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Potassium ions affect Ca®* transport in mitochondria, the magnitude of the electric potential on the
inner mitochondrial membrane, metabolic processes in the matrix, and osmoregulation. The aim of this study
was to identify different subtypes of K" channels in the mitochondria of rat myometrium. Isolated mitochondria
were obtained from the myometrium of non-pregnant Wistar rats by differential centrifugation. Potassium ion
accumulation was studied by spectrofluorimetry using the K*-sensitive fluorescent probe PBFI-AM. Myome-
trial mitochondria effectively accumulate potassium ions within the concentration range of 25—150 mM. No
increase in PBFI fluorescence was observed when K* ions were replaced by choline in equimolar concentra-
tions. In the presence of voltage-operated K+ channels inhibitor 4-aminopyridine, Ca?*-dependent K* channels
blockers charybdotoxin or paxilline, mitoK ,_, channels inhibitors glibenclamide, 5-hydroxydecanoic acid, or
200 uM ATP, a significant decrease in the PBFI fluorescence signal was observed. Conversely, application of
Ca**-dependent K* channels specific activators NS11021 and NS1619, as well as of mitoK . -specific activa-
tor cromakalim, resulted in increased mitochondrial K" accumulation. The efficiency of K* uptake increased
Sfurther with the addition of 25—-100 uM Ca?"in the presence of 4-aminopyridine and ATP. The results obtained
indicate the presence of voltage-operated and Ca?*-dependent subtypes of K* channels, as well as of H*/K*
exchange system in myometrial mitochondria in addition to mitoK ., channels.
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lecular physiology of mitochondria ensuring

its physiological swelling that stimulates
mitochondrial function and metabolism [1-2]. The
regulation of mitochondrial matrix volume is a com-
plex and dynamic process that affects various cel-
lular activities, such as bioenergetics, Ca?" regula-
tion, and reactive oxygen species (ROS) formation
[3-5]. Mitochondria significantly contribute to Ca®*-
dependent smooth muscle contraction [6-7]. Disrup-
tion of ion transport across the inner mitochondrial
membrane is associated with the development of
oxidative and nitrosative stress, which — if protective
systems are insufficiently active — can lead to mito-
chondrial dysfunction [8-11]. These pathological pro-
cesses are accompanied by disturbances in smooth

P otassium ions play an essential role in the mo-

muscle contractility and are implicated in a range
of clinical conditions [12-13]. In particular, uterine
atony or hypertonicity can result in weak labor or,
conversely, in preterm contractions and deliveries
[14-15]. This represents a significant medical and
social issue in developed countries. The established
link between smooth muscle contractile dysfunction
and impaired mitochondrial activity has led to the
recognition of mitochondrial disorders as a potential
underlying cause of smooth muscle-related patholo-
gies in contemporary biomedical literature.

It has been demonstrated that modulation of
K* exchange across the inner mitochondrial mem-
brane influences mitochondrial energetics, ROS pro-
duction, organelle volume, and apoptotic signaling
pathways [3, 5, 16-18]. The system responsible for
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potassium ion movement across the inner mem-
brane — including the H*/K* exchanger and various
K* channels — helps maintain osmotic balance be-
tween the mitochondrial matrix and the extrami-
tochondrial environment [1-3, 19-21]. Activation of
ATP-sensitive (mitoK ) and Ca**-activated (par-
ticularly high-conductance, mitoBK_,) potassium
channels has been shown to exert protective effects
in cardiomyocytes and neurons [5, 22-25]. Con-
versely, inhibition of voltage-operated K* channels
(mitoKvl1.3) is associated with increased cell death
and malignant transformation [26]. Mitochondrial K*
channels have been implicated in various physiologi-
cal and pathological processes, including ischemic
heart disease, aging, apoptosis, and tumorigenesis
[5, 27].

Potassium channels in mitochondria were first
described as ATP- and glibenclamide-sensitive,
i.e., ATP-sensitive K* channels [28]. Subsequently,
various subtypes of mitochondrial potassium chan-
nels were identified in the liver, heart, endothelial
cells, neurons, and fibroblasts [5, 23, 27, 29]. These
channels were found to share biophysical and phar-
macological properties with their counterparts in
the plasma membrane [19, 22, 30-32]. The driving
force for K* transport across the inner mitochondrial
membrane into the matrix is the negative electrical
potential on the matrix side and the concentration
gradient of this ion [1-3].

While the presence of ATP-sensitive K chan-
nels in myometrial mitochondria has been demon-
strated in previous studies by the Department of
Muscle Biochemistry at the Institute of Biochemis-
try of the National Academy of Sciences of Ukraine
[33], the potential involvement of other K* channel
subtypes in these subcellular structures of uterine
smooth muscle remains unclarified.

Therefore, the aim of this study was to identify
different subtypes of K* channels in rat myometrial
mitochondria using specific inhibitors and activators.

Materials and Methods

Experiments were conducted on Wistar rats
weighing 150-180 g. All procedures involving ani-
mals were carried out in accordance with the Euro-
pean Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific
Purposes (Strasbourg, 1986) and the Law of Ukraine
‘On the Protection of Animals from Cruelty’. Rats
were anesthetized by chloroform inhalation and sub-
sequently decapitated.
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Isolation of myometrial mitochondria. Mi-
tochondria were isolated from rat myometrium
using a standard differential centrifugation pro-
tocol. Uterine tissue, cleared of blood and adipose
tissue, was homogenized on ice in isolation buffer
containing 10 mM HEPES (pH 7.2 at 4°C), 1 mM
EGTA, 250 mM sucrose, and 0.1% bovine serum
albumin (BSA). The homogenate was centrifuged
at 1,000 x g for 15 min at 4°C. The resulting su-
pernatant was further centrifuged at 12,000 x g for
15 min at 4°C. The final mitochondrial pellet was
resuspended in 500 ul of buffer consisting of 10 mM
HEPES (pH 7.2 at 4°C), 1 mM EGTA, 250 mM su-
crose, 5 mM succinate, and 0.1% BSA.

Examination of K* accumulation in mitochon-
dria. Mitochondrial suspensions were incubated with
10 uM PBFI-AM (a K*-sensitive fluorescent probe,
Potassium-Binding Fluorescent Indicator Acetoxy-
methyl Ester) and 0.02% Pluronic F-127 for 25 min
at 25°C. After incubation, 50 mM tetraethylammo-
nium (TEA") was added, followed by an additional
5-minute incubation. The mitochondrial suspen-
sion was then diluted with 5 ml of buffer containing
10 mM HEPES (pH 7.2 at 4°C), 250 mM sucrose,
and 0.1% BSA, and centrifuged at 12,000 x g for
15 min at 4°C. The resulting pellet was resuspended
in the same buffer and kept on ice. Protein concen-
tration in the mitochondrial fraction was determined
using the Bradford method [34], and ranged from 20
to 25 pg per sample.

Changes in K* content within the mitochon-
drial matrix were measured using a Quanta Master
40 spectrofluorimeter (PTI, Canada) equipped with
FelixGX 4.1.0.3096 software. Probe fluorescence
was recorded at excitation wavelengths of 340 nm
and 380 nm, and an emission wavelength of 480 nm.

K* accumulation was assessed by changes in
PBFI fluorescence intensity, expressed as the ratio
of excitation at 340/380 nm. The signal at 340 nm
corresponds to the maximum sensitivity of the probe
to K*, while the signal at 380 nm represents the isos-
bestic point of the probe. Ratiometric measurements
reduce the influence of interfering factors [23, 35].

K* accumulation was studied in a medium
with the following composition (in mM): 20 Hepes
(pH 7.2 at 37°C), 2 K*-phosphate buffer (pH 7.2 at
37°C), 1 MgCl,, 130 KCI, 5 sodium succinate, 5 so-
dium pyruvate.

The ApH-induced release of K* was performed
in a medium containing (in mM): 20 Hepes (pH 6.0-
8.0 at 37°C), 250 sucrose, 5 Na,HPO,, 5 sodium suc-
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cinate, 5 sodium pyruvate. In this case, the fluores-
cent response was expressed in relative units as F/
F,, where F_ is the initial level of fluorescence, F is
the fluorescence intensity recorded as the experiment
runs.

Statistical analysis. Data are presented as
means * SE, based on the indicated number of rep-
licates. Differences between groups in fluorometric
experiments were analyzed using unpaired Student’s
t-tests in Microsoft Excel and two-factor analysis
ANOVA.

Chemicals and reagents. The following rea-
gents were used in this study: PBFI-AM (Molecular
Probes, USA); HEPES, sucrose, sodium succinate,
sodium pyruvate, BSA, Pluronic F-127, ATP, CaCl,,
tetraethylammonium chloride, glibenclamide, 5-hy-
droxydecanoic acid, paxilline, charybdotoxin, cro-
makalim, NS1619, NS11021 (all from Sigma, USA);
4-aminopyridine (Sigma-Aldrich, USA). All other
reagents were produced in Ukraine.

Solutions were prepared using bidistilled water
with a specific electrical conductivity not exceeding
2.0 ucm/cm. Conductivity was measured using an
OK-102/1 conductometer (Hungary).

Results and Discussion

The fluorescence signal of PBFI in isolated mi-
tochondria increases significantly in the presence of
potassium ions, accompanied by a shift of the excita-
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tion maximum toward the short-wavelength region
(Fig. 1).

According to the literature, the concentration
of potassium ions in the cytosol ranges from 100
to 150 mM, and in the mitochondrial matrix, it can
reach up to 140-180 mM [2, 23]. This is primarily
due to the strong negative membrane potential on the
matrix side of the inner mitochondrial membrane,
which in energized mitochondria can reach —180 to
-190 mV [1, 3, 19].

To study K" uptake into the matrix of isolated
mitochondria, experimental protocols often involve
preincubation with 50 mM TEA" to deplete intrami-
tochondrial K [36], thereby shifting the K* concen-
tration into the sensitivity range of PBFI (Fig. 2,
A), dissociation constant K, = 8 mM [21, 23]. This
preliminary substitution of K* with TEA" facilitates
more efficient K* accumulation in the matrix upon
subsequent exposure (Fig. 2, B).

It was demonstrated that myometrial mitochon-
dria efficiently accumulate potassium ions within the
concentration range of 25-150 mM (Fig. 3, A). No
increase in PBFI fluorescence was observed when K*
ions were replaced with equimolar concentrations of
choline (Fig. 3, B).

In both human and animal myometrium, seve-
ral subtypes of K* channels have been identified at
the plasma membrane level, including high- and
low-conductance Ca?*-activated, ATP-sensitive, and
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Fig. 1. Spectral characteristics of the K*-sensitive fluorescent probe PBFI-AM
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Fig. 2. PBFI fluorescence intensity in the mitochondrial matrix (A) and K* accumulation efficiency (B) without
and with mitochondria treatment with 50 mM TEA. *P < 0.05 vs without substitution, M+ m, n = 4
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Fig. 3. Accumulation of K* by isolated mitochondria in increasing concentrations (0 - 150 mM), * P < 0.01 vs
0 mM external KCI, M + m, n = 4 (A). Changes in PBFI fluorescence in a medium containing 130 mM K* or
choline in equimolar concentrations, results of a typical experiment (B)

voltage-operated channels, among others [13, 37].
However, literature data suggest that the mito-
chondrial presence of the same channel subtypes
is not obligatory. For instance, in cardiomyocytes,
mitoBK_, channels are found exclusively in the in-
ner mitochondrial membrane, but not in the plasma
membrane [16]. Several K' channel subtypes have
been identified in mitochondria across different tis-
sues, with the most common in mammals being mi-
toK .., mitoBK _,, and mitoKv1.3 [5, 30-31].

In our study, application of the voltage-opera-
ted K* channel inhibitor 4-aminopyridine [37] re-
sulted in a significant decrease in PBFI fluorescence,

26

indicating reduced efficiency of mitochondrial potas-
sium ion transport (Fig. 4).

In the presence of Ca?-activated K" channel
blockers, such as charybdotoxin or paxilline [4-5,
30], potassium ion transport from the external me-
dium into the mitochondrial matrix was also inhibi-
ted (Fig. 4). A similar inhibitory effect was observed
with ATP-sensitive K* channel blockers, glibencla-
mide and 5-hydroxydecanoic acid [4, 23, 30], as well
as with exogenous ATP, as evidenced by a signifi-
cant decrease in PBFI fluorescence (Fig. 4). The in-
hibitory effect of ATP was further enhanced in the
presence of 4-aminopyridine or paxilline.
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It is important to note that the concentrations
of all inhibitors used in this study were consistent
with those shown to be effective in blocking K* chan-
nels both in mitochondria of other tissues and at the
plasma membrane level.

To further characterize potassium transport
systems in the mitochondrial matrix, we employed
specific activators of K* channel subtypes at con-
centrations previously validated in studies on other
model systems. An increase in K* accumulation in
mitochondria was observed in the presence of Ca?-
activated K* channel activators NS11021 and NS1619
[6, 21, 27], as well as the ATP-sensitive K* channel
opener cromakalim [19, 22] (Fig. 5). However, the
stimulatory effect of cromakalim did not reach sta-
tistical significance.

Additionally, the mitoK , __-specific activator di-
azoxide (50 uM) [4, 22-23] did not elicit a detectable
effect under the conditions of our experiments (data
not shown).

These findings provide further evidence sup-
porting the presence of functional K" channel sub-
types in myometrial mitochondria.

The functional activity of Ca*-activated K*
channels was confirmed by experiments evaluating
the effect of exogenous Ca?" on PBFI fluorescence in-
tensity (Fig. 6). These studies were conducted in the
presence of inhibitors of other K* channel subtypes —
4-aminopyridine and ATP. It was demonstrated that
the efficiency of K* accumulation increased with the
addition of Ca? in the concentration range of 25—
100 pM, which approximates physiological levels
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near mitochondria located in the subplasmalemmal
region and those in contact with the sarco(endo)plas-
mic reticulum (Fig. 6, A). This stimulatory effect of
Ca?* was not observed in the presence of the Ca?-
activated K* channel inhibitor paxilline (Fig. 6, B).

Ca?*-activated K channels in mitochondria
are widely expressed in cardiac and skeletal muscle
tissues, the brain, fibroblasts, and endothelial cells
[5, 30]. These channels are regulated by both the mi-
tochondrial membrane potential and Ca?* ions, with
the effects of both activators being synergistic. In-
teraction between the four pore-forming subunits of
these channels and cytochrome c oxidase has been
demonstrated, suggesting a potential mechanism for
direct regulation of the electron transport chain and
oxidative phosphorylation [2, 27].

ATP-sensitive K channels are widely expressed
in cardiac and skeletal muscle, brain, and liver tis-
sues [5, 19]. Overexpression of mitoK ., channels
leads to mitochondrial swelling, whereas reduced
expression is associated with membrane potential
instability and decreased efficiency of oxidative
phosphorylation [38]. Under physiological conditions
(normoxia), stimulation of these channels promotes
the generation of reactive oxygen species (ROS) as
signaling molecules [19, 30]. This is accompanied by
a decrease in the mitochondrial membrane potential,
moderate uncoupling of oxidation and phosphoryla-
tion, and a subsequent reduction in ROS production.

Partial depolarization of the mitochondrial
membrane protects against Ca?" overload and pre-
vents the opening of the mitochondrial permeability
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Fig. 5. The effect of different subtypes K* channels specific activators on the accumulation of potassium ions
by mitochondria. The effect of K*-channel activators on the efficiency of K* ion accumulation by isolated mi-
tochondria over time (A). Statistical processing of these results at the st minute of the transport process (B),
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transition pore (mPTP) [1, 20, 30]. This mechanism
may be critical for preventing mitochondrial dys-
function under ischemia—reperfusion conditions and
the associated oxidative stress [23]. In particular, the
mitoK ., channel opener diazoxide has been shown
to protect mitochondria under hypoxic or ischemic
conditions and exhibits cardioprotective effects [5].
It is assumed that endogenously generated reactive
oxygen and nitrogen species may play an important
role in mediating these effects. Notably, myometrial
ischemia poses a serious risk to the fetus and signifi-
cantly complicates labor, emphasizing the potential
relevance of mitoK ,_ function in uterine physiology
under stress conditions [39-40]. Evidence suggests
that voltage-operated K* channels are involved in the
initiation of apoptosis [30-31].

Our experimental results confirm the presence
of voltage-operated and Ca?"-activated K* channel

subtypes in myometrial mitochondria, in addition to
ATP-sensitive channels.

Activation of these K* channels promotes potas-
sium influx into the mitochondrial matrix, enhances
anion channel activity, and facilitates CI- accumula-
tion in the organelle [3]. These ionic changes disrupt
osmotic balance and drive water influx into mito-
chondria, leading to organelle swelling [20]. The ac-
tivity of the H*/K* exchanger serves as a compensa-
tory mechanism to counteract these effects [19, 23].

In cases of mitochondrial dysfunction, irre-
versible depolarization of the inner mitochondrial
membrane may occur, accompanied by opening of
the mPTP and uncontrolled swelling [5, 20]. To date,
no published data confirm the existence of an H*/K*
exchange system specifically in the inner membrane
of myometrial mitochondria.
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Our findings provide evidence for the presence
of H*/K* exchange in mitochondria, as demonstrated
by the stimulation of K* release in response to acidi-
fication of the incubation medium (Fig. 7). In this ex-
perimental setup, mitochondria were not pretreated
with tetraethylammonium, allowing the preservation
of a physiological K* concentration within the ma-
trix. The ApH-dependent efflux of potassium ions
occurred in response to changes in extramitochon-
drial pH within a range close to physiological values.

Thus, the results presented in this study in-
dicate the existence of a so-called “K* cycle” in
myometrial mitochondria, which contributes to the
maintenance of potassium homeostasis in these sub-
cellular structures. A similar cycle has been well de-
scribed in the mitochondria of cardiomyocytes [19].
Its core components include K* channels of various
subtypes and the H*/K* exchanger, all localized in
the inner mitochondrial membrane.

It is proposed that the activity of the electron
transport chain generates an electrochemical proton
gradient across the mitochondrial membrane. The
resulting negative membrane potential on the ma-
trix side serves as the driving force for K* influx into
the matrix. At the same time, excessive accumula-
tion of K* is prevented by the coordinated action of
ApH-dependent K* efflux mechanisms. In vivo, this
system is further supported by the transport of inor-
ganic phosphate (P,) across the inner mitochondrial
membrane, contributing to osmotic and ionic balan-
ce [19, 21].

Using a panel of selective inhibitors and activa-
tors, we demonstrated the presence of voltage-opera-
ted, Ca*"-activated, and ATP-sensitive K* channels in
mitochondria of uterine smooth muscle. Pinpointing
these individual channel subtypes is crucial for both
clarifying their contribution to myometrial physiolo-
gy and guiding the development of subtype-specific
pharmacological agents.
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Ionn kanito perynawowTs Tpancmopt Ca®t
B MITOXOHJpPifAX,  BEJIUYHMHY  EJICKTPHYHO-
ro TMOTEHIaNy BHYTPIIIHBOI MITOXOHAPIHHOT
MeMOpaHHu, Iepedir MeTa0OoJIYHMX MPOIECiB Yy
MaTPHUKCI Ta OCMOpPEryJIsiifo. MeTow JTOCIiKEeHb
Oyno imeHTudikyBaru pizHi miarunu K'-kanaii
y MITOXOHJIpiAX MioMeTpis urypiB. I[307p0BaHi
MITOXOH/Ipii OZepKYBaIU 3 MIOMETpisi HEBAariTHUX
mypiB il Bictap MeTtomom audepeHuiitHOro
HEeHTPU(PYTyBaHHS. AKYMYJSIII0 IOHIB KaJito
BUBYAJIM METOAOM creKkTpodiayopumerpii 3a no-
noMoroto K'-uyTnnBoro (iayopecueHTHOro 30H-
ny PBFI-AM. Miroxonnpii wmiomeTpisi edek-
TUBHO aKyMYJIOBaJu I10HM KaJiro B Jiana3oHi
KoHIeHTpamiit 25-150 MM. VY pa3si 3aminu ioHiB K
Ha XOJIiH B €KBIMOJISIPHUX KOHIIGHTPAIisIX 3pOCTaH-
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Hs ¢uryopecteniii 30812 PBFI He cmoctepiranu.
VY mpucyTtHoOCTi iHTIOiTOpa MOTEHLiad-KePOBAHUX
K'-xananiB 4-aminomipuauny, 6mokatopis Ca®'-
3anexHux K'-xaHamiB  xapiOgoTokcuHy — abo
HaKCUJIiHY, iHribitopis mitoK . rmiGenkmaminy,
S-rigpokcujekaHoeBoi  kuciaotu  abo  ATP
CIIOCTEpIralin CyTTEBE 3HIDKEHHS (IyOpecleHT-
Horo curHany Bin PBFI. BomHouac BuKOpHCTaH-
Hs crnenudpidyaux axkrtuBaropiB Ca?*-3aneKHHX
Kr-kamamis  NS11021 Ta NS1619, a Takox
cnenudiunoro monao miroK, . xpomakamimy cy-
MPOBOKYBAJIOCS IMIABUIIEHHSIM akymyisiii K B
MitoxoHpii. E¢pextuBHicTh akymysuii K 3pocra-
na 3a jpopaBanHs 25-100 MxM Ca®" y mpucyTHOCTI
4-aminomipuanny ta ATP. Opepkani pesynbraTu
CBilUaTh HAa KOPUCTH HASBHOCTI B MITOXOHIPISIX
miomeTpis Kpim MiToK, ., TOTeHLian-KepoBaHUX
ta Ca?-3anexuux migrunis K'-kanamis, a Takox
cucremu H*-K*-00Mminy.

KnwuoBi CJOBa: MITOXOH/PII,
aKyMYJISLis 10HIB Kautiro, Mmoxynsitopu Kf-kaHaumis,
KaJIbIli, MIOMETPIii Ty piB.
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