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Mitochondria are a key player in a wide range of the most important functions of the cell. Calixarenes
are supramolecular compounds that have been widely used in bioorganic chemistry and biochemistry. The
aim of this work was to study the effects of calix[4]arenes with two (C-1012, C-1021), three (C-1023, C-1024)
and four (C-1011) chalcone amide groups on the myometrial mitochondria membranes polarization, Ca*
concentration in the matrix of these organelles ([Ca**] ) and on the average hydrodynamic diameter of mito-
chondria. It was shown that permeabilized myometrium cells incubation with calix[4]arenes containing two
or more chalcone amide groups, was accompanied by an increased level of myometrial mitochondria mem-
branes polarization. All studied calix[4]arenes increased [Ca**] values in the absence and in the presence of
exogenous Ca*". The values of [Ca**] in the absence of exogenous Ca** were higher at mitochondria incuba-
tion in Mg?*-containing, than in Mg®*,ATP-containing medium. Incubation of isolated mitochondria with the
studied calix[4]arenes resulted in changes of mitochondria volume: at incubation with C-1012, C-1021, C-1023
the average hydrodynamic diameter was decreased, while with C-1011 it was increased. Thus, we have shown
that a short-term (5 min) incubation of mitochondria in the presence of 10 uM calix[4]arenes, which contain
from two to four chalcone amide groups, increased the level of mitochondria membranes polarization, ionized
Ca concentration in the matrix and had different effects on the mitochondrial volume.

Keywords: myometrium, mitochondria, [Ca*] , Mg*, ATP, calix[4]arene chalcone amides.

itochondria play a significant role in a
M wide range of the most important func-
tions of the cell, such as Ca?* signaling,
apoptosis, adaptation to stress, steroidogenesis, and

concentration in the mitochondria matrix is accom-
panied by two opposite effects. On the one hand,
Ca?" activation of mitochondrial metabolism through
stimulation of the Krebs cycle and the activity of the

aging [1, 2]. Disruption of the mitochondria func-
tioning is a key element in age-dependent diseases,
neurodegenerative disorders and various forms of
cancer [2]. Channels and transporters of ions and
metabolites through the mitochondrial membrane
were directly involved in the regulation of mitochon-
drial functions and control of the cell metabolism.
The capacity of the mitochondria to accumulate the
Ca?* is known from 60 years of XX century [3], but
the molecular mechanisms and significance of the
Ca?* accumulation in the mitochondria have been
clarified much later [4]. An increase in ionized Ca

respiratory chain leads to an increase in the syn-
thesis of the ATP. On the other hand, mitochondria
Ca? overloading leads to the opening of the mito-
chondrial permeability transition pore, the release
of cytochrome c, and as a result, cell death [4]. So
searching compounds that can affect the exchange
and Ca*" concentration in the mitochondria matrix
is a strategic task of modern biochemistry.

The level of mitochondria membranes polariza-
tion is an important parameter in their functioning -
most transport processes in these organelles are po-
tential-dependent. In particular, mitochondrial Ca?*
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transporting systems are potential-dependent [5-7].
Consequently, affecting the level of mitochondrial
membranes polarization could regulate the Ca?* con-
centration in the mitochondria matrix.

Calixarenes represent supramolecular com-
pounds with a unique three-dimensional structure
that can be easily functionalized with different
chemical groups at either the upper or lower rim.
Calixarenes have been used as important tools
for investigations in bioorganic chemistry and
biochemistry [1, 8-11]. Why are calixarenes so wide-
ly investigated and used? Firstly, due to its hydro-
phobic properties, they are able to dissolve in cell
lipids, which provide them with the role of biologi-
cally active compounds carriers. Secondly, there is
the possibility to bind to calixarenes functionally ac-
tive groups in varying quantities. Chalcone amides,
members of flavonoids, have a wide range of bio-
logical activity [12-16]. This led to a great interest of
researchers in exploring the possibility of chalcones
using as pharmaceutical preparations at various
pathological conditions [12-14, 17].

In previous works, we showed that calix[4]arene
chalcone amides (named C-136, C-137 and C-138)
were able to influence on the level of mitochondria
membrane polarization [1] and Ca?" concentration in
the myometrial mitochondria matrix [10]. Experi-
ments were conducted using calix[4]arenes C-136
and C-137, that possess two chalcone amide moie-
ties at the lower rim and the calix[4]arene C-138
with one such group. Naturally raised the question
of whether to increase the effect of calix[4]arene on
the investigated processes with the change of the
relative location of the chalcone amide groups and/
or increasing their number at the calix[4]arene lower
rim.

Thus, the aim of this work was to continue the
study of the calix[4]arene chalcone amides effects
on the myometrial mitochondria membranes po-
larization level, Ca?* concentration in the matrix of
these organelles and on the average hydrodynamic
diameter of mitochondria. Calix[4]arenes with two
(C-1012 and C-1021), three (C-1023 and C-1024)
and four (C-1011) chalcone amide groups were
studied. The structural formulae of investigated ca-
lix[4]arenes are presented in Fig. 1.

Materials and Methods

Calix[4]arene chalcone amides were syn-
thesized by the previously described scheme [18]
from the corresponding ethyl esters. At the first

stage, the esters were hydrolyzed in the alkaline
medium to carboxylic acids, which were con-
verted to chlorides by the reaction with chloride
oxalyl in dry chloroform. The interaction of the
latter with 4’-aminochalcone in the presence of tri-
ethylamine led to the target calixarene chalcone
amides. The pure products were isolated at 60-75%
yield after column chromatography. Such esters
were used as starting materials: 25,26,27,28-tet-
ra (ethoxycarbonylmethoxy)calix[4]arene[18]
for the preparation of C-1011, 25,26-dipro-
poxy-27,28-bis(ethoxycarbonylmethoxy)calix[4]-
arene[19] - for C-1012, 25,27-dipropoxy-26,28-
bis(ethoxycarbonylmethoxy)calix[4]arene[19] - for
C-1021, 25-hydroxy-26,27,28-tri(ethoxycarbonyl-
methoxy)calix[4]arene[18] - for C-1023 and 25-pro-
poxy-26,27,28-tri(ethoxycarbonylmethoxy)calix[4]-
arene[18] - for C-1024.

The effects of calix[4]arenes C-136 and C-137,
which contain two distal-placed chalcone groups,
were presented in the previous papers [1, 10]. In
the C-137 structure, two other phenolic hydroxyls
remain free, whereas in compound C-136 they are
replaced by propyl groups.

The calix[4]arene C-1021 is an analogue of the
C-136 compound, but has nitro groups (-NO,) in the
para-position of the terminal phenyl rings.

The calix[4]arene C-1012 also has two chalcone
groups, but they are located proximally. Two other
hydroxyls are replaced by propyl groups.

The calix[4]arenes C-1023 and C-1024 contain
three chalcone groups. In the molecule C-1023 the
hydroxyl group remains free, and in C-1024 it is re-
placed by propyl group.

The calix[4]arene C-1011 has four chalcone
groups.

All manipulations with animals were carried
out according to “European Convention for the Pro-
tection of Vertebrate Animals used for Experimen-
tal and Other Scientific Purposes” and the law of
Ukraine “On protection of animals from cruelty”.
Rats were kept under the stationary vivarium condi-
tions at the constant temperature and basic allowan-
ce. Animals were narcotized with chloroform and
then sacrificed using cervical dislocation. The uterus
was eliminated rapidly. All procedures were execu-
ted separately from the other rats.

Experiments were conducted on two biochemi-
cal models: isolated myometrial mitochondria and
permeabilized myometrial cells.

Nonpregnant rat myometrium mitochondria
were isolated using a differential centrifugation
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C-1011

Fig. 1. Calix[4]arene chalcone amides structural formulae: A — two, B — three, C — four chalcone amide
groups

method [20]. The obtained preparation was suspen- The concentration of the mitochondrial protein in the
ded in a solution (at 4 °C) with the following compo- sample was 25 pg/ml.

sition (mM): sucrose — 250, EGTA — 1, Hepes — 20; Nonpregnant rat myometrium cell suspension
pH 7.4. The protein concentration of the mitochon- was isolated using collagenase method [22].

dria fraction was determined by Bradford assay [21].
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The polarization of mitochondria membranes
was investigated using potential sensitive probe
0.1 uM TMRM (tetramethylrhodamine-methyl-es-
ter, A, = 540 nm, A, = 590 nm) and COULTER
EPICS XL™ flow cytometry (Beckman Coulter).
The studies were carried out in a medium containing
(mM): KCI - 125, NaCl - 25, K*-phosphate buffer —
2, sodium succinate — 5, Hepes — 20; pH 7.4. Digi-
tonin (0.1 mg/ml) was added to each sample tube in
order to permeabilize cell plasma membranes. Cells
suspension was incubated with 0.1 uM TMRM at
room temperature during 5 min and the distribution
of fluorescent due was analyzed immediately. Each
estimation was the average fluorescence intensity of
10 000 events. The data were presented in arbitrary
units that were calculated as “average fluorescence
intensity of the sample” minus “average fluores-
cence intensity of the sample after 1 uM CCCP ad-
dition”.

Changes in the ionized calcium concentration
in the mitochondria from rat myometrium were
investigated using the QuantaMaster™ 40 spectro-
fluorimeter (Photon Technology International) and
the fluorescent probe Fluo 4AM (A, = 490 nm,
A, = 520 nm). Myometrium mitochondria were
loaded with 2 uM Fluo 4AM for 30 min at 37 °C in
a medium with following composition (mM): suc-
rose — 250, EGTA - 1, Hepes — 20, pH 7.4. There-
after, the suspension of mitochondria was diluted
(1 : 10) by the same medium containing no fluores-
cence probe followed by centrifugation. The pellet
was resuspended in the same medium containing
no fluorescence probe. The studies were carried out
in a medium containing (mM): sucrose — 250, K*-
phosphate buffer — 2, sodium succinate — 5, MgCl, —
3, +ATP - 3, £CaCl, - 0.1, Hepes — 20; pH 7.4. The
concentration of the mitochondrial protein in the
sample was 25 pg/ml. The testing of each sample
was completed by adding 0.1% Triton X-100 and, in
1 min, 5 mM EGTA (fluorescence intensities F___
and F_. , respectively). The concentration of ionized
Ca in the mitochondria matrix was calculated using
the Grynkiewicz equation [23]. The concentration of
calix[4]arenes in the sample was 10 uM.

The hydrodynamic diameter of mitochondria
was investigated using the dynamic light scattering
method. The studies were carried out in the same
medium as it was for the ionized calcium concen-
tration testing. Isolated mitochondria were incuba-
ted without (control) or with studied calix[4]arenes
during 5 min and after this hydrodynamic diameter
was tested.

In the study the following reagents were used:
EGTA, Hepes, trifluoperazine, protonophore CCCP,
D(+)-sucrose, ATP, (Sigma, USA); Ca?-sensitive
probe Fluo 4AM, potential-sensitive probe TMRM
(Invitrogen, USA); digitonin (Merck, Germany) and
other chemicals of domestic production of analytical
or reagent grades.

Results and Discussion

The polarization of mitochondria membranes
was investigated using potential sensitive probe
TMRM and flow cytometry. The cell suspension was
incubated in the standard medium containing 0.01%
digitonin. Permeabilization of the plasma membrane
with digitonin excludes the contribution of its polari-
zation to the probe signal and it ensures the entrance
of the medium components into cells. As can be seen
from Fig. 2, autofluorescence of cells could be re-
corded upon their introduction into the incubation
medium (Fig. 2, blue line). Then, cells incubation
with fluorescence dye TMRM leads to an increase
in the fluorescence intensity, which is evidenced by
the right-hand shift of the signal (Fig. 2, red line).
So, accumulation of the positively charged probe in
mitochondria was observed which evidenced polari-
zation of the internal membrane of these organelles.
Further introduction of CCCP into the incubation
medium with cells loaded with TMRM led to a de-
crease in the fluorescence intensity, which evidenced
exit of the probe from mitochondria due to mem-
brane depolarization (Fig. 2, green line).

The influence of calix[4]arenes with two
(C-1012 and C-1021), three (C-1023 and C-1024) and
four (C-1011) chalcone amide groups on myomet-
rial mitochondria membrane potential were studied.
Myometrium cell suspension was preincubated with
calix[4]arenes (10 uM) for 5 min in the incubation
medium (see Materials and methods section) in the
presence of 0.1 mg/ml digitonin. In the case of con-
trol samples, the incubation was performed in the
presence of dimethylformamide (DMF), calix[4]-
arenes solvent. The cell suspension was loaded with
100 nM TMRM during the following 5 min. As fol-
lows from the data presented in Fig. 3, myometrium
cell incubation with 10 uM calix[4]arenes led to an
increase in mitochondrial membrane polarization.

In previous work, we showed that preliminary
incubation of permeabilized myometrium cells with
calix[4]arene C-138, which contains one chalcone
amide group not affected the CCCP-sensitive com-
ponent of the myometrial mitochondria membranes
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Fig. 2. Analysis of myometrium cell fluorescence intensity upon treatment with digitonin: blue — cell suspen-
sion autofluorescence; red — cell suspension + 100 nM TMRM, green — cell suspension + 100 nM TMRM +
1 uM CCCP. Axes: x, fluorescence intensity, y, number of events
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Fig. 3. The effect of calix[4]arenes C-1012, C-1021, C-1023, C-1024 and C-1011 on the fluorescence intensity
of TMRM loaded into myometrium myocytes in the presence of 0.1 mg/ml digitonin (M +m, n = 7)
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polarization, whereas calix[4]arenes C-136, C-137 larization, but this effect did not change with the in-
(containing two chalcone amide groups) increased crease in the number of chalcone amide groups and
the polarization of mitochondria membranes [1]. their relative position in the calix[4]arenes.

Now it was shown that all investigated calix[4]- So, mitochondria incubation with calix[4]arenes
arenes (C-1012, C-1021, C-1023, C-1024 and C-1011) containing two or more chalcone amide groups, ac-
increased the level of mitochondria membranes po- companied by an increase in the level of myometrial
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mitochondria membranes polarization. The inner
membranes potential is a key factor in the functio-
ning of the mitochondria [24, 25]. In particular, it is
shown that ATP synthesis, K and Ca ions transport
depends on the level of mitochondrial membranes
polarization. It is well known that mitochondria are
able to accumulate a considerable amount of Ca ions
[26, 27]. Ca? accumulation in mitochondria depends
on many factors, but the level of membranes po-
larization is one of the defining [26]. Earlier, using
isotope technique (*Ca?"), we demonstrated that
preliminary incubation of the digitonin-permeabi-
lized myometrium cells with calix[4]arene chalcone
amides led to protonophore-sensitive accumulation
of Ca ions in mitochondria of the uterus smooth
muscle [19]. It should be noted that the isotope tech-
nique allows registering the so-called total Ca?
concentration, that is, ionized plus bound. However,
functionally active is the ionized Ca, which can be
tested using fluorescent dyes.

Earlier we have shown that isolated mitochon-
dria incubation with calix[4]arenes C-138 (one chal-
cone amide group) or C-136, C-137 (two chalcone
amide groups) resulted in matrix Ca®* concentra-
tion increasing [10]. Our next experiments were de-
signed to study the impact of calix[4]arenes, which
contain from 2 to 4 chalcone amide groups on the

250
j C-1012
J C-1021
200 | C-1023
| C-1024

[ c-1011
150

100

Ca?* concentration, %

50

1 2

Fig. 4. [Ca®] _values after 5 min mitochondria in-
cubation in Mg?*-containing medium without (con-
trol = 100%) or with 10 uM calix/4]arenes in the ab-
sence of exogenous Ca** (1) and [Ca?**] values after
next 5 min mitochondria incubation in the presence
of 100 uM Ca** (2); (M +m, n = 6)

Ca?* concentration in the mitochondria matrix. The
ionized calcium concentration in the mitochondria
([Ca*] ) from rat myometrium was investigated
using the fluorescent probe Fluo 4AM. Mitochon-
dria, loaded with a fluorescent probe, were incu-
bated without (control) or with 10 uM calix[4]arenes
during 5 min in Mg?*- or Mg?*,ATP-containing me-
dium in the absence of exogenous Ca?*. As we have
shown previously, ATP addition to the Mg?*-con-
taining medium resulted in [Ca*]  (in the absence
of exogenous Ca?") [28] and total Ca?* accumula-
tion increase [27]. The results of each experiment
were normalized to 100% of the control sample. As
can be seen from the results shown in Fig. 4 (1) and
Fig. 5 (1), all studied calix[4]arenes increased [Ca*]
values in the absence of exogenous Ca?*. It should be
noted that [Ca*] values were higher at mitochon-
dria incubation in Mg?- than Mg?,ATP-containing
medium. Exogenous Ca?* (100 uM) addition to the
incubation medium resulted in an increase of [Ca*]
values of control samples (data not shown) and in
all samples incubated with calix[4]arenes, as can be
seen at Fig. 4 (2) and Fig. 5 (2).

It was also shown that isolated mitochondria
incubation with studied calix[4]arenes resulted in
changes of mitochondria volume: average hydro-
dynamic diameter decreased at incubation with
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Fig. 5. [Ca**] values after 5 min mitochondria in-
cubation in Mg*,ATP-containing medium without
(control = 100%) or with 10 uM calix[4]arenes
in the absence of exogenous Ca*" (1) and [Ca™]
values after next 5 min mitochondria incubation in
the presence of 100 uM Ca** (2); (M = m, n = 4-5)
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C-1012, C-1021, C-1023 and increased with C-1011
(Fig. 6, 7). Changes of mitochondrial volume may
strongly modulate mitochondrial physiology.

Thus, we have shown that a short-term incuba-
tion (5-10 min) of mitochondria in the presence of
calix[4]arenes (10 pM), which contain from two to
four chalcone amide groups, increased the level of

200, -
180, -
160, -
140, -

120 -

Hydrodynamic diameter, %

mitochondria membranes polarization, ionized Ca
concentration in the matrix and have different effects
on the mitochondrial volume.

It is known that mitochondria are the major
site of ATP syntheses. The last does not take place
without electrical potential across the mitochondrial
inner membrane which is generated by the elec-
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Fig. 6. The average hydrodynamic diameter of isolated mitochondria at incubation with calix[4]arenes
C-1012, C-1021, C-1023 and C-1011 in Mg**-containing medium (M £m, n = 5, P < 0.05)

200 -+

180 -

160 -

140 -

Hydrodynamic diameter, %

Control C-1012

*
*
120 -
100 - = "
80 - )
60
40
20
0 A T T T T T

C-1021

C-1023 C-1024 C-1011

Fig. 7. The average hydrodynamic diameter of isolated mitochondria at incubation with calix[4]arenes C-1012,
C-1021, C-1023 and C-1011 in Mg**, ATP-containing medium (M +m, n = 5, P < 0.05)
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tron transport chain [29]. On the other hand, mito-
chondria play an important role in the occurrence
of pathological conditions by producing excessive
reactive oxygen species (ROS) thereby damaging
cellular components and initiating cell death [30]. It
was shown that the generation of high mitochondrial
membrane potential is a condition known to genera-
te excessive ROS [30]. Hyperpolarization of mito-
chondrial membranes (exceeding 140 mV) causes an
exponential increase in ROS generation [31, 32]. At
the same time, in the case of mitochondrial disorders
associated with the dysfunctions of the respiratory
chain components, lower Ay and decreased activity
of the respiratory chain is observed with a simultane-
ous increase in ROS production [33]. ROS generated
in the mitochondria can freely cross mitochondrial
membranes or exit via mitochondrial channels such
as VDAC and, once released, can cause oxidative
damage throughout the cell [30]. It was suggested
that induction of apoptosis could involve: excessive
calcium release, transient hyperpolarization of A¥Y
and a burst in the production of ROS [30)].

Mitochondria are central hubs for intrinsic apo-
ptotic pathways that are activated by cellular stress
and injury, and as a consequence, cancers often
have defects in these pathways [34]. Chalcones and
dihydrochalcones are intermediates in the biosynthe-
sis of flavonoids and isoflavonoids in plants. These
compounds are widely investigated for their antican-
cer activities [35]. Cytotoxic activity of hydroxychal-
cones is likely because of their ability to uncouple
mitochondria [35, 36]. It was also shown that apop-
tosis via mitochondrial pathways might lead to the
reduction of the volume of myoma and myometrium
and eventual relief of symptoms [37]. It is known
that mitochondria membrane hyperpolarization is
followed by the collapse of the membrane potential.
So, calix[4]arene-induced mitochondria membrane
hyperpolarization can be useful at studying the ways
of unwanted cells disposal.
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E®EKTU KAJIKC[4]APEH-
XAJIKOHAMIJIB HA MITOXOH JIPI{
MIOMETPISI

C. I Hlnuxoe"™, A. M. Kywunapvoea-Bakar',
A. B. Cunenko', JI. I babiv*, O. FO. Yynixin',
O. A. €cunenxd? B. I Kanvuenxo?,

C. O. Kocmepin*

TucturyT 6ioximii iM. O. B. [Tamnanina
HAH VYkpainu, Kuis;
*e-mail: sshlykov@biochem.kiev.ua;
[ucTutyT opraniunoi ximii HAH Vipainu, Kuis

MitoxoH pii BiAIrpalOTh KIIOUOBY POJIb Y
HaBaXTUBIMX PyHKIIAX KIiTHH. KamikcapeHn —
L€ CYTTPaMOJICKYJISIPHI CHIOTYKH, SIKi ITMPOKO 3aCTO-
COBYIOThCS B OioopraniuHii ximii Ta 6ioximii. Mera
miei podotu — gochiauTu edekTH Kamikc|[4]ape-
HiB, Kl MICTATBH y CBOili cTpykTypi nBi (C-1012 i
C-1021), Tpu (C-1023 i C-1024) Ta gotupu (C-1011)
XaJKOHAMIJIHI TPyNH, Ha MOJSpHU3alilo MeMOpaH
MITOXOHIPIM MiOMeTpisi, Ha PiBE€Hb 10HI30BAHOTO
Ca B MaTpuUKCi LUX OpraHes Ta Ha cepeAHiil rixpo-
JIMHAMIYHUHN JlilaMeTp MITOXOHJpil. BecranosieHo,
o iHKyOamis mepmealili3oBaHUX KIIITHH MioMe-
Tpis 3 Kaiikc[4]apeHamu, MO0 MICTATh BiJI JIBOX JIO
YOTHUPHOX XAJIKOHAMIJAHUX I'PYI CYIPOBOIKYETHCS
30UIBIIEHHSIM PiBHS NOJsipu3anii MeMOpaH MiTo-
XOH/Ipi#t MiomeTpisi. Bimomo, mo akymyssitist Ca
B MITOXOHJPISAX € MOTEHIa3alIe)KHUM TIPOIIECOM.
OTxe, ONAJIBII eKCIIEPUMEHTH OYJIO CIIPSIMOBAHO
Ha JOCTIJKCHHS BIUTMBY Kaikc[4]apeHxaiKoH-
aMiJliB Ha KOHIIEHTpallito ioHi3oBaHOro Ca B Ma-
Tpukci mitoxonapiit ([Ca*] ). VYei mocmimxysani
KaJikc[4]apenu 30i7blIyBaidl piBeHb 10HI30BaHO-
ro Ca B MaTpukci sIK 3a BiZICYTHOCTI, TaK 1 B IpH-
cyTHOCTi ek3orenHoro Ca?. MaeMo miJKpecinTH,
o 3HayeHHs [Ca®"]  (3a BiICYTHOCTi €K30r€HHOTO
Ca?) Oyaum BHUIIE 32 YMOB iHKyOaIii MiTOXOHIpI
y (Mg?)-, nix y (Mg*,ATP)-BmicHOMYy ceperno-
Bumi. Takox OyI0 BCTaHOBJICHO, IO 1HKyOaIis
130ThOBAaHMX MITOXOHJIPIH 3 TOCIIKyBaHUMH Ka-
Jikc[4]apeHaMu CyTPOBOJIKYEThCS 3MIHOIO 00’eMy
MITOXOHAPIH: cepeaHill TiAPOTUHAMIYHAK TiaMeTp
MITOXOHJIPifl 3MEHIIYeThCS 3a iHKyOawii B mpu-
cytHocTi C-1012, C-1021, C-1023 ta 30imbmryeThes
y pasi 3 C-1011. 3ayBaxkxumo, 3MiHa 00’eMy MiTO-
XOHJIPif MOXKE CYyTTEBO MO3HAYUTHUCH Ha (iziosorii
nux oprasen. TakuM 4YMHOM, MU MOKa3aJH, 110 KO-
pOTKOTepMiHOBa iHKYOamis (5 XB) MITOXOHIpIH Y
npucyTHOCTI Kalikc[4]apeniB (10 MkM), ski B CBO-
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il CTPYKTYpi MICTSTH BiJl JBOX 10 YOTHUPHOX Xall-
KOHaMiJTHUX TPy, 30i1blIye piBeHb MOJSpU3aLlii
MeMOpaH MITOXOHApiH, piBeHb ioHi30BaHOoro Ca B
MaTPUKCI Ta MOAYIIOE 00’€M MITOXOHAPIH.

KnmodoBi cioBa: MioMeTpii, MIiTOXOH-

apii, [Ca*] , Mg*, ATP, kanikc[4]apenxankoHami-

U,

10.
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