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Under physical overload and numerous patho�
logical conditions, intracellular physiological and
metabolic processes get disrupted due to oxygen
deficiency. Primarilly, this concerns metaboli�
cally active tissues functioning of which relies on
mitochondria playing a key role in cellular energy
metabolism. Mitochondrial dysfunction causes a
reduced performance of cardiomyocytes (CM), as
well as neurodegenerative pathologies and so�

called mitochondrial diseases.
Since the discovery of mitochondrial respira�

tion in 1949, these intracellular organelles are
intensely being explored all over the world. How�
ever, despite numerous studies, the mechanisms
of mitochondria�mediated cytoprotection, par�
ticularly cardioprotection, remain far from being
completely understood. Recent observations have
demonstrated that CM mitochondria, apart from
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their pivotal energy�producing function, are
actively involved in intracellular signaling and
regulation of specialized CM functions. In doing
this, an important role the implementation of
intracellular signaling and proper mitochondrial
functions is played by calcium ions. The Ca2+

imbalance in CM mitochondria leads to impair
cardiac activity and develop cardiovascular
pathology [1]. Previously, we already noted a
pathogenetic significance of Ca2+ in the develop�
ment of post�ischemic myocardial injuries and
gave examples of the involvement of Ca2+ in the
processes influencing CM energetics and myocar�
dial contractility [2]. In experiments on mito�
chondria isolated from the rat heart, it was
established that Ca2+ ions are involved in the reg�
ulation of the inner mitochondrial membrane
(IMM) permeability and that mitochondrial
Ca2+�activated nonspecific (or mitochondrial
permeability transition, MPT) pores are impli�
cated in the induction of apoptosis and necrosis in
CM [3–5]. However, while the mechanisms of
the mitochondrial involvement in the develop�
ment of functional and structural disorganization
of CM are well covered in the literature, the infor�
mation about the mitochondrial mechanisms
(including Ca2+�dependent) of cardioprotection
is very sparse, indicative of an insufficient elabo�
ration of this problem [1]. Currently, mitochon�
dria are considered as objects of targeted
medicinal therapy of many diseases, including
cardiovascular, and from this point of view, the
task of generalizing and summarizing the knowl�
edge accumulated in this field of cell biology
appears important and quite timely.

EFFECT OF HYPOXIA ON ACTIVITY OF 
CARDIOMYOCYTES AND KEY 

FUNCTIONS OF MITOCHONDRIA

Hypoxia is the central pathogenetic factor of
multiple pathological processes and chronic dis�
eases, including those of the cardiovascular sys�
tem (CVS), among which ischemic heart disease
is most widespread.

The molecular basis of pathogenetic disorders
in hypoxia and ischemia is mainly represented by
various disturbances of the key mitochondrial
functions (ATP�generating and Ca2+�deposit�

ing), leading to energy dysfunction of CM,
impaired myocardial excitability and the impossi�
bility for ventricular CM to implement their con�
tractile function [2, 6].

In studies carried out on a model of isolated
mitochondria, the following timing of intracellu�
lar changes caused by the cessation of oxygen sup�
ply was established [17]:

0–5 min: a 2–4�fold decrease in the ATP level
despite activated glycolysis.

5–15 min: an increase in the intracellular Ca2+

concentration; activation of hydrolytic enzymes,
including mitochondrial phospholipase A2; Ca2+

overloading of mitochondria while preserving
their key functions (mitochondria are not yet
damaged).

15–30 min: hydrolysis of mitochondrial phos�
pholipids by phospholipase A2 and damage to the
barrier properties of the mitochondrial mem�
brane; tissue reoxygenation at this stage leads to
active mitochondrial swelling; mitochondrial
respiratory control is impaired; oxidative phos�
phorylation is uncoupled; the ability of mitochon�
dria to accumulate Ca2+ is reduced.

30–60 min: partial restoration of mitochondrial
functions; temporary increase in the respiratory
control and ability to accumulate Ca2+; the
mechanism of compensatory processes leading to
a temporary amelioration of mitochondrial func�
tions is unknown, but it is clearly associated with
the function of the cell as a whole, since during
anaerobic incubation of isolated mitochondria
this phenomenon is not observed.

60–90 min: irreversible damage to mitochon�
dria and cell death.

It is important to point out that the sequence of
intracellular changes due to anoxia is identical in
a variety of tissues, as demonstrated in experi�
ments on tissue sections, isolated cells and iso�
lated mitochondria [7].

The heart is the most energy�consuming organ,
with ATP accumulated in mitochondria during
respiration being a major source of its energy [8].
Providing the myocardium with enough ATP
requires a huge number of functionally active
mitochondria which under normoxic conditions
occupy about one third of the total CM volume
and, accordingly, more than half the volume of
myofibrils. In hypoxia, the number of mitochon�
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dria in CM increases many times [1]. Mitochon�
drial dysfunction induced by progressing hypoxia
or ischemia/reperfusion leads to impair cellular
respiration which, in turn, results in arrhythmias
and reduced myocardial contractility [8].

Presently, the influence of the impaired mito�
chondrial ATP synthesis on functional activity of
CM is best studied. It was established that when
the intracellular ATP level decreases by 10–20%,
the activity of all energy�dependent processes
drops by 70–80%. Suppression of the mitochon�
drial energy production is accompanied by an
attenuation of lipid ?�oxidation leading to
impaired lipid metabolism in CM, as well as accu�
mulation of acyl�CoA�thioesters, acylcarnitines,
ceramides and triglycerides having potential cyto�
toxicity. At the same time, there occurs a suppres�
sion of anabolic processes, impairment of ion
pumping and, accordingly, ion homeostasis, lead�
ing to a disruption of specialized cellular functions
and a reduction in the vital activity of CM [1, 7–
9]. The effect of hypoxia on energy�dependent
processes in CM was described in more detail in
our previous work [2].

Another crucial factor that gains a pathogenetic
significance during the progression of hypoxia is
oxidative stress, which is induced by reactive oxy�
gen species (ROS) generated due to disruption of
the mitochondrial respiratory chain in CM. It is
well known that during functioning of the respira�
tory chain under normoxic conditions, there
occurs a production of small amounts of the
superoxide radical, which is a byproduct of respi�
ratory complexes. In functionally robust mito�
chondria, the effect of the mitochondrial
antioxidant system (AOS), comprising glutathi�
one, thioredoxin�2, glutathione peroxidase, phos�
pholipid�hydroperoxide glutathione peroxidase
and Mn�superoxide dismutase, prevents the
ROS�induced impairment to mitochondrial
structures [9]. In case of disrupted electron trans�
fer between components of the respiratory chain
under oxidative stress conditions during hypoxia,
the superoxide radical production in mitochon�
dria appreciably increases. In this situation, func�
tional insufficiency of the mitochondrial AOS
promotes the progression of oxidative stress, acti�
vation of self�sustaining processes of lipid peroxi�
dation (LPO), oxidative damage to proteins and

nucleic acids. Eventually, these events culminate
in a reduction of cellular functions and accumula�
tion of mutations in mitochondrial and nuclear
DNA. In turn, damage to mitochondrial genes
promotes the disruption of electron transfer in the
respiratory chain, resulting in a further enhance�
ment of the free radical production in mitochon�
dria [9, 10].

By now, it has been demonstrated that ROS
generated in mitochondria, by affecting the intra�
cellular signaling mechanisms, can initiate the
development of myocardial hypertrophy and
fibrosis. An excessive ROS level can also promote
a reduction of the CM contractility and an
increase in the sensitivity of microfilaments to
Ca2+ due to impaired ion exchange in CM, as
well as damaged cell membranes and ion channels
[10].

Currently, we know that mitochondria play a
central role in the implementation of pro�
grammed cell death of CM caused primarily by an
unregulated elevation of the intramitochondrial
Ca2+ concentration [11, 12].

Ca2+ overload in mitochondria. Multiple studies
revealed that hypoxia evokes Ca2+ overloading of
mitochondria, which has a number of negative
consequences for CM. Among the most signifi�
cant is uncoupling of oxidative phosphorylation
that reduces the ATP output and prevents the res�
toration of an adequate energy supply to mito�
chondria; it also impairs passive ion transport to
mitochondria, causes mitochondrial swelling, and
disintegrates the IMM.

Accumulation of Ca2+ in the mitochondrial
matrix passes in two phases, as demonstrated on a
model of isolated mitochondria. The first phase
covers an energy�dependent Ca2+ influx to the
matrix, stimulation of respiration, and proton
extrusion from the matrix. During the second
phase, due to opening of MPT pores in the IMM,
Ca2+ ions accumulated in the matrix begin to
come out from the matrix, and in a while there
occur three parallel events: a rapid increase in the
IMM permeability, proton reuptake, and K+

release from the matrix. The progression of Ca2+

overload of isolated mitochondria is aggravated by
an impairment of the mechanism of passive ion
transport across the outer mitochondrial mem�
brane [12].
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The processes of free oxidation that promotes
Ca2+ accumulation in the mitochondrial matrix
of CM are thought to dominate in these organelles
under conditions of ischemia and ischemia/reper�
fusion, as indicated by a cessation of mitochon�
drial Ca2+ uptake and even a release of already
accumulated Ca2+ ions upon suppression of free
oxidation. At the same time, the damaging effect
of excess Ca2+ accumulation in CM intensifies
under oxidative stress conditions initiated by
hypoxia [10]. Modeling ischemia and reperfusion
in experiments on rats led simultaneously to a
reduction of the Ca2+�binding ability of mito�
chondria and the transmembrane potential, a
decrease in the ADP/O coefficient, which is a
ratio of added ADP and oxygen consumed in
mitochondrial respiratory state 3, and a slowdown
of mitochondrial state 3 respiration [13].

At the same time, it should be kept in mind that
mitochondria are important Ca2+�sequestering
organelles of CM, which by this capacity are only
insignificantly inferior to the sarcoplasmic reticu�
lum [3, 12]. They are directly involved in the reg�
ulation of Ca2+ homeostasis in CM and can be
recruited in the mechanisms of CM adaptation to
oxidative stress during reperfusion.

In general, an idea has taken shape to date that
mitochondria represent primary targets under
conditions of hypoxia and ischemia/reperfusion
and that processes occurring in them can lead
both to dysfunction and injury of CM and their
post�ischemic adaptation [1, 6, 9, 13]. That is why
many studies aim to explore the role of mitochon�
dria, mitochondrial ROS and Ca2+ in the cardio�
protective mechanism of ischemic and
pharmacological preconditioning.

ROLE OF THE MITOCHONDRIAL 
RESPIRATORY CHAIN IN ADAPTATION 

TO HYPOXIA

The systemic response of an organism includes
various adaptive reactions that result in an
increased volume of alveolar ventilation, elevated
blood oxygen capacity, centralized blood flow,
increased cardiac output, etc. At the cellular level,
these processes aim primarily to preserve the
energy�producing function of mitochondria. In
doing this, two types of mechanisms are

employed: (a) an immediate compensatory
mechanism aimed at preventing the consequences
of acute hypoxia at the molecular level and rapid
restoring the vital activity of cells in the post�
hypoxic period, and (b) long�term mechanisms
that form during a longer period and promote an
increase in nonspecific cell resistance to oxygen
deficiency. These mechanisms are based on regu�
latory reprogramming the activity of mitochon�
drial enzyme complexes (MEC) [14].

Under normoxic conditions, the performance
of the mitochondrial respiratory chain, as a rule,
depends on oxidation of NAD�dependent sub�
strates, which is a main provider of the reducing
equivalents from the cytosol to the respiratory
chain via MEC I. Nonetheless, 25–30% of mito�
chondrial respiration in these conditions are asso�
ciated with MEC II [9, 14] and oxidation of
succinate the level of which in the mitochondrial
matrix is quite low (0.2–0.4 mmol/L) [15].

At the early stage of hypoxia, there occurs an
activation of electron transport by MEC I that
promotes enhanced ATP synthesis. This reflects
the primary compensatory mechanism of mobi�
lizing the basic energy resources of the cell under
conditions of relatively weak external exposures.
With increasing hypoxic exposure, the redox�
potential of MEC I and, accordingly, oxidation of
NAD�dependent substrates, as well as compensa�
tory activation of alternative pathways of oxida�
tion of NAD� and FAD�dependent substrates
supplying the reducing equivalents to MEC II–
IV, decreases. Among the MECs, a special role is
played by MEC II, the succinate oxidase oxida�
tion pathway. Under hypoxia, it has thermody�
namic advantages over oxidation of NAD�
dependent substrates of the Krebs cycle, and
despite preserving only two oxidation–phosphor�
ylation coupling sites, high reaction rates ensure
sufficient energy efficiency of the process in gen�
eral [16]. Activation of the alternative metabolic
pathways, which function as immediate compen�
satory mechanisms, allows preservation of the
supply of reducing equivalents to the cytochrome
segment of the respiratory chain, due to which the
electron transport function of MEC III and IV, as
well as ATP synthesis, at this segment remain
undamaged, thus ensuring the retention of the
energy�synthesizing function. This process is
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aimed at using the succinate–oxidase pathway of
respiratory substrate oxidation, which is more
efficient under hypoxic conditions, due to which
there occurs a compensation of the decreased rate
of oxidative transformations and ATP synthesis.
Besides, this process prevents metabolic acidosis,
which is characteristic of hypoxia, and therefore
increases the myocardial tolerance to oxygen defi�
ciency [14, 16]. Furthermore, since MEC II acti�
vation determines Ca2+ influx to mitochondria,
intramitochondrial reserves of this cation increase
to be used under conditions of hypoxia and
reduced myocardial efficiency [17].

If hypoxia evokes no functional reorganization
of the respiratory chain’s substrate segment, then
there occurs a drastic mitochondrial de�energiza�
tion: a decrease in the membrane potential, ATP
loss, changes in the adenine nucleotide pool,
impaired respiration associated with oxidation of
NAD�dependent substrates serving as electron
donors for MEC I. For this reason, switching of
the mitochondrial substrate oxidation pathways is
concomitant to virtually any types of hypoxia or
ischemia/reperfusion [14, 16, 18, 19].

According to the L.D. Lukyanova’s opinion
[9], reprogramming of the mitochondrial respira�
tory chain under hypoxia, which leads to switch�
ing of metabolic pathways from oxidation of
NAD�dependent substrates to succinate oxida�
tion, is due to the following reasons:

– sensitivity of succinate dehydrogenase (MEC
II) to the redox state of pyridine nucleotides and
the Fe–S cluster (MEC I + coenzyme Q), as well
as the ability of MEC II to be activated upon an
increase in their reduction degree under hypoxia
and to be inhibited upon their oxidation;

– limitation of oxalic acid inhibition which
suppresses the succinate�dependent respiration,
because under conditions of a high reduction
degree of the respiratory chain oxaloacetate (a
competitive SDG inhibitor) is reduced to malate
and its inhibitory effect on the enzyme decreases;

– kinetic advantage of succinate (a FAD�depen�
dent substrate) oxidation under conditions of high
NADH reduction (hypoxia) over NAD�dependent
substrates due to the fact that in this context flavins
are preserved in a more oxidized state;

– ability of succinate�dependent oxidation to
maintain a high delivery rate of reducing equiva�

lents to the respiratory chain and to provide a
maximum output of energy�rich compounds per
time unit; for the biological system, this is more
important than a high coefficient of performance,
as evaluated by the number of oxidation–phos�
phorylation coupling sites, which in this case
decreases.

During long�term adaptation to hypoxia, there
occurs transcriptional remodeling of properties of
the main MEC I subunits, as a result of which
MEC I recovers its ability to transfer electrons and
catalyze oxidative phosphorylation, which was lost
during immediate adaptation. While doing this, the
prevailing influence of succinate oxidase oxidation
on energy production and mitochondrial respira�
tion gradually decreases [14, 16, 19].

SIGNALING AND CARDIOPROTECTIVE 
ROLES OF SMALL CONCENTRATIONS OF 

MITOCHONDRIAL REACTIVE OXYGEN 
SPECIES

It is quite evident that the dysfunction of CM
mitochondria in hypoxia is in the focus of atten�
tion of contemporary medicine. However, when
tackling the problems of pharmacological correct�
ing CM disorders induced by a hypoxic or reper�
fusion injury to mitochondria, it should not be
forgotten that these organelles are highly adapted
to endogenous oxidative stress induced by period�
ical drops in the blood oxygen level and can thus
resist physiological loads associated with short�
term hypoxia [20]. During this process, the mech�
anisms of antioxidant defense and mitochondrial
DNA (mtDNA) protection in CM are activated,
and the mitochondrial respiratory control is
enhanced. At the same time, ROS production
increases, promoting mitochondrial biogenesis,
increased resistance of CM to extreme exposures,
and the induction of systemic metabolic cardio�
protection [1].

Intracellular ROS homeostasis is an indispens�
able requirement of normal proceeding of multi�
ple physiological and signaling processes, while
the excess intracellular level of free oxygen radi�
cals leads to oxidative stress, reduced cell viability
and even cell death [21–23].

When hypoxia and ischemia/reperfusion prog�
ress during myocardial reoxygenation, ROS pro�
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duction in CM drastically intensifies [23, 24].
This occurs due to a decrease in the ADP concen�
tration and impairment of the mitochondrial
electron transport chains (mainly at the MEC I
and III level [25]), as well as decrease in the pro�
duction of mitochondrial antioxidants, intramito�
chondrial accumulation of glutathione [26] and
synthesis of frataxin, a protein involved in the reg�
ulation of mitochondrial iron transport [27] and
responsible for the formation of the mitochon�
drial Fe–S cluster. Decreased frataxin synthesis
leads to an increase in the intracellular concentra�
tion of Fe2+, in the presence of which endogenous
hydrogen peroxide can generate a highly active
hydroxyl radical having a maximum cytotoxicity
among other ROS [28]. A decrease in the partial
pressure of oxygen in CM during ischemia, which
is accompanied by a conversion of oxidized Fe3+

into reduced Fe2+ [29], also promotes hydroxyl
radical production.

It is noteworthy that in many cases ROS�
induced dysfunction of CM and vascular endo�
thelial cells is accompanied or preceded by a dis�
turbance of Ca2+ homeostasis [30]. In these cells,
the major Ca2+ storage depot is the sarco/endo�
plasmic reticulum which contains up to 75% of all
intracellular Ca2+ reserves; the second most
important Ca2+ stores are mitochondria which
substantially contribute to agonist�induced Ca2+

mobilization [31]. Ca2+ ions enter mitochondria
mainly via an IMM uniporter and are extruded via
a Na+/Ca2+ exchanger (NCX) [31].

In vascular endothelial cells, mitochondria

tightly contact Ca2+ channels in the endoplasmic
reticulum (ER) and plasma membrane (PM). It
appears quite evident that endothelial mitochon�
dria, unlike their counterparts in CM, should be
of no considerable importance for cells, energy
demands of which are about 2/3 covered by
anaerobic glycolysis [32]. However, experimental
results indicate that mitochondria in endothelial
cells, exactly like in CM, perform important regu�
latory and signaling functions implemented with
the involvement of ROS, and that these functions
are disrupted during the development of cardio�
vascular pathology and surgical interventions.
Most apparent ROS�induced pathological alter�
ations in cells of the cardiovascular system arise

under hypoxia, and in case of ischemia under
reperfusion. The main sources of ROS during vas�
cular reperfusion are NADPH oxidases, xanthine
oxidase and the respiratory chain of mitochondria
themselves (MEC IV) [33]. Enhancement of free�
radical processes in endothelial mitochondria can
result in pathological mitochondrial division and
long�term elevation of the intramitochondrial

Ca2+ level associated with ROS�induced inhibi�
tion of the mitochondrial NCX exchanger and
structural/functional uncoupling of mitochondria
and the ER [34, 35].

The role of mitochondrial calcium in damaging
endothelial cells during reperfusion, likewise the
calcium�ROS interrelationship in endothelial
cells in general, represents an important, albeit
poorly studied, problem [29]. The available data
suggest that during reoxygenation there arise
ROS�initiated oscillations in cytosolic Ca2+ [36],
which, in turn, influence the mitochondrial state,
enhancing thereby the secondary generation of
ROS [37] and exocytosis of adhesive molecules
that aggravate endothelial dysfunction due to leu�
kocyte infiltration [38].

The negative influence of ROS on the vascular
endothelium is largely determined by a damaging
effect of oxygen radical on cell membranes. In
doing this, ROS can activate some ER and PM
channels, including IP3� and ryanodine�sensitive
ones, as well as a number of uncontrolled (non�
voltage�gated) Ca2+ entry channels of the TRP
superfamily, leading thereby to Ca2+ overload of
cells, increased IMM permeability, and eventu�
ally to programmed death of endothelial cells
[39–43].

However, as has already been mentioned many
times, in the cardiovascular system, ROS act not
only as damaging factors under conditions of
excessive intensification of free�radical oxidation,
but also play a protective role as inducers of redox�
sensitive cardiporotective signaling pathways, the
key components of which are the transcription fac�
tors HIF�1 (hypoxia inducible factor�1) and Nrf2
(nuclear factor erythroid�derived 2�related
factor 2). The structure and functions of HIF�1 as
a signaling molecule in adaptation to hypoxia was
described in our previous work [20]. Here we con�
sider the components of another, less studied,
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Nrf2�dependent signaling pathway that is acti�
vated under conditions of hypoxia and ischemia/
reperfusion, being targeted at cell protection from
injuries associated with hypoxia [44].

The transcription factor Nrf2 refers to a family
of DNA�binding proteins containing the leucine
motif, a so�called leucine zipper, and thus rep�
resents a basic leucine zipper transcription factor.
It is a major molecular regulator in the process of
intracellular antioxidant defense. Under oxidative
or electrophilic stress conditions, Nrf2 is translo�
cated to the nucleus [44], where it binds to the
antioxidant response regulators in promoters of
multiple genes responsible for the synthesis of
antioxidant defense enzymes and detoxication,
such as superoxide dismutase�1, glutathione
transferase, glutamate cysteinlygase, heme oxige�
nase�1 (HO�1), and others [45]. It was shown in
some studies that Nrf2 overexpression has a cyto�
protective effect, while the absence of its expres�
sion, by contrast, increases tissue sensitivity to
oxidative stress [45–50]. Despite the fact that
many types of structural abnormalities in cells and
tissues induced by oxidative stress relate to mito�
chondrial dysfunction, it was unknown until
recently whether Nrf2 protects mitochondria
form ROS�induced injuries. In this regard, the
studies which revealed the effect of Nrf2 on the
biogenesis and functions of mitochondria in CM
under oxidative stress conditions arouse special
interest. In these works, it was demonstrated that
Nrf2 overexpression prevents the development of
ROS�induced mitochondrial lesions, such as a
disruption of mitochondrial networks, loss of the
mitochondrial membrane potential, decrease in
cytochrome c expression. The localization of Nrf2
to the outer mitochondrial membrane suggests a
direct interaction of this transcription factor with
mitochondrial structural components in preserv�
ing their integrity and functional activity [44, 51,
52].

In in vitro and in vivo experiments on rats and
rabbits, the effect of Nrf2 on oxidative stress�initi�
ated mitophagy and cell death was investigated
both under acute myocardial injury and develop�
ing heart failure [44, 53–57]. It was established
that Nrf2 protects from destruction mtDNA and
proteins involved in mitochondrial biogenesis,
such as Drp1, Drp2, hFis�1, mitofusin 1, mito�

fusin 2, OPA1 [44, 53, 57], and also suppresses
proteotoxic necrosis of CM through promoting
autophagic clearance of toxic ubiquitized proteins
[58]. It was also established that Nrf2 expression
in CM decreases the degree of desadaptive left
ventricular remodeling in response to blood pres�
sure overload. At the same time, at the systemic
level, Nrf2 deficiency was accompanied by the
early onset of myocardial remodeling and subse�
quent development of heart failure [59, 60]. It is
worth noting that heart failure and other cardio�
vascular disorders could also result from muta�
tions in the Nrf2 gene itself or polymorphism of
Nrf2�regulated detoxication� and AOS�related
genes (its attenuated polymorphic forms) due to
long�term oxidative stress. This can serve yet
another proof of the importance of this transcrip�
tion factor for providing normal vital activity of
CM and mitochondria themselves under condi�
tions of hypoxia and ischemia/reperfusion [61,
62].

As a signaling molecule, Nrf2 can be involved
in signal transmission along the redox�dependent
signaling pathways, primarily the Akt/PKB/
mTOR (mammalian target rapamycin) pathway,
which plays a key role in cell physiology of the
cardiovascular system in the norm and in pathol�
ogy [63, 64]. Activation of mTOR complexes is of
great importance for myocardial cell survival
under ischemia. Specifically, there is evidence
that phosphorylated mTOR complexes, mainly
mTORC1, exhibit cardioprotective properties due
to suppression of autophagy and activation of
restorative processes in the ischemic myocardium
[64].

ROLE OF MITOCHONDRIAL POTASSIUM 
CHANNELS IN THE IMPLEMENTATION 
OF CARDIOPROTECTIVE EFFECTS OF 

ISCHEMIC PRECONDITIONING

In view of the critical role of potassium trans�
port in providing normal performance of mito�
chondria in CM, there is no doubt that developing
the measures to optimize intramitochondrial
potassium transport under conditions of ischemia
and ischemia/reperfusion is an important strategy
in metabolic cardioprotection and molecular
therapy. In normal physiology of CM, K+ trans�
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port in mitochondria is of great functional signifi�
cance [65], but its role increases many times
under hypoxia, when there occur drastic changes
in cellular metabolism of CM and activation of
the mechanisms of immediate cellular adaptation.

In mitochondria, there are several K+ transport
systems, including passive transport, although con�
sidering a high electrochemical potential    (~–200
mV at the mitochondrial matrix side), the rate of
such a diffusion would be low [66]. As for the spe�
cific transport systems, there exists a system of
electrogenic potassium entry into mitochondria
through the specific K+ channels and K+/Н+ anti�
porter [65, 67, 68], of which K+ channels are con�
sidered not only as components of the
mitochondrial transport system but also from the
viewpoint of applied medicine as major targets of
molecular therapy and prevention of aftereffects of
ischemia and especially reperfusion that arises
when blood supply returns to the ischemically
injured myocardial zone [65]. First of all, it is about
the mitochondrial ATP�sensitive K+ channels
(mitoKATP), interest in which was incited by the
discovery of the cardioprotective effect of intermit�
tent hypoxia, a phenomenon that received the
name of ischemic preconditioning [69].

Ischemic preconditioning (IP) is an adaptation
of the myocardium to ischemia, which develops
after several repeated transient episodes of isch�
emia/reperfusion and leads to the myocardial tol�
erance to a subsequent longer ischemic attack.
According to the literature, in some cases IP allows
preventing the development of myocardial infarc�
tion or, upon its development, providing a smaller
area of the infarction zone; IP also decreases the
probability of developing arrhythmias, including
those induced by reperfusion, and prevents devel�
oping left ventricular dysfunction [2].

Studies conducted until recently demonstrate
that the IP mechanism represents a cascade of
metabolic and signaling events that begins from
the activation of receptors by an ischemic stimu�
lus and includes consecutive signal amplification
and its transmission to the terminal effector tar�
gets, including the sarcolemmal and mitochon�
drial ATP�sensitive K+ channels [70].

When studying the molecular mechanisms of
IP, it was established that KATP channels that
open in the sarcolemma and mitochondria during

ischemia play a central role in the implementation
of protective effects of preconditioning. This was
proved by the fact that the cardioprotective effect
of IP can be completely blocked by KATP channel
inhibitors, such as glibenclamide and 5�hydrox�
idecanoate [71]. Initially, it is exclusively the sar�
colemmal KATP channels that were considered
responsible for IP, but later on it has become
obvious that a major role in the development of
this process is played by mitoKATP [65, 72]. Mito�
chondrial KATP channels are specifically opened
by pinacydil and diazoxide, while sarcolemmal
ones are opened by pinacydil only and blocked by
glibenclamide and 5�hydroxidecanoate, although,
in contrast to the latter, mitoKATP channels are
inhibited at far lower concentrations of the agents
[65]. For more information about the role of
mitoKATP channels in IP, their structure and reg�
ulation, see our previous work [2].

In this paper, we aim to attract attention to
high�conductance Ca2+�activated K+ channels
(BKCa) which represent another, poorly studied,
type of mitochondrial K+ channels involved in
the mechanism of cardioprotection [73].

Initially, studies were focused on the structure
of BKCa channels localized on the plasma mem�
brane. It was established that these channels are
characterized by a large conductance and sensi�
tivity to changes in the membrane potential and
intracellular Ca2+ concentration [74]. A study of
the structural and functional organization of
BKCa channels demonstrated that the channel
protein encoded by the Kcnma1 gene is formed
by four α�subunits comprising the extracellular
N�terminus, seven transmembrane domains (S0–
S7), and intracellular C�terminus. The voltage�
sensing domain includes S0–S4, while the chan�
nel pore and the selective filter are formed by the
S5–S6 linker [75, 76].

The intracellular C�terminus, being a longest
domain of the BKCa channel, contains two Ca2+�
sensitive regions known as regulators of K+ con�
ductance 1 and 2 (RCK1 and RCK2). Mutagene�
sis studies revealed that RCK1 contains two
aspartate residues (D362/D367) crucial for Ca2+

regulation, while RCK2 comprises five consecu�
tive aspartates in Ca2+�binding sites (“calcium
bowl”). A combination of these components suf�
fices for the activation of the BKCa channel at
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physiological Ca2+ concentrations [77, 78].
Besides Ca2+, BKCa channels can be activated by
millimolar Mg2+ concentrations. This activity of
the channel owes the presence of the Mg2+ sensor
representing a constellation of amino acid resi�
dues (D99, N172 and E374, E399) localized at
different channel α�subunits but interlinked by
electrostatic interactions [79].

Importantly, the Kcnma1 gene can undergo
extensive alternative splicing during transcription,
yielding several BKCa channel isoforms with dif�
ferent functional characteristics, including volt�
age� and Ca2+ sensitivity, subcellular localization
(including mitochondrial targeting), and
responses to phosphorylation and modulation by
arachidonic acid [80].

The first evidence that BKCa channels with a
conductance of about 300 pS (in 150 mM KCl)
are present on the IMM was obtained in the late
1990s [81]. The authors characterized the channel
using mitoplasts, i.e. mitochondria deprived of
the outer membrane and isolated from LN�229
glioma cells. Later on, mitochondrial BKCa chan�
nels (mitoBKCa) with similar conductances
(within the range from 200 to 307 pS) were also
found in other cell systems.

To date, it is well known that mitoBKCa and
pore�forming α�subunits of plasmalemmal BKCa
channels are encoded by the same gene (Kcnma1)
[82]. This explains why they share common basic
biophysical properties, including large conduc�
tance and similar responses to changes in the
membrane potential and [Ca2+]i, although it is
obvious that concrete values of their parameters
may differ. A comparison of the properties of
plasmalemmal BKCa channels and mitoBKCa in
human LN�229 glioma cells showed that conduc�
tance was 199 ± 8 pS in the former and 278 ±
10 pS in the latter. Although both channel types
are voltage� and Ca2+�dependent, their sensitivi�
ties were different [83]. In the inside�out configu�
ration, plasmalemmal BKCa channels displayed
low sensitivity to voltage, indicative of a low
degree of their opening (Po) even at high voltage
(Po < 0.1 at +80 mV and ~0.4 at 100 mV) and
application of 400 μM Ca2+ from the cytosolic
channel side, whereas the threshold (Po) of
mitoBKCa opening in the on�mitoplast configu�
ration and at the same Ca2+ concentration in the

medium reached Po ~0.6 already at a negative
voltage (–40 mV) [83]. Subsequently, it was
shown that different types of cells express mitoB�
KCa with different voltage� and Ca2+�sensitivity.

For example, mitoBKCa channels in guinea pig
CM displayed a highest Po ~0.9 at quite a broad
input voltage range (from –60 to +60 mV) and
Ca2+ concentration of 0.5 μM, which suggests
that their molecular composition (e.g., associa�
tion with auxiliary subunits) may considerably
differ from the analogs expressed in glioma mito�
chondria, in which Po is 0.5 at a Ca2+ concentra�
tion of 1 μM and input voltage of +41 mV (half�
activation voltage V1/2 = 41 mВ). The same vari�
ability also characterizes plasmalemmal BKCa
channels even within the same cell type [84].
Obviously, in order to understand what underlies
the variability and heterogeneity of BKCa chan�
nels, their biophysical and molecular characteri�
zation needs to be further detailed [80].

As mentioned above, interest in mitoBKCa
channels is associated mainly with the discovery of
their protective role in ischemia and reperfusion
[73]. The authors managed to demonstrate that
pharmacological preconditioning with the use of
the NS1619 agent, a BKCa channel activator, at a
concentration of 10–30 μM before the onset of
reperfusion led to ameliorate diastolic filling of the
left ventricle and to reduce the myocardial infarc�
tion zone. Both effects were abolished by 1 μM
paxilline, a selective BKCa channel inhibitor. The
viewpoint that activators of BKCa channels act
exactly on mitochondrial BKCa channels in CM is
supported by the following arguments: (1) NS1619
cannot interact with plasmalemmal BKCa channels
because mature cardiomyocytes are well known
not to express sarcolemmal BKCa [82, 85]; (2) K+

influx to mitochondria is accelerated in the pres�
ence of NS1619 and decelerated in the presence of
100 nM iberiotoxin, a selective BKCa blocker; (3)
the protective effect of preconditioning with
NS1619 is not associated with myorelaxation of
vascular smooth muscle cells, as the myorelaxation
effect triggered by BKCa activation is part of the
natural ion mechanism regulating vascular tone
under hypoxia. Subsequent studies confirmed the
above viewpoint [80]. Moreover, in a number of
studies it was proved that the protective effect of
preconditioning mediated by activation of BKCa
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channels is due to the role of the latter in maintain�
ing the normal (physiological) level of ROS and
hence preventing the development of oxidative
stress and disturbance of Ca2+ homeostasis [82,
85]. A direct measurement of the mitochondrial
Ca2+�binding ability revealed that the protective
effect of pharmacological preconditioning by
NS1619 was lacking in Kcnma1 knockout mice
[82]. In other experiments, it was shown that the
application of iberiotoxin also led to decrease the
mitochondrial Ca2+�binding ability [87]. These
results imply that activation of BKCa channels can
to a certain extent protect mitochondria from
uncontrolled opening of MPT pores under hypoxia
[87]. The mechanism of coupling BKCa channels
with nonselective Ca2+ pores in the IMM is still
unclear, the more that on mitochondria such stud�
ies have not ever been conducted. However, as has
been shown in studies conducted on mitochondria
from brain cells (close to CM in the intensity of
energy metabolism and the level of oxygen con�
sumption), inhibition of mitoBKCa by iberiotoxin
decreased the amount of Ca2+ needed to depolar�
ize mitochondria and thereby increased the degree
of MPT pore opening [88]. At the same time, the
release of cytochrome c, a marker of MPT pore
opening and apoptosis, from mitochondria
increased [87]. It was suggested that a key protein
that drives the interaction of mitoBKCa channels
and MPT pores is a proapoptotic protein Bax (Bcl�
2 associated protein X) which directly binds to
mitoBKCa channels, decreasing thereby their
activity and triggering opening of MPT pores [87].

Summarizing the above�said, it is safe to say
that mitoBKCa channels play an important role in
cardioprotection and, along with the more studied
mitoKATP channels, should be considered as
promising molecular objects for cardioprotection
and target therapy of ischemic heart disease.
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