
Changes in the functioning of cells in different phys-

iological and pathological states of an organism by the

action of various endogenous and exogenous factors lead

to the formation of adaptive or pathological responses.

The main pathogenetic event under oxygen deficiency of

tissues in the organism is damage to mitochondria (MC),

which is accompanied by the impairment of energy sup-

ply and antioxidant protection, as well as the disruption of

membrane stability due to enhanced formation of lipid

peroxidation products [1-6]. Experimental studies per-

formed under hypoxic conditions have led to the conclu-

sion that one of the first organelles being attacked is MC,

which are the most sensitive to unfavorable impacts [7, 8].

MC are constantly reparable cell structures. Of great

importance for the normal functioning of MC under

hypoxic conditions is their intracellular distribution,

which depends on their interaction with cytoskeletal

structures [9-11].

The localization of MC in the cell is controlled by

external and internal factors, and it can change during

their migration by means of motor proteins along micro-

tubules and actin filaments [8-15]. In the cell, MC form

a highly dynamic reticulum in which continuous remod-

eling occurs. The quality of MC in tissues is controlled by

a balance between the removal of damaged MC through

mitophagy and the generation of new full-value

organelles as a result of their division and activation of

biogenesis [7, 8, 11]. According to the literature, one of

the factors inducing changes in the dynamic equilibrium

of the mitochondrial apparatus of the cell is oxidative
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Abstract—The ultrastructure and spatial localization of mitochondria (MC) in the myocardium of rats exposed to a 30-min

hypoxic hypoxia were investigated. The mitochondrial structure was found to undergo changes; however, marked necrotic

injuries were not observed. Changes occurring in the myocardium are aimed at the intensification of energy processes. This

shows up as an increase in the number of MC in the subsarcolemmal zone of the myocardium and changes in the surface of

the sublemmal membrane due to its bending around mitochondria, which improves the diffusion of oxygen into MC. In

addition, the division of MC is enhanced, which partially explains the increase in their total number. In structurally altered

MC with intact membrane, electron dense formations with small diameter appear, which probably represent newly formed

organelles (microMC). In normoxia, changes of this kind do not occur. It was found that the ATP-dependent K+ channel

is involved in the regulation of the morphological state of MC under hypoxic hypoxia. The activator of the channel diazox-

ide increases the number of newly formed microMC, and the channel inhibitor 5HD significantly prevents their formation.

Possible mechanisms of structural and dynamic changes in rat myocardial MC under acute hypoxic hypoxia are discussed.
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stress [4, 5, 13]. Changes in the dynamics of MC under

prolonged stress and acute hypoxic hypoxia of different

genesis lead to the development of mitochondrial dys-

function: a decrease in the maximum respiration rate and

ADP-stimulated oxygen uptake, as well as a substantial

reduction in the activity of creatine kinase and the level of

cytochrome c. The antiapoptotic protein Bcl-2 is translo-

cated from the inner to the outer mitochondrial mem-

brane [4, 6, 10].

MC have a specific localization in cardiomyocytes

that is essential for the functioning of such a power-con-

suming organ as the myocardium. As the conditions of

the cell life vary, the cytoskeletal elements providing the

translocation of MC to regions where O2 diffusion pro-

ceeds more easily undergo strong changes [10-12]. The

mechanism of this phenomenon is still unclear, although

its understanding is of importance for the elucidation of

the reasons for changes in energy metabolism.

Disorders in the “correct” distribution and transport

of mitochondria may lead to pathological states, in par-

ticular, the development of tissue hypoxia. One of the

most frequent manifestations of cell injury induced by

unfavorable factors, among them oxygen deficiency of

different genesis, is an increase in the volume of the mito-

chondrion (swelling). In addition, under extreme condi-

tions, MC can grow, divide, and reach giant sizes exceed-

ing sometimes the size of the nucleus to form megamito-

chondria [6-8, 16, 17].

Recently, specific changes in the structure of MC of

cardiomyocytes during long-term incubation (6-72 h

at 20°C) of heart pieces in medium depleted of O2 were

revealed [16]. In these in vitro experiments, microMC

with diameter of 0.15 µm were found as structurally dam-

aged organelles [18, 19].

It was shown that newly formed microMC totally or

partially inherited the functions of “parental” MC; thus,

they showed cytochrome c activity typical of normal MC

[18]. Researchers consider this phenomenon as one of the

pathways of apoptotic changes in MC, which enables one

to interpret apoptosis as a dual “self-destruction–self-

creation” process [18-21]. The mechanisms responsible

for these ultrastructural changes in MC remain obscure.

It is known that the mitoKATP is involved in the pro-

tection of the myocardium in ischemia and the adapta-

tion of an organism to hypoxia [22-24]. Many investiga-

tors have cast no doubt on the occurrence of this channel

(see reviews [25, 26]). However, because of the lack of

reliable evidence on the channel structure, one could not

be quite sure of this [27]. Recently, some works have

reported on the identification of the mitoKATP structure.

It was found that it is similar to the structure of the renal

outer medullary potassium channel (ROMK), which

belongs to the family of potassium inward rectified (KIR)

channels [28]. In addition, it was shown by immunocyto-

chemical assay using electron microscopy that KIR chan-

nels are localized in MC [29].

The goal of the present work was to study changes in

the localization and ultrastructure of MC in cardiomyo-

cytes of animals exposed in vivo to 30-min AHH. We

found that AHH induces changes in the MC ultrastruc-

ture that contribute to the enhancement of energetic

processes and the adaptation of the animals. We show that

mitoKATP is involved in the regulation of these changes in

mitochondrial structure.

MATERIALS AND METHODS

Reagents. Glutaraldehyde, uranyl acetate, and lead

citrate were from Sigma (USA), Epon-araldite was from

Fluka (Switzerland), and diazoxide and 5-hydroxyde-

canoate (5HD) were from Schering (USA).

Thirty-four adult white laboratory male rats of the

Wistar line weighing 220-300 g were used. The control

group consisted of eight animals.

AHH was created in a hermetic chamber (10 liters)

using a mixture of gases containing 7% oxygen in nitro-

gen; a rat was placed inside the chamber for 30 min. The

CO2 released by the rat was absorbed by calcined soda

lime. From decrease in oxygen concentration in the air

expired by the animal, it is possible to determine the

adaptive potential of the organism at the tissue and cell

levels [30].

The activity of the mitoKATP was changed using a

selective activator of mitoKATP, diazoxide (0.3 mg/100 g

of body weight), or/and the selective inhibitor 5-hydroxy-

decanoate (5HD) (0.5 mg/100 g of body weight) [31].

The preparation was injected intravenously to animals 1 h

prior to the hypoxia treatment. Tissue samples for elec-

tron microscopic examination were taken 90 min after the

injection of the preparations and 30 min after the onset of

hypoxia.

After the termination of the exposure to hypoxia, the

rat was decapitated under weak ether narcosis, and tissue

pieces of apex cordis were taken. The material was imme-

diately fixed by 2.5% glutaraldehyde in 0.1 M phosphate

buffer, pH 7.4. Then the material was additionally fixed

using the Kolfield reagent (based on a 2% solution of

OsO4 in 0.1 M phosphate buffer, pH 7.4). The material

was dehydrated in alcohols of increasing concentration,

absolute alcohol, and acetone, followed by embedding in

Epon-araldite, which was carried out by a standard

method [32].

Ultrathin sections 40-60 nm thick for the electron

microscopic examination were contrasted with a 1%

uranyl acetate and lead citrate solution by the method of

Reynolds [33]. Samples were examined on electron

microscopes JEM 100CX (JEOL, Japan) and PEM-123K

(Sumy, Ukraine).

Morphometric and stereometric parameters − total

number of MC, number of structurally altered MC, mean

diameter of MC, area of MC, and total surface of mito-
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chondria per unit volume of tissue (Si tot) − were deter-

mined on 130-150 fields for each exposure using the

Image Tool Version 3 (USA) program for morphometric

calculations.

The experiments with were conducted in accordance

with the European Convention for the Protection of

Vertebrate Animals Used for Experimental and Other

Purposes (Strasbourg, 1986) and the ethical principles

formulated in the Helsinki Declaration of 2000.

The data were statistically processed with the aid of

the Microsoft Excel 2003 program (USA) using Student’s

t-test and Fisher’s ϕ-test. The differences between means

were considered significant at p < 0.05.

RESULTS

Figure 1 shows typical changes of MC in cardiomyo-

cytes after the exposure of a rat to 30-min AHH. Necrotic

changes in MC are poorly pronounced. In SS MC, they

were two times more frequent and amounted to 19.8% of

the total changes. Necrotic changes in IMF MC were no

more than 9.4%. In the myocardium of control animals,

necrosis of MC was observed in 2.8% of SS MC and in

5.0% of IMF MC.

The study of the mitochondrial ultrastructure in

myocardium under AHH showed an increase in the num-

ber of both SS MC and IMF MC; the increase in the

number of SS MC was more marked than that of the IMF

subpopulation (2.7 and 1.9 times compared with control,

respectively). The diameter of MC increased due to an

increased permeability of mitochondrial membranes

under hypoxic conditions (table). The mean area of MC

increased on average by 70% in IMF MC (from 7726 ±

118 to 13,135 ± 146 arbitrary units, p < 0.05) and by 50%

in SS MC (from 4864 ± 83 to 7297 ± 122 arbitrary units,

p < 0.05). Together with the activation of MC morpho-

genesis, the changes in both characteristics led to an

increase in the total surface of mitochondria per unit vol-

ume of tissue (table).

The number of structurally altered MC predomi-

nantly increased in IMF MC. In addition, the mean

diameter of all MC increased 1.5-1.8-fold; as a result, the

total surface of MC increased by 30.9-79.5% depending

on the subpopulation of organelles (table). The SS MC

often occupied the whole field of vision of the microscope

and acquired rounded shape (Fig. 2a). Along with an

increase in the number of MC, invaginations of the sar-

colemmal edge of cardiomyocytes containing MC were

often observed (Fig. 2b), which provides higher efficiency

of oxygen diffusion into MC. In control experiments,

neither an increase in the number of SS MC nor the

invaginations of sarcolemma were observed (Fig. 2c).

Under hypoxic conditions, a significant number of

the MC that underwent ultrastructural changes contained

small (predominantly 10-50 nm; maximum diameter

about 0.01 µm) optically dense formations structurally

reminiscent of intact MC (Fig. 3a). It should be noted

that these formations appeared in MC with unaltered

cristae rather than in clarified MC with a smaller number

of cristae. These structures, which we found in in vivo

experiments, resemble the structures recorded earlier in in

vitro experiments in MC of heart pieces under long-term

anoxia [18, 20]. The authors of those publications named

these structures microMC. We were the first to detect for-

mations of this kind in in vivo experiments. We traced the

stages of the formation of microMC under hypoxic con-

ditions, and it turned out that they correspond to the pre-

viously described “mitochondrial conveyer”, which

occurs during the formation of MC in body tissues [7, 8].

In some MC, a few newly formed microMC were detect-

ed (Fig. 3a). In a part of MC containing no microMC

grooves appeared, which indicated the division of mito-

chondria and which should ultimately lead to an increase

in the number of functioning MC (Fig. 3a). It should be

emphasized that dividing MC occur in the field of vision

of the microscope much more frequently under hypoxia

than in the control myocardium (data not shown).

To clarify the mechanism of microMC formation, we

studied the role of mitoKATP, modulators on this process

while taking into account the earlier observed cardiopro-

tective effect of channel activators [22, 23, 25]. As seen in

Fig. 4, microMC were not detected in MC in normoxia,

whereas under hypoxic conditions microMC were pres-

ent in 27% of MC. The injection of the activator of the

mitoKATP diazoxide 1 h prior to the creation of hypoxia

increased the number of organelles containing microMC

to 36%, whereas the inhibitor of the channel 5HD almost

completely prevented their formation (the number of MC

with microMC decreased to 8%).

Fig. 1. Structural changes in subpopulations of mitochondria of

cardiomyocytes under acute hypoxic hypoxia. The data are given

in percent; the total number of morphologically altered MC is

taken as 100%. MI, mitoptotic changes; NE, necrotic changes;

NEP, changes toward normalization of energetic processes; SS

MC, subsarcolemmal population of mitochondria; IMF MC,

intramyofibrillar population of mitochondria, p < 0.05.
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DISCUSSION

The study of the ultrastructure and spatial localiza-

tion of MC in the myocardium after a 30-min AHH

revealed no significant necrotic injuries of the MC. On the

contrary, morphological changes occurred that are com-

monly supposed to enhance the compensatory potential of

the mitochondrial apparatus of cardiomyocytes and nor-

malize energetic processes (Fig. 1). Thus, moderate

swelling (by 25% from the initial diameter), the formation

IMF

0.76 ± 0.07

1.35 ± 0.12**

SS

0.50 ± 0.04

0.74 ± 0.09*

IMF

2.7 ± 0.4

21.2 ± 3.3**

SS

4.1 ± 0.6

26.8 ± 4.7**

IMF

8.4 ± 1.1

16.0 ± 2.3*

SS

12.5 ± 1.6

33.7 ± 3.4**

Experimental
conditions

Control (a = 150)

Hypoxia (a = 140)

IMF

6.8 ± 0.9

8.9 ± 0.7*

Morphometric and stereo-isometric characteristics of mitochondria in the myocardium under acute hypoxic hypoxia

(M ± m, n = 10)

SS

8.3 ± 0.8

14.9 ± 1.6*

Total mitochondria,
unit/µm2

Structurally altered
mitochondria, %

Mean diameter
of mitochondria, µm

Total surface
of mitochondria in unit
volume of tissue, µm2

Note: a is the number of regions randomly chosen for calculations.

* Differences are significant relative to control values (p < 0.05).

** Differences are significant relative to control values (p < 0.01).

Fig. 2. Structural features of subsarcolemmal population of mitochondria under acute hypoxic hypoxia. a, b) MC in invaginations of the

sarcolemmal edge of cardiomyocytes under AHH; c) subsarcolemmal population of mitochondria (SS MC). SL, sarcolemma; MF, myofib-

rils; ×8200.
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of vesicular, arched, and annular cristae, as well as their

anastomosis were observed [17, 34]. Under these condi-

tions, the cardiomyocyte mobilizes their capacity to

improve oxygen diffusion into the cell and increase the

energetic potency of the MC. This makes itself evident

primarily as an increase in Si tot, which is more pro-

nounced in SS MC compared with IMF MC (1.8- and

1.3-fold, respectively) (table). This parameter is of

importance since it reflects the total length of mitochon-

drial membranes localized in a unit of the myocardial tis-

sue [35].

Because the main function of MC, namely energy

supply, depends on the work of respiratory enzymes, which

are bound to membranes, the length of mitochondrial

membranes may be an indirect indicator of the capability

of MC to participate in the energy metabolism of cells. In

this case, the total number of MC increases (which is more

pronounced in SS MC) due to both enhanced division of

MC and the formation of new organelles (Fig. 3). The

greater extent of the above-described changes in SS MC

may be related to the mode of impact since the major

pathogenetic factor under hypoxia is deficient oxygen sup-

ply. Therefore, it is MC localized near the sarcolemma that

should undergo changes providing more intensive capture

of oxygen from blood and an enhancement of the energetic

potential of the cell.

In addition, it follows from our calculations that the

percentage of MC with altered ultrastructure in this

model of hypoxia was in IMF MC higher than in SS MC

(8.0- and 6.5-fold, respectively) (table). The data of the

present work do not support the idea that SS MC are

more heavily damaged under unfavorable conditions [4,

7, 8], which is quite logical since IMF MC are more

remote from the capillary, and the oxygen deficit in this

subpopulation is more pronounced.

The changes in the morphometric and stereometric

characteristics of both mitochondrial subpopulations

under hypoxic conditions show that the compensatory

potential of MC of cardiomyocytes can also manifest

itself in significant structural changes.

As it was found, SS MC often occupied the whole

field of vision of the microscope and became rounded

(Fig. 2a). Some investigators consider these changes as

one of the initial stages of apoptosis when cell shrinkage

occurs: the cell decreases in size, the cytoplasm becomes

denser, and organelles that appear relatively normal are

arranged more densely. It is assumed that the changes in

the form and volume of the cell result from the activation

of transglutaminase in apoptotic cells and are character-

Fig. 4. Changes in the number of microMC in cardiomyocytes

upon modulation of the mitoKATP: 1) control; 2) hypoxia; 3)

hypoxia + diazoxide; 4) hypoxia + 5HD. The differences are sig-

nificant relative to hypoxia; in both cases, p < 0.05.
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istic of the receptor-dependent (non-mitochondrial)

pathway of apoptosis [13, 34, 36, 37].

We are inclined to relate the hypoxia-induced

increase in the number of MC near the cytoplasm not to

the activation of apoptosis but to the necessity of afford-

ing optimal energy metabolism in the myocardium. We

believe that the changes in cell morphology detected

under hypoxia at sites of O2 diffusion from the blood of

capillaries (Fig. 2, a and b) are regulated by the active

functioning of cytoskeletal systems, in particular, inter-

mediate desmin and vimentin filaments capable of hold-

ing MC in strictly defined places [12, 15, 38].

The formation of MC with the so-called vesicular

structure of cristae (Fig. 2a) is worthy of notice. As a

result of the formation of arched and annular cristae and

their anastomosis, one end of a crista comes in contact

with the outer mitochondrial membrane. This is a neces-

sary condition for the effective functioning of the crista

[6]. Therefore, the appearance of vesicular cristae may be

evidence for the switching at the cellular level of compen-

satory and adaptive mechanisms promoting either the

retention or an increase in the energy-forming surface of

cristae under hypoxic conditions.

The structural changes observed at the initial stage of

hypoxia, which provide the optimization of energy

metabolism, can explain, to a certain degree, the con-

structive effect of training with hypoxia, which is known

to contribute to the normalization of energy metabolism

under unfavorable conditions.

The experiments with a 30-min hypoxia showed that

a great portion of MC with ultrastructural changes con-

tained small optically dense formations structurally simi-

lar to intact MC (Figs. 3a and 3b). Sometimes, two to

three formations were seen in one MC (Fig. 3a). They

resembled structures found in MC in in vitro experiments

with heart pieces incubated for a long time (6-72 h at

20°C) under anoxic conditions, which were called

microMC [18, 20]. We proposed that this is a random

process; a necessary condition for the formation of

microMC is the concentration of an appropriate plastic,

genetic, and energetic material in one place. It is for this

reason that some MC contain a few newly formed

microMC, and in other organelles, these structures are

absent, which is consistent with the well-known fact of

the heterogeneity of MC.

Because our experiments were carried out under in

vivo conditions, the origination of microMC can be con-

sidered as one of the pathways aimed at the retention of

the energetic potency of the mitochondrial apparatus

under hypoxia. The examination of the effect of known

drugs protecting the heart against ischemia, namely

mitoKATP modulators, led to the same conclusion [22-24].

Because the channel activator diazoxide, which protects

the heart against hypoxia [26, 28], enhanced the forma-

tion of microMC, and the channel inhibitor 5HD, which

abolishes the cardioprotecting effect of diazoxide [23, 25,

31], prevented their formation (Fig. 4), we assume that the

origination of microMC is a positive antihypoxic factor.

Until the present time, the mechanisms responsible

for the formation of microMC remain poorly understood

[19]. Another type of morphological changes, the frag-

mentation of MC, has been well studied at the molecular

level, especially on yeasts. Proteins responsible for the

fusion and division of MC have been isolated [39, 40].

However, the data obtained in this study indicate that,

under the conditions of our experiments, not the frag-

mentation but the formation of new microMC inside

altered “parental” MC takes place. Saprunova and coau-

thors [18, 20] as well as the researchers of our group

showed that during the formation of microMC, the outer

and inner mitochondrial membranes remain intact.

Thus, 30-min AHH induces structural and dynamic

changes in rat myocardial MC, which indicates the initi-

ation of compensatory processes in these organelles.

Upon significant structural changes in MC, owing to the

constructive and training effects of hypoxia, the

myocardium acquires the capacity for normalization of

energy metabolism. The results of this study suggest that

the mitoKATP is one of the regulators of the morphologi-

cal state of MC under hypoxia, which may explain the

known cardioprotective effect of its activators.

This work was supported by the Government and the

Ministry of Education of the Russian Federation (proj-

ects No. 14.Z50.31.0028 and DPNNiT No. 2014/281/
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