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Potassium ions affect Ca2+ 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, Ca2+-dependent K+ channels 
blockers charybdotoxin or paxilline, mitoKATP channels inhibitors glibenclamide, 5-hydroxydecanoic acid, or 
200 μM ATP, a significant decrease in the PBFI fluorescence signal was observed. Conversely, application of 
Ca2+-dependent K+ channels specific activators NS11021 and NS1619, as well as of mitoKATP-specific activa-
tor cromakalim, resulted in increased mitochondrial K+ accumulation. The efficiency of K+ uptake increased 
further with the addition of 25–100 μM Ca²⁺ in the presence of 4-aminopyridine and ATP. The results obtained 
indicate the presence of voltage-operated and Ca2+-dependent subtypes of K+ channels, as well as of H+/K+ 
exchange system in myometrial mitochondria in addition to mitoKATP channels. 

K e y w o r d s: mitochondria, potassium ions accumulation, K+ channels modulators, calcium, rat myome-
trium.

Potassium ions play an essential role in the mo-
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, Ca2+ regula-
tion, and reactive oxygen species (ROS) formation 
[3-5]. Mitochondria significantly contribute to Ca2+-
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 

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 (mіtоKATP) and Ca2+-activated (par-
ticularly high-conductance, mіtоBKCa) potassium 
channels has been shown to exert protective effects 
in cardiomyocytes and neurons [5, 22-25]. Con-
versely, inhibition of voltage-operated K+ channels 
(mіtоKv1.3) 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.

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 × g for 15 min at 4°C. The resulting su-
pernatant was further centrifuged at 12,000 × g for 
15 min at 4°C. The final mitochondrial pellet was 
resuspended in 500 µl 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 µM 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 × 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 µg 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°С), 2 K+-phosphate buffer (pH 7.2 at 
37°С), 1 MgCl2, 130 KCl, 5 sodium succinate, 5 so-
dium pyruvate. 

The ∆pH-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 Na2HPO4, 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/
Fo, where Fo 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, CaCl2, 
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 μcm/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-

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 Kd ≈ 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 Ca2+-activated, ATP-sensitive, and 

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

Fig. 3. Accumulation of K+ by isolated mitochondria in increasing concentrations (0 - 150 mM), * P < 0.01 vs 
0 mM external KCl, 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)
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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, 
mitoBKCa 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-
toKATP, mitoBKCa, 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, 

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

In the presence of Ca2+-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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Fig. 4. Dynamics of potassium ion accumulation by mitochondria in the presence of K+ channel different 
subtypes inhibitors (A). Comparative effect of K+ channel inhibitors on the efficiency of K+ accumulation by 
mitochondria (B). * P < 0.05; ** P < 0.01 vs control, M ± m, n = 5. 4-AP – 4-aminopyridine, ChTx – charyb-
dotoxin, Glib – glibenclamide, 5HD – 5-hydroxydecanoic acid
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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 Ca2+-
activated K+ channel activators NS11021 and NS1619 
[5, 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 mitoKATP-specific activator di-
azoxide (50 µM) [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 Ca2+-activated K+ 
channels was confirmed by experiments evaluating 
the effect of exogenous Ca2+ 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 Ca2+ in the concentration range of 25–
100 µM, which approximates physiological levels 

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 
Ca2+ was not observed in the presence of the Ca2+-
activated K+ channel inhibitor paxilline (Fig. 6, B).

Ca2+-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 Ca2+ 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 mitoKATP 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 Ca2+ overload and pre-
vents the opening of the mitochondrial permeability 

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 1st minute of the transport process (B), 
*P < 0.05 vs control, M ± m, n = 6
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Fig. 6. The dependence of potassium ion transport in mitochondria on the concentration of extramitochondrial 
Ca2+ in time (A). Statistical processing of preliminary data at the 1st minute of the transport process and its 
inhibition by the specific inhibitor of Ca2+-dependent K+ channels paxilline (the transport process was studied 
in the presence of 4 mM 4-aminopyridine and 200 μM ATP); * P < 0.05, **P = 0.05 vs control, #P < 0.01 vs 
activated action of 50 µМ Са2+, M ± m, n = 6

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 
mitoKATP 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 mitoKATP 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 Ca2+-activated K+ channel 
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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 Cl– 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 ΔpH-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 
ΔpH-dependent K+ efflux mechanisms. In vivo, this 
system is further supported by the transport of inor-
ganic phosphate (Pi) 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, Ca2+-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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Ідентифікація K+-
каналів різних підтипів у 
мітохондріях міометрія 
щурів із використанням 
модуляторів K+-каналів 
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Іони калію регулюють транспорт Са2+ 
в мітохондріях, величину електрично-
го потенціалу внутрішньої мітохондрійної 
мембрани, перебіг метаболічних процесів у 
матриксі та осморегуляцію. Метою досліджень 
було ідентифікувати різні підтипи K+-каналів 
у мітохондріях міометрія щурів. Ізольовані 
мітохондрії одержували з міометрія невагітних 
щурів лінії Вістар методом диференційного 
центрифугування. Акумуляцію іонів калію 
вивчали методом спектрофлуориметрії за до-
помогою K+-чутливого флуоресцентного зон-
ду PBFI-АМ. Мітохондрії міометрія ефек-
тивно акумулювали іони калію в діапазоні 
концентрацій 25-150 мМ. У разі заміни іонів К 
на холін в еквімолярних концентраціях зростан-

Fig. 7. Dependence of K+ release from the mitochon-
drial matrix on the pH of the medium. M ± m, n = 6. 
*P < 0.01 vs рН 7.5, #P < 0.05 vs рН 7.0, @P < 0.05 
vs рН 6.5
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ня флуоресценції зонда PBFI не спостерігали. 
У присутності інгібітора потенціал-керованих 
K+-каналів 4-амінопіридину, блокаторів Са2+-
залежних K+-каналів харібдотоксину або 
паксиліну, інгібіторів мітоKАТР глібенкламіду, 
5-гідроксидеканоєвої кислоти або АТР 
спостерігали суттєве зниження флуоресцент-
ного сигналу від PBFI. Водночас використан-
ня специфічних активаторів Са2+-залежних 
K+-каналів NS11021 та NS1619, а також 
специфічного щодо мітоKАТР кромакаліму су-
проводжувалося підвищенням акумуляції K+ в 
мітохондрії. Ефективність акумуляції K+ зроста-
ла за додавання 25-100 мкМ Са2+ у присутності 
4-амінопіридину та АТР. Одержані результати 
свідчать на користь наявності в мітохондріях 
міометрія крім мітоKАТР, потенціал-керованих 
та Са2+-залежних підтипів K+-каналів, а також 
системи H+-K+-обміну.

К л ю ч о в і  с л о в а: мітохондрії, 
акумуляція іонів калію, модулятори K+-каналів, 
кальцій, міометрій щурів.

References

1. Laskowski M, Augustynek B, Kulawiak B, 
Koprowski P, Bednarczyk P, Jarmuszkiewicz W, 
Szewczyk A. What do we not know about 
mitochondrial potassium channels? Biochim 
Biophys Acta. 2016; 1857(8): 1247-1257.

2. Killilea DW, Killilea AN. Mineral requirements 
for mitochondrial function: A connection to 
redox balance and cellular differentiation. Free 
Radic Biol Med. 2022; 182: 182-191.

3. Naima J, Ohta Y. Potassium Ions Decrease 
Mitochondrial Matrix pH: Implications for 
ATP Production and Reactive Oxygen Species 
Generation. Int J Mol Sci. 2024; 25(2): 1233.

4. Rotko D, Kunz WS, Szewczyk A, Kulawiak B. 
Signaling pathways targeting mitochondrial 
potassium channels. Int J Biochem Cell Biol. 
2020; 125: 105792.

5. Kulawiak B, Bednarczyk P, Szewczyk A. 
Multidimensional Regulation of Cardiac 
Mitochondrial Potassium Channels. Cells. 2021; 
10(6): 1554.

6. Wray S, Prendergast C. The Myometrium: From 
Excitation to Contractions and Labour. Adv Exp 
Med Biol. 2019; 1124: 233-263.

7. Burdyga T, Poul RJ. Chapter 86 ‒ Calcium 
Homeostasis and Signaling in Smooth Muscle. 
Muscle. 2012; 2: 1155-1171.

8. Bock FJ, Tait SWG. Mitochondria as multifaceted 
regulators of cell death. Nat Rev Mol Cell Biol. 
2020; 21(2): 85-100.

9. Alston CL, Rocha MC, Lax NZ, Turnbull DM, 
Taylor RW. The genetics and pathology of 
mitochondrial disease. J Pathol. 2017; 241(2): 
236-250.

10. Dunn JD, Alvarez LA, Zhang X, Soldati T. 
Reactive oxygen species and mitochondria: A 
nexus of cellular homeostasis. Redox Biol. 2015; 
6: 472-485.

11. Zhang L, Zheng Y, Xie J, Shi L. Potassium 
channels and their emerging role in parkinson's 
disease. Brain Res Bull. 2020; 160: 1-7.

12. Wang CH, Wei YH. Role of mitochondrial 
dysfunction and dysregulation of Ca2+ 

homeostasis in the pathophysiology of insulin 
resistance and type 2 diabetes. J Biomed Sci. 
2017; 24(1): 70.

13. Brainard AM, Korovkina VP, England SK. 
Potassium channels and uterine function. Semin 
Cell Dev Biol. 2007; 18(3): 332-339.

14. Zullino S, Buzzella F, Simoncini T. Nitric oxide 
and the biology of pregnancy. Vascul Pharmacol. 
2018; 110: 71-74.

15.  Ulrich C, Quilici DR, Schlauch KA, 
Buxton  IL. The human uterine smooth muscle 
S-nitrosoproteome fingerprint in pregnancy, 
labor, and preterm labor. Am J Physiol Cell 
Physiol. 2013; 305(8): C803-C816.

16. O'Rourke B. Evidence for mitochondrial K+ 

channels and their role in cardioprotection. Circ 
Res. 2004; 94(4): 420-432.

17. Szewczyk A, Jarmuszkiewicz W, Kunz WS. 
Mitochondrial potassium channels. IUBMB Life. 
2009; 61(2): 134-143.

18.  Trombetta-Lima M, Krabbendam IE, 
Dolga  AM. Calcium-activated potassium 
channels: implications for aging and age-related 
neurodegeneration. Int J Biochem Cell Biol. 
2020; 123: 105748.

19. Garlid KD, Paucek P. Mitochondrial potassium 
transport: the K+ cycle. Biochim Biophys Acta. 
2003; 1606(1-3): 23-41.

20. Chapa-Dubocq XR, Rodríguez-Graciani  KM, 
Escobales N, Javadov S. Mitochondrial Volume 
Regulation and Swelling Mechanisms in 

M. V. Rudnytska, H. V. Danylovych, M. R. Pavliuk, Yu. V. Danylovych



32

ISSN 2409-4943. Ukr. Biochem. J., 2025, Vol. 97, N 6

Cardiomyocytes. Antioxidants (Basel). 2023; 
12(8): 1517.

21. Aldakkak M, Stowe DF, Cheng Q, Kwok WM, 
Camara AK. Mitochondrial matrix K+ flux 
independent of large-conductance Ca2+-activated 
K+ channel opening. Am J Physiol Cell Physiol. 
2010; 298(3): C530-C541.

22. Csonka C, Kupai K, Bencsik P, Görbe A, 
Pálóczi J, Zvara A, Puskás LG, Csont T, 
Ferdinandy P. Cholesterol-enriched diet inhibits 
cardioprotection by ATP-sensitive K+ channel 
activators cromakalim and diazoxide. Am 
J Physiol Heart Circ Physiol. 2014; 306(3): 
H405-H413.

23. Costa AD, Quinlan CL, Andrukhiv A, West IC, 
Jabůrek M, Garlid KD. The direct physiological 
effects of mitoK(ATP) opening on heart 
mitochondria. Am J Physiol Heart Circ Physiol. 
2006; 290(1): H406-H415.

24. Yamada M. Mitochondrial ATP-sensitive K+ 
channels, protectors of the heart. J Physiol. 
2010; 588(Pt 2): 283-286.

25. Piwonska M, Wilczek E, Szewczyk A, 
Wilczynski  GM. Differential distribution of 
Ca2+-activated potassium channel beta4 subunit 
in rat brain: immunolocalization in neuronal 
mitochondria. Neuroscience. 2008; 153(2): 446-
460.

26. Gulbins E, Sassi N, Grassmè H, Zoratti M, 
Szabò I. Role of Kv1.3 mitochondrial potassium 
channel in apoptotic signalling in lymphocytes. 
Biochim Biophys Acta. 2010; 1797(6-7): 1251-
1259.

27. Wrzosek A, Augustynek B, Żochowska M, 
Szewczyk A. Mitochondrial Potassium Channels 
as Druggable Targets. Biomolecules. 2020; 
10(8): 1200.

28. Inoue I, Nagase H, Kishi K, Higuti T. ATP-
sensitive K+ channel in the mitochondrial inner 
membrane. Nature. 1991; 352(6332): 244-247.

29. Kicinska A, Augustynek B, Kulawiak B, 
Jarmuszkiewicz W, Szewczyk A, Bednarczyk P. 
A large-conductance calcium-regulated 
K+ channel in human dermal fibroblast 
mitochondria. Biochem J. 2016; 473(23): 4457-
4471.

30. Szabo I, Zoratti M. Mitochondrial channels: ion 
fluxes and more. Physiol Rev. 2014; 94(2): 519-
608.

31. Kravenska Y, Checchetto V, Szabo I. Routes 
for potassium ions across mitochondrial 
membranes: a bophysical point of view with 
special focus on the ATP-sensitive K+ channel. 
Biomolecules. 2021; 11(8): 1172.

32. Augustynek B, Kunz WS, Szewczyk A. Guide to 
the pharmacology of mitochondrial potassium 
channels. Handb Exp Pharmacol. 2017; 240: 
103-127.

33. Vadzyuk OB, Kosterin SO. Mitochondria from 
rat uterine smooth muscle possess ATP-sensitive 
potassium channel. Saudi J Biol Sci. 2018; 25(3): 
551-557.

34. Bradford MM. A rapid and sensitive method 
for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye 
binding. Anal Biochem. 1976; 72: 248-254.

35. Kasner SE, Ganz MB. Regulation of intracellular 
potassium in mesangial cells: a fluorescence 
analysis using the dye, PBFI. Am J Physiol. 
1992; 262(3 Pt 2): F462-F467.

36. Garlid KD. Unmasking the mitochondrial K/H 
exchanger: tetraethylammonium-induced K+-
loss. Biochem Biophys Res Commun. 1979; 
87(3): 842-847.

37. Smith RC, McClure MC, Smith MA, Abel PW, 
Bradley ME. The role of voltage-gated 
potassium channels in the regulation of mouse 
uterine contractility. Reprod Biol Endocrinol. 
2007; 5: 41.

38. Paggio A, Checchetto V, Campo A, Menabò R, 
Di Marco G, Di Lisa F, Szabo I, Rizzuto R, De 
Stefani D. Identification of an ATP-sensitive 
potassium channel in mitochondria. Nature. 
2019; 572(7771): 609-613.

39. Shah DA, Khalil RA. Bioactive factors in 
uteroplacental and systemic circulation link 
placental ischemia to generalized vascular 
dysfunction in hypertensive pregnancy and 
preeclampsia. Biochem Pharmacol. 2015; 95(4): 
211-226.

40. Yang W, Cheng Z, Dai H. Calcium concentration 
response to uterine ischemia: a comparison 
of uterine fibroid cells and adjacent normal 
myometrial cells. Eur J Obstet Gynecol Reprod 
Biol. 2014; 174: 123-127.


