentiation. In contrast, the mitoKv1.3 channel plays a key role in activating the apoptotic pathway.
CTLL-2 cells overexpressing mitoKv1.3 channels were sensitive to pro-apoptotic factors, such as TNF,
staurosporine, sphingomyelinase, and C6-ceramide. CTLL-2 cells deficient in mitoKv1.3 channels
showed no signs of apoptosis, while cells of the same CTLL-2 line with Kv1.3 channels expressed
from a mitochondria-targeted vector showed induction of apoptosis in response to TNF«. Induction
of apoptosis in mitochondria occurs by blocking the mitoKv1.3 channel through interacting with
lysine 128 pro-apoptotic Bax protein, and as a result, the channel pore is impermeable to K* ions.
Hyperpolarization of the mitochondrial membrane leads to increased synthesis of reactive oxygen
species (ROS) and the release of cytochrome c followed by membrane depolarization and initiation of
apoptosis [62].

Molecular definition of mitochondrial potassium channels is important for designing drugs
specifically targeting these proteins. This approach probably will help to describe differences between
mitochondrial and plasma membrane potassium channels, which is a crucial step in the activity
regulation of only mitochondrial potassium channels.

4. Unique Regulation of Mitochondrial Potassium Channels: Destination Context?

Mitochondprial potassium channels are regulated by similar factors (as plasma membrane potassium
channels) such as ATP, Ca?*, ROS, heme, gasotransmitters, or free fatty acids. Additionally, such
parameters as membrane potential and/or pH regulate in principle potassium channels in the same
way in both the plasma membrane and the mitochondrial inner membrane [15,16,19,63-65].

Recently, unique (specific for mitochondria) regulation of mitochondrial potassium channels
was reported. The single-channel activity of the mitoBK¢, channel was measured by patch-clamping
mitoplasts isolated from the human astrocytoma (glioblastoma) U-87 MG cell line [66]. The channel
was activated by Ca?* at micromolar concentrations and by the potassium channel opener NS1619.
The channel was inhibited by paxilline and iberiotoxin, which are well characterized inhibitors of BKc,
channels localized in plasmalemma and inner mitochondrial membrane. It was shown that substrates
of the respiratory chain, such as NADH, succinate, and glutamate/malate, decrease the activity of
the channel at positive voltages. This effect was abolished by rotenone, antimycin, and cyanide, which
are inhibitors of the mitochondrial respiratory chain. The putative interaction of the 34 subunit of
mitoBKc, with cytochrome c oxidase (COX) was demonstrated using blue native electrophoresis
technique. These results indicated possible structural and functional coupling of the mitoBK, channel
with the mitochondrial respiratory chain in human astrocytoma U-87 MG cells [66]. Direct regulation
of mitoBK, channels by mitochondrial respiratory chain redox status may play an important role in
the ischemia-reperfusion phenomenon.

The interaction of the mitoBKc, channel with COX has an additional consequence. It was
suggested that mitochondria interact with near-infrared light (wavelengths between 700 and 1400
nm) are absorbed by complexes of the respiratory chain. In the near-infrared region, the 820 nm
absorption band belongs mainly to the relatively oxidized Cu, and the 760 nm absorption band
to the relatively reduced Cug chromophore of COX. The absorption of photons (at 760 and 820
nm) by COX is hypothesized to enhance respiratory chain function and increase the synthesis of
ATP by mitochondria. The mitoBKc, channels of the astrocytoma (glioblastoma) U-87 MG cell line
were investigated using a patch clamp technique with an illumination system [67]. It was found
that the mitoBKc, channel activity was modulated by illumination by infrared light. Activation of
the mitoBK¢, channel (depending on respiratory chain redox state) was observed after illumination
using specific light wavelengths: 760 nm or 820 nm. These findings confirmed the functional coupling
of the respiratory chain via COX to the mitoBK¢, channel and regulation of its transporting activity by
infrared light [67].

Mitochondria are highly dynamic intracellular structures in which, depending on metabolic
activity, the inner mitochondrial membrane could be dramatically remodeled. It was shown for the first
time that mechanical stimulation of the mitoBKc, channel resulted in an increased probability of
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channel opening as was measured by the patch-clamp technique in mitochondria isolated from human
astrocytoma U-87 MG cells [68]. These results indicated the possible involvement of the mitoBKc,
channels in mitochondrial activities in which changes in membrane shape and tension play a crucial
role, such as fusion/fission and cristae remodeling [68].

These examples illustrate that localization of potassium channels in mitochondrial inner membrane
may form a new context of channel regulation. These newly described regulatory mechanisms, as
a consequence of mitochondrial localization, may facilitate the design of drugs specifically acting on
mitochondrial potassium channels.

5. Searching for Specific Drugs Targeting mitoKv1.3 Channels

Because many cancer cells are deficient in pro-apoptotic proteins, such as Bax or Bak, which causes
apoptosis resistance and inhibits the action of chemotherapeutics, it is important to develop a therapy
that would cause cancer cells to undergo apoptosis in spite of these deficiencies. The mitochondrial
Kv1.3 potassium channel, which is blocked by the Bax protein, has become such a therapeutic target [69].
Inhibitors of this channel have also been shown to be able to activate the internal apoptotic pathway in
Bax/Bak deficiency. Three inhibitors were tested: Psora-4, PAP-1, and clofazimine on CTLL-2 cells
that do not express Kv1.3 and other potassium channels and on the Kv1.3 transfected line. The three
inhibitors blocked the mitochondrial Kv1.3 channel and induced apoptosis only in cells expressing
Kv1.3 (Figure 2).

mitoK,1.3 channel inhibitors:

CLOFAZIMINE Psora-4 PAP-1
and derivatives and derivatives

mitoKv1.3

[ Apoptosis]

Figure 2. Interactions of Kv1.3 channel inhibitors in mitochondria. Inhibition of the Kv1.3
channel in the inner mitochondrial membrane (IMM) by clofazimin and Psora-4 and PAP-1
and their mitochondrial-directed derivatives (PCTP, PCARBTP, PAPTP) causes hyperpolarization.
Hyperpolarization induces an increase in ROS synthesis. If basal ROS production is relatively high as
for cancer cells, a further increase in ROS synthesis may lead to a critical level that leads to PTP opening,
swelling, and loss of membrane potential, depolarization, and consequent release of cytochrome ¢ from
IMM. This chain of events leads to an apoptotic cascade and, as a consequence, to cell death.
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In the case of clofazimine, its pro-apoptotic effect was also tested in vivo in a mouse model of
the orthotopic melanoma B16F10 line. A 90% tumor mass reduction after intraperitoneal administration
relative to the untreated control was observed with no side effects on healthy tissue [70].

B-cells (B-lymphocytes) from patients suffering from chronic lymphocytic leukemia have been
shown to show an increased level of functional mitoKv1.3 channels compared to cells from healthy
donors [71]. This finding paved the way for testing the effects of mitoKv1.3 inhibitors, such as Psora-4,
PAP-1, and clofazimine, in the treatment of leukemia. These molecules were highly effective in inducing
cell death, especially in combination with inhibitors of multidrug resistance (MDR) pumps. Kv1.3
channel-expressing B-cells undergo apoptosis after treatment with Kv1.3 inhibitors, while healthy T
cells from the same patient with reduced Kv1.3 channel expression were resistant to the inhibitors
used. The selective action of Kv1.3 channel inhibitors depends not only on the level of Kv1.3 channel
expression but also on the presence of mild oxidative stress, which sensitizes even a healthy cell to
Kv1.3 channel inhibitors, while the pretreatment of B-cell ROS scavengers makes them resistant to
the effects of inhibitors [71].

The different functions of the plasmalemma and mitochondrial Kv1.3 channel necessitated
the development of selective inhibitors for mitoKv1.3. Two psoralen derivatives (PAP-1) were
developed that accumulate in negatively charged mitochondria due to the lipophilic, positively
charged triphenylphosphate (TPP*) group [72,73]. In PAPTP, the TPP* group is connected by a stable
C-C bond. In PCARBTP, it is linked by an ester bond to the PAP-1 core via carbamine. Under
physiological conditions, PCARBTP is hydrolyzed to PAPOH. Mitochondriotropic PAP-1 derivatives
have been shown to effectively block mitoKv1.3. Many pancreatic ductal adenocarcinoma (PDAC)
lines have been shown to overexpress the mitoKv1.3 channel. The MTT test on five PDAC lines showed
90% mortality after using PAPTP and PCARBTP (Table 1). In vivo tests resulted in a 60% reduction in
tumor weight and no effect on healthy tissues after using PCARBTP. In addition, it has been shown
that the selective apoptotic effect of PAP-1 derivatives on cancer cells, as opposed to effects on healthy
cells, is associated not only with increased expression of the mitoKv1.3 channel but also with altered
redox status in cancer cells. Increased synthesis of ROS in cancer cells after blocking the mitoKv1.3
channel with a high baseline ROS causes the critical level to be exceeded and the apoptotic path to be
initiated [72].

Table 1. Compound modulating activity of mitoKy1.3 potassium channels.

Chemical IUPAC Name Abbreviation Chemical Structure

-~

Clofazimine @ﬁ

(8E)-N,5-bis(4-chlorophenyl)-3-
isopropylimino-phenazin-2-amine

4-(4-phenylbutoxy)

furo[3,2-glchromen-7-one Psora-4

4-(4-phenoxybutoxy)furo[3,2-

glchromen-7-one PAP-1
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Table 1. Cont.

Chemical IUPAC Name Abbreviation Chemical Structure
(3-(4-(4-((7-oxo-7H-furo[3,2-g] ©\ Q
benzopyran-4-yl)oxy)butoxy)phenyl) PAPTP . @—/_/ \©
propyl)triphenyl phosphonium /—/_/

iodide

4-[4-(4-hydroxyphenoxy)butoxy]

*
furo[3,2-g]chromen-7-one PAPOH

3-[[4-[4-(7-oxofuro[3,2-g]chromen-4-yl)
oxybutoxy]phenoxy]carbonylamino]
propyl-triphenoxy-phosphonium
iodide

PCARBTP

(3-(((4-(4-((7-oxo0-7H-furo[3,2-g]chromen-
4-yl)oxy)butoxy)phenoxy)carbonyl)oxy)
propyl) triphenyl phosphonium

iodide

PCTP

(4-((7-oxo-7H-furo[3,2-g]chromen-
4-yl)oxy)butyl) triphenyl P5TP
phosphonium iodide

* The compound PAPOH is a product of hydrolysis of PCARBTP and PCTP.

A mitochondrial-targeted Psora-4 derivative called P5TP was obtained in which the distal phenyl
ring was replaced by the TPP* group [74]. A new derivative of PAP-1 in which the TPP* group was
attached by means of an unstable connection with the carbonate group was named PCTP.

Both derivatives were tested for their effect on viability in Kv1.3-transfected CTLL-2 cells. The
use of P5TP did not improve significantly compared to Psora-4 or PAP-1, but PCTP was already
effective and selective, and cell viability was dependent on the dose used and was not dependent on
the presence of MDR (Multi Drug Resistance) inhibitors. As with previous derivatives, PCTP promoted
apoptosis on four PDAC lines in murine melanoma B16-F10 cells by inhibiting the Kv1.3 channel,
causing mitochondrial network fragmentation, depolarization, and ROS synthesis, and is a promising
drug for in vivo testing [74].

The treatment of brain tumors, particularly glioblastoma (GBM) with Kv 1.3 channel inhibitors, is
complex. Although in vitro, experiments on mouse and human GBM lines showed nearly 90% cell
mortality after using PAPTP, PCARBTP, and clofazimine; in vivo tests on GBM-implanted mice did
not yield any results. The blood-brain barrier (BBB) hinders the achievement of an effective dose in
the tumor. It is therefore necessary to find a way to increase the bioavailability of drugs and enable
them to pass through the BBB [75].
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In summary, mitochondrial Kv1.3 potassium channels appear to be an effective and safe therapeutic
target in the treatment of various types of cancer, including those resistant to chemotherapy. Certain
difficulties with the bioavailability of mitoKv1.3 inhibitors found in in vivo studies, especially in
the case of brain or pancreatic tumors, may be overcome by appropriate structural modifications.
These drugs’ efficiency and specificity in relation to cancer cells should be explored in the future.

6. Off-Target Action and Drug Repositioning of Potassium Channel Modulators

Since the discovery of potassium channels in eukaryotic cells, a large number of endogenous
and synthesized substances have been discovered that modulate potassium channel activity. Due
to the similar structure of potassium channels, some of these compounds interact with the channels
found in the inner mitochondrial membrane. As mentioned above, a number of plasma membrane
modulators, potassium channel openers, and inhibitors have been tested, and some have also been
shown to regulate potassium channels located in the inner mitochondrial membrane [18].

Unfortunately, the accumulation of drugs in mitochondria will increase the probability of side
effects (off-target effects) on mitochondrial enzymes, especially interactions with the respiratory chain
or ATP synthase, which may be harmful due to multiple negative consequences on cellular function [76]
(see Table 2). The potassium channel opener diazoxide is still used as the primary treatment to control
hypoglycemia in insulinoma [77]. Diazoxide-sensitive Karp channels were discovered in mitochondria;
moreover, it was shown that the mitoKarp channel is more sensitive to diazoxide than its counterpart
in the plasma membrane [20]. It was also observed that diazoxide is responsible for protecting heart
cells in the processes of ischemia and reperfusion heart injury [14]. Additionally, diazoxide besides
stimulation of the mitoKatp channel activity has been shown to have protonophoretic properties [78].
It has also been shown that diazoxide is an inhibitor of succinate dehydrogenase (SDH, Complex
II) [79,80]. Determining whether the cytoprotective effect of diazoxide is closely related to its effects
on mitoKarp or whether it has a synergistic effect with other targets requires further study. It is
possible that diazoxide may exert its cytoprotective effect by inhibiting respiratory chain complex
II and producing ROS reactive oxygen species [80,81], or mitoKatp channels may be involved as an
independent factor [82]. Researchers have speculated that targeting nucleotide-requiring enzymes,
particularly SDH and cellular ATPases, diazoxide reduces ROS generation and nucleotide degradation,
resulting in preservation of tissue ATP levels during ischemia [83].

A similar relationship, as in the case of diazoxide, occurs in the case of the mitoBK¢, channel, for
which small molecules NS1619, CGS7184, NS11021, and paxilline, in addition to modulating the activity
of channel, affect the activity of a number of proteins associated with the regulation of Ca?* ions and
respiratory chain proteins [84-87].

Table 2. Off-target action of selected mitochondrial potassium channel modulators.

Mitochondrial Potassium Channel .
Potassium Channels Modulators Off-Target Action
- SDH inhibitor [79,80]
mitoK - protonophoric properties [78]
ATP

diazoxide - induce translocation of PKC-£ [88]
- increase the expression of p-AKT
and p-Foxol [89]

- inhibits cardiac cAMP-activated Cl1~ channels [90]

Channel opener

Channel blocker Glibenclamide - inhibitors of guinea-pig atrial chloride current [91]
- SERCA inhibition [85]
mitoBKc, NS1619 - inhibition L-type calcium channels [92]
Channel openers - stimulate Ca2+-gated chloride currents [93]

CGS7184 - RyR channel inhibition by CGS7184 [86,87]
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Table 2. Cont.

Mitochondrial Potassium Channel .
Potassium Channels Modulators Off-Target Action
Channel blocker axilline -modulation of the ATP-dependent Ca%*-ATPase at
P the phosphoenzyme level [94]

mitoKy 1.3 . o . . .
Channel blocker Clofazimine - inhibitor of acid sphingomyelinase [95]

mitoKy 7.4 N - interaction with GABAergic and glutamatergic
Channel opener Retigabine neurotransmission [96]

mitoTASK3 Halothane -inhibition of synthesis of 5-hydroxytryptamine
Channel openers 7]

Terbinafine - CYP2D6 inhibition [98]
. . -interaction with Ca-ATPase in cardiac

Channel blocker Lidocaine sarcoplasmic reticulum [99]

mitoHCN 7D7288 - reduce T-type calcium channel currents [100]
Channel blocker - inhibitor Na™ current [101]

Notably, CGS7184, BMS191095, and NS1619, which show strong activating properties of
the mitoBK¢, potassium channel as measured in the patch-clamp technique administered to the cells
and tissue, have the opposite effect [102-104]. Thus, despite similar interactions with mitoBKc,,
the effect on cell survival is definitely different. In addition to the activation of mitoBKc,, CGS7184
and NS51619 cause an increase of cytosolic calcium ions concentration. The effect is the same for
both compounds, whereas the mechanism of Ca?* increase seems to be totally different [85,86]. The
potassium channel opener CGS7184 releases Ca?* by interacting with the RyR channel located in
the endoplasmic reticulum, while NS1619 releases Ca?* by inhibiting SERCA activity, a Ca?*-ATPase,
and Ca?* accumulation by endoplasmic reticulum. This difference seems to be important: in the case
of CGS7184, the depletion of Ca®* from the ER leads to activation of Ca?*-ATPase and ATP hydrolyses,
while NS1619 inhibiting SERCA leads to inhibition of ATP depletion by this enzyme [85]. A similar
effect targeting cellular ATPases occurs in the presence of the potassium channel opener diazoxide [83].
The mitoBK¢, channel opener NS1619 significantly inhibits the electron transport chain and ATP
hydrolysis [105]. An important effect of SERCA inhibition by the potassium channel opener NS1619 is
its regulation by pH. At a low pH, SERCA is strongly inhibited by NS1619, and inhibition decreases
with increasing pH [85]. Acidification of the cellular environment occurs in ischemia, which changes
notably rapidly in the reperfusion and releases an inhibition of SERCA caused by N51619. SERCA is
less sensitive to lower pH and can efficiently hydrolyze ATP during ischemia [105]. Another mitoBKc,
channel opener, NS11021, is highly specific to the mitoBK¢, channel in isolated mitoplast membranes
but used in cellular systems accelerate oxygen consumption by cells. It is greatly interesting that
besides the activation of mitoBK¢, channels, NS11021 also has strong mitochondrial uncoupling
properties [106,107]. NS13558, which is a derivative of N511021, and to which BK¢, channels are
insensitive, has the same property to uncouple the inner mitochondrial membrane and activate
the respiratory chain. It is also interesting that NS11021 has a protective effect, despite its uncoupling
properties on renal proximal tubular cells from cold storage [108]. It seems that some synergistic effects,
in addition to the activation of mitochondrial potassium channels, also play a significant role.

We should also mention that the typical mitoBKc, channel blocker paxilline has protective effects,
independent of channel inhibition, on cellular damage [109]. Paxilline has also been shown to inhibit
SERCA at low concentrations, similar to NS1619 [94]. Paxilline has also been shown to reverse
the protective effect of NS11021 at low concentrations on cells. This effect, in turn, can be closely related
to inhibition of the mitoBK¢, channel [110].

Drug repositioning involves the investigation of existing drugs for new therapeutic applications.
Recently, a new set of mitochondrial potassium channels was discovered in skin-derived cells:
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keratinocytes, dermal fibroblasts, and endothelial cells [25,35,40,53,111]. Naringenin, a plant-derived
flavonoid, has been known for many years to have the potential to improve many health problems,
such as cardiovascular, metabolic, neurological, and pulmonary disorders; and cancer [112,113].
Recently, the cardioprotective function of naringenin due to activation of the cardiac mitoBKc,
channel was shown [114]. Additionally, with the use of patch-clamp single channel measurements,
it was shown in skin fibroblasts that both the mitoKarp and mitoBKc, channels were activated by
naringenin [111]. These studies suggest that naringenin may function as a potassium channel opener
towards mitochondrial potassium channels in skin-derived cells.

7. Targeting Drugs into Mitochondria: A Unique Environment for Potassium Channels?

The organelle-specific delivery of drugs is a general problem and modern trend to achieve
significant therapeutic effects and minimal off-target effects in molecular pharmacology.

Mitochondria constitute a unique biophysical environment for potassium channels compared
to plasma membrane location. These differences may facilitate the search for drugs specific to
mitochondrial potassium channels. Mitochondria are the only intracellular organelles with such a high
membrane potential (approximately 180—200 mV with a negatively charged matrix). This property
promotes accumulation in mitochondrial matrix lipophilic substances being positively charged.

Tetraphenylphosphonium cation (TPP™) is a clear example of such a substance. This property
was used to measure mitochondrial membrane potential with the use of a TPP* selective electrode.
Although several methods can be used to measure the membrane potential in mitochondria, the use
of the TPP* selective electrode is still used in many studies with isolated mitochondria due to
its sensitivity [115]. Hence, mitochondrial potassium channel openers or inhibitors with properties
mentioned above (lipophilic cations or with TPP* moiety) may reflect preference towards mitochondrial
potassium channels.

The second unique property of mitochondria concerns matrix pH. Slight alkalization of
the mitochondrial matrix (due to respiratory chain activity) will support the accumulation of weak
acids in the mitochondrial matrix. Mitochondrial potassium channel openers or inhibitors with weak
acid properties may accumulate in the mitochondrial matrix.

These properties constitute a particular attribute of mitochondria as an “antenna” for collecting
substances with specific properties and attracting and accumulating them within mitochondria. To what
extent these properties may be applied to increase the druggability of mitochondrial potassium channels
is a matter of further investigation. Because of the presence of potassium channels in various cellular
destinations, it is important to devise new approaches to target drugs into the mitochondria. Targeting
mitochondrial potassium channel openers or inhibitors could regulate mitochondrial potassium
channels in a more specific and efficient way:.

There are various strategies to target drugs into mitochondria [116]. Some of these strategies are
based, as previously mentioned, on the use of lipophilic cations, such as TPP*, attached to specific
molecules (for review see [117]). This kind of mitochondrial targeting was initiated in 1995 with
a tri-phenylphosphonium-thiobutyl conjugate as an antioxidant agent. Other lipophilic cations, such
as dequalinium and rhodamine 123, were also mitochondria-targeting [118-122]. These cations play
the role of “carrier” towards negatively charged mitochondrial matrix.

There are two well-known approaches for mitochondrial drug delivery: direct conjugation of
the targeting ligand to drugs and attachment of the targeting ligand to a nanocarrier [116]. Direct
drug-targeting ligand conjugation is simple and easy to control, and the drugs can readily reach
the mitochondria; however, the conjugation procedure can diminish the biochemical effects within
mitochondria. In the case of the nanocarrier system, there is no concern for a loss of therapeutic effect
because the physical interaction and solubility issue would be solved, but optimization has remained
a challenge due to the use of many different compositions to prepare the nanocarrier. For mitochondrial
targeting, some peptides have been prepared and successfully applied based on the cell-penetrating
peptide sequence [123]. The mitochondria-targeting peptides (mitochondria-penetrating peptide,
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mitochondria-targeting sequence, SS peptide, and other peptides) were conjugated with various
drugs to improve their therapeutic efficacy. The SS (Szeto-Schiller) peptide antioxidants represent
a novel approach with targeted delivery of antioxidants to the inner mitochondrial membrane. The
structural motif of these SS peptides centers on alternating aromatic residues and basic amino acids
(aromatic-cationic peptides). Mitochondrial targeting sequences (MTSs) can be utilized as vehicles
to deliver metalloporphyrin superoxide dismutase (SOD) mimics into the matrix. Recently, thermo
responsive drug delivery to mitochondria was described and may represent an interesting and
promising technique for cancer therapy [124].

8. Concluding Remarks

In this paper, we have described our current understanding of the interactions of numerous
drugs with mitochondrial potassium channels. Mitochondria are a unique target for pharmacological
intervention due to their high membrane potential and alkaline pH in the matrix. Regulation of
the mitochondrial potassium channels by drugs is a complex issue. Increased understanding of
the regulation of mitochondrial potassium channels by drugs will not only lead to increased knowledge
of mitochondrial channels but may also contribute to the future application of these substances i.e., its
druggability. We have also described the secondary effects of the drugs (off-target) in addition to their
interaction with their primary target i.e., mitochondrial potassium channels.

The rational pharmacology of mitochondrial potassium channels should be preceded by
the molecular identification of these proteins. Identification of the molecular identity of mitochondrial
potassium channels will increase insight into the interactions of drugs with mitochondrial potassium
channels. This outcome should be possible due to the recent molecular identification of pore-forming
and regulatory subunits of mitoKarp or mitoBKc, channels. More detailed knowledge would provide
more possibilities for the development of therapeutic strategies based on the selective modulation of
mitochondrial potassium channels in various tissues. Therapies targeting mitochondrial potassium
channels may play an important role in curing a variety of diseases.

In summary, more specific modulators of potassium channels are required for the advanced
concept of druggability of mitochondrial potassium channels.
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