ISSN 2409-4943. Ukr. Biochem. J., 2018, Vol. 90, N 3

EXPERIMENTAL WORKS

UDC 577.352.4 doi: https://doi.org/10.15407/ubj90.03.032

THE RELATIONSHIP BETWEEN THE IONIZED Ca
CONCENTRATION AND MITOCHONDRIAL FUNCTIONS

L. G. BABICH™, S. G. SHLYKOV', A. M. KUSHNAROVA-VAKAL',
N. I KUPYNYAK?, V. V. MANKO?, V. P. FOMIN?, S. O. KOSTERIN'

'Palladin Institute of Biochemistry, National Academy of Sciences of Ukraine, Kyiv;
HMe-mail: babich@biochem.kiev.ua;
’Ivan Franko National University of Lviv, Ukraine;
SUniversity of Delaware, Newark, USA

The aim of the study was to show the relationships between ionized Ca concentration (/[Ca’*] ) in the
mitochondria matrix and functional activity of this organelle. [Ca’*] was determined using the fluorescent
probe Fluo-4, AM. Total level of Ca’* accumulation in mitochondria was monitored using *Ca** as radioac-
tive tracer. It was shown that incubation of myometrium mitochondria with 3 mM Mg>* resulted in the low
level of [Ca’'] . Subsequent addition of 100 uM Ca’* resulted in 8 times increase of [Ca’"], but in low level of
total calcium accumulation. Normalized fluorescence of Ca**-sensitive probe Fluo-4 in response to the Ca**
addition was higher than 2.5. At the same time, [Ca’'] was considerably higher in the medium containing
3mM ATP and 3 mM Mg>*. Subsequent addition of 100 uM Ca’* to the incubation medium resulted in only 2.4
times increase of [Ca’*] but considerably higher level of total calcium accumulation was observed. Normali-
zed fluorescence of Fluo-4 in response to the Ca’* addition was lower than 1.3. In liver mitochondria higher
rate of oxygen consumption was detected in the presence of an oxidative substrate succinate than of pyruvate
or a-ketoglutarate. At the presence of an oxidative substrate succinate normalized fluorescence of Fluo-4 in
liver mitochondria in response to the Ca®* addition was lower than 1.3. It was concluded that low level of
[Ca**] was correlated with low functional activity of this organelle and, vise versa, high level of [Ca’'] was
correlated with high functional activity. It was suggested that normalized fluorescence changes in response to
the Ca** addition could be used as a test of the mitochondrial functional activity: lower normalized fluores-
cence values — higher functional activity.
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itochondria are known to be “power
M plants” of cells equally important in cell
survival and death [1-3]. Researchers are
interested in studying both processes to understand

and, vice versa, how to kill mitochondria and, con-
sequently, to delete undesirable cells. Intramitochon-
drial free calcium ([Ca*] ) plays an important role
in these processes [4-7] and it was suggested that low

how to save mitochondria and to support life of cell level of Ca?" in the mitochondrial matrix is needed

Abbreviations: [Ca*] , an intramitochondrial free calcium concentration; MCU, the mitochondrial calcium
uniporter; EGTA, ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid; Hepes, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; Fluo-4, AM, acetoxymethyl (AM) ester derivative of fluorescent Ca?" indicator; Triton
X-100, 4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol, non-ionic detergent; TMRM, Tetramethylrhodamine
methyl ester perchlorate, sensitive probe for mitochondrial membrane potential; SEM, standard error of the mean.
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for the normal functioning of these organelles [5, 8,
9]. For example, Miyata et al. found that the recove-
ry of rat cardiomyocytes from hypoxia depended on
the level of [Ca*"] at the end of the hypoxic period:
cells having [Ca**]  greater than about 250-300 nM
invariably hypercontracted upon reperfusion [9].
These results were supported by Griffiths et al. who
conducted their research on individual cardiomyo-
cytes [5, 8]. So, it was concluded that to decrease
the excessive rise of [Ca*"] is a main task for main-
tenance of cell life. The Ca*" concentration in the
mitochondria matrix, undoubtedly, plays an impor-
tant role in functioning of these organelles, but role
of “Ca*" overload”, which typically happens in the
damaged heart during ischemia/reperfusion, has re-
cently been challenged [10, 11]. It was shown that in
MCU (the mitochondrial calcium uniporter) null mi-
tochondria — where “Ca*" overload” does not occur
during reperfusion — the extent of necrosis was the
same as that observed in the hearts from wild type
littermates. It was suggested that there is enough
Ca?" in the matrix of MCU null mitochondria to al-
low permeability transition pore opening.

We have shown, that 1) [Ca*] could be
changed in the absence of exogenous Ca?*; 2) higher
[Ca*] in the absence of exogenous Ca*" was the re-
quirement for higher total Ca*" accumulation (myo-
metrium) and higher rate of oxygen consumption
(liver). The suggestion has been made that normali-
zed fluorescence changes in response to the Ca*" ad-
dition could be used as the test of the mitochondrial
functional activity: lower normalized fluorescence
changes — higher functional activity.

Materials and Methods

The treatment of the lab animals was carried
out according to “European Convention for the Pro-
tection of Vertebrate Animals used for Experimental
and Other Scientific Purposes” (Strasbourg, 1986). A
chloroform anesthesia was administered before ani-
mals were sacrificed by cervical dislocation and their
uteri and livers were promptly removed. Mitochon-
dria from myometrium of non-pregnant rats were
isolated using differential centrifugation method
[12]. The mitochondria were suspended in a solution
with the following composition (mM): sucrose — 250,
EGTA - 1, Hepes — 20, and buffered pH 7.4 at 4 °C.
Fatty acid free bovine serum albumin (0.1% w/v)
was also added. Protein concentration of the mito-
chondrial fraction was determined by Bradford as-
say [13]. The concentration of mitochondrial protein
in the sample was 25 pg/ml.

Rat liver mitochondria were isolated by the
method of differential centrifugation. Liver was re-
moved rapidly and perfused with a solution of the
following composition (mM): NaCl — 140, KCI - 4.7,
MgCl, — 1, glucose — 5, Hepes — 10; pH 7.4 to wash
out the blood. The obtained preparation was sus-
pended in a solution with the following composition
(mM): sucrose — 250, EGTA — 1, Hepes — 10; pH 7.2
at 4 °C. Protein concentration of the mitochondria
fraction was determined by Lowry assay [14].

Myometrial cells from non-pregnant rats
were isolated according to Mollard et al. [15]. Cell
counting was performed using hemocytometer. Cell
viability was determined to be higher than 95%
using trypan blue method.

Rate of oxygen consumption was determined
using polarographic method at 26 °C. 100 ul of mi-
tochondria suspension was added to polarographic
chamber that contained the solution of appropriate
oxidation substrate. The concentration of protein
in the chamber was 5-7 mg/ml. Mitochondrial res-
piration medium contained (mM): sucrose — 250,
K, HPO, - 2, EGTA - 0.1, CaCl, - 0.1, Hepes — 10;
pH 7.2. Pyruvate, a-ketoglutarate and succinate
(5 mM) were used as the oxidation substrates. Res-
piration was stimulated by the addition of ADP (fi-
nal concentration in the chamber was 200 uM). The
rate of respiration was determined in state S, S, and
S,ATP according to Chance and Williams [16].

Free calcium concentration in the mitochon-
dria ([Ca*'] ) from rat myometrium and liver was
determined using the QuantaMaster™ 40 spectro-
fluorometer (Photon Technology International) and
the fluorescent probe Fluo-4, AM (A, . = 490 nm,
A, = 520 nm).

Myometrial mitochondria were loaded with
2 uM Fluo-4, AM for 30 min at 37 °C in a medium
with following composition (mM): sucrose — 250,
EGTA - 1, Hepes — 20; pH 7.4. Thereafter, the sus-
pension of mitochondria was diluted (1 : 10) in the
same medium containing no fluorescence probe fol-
lowed by centrifugation. The pellet was resuspended
in the same medium containing no fluorescence
probe. The ([Ca®’] ) was measured in a medium con-
taining (mM): sucrose — 250, K*-phospate buffer —
2, sodium succinate — 5, MgCl, — 3, £ATP - 3,
+CaCl, - 0.1, Hepes — 20; pH 7.4.

Liver mitochondria were loaded with 2 uM
Fluo-4, AM for 30 min at 37 °C in a medium with
following composition (mM): Hepes — 20, sucrose —
250, KH,PO, — 2, ADP — 0.2 (pH 7.4). Thereafter,
the suspension of mitochondria was diluted (1 : 10)
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by the same medium containing no fluorescence
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): Hepes — 20, sucrose —
250, KH,PO, -2, ADP - 0.2 (pH 7.4), pyruvate — 5
or a-ketoglutarate — 5 or succinate — 5, = CaCl, - 0.1.

The calibration of the Fluo-4 fluorescence was
performed at the end of the experiments by adding
0.1% Triton X-100 and, in 1 min, 5 mM EGTA (fluo-
rescence intensities F__and F__ , respectively). The
concentration of ionized Ca in the mitochondria ma-
trix was calculated using the Grynkiewicz equation
[17].

Total level of Ca** accumulation in isolated pig
myometrium mitochondria and digitonin-treated rat
myometrium cells was monitored using *“Ca?*" as
radioactive tracer. The composition of the standard
incubation medium was (mM): KCI — 125, NaCl —
25, £ ATP — 3, MgCl, — 3, sodium succinate — 3,
K*-phospate buffer — 2, (*CaCl, + *CaCl)) — 0.01
(0.1 nCi/ml), Hepes — 20; pH 7.4 at 37 °C. The digi-
tonin concentration in the incubation medium was
0.1 mg/ml. This digitonin concentration is known to
disrupt the integrity of the plasma membrane, but
not to affect the intracellular membrane structures
[18]. 100 nM thapsigargin (sarcoplasmic reticulum
Ca?" pump inhibitor [19]) was added to the incuba-
tion medium to suppress Ca** accumulation in the
sarcoplasmic reticulum of the myometrium cells.
Ca* uptake was terminated by rapid filtration (5-
10 sec) of the incubation medium through 0.45 pm
Millipore filters. The filters were then washed with
isotonic cold stop solution containing 5 mM CoCl,.
Radioactivity trapped on the filters was determined
on SL-4000 liquid scintillation spectrometer (Inter-
technique, France).

Results and Discussion

[Ca*] was determined in isolated rat myomet-
rial and liver mitochondria. Fluo-4 loaded myo-
metrial mitochondria were incubated for 5 min in
Mg?*- and Mg?", ATP-containing medium with-
out exogenous Ca*. It was shown, that [Ca*] in
Mg?* -containing medium was 64 + 6 nM and in
Mg, ATP-containing medium — 185 + 39 nM (mean
+ SEM, n = 8, P < 0.01) (Fig. 1). So, in Ca*" free
medium [Ca*] was around 3 times higher in the
presence of Mg* and ATP than with Mg?* only.
However, after addition of 100 uM Ca*" [Ca*’] in-
creased 8 times in Mg?'-containing (513 + 64 nM)
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Fig. 1. [Ca®] in myometrium mitochondria
(mean = SEM, n = 8). [Ca’] was determined using
the fluorescent probe Fluo-4, AM

and only 2.4 times in Mg*", ATP-containing medium
(448 £ 50 nM) (Fig. 1).

The kinetics of [Ca*"] changes expressed in
Fluo-4 normalized fluorescence units is shown in
Fig. 2. These data show that addition of exogenous
Ca?" to the myometrial mitochondria incubated in
the Mg?*",ATP-containing medium caused smaller
increase of normalized fluorescence compare to the
one in Mg?*-containing medium. It was concluded
that the incubation medium composition had a great
impact on the normalized fluorescence.

Next we explored the effect of different media
on functional activity of mitochondria. It is known
that total Ca*" accumulation is the highest in func-
tionally active mitochondria [20] and #*Ca*" as ra-
dioactive tracer is often used to monitor these values
in various cells. Therefore, we determined the total
level of Ca?* accumulation in myometrial mitochon-
dria in both incubation media. It was shown that
upon addition of 10 uM “Ca?" myometrial mitochon-
dria accumulated 149 + 18 and 5 + 2 nmol Ca?*/mg
of protein/5 min in Mg, ATP- and Mg**-containing
medium, respectively (Fig. 3).

These data provide evidence that incubation of
mitochondria in 3 mM ATP and 3 mM Mg?*"-con-
taining medium resulted in high level of total Ca
accumulation, i. e., to be functionally active, while
in 3 mM Mg?**-containing medium, the level of total
Ca?" accumulation is low, meaning low activity of
the organelles.

We also used another experimental model — a
suspension of myometrial myocytes treated with
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Fig. 2. The kinetic of Ca’* accumulation in the myometrial mitochondria incubated in the Mg**-containing
medium (1) and in the Mg>*, ATP-containing medium (2). Results are expressed in Fluo-4 normalized fluores-
cence units. The results of a typical experiment are presented (n = 8). 100 uM Ca** additions were made at

the times indicated by the arrow

digitonin (0.01%) to study the total level of Ca**
accumulation in mitochondria (using “Ca*" as ra-
dioactive tracer). The model provides a more ade-
quate environment, i.e. to study the mitochondria
in situ. Ca?* accumulation in mitochondria was
tested as such that was not sensitive to thapsigar-
gin (100 nM) and was blocked by ruthenium red
(10 uM). The cells permeabilized with digitonin
were preincubated for 5 min in Mg?- and Mg*",ATP-
containing media. Then 3 mM ATP was added to
the Mg?*-containing medium and the Ca*" trans-
port was started by the addition of 10 uM *Ca*" to
both media. It resulted in the Ca accumulation of
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Fig. 3. The total level of Ca** accumulation in
myometrial mitochondria (mean + SEM, n = 35,
P < 0.0001). Experimental model — isolated mito-
chondria. Total level of Ca** accumulation in mito-
chondria was monitored using ®Ca’** as radioactive
tracer

459 + 32 pmol/10° cells/5 min in Mg**-containing
medium and 1933 + 182 pmol/10¢ cells/5 min in
Mg, ATP-containing medium, respectively (Fig. 4).
The data suggested that: 1) the level of Ca*" accu-
mulation was higher in the mitochondria that were
preincubated in Mg?*,ATP-containing medium com-
pared to Mg?*-containing medium; 2) in the case of
short time myometrium mitochondria preincubation
in the absence of ATP, Ca*" accumulation did not
reach the level of one at initial ATP presence in the
incubation medium.

So, using two experimental models (isolated
mitochondria and digitonin-permeabilized myome-
trial cells) it was shown that the total level of Ca®
accumulation in mitochondria was high in the case
of incubation in Mg*",ATP-containing medium and
low in Mg?*-containing medium. It was concluded
that functional activity of mitochondria was high
in Mg*,ATP-containing medium and low in Mg**-
containing medium.

Earlier, using isolated myometrial mitochon-
dria loaded with potential-sensitive probe TMRM,
we have shown, that addition of Ca® to the Mg?*-
containing medium induced mitochondrial mem-
brane depolarization [21]. This effect was observed
in Mg?" — but not in Mg?,ATP-containing medium.
It is known that Ca** accumulation in the mitochon-
drial matrix activates Ca** efflux systems, such as
H*/Ca? exchanger [20]. It was suggested that activa-
tion of the Ca?" efflux through the H"/Ca?" exchanger
led to the elevation of H* concentration in the matrix,
causing the mitochondrial membrane potential dis-
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Fig. 4. The total level of Ca’* accumulation in myo-
metrium mitochondria after 5 minute preincubation
of cells in Mg’ - and Mg**,ATP-containing medium.
Preincubation was followed by 3 mM ATP addition
to the Mg**-containing medium. Ca’** accumulation
was started by 10 uM Ca’* addition to both tubes.
Time of incubation — 5 min (mean £ SEM, n = 5,
P < 0.0001). Experimental model — a suspension
of myometrium myocytes treated with digitonin
(0.01%). Total level of Ca** accumulation in mito-
chondria was monitored using *Ca’** as radioactive
tracer

sipation. It is also known that mitochondria can act
as ATP consumers [1]. In the case of mitochondrial
membrane depolarization F F ATP-synthase acts as
an ATPase, consuming ATP and pumping protons
out across the mitochondrial inner membrane. The
mitochondria consume ATP ‘in order’ to maintain
their potential [1]. It was suggested that ATP addi-
tion to the incubation medium prevent Ca**-induced
myometrial mitochondria membrane depolarization.
Perhaps these results could explain at least one of
the reasons of the low level of Ca?* accumulation in
mitochondria in Mg**-containing medium — Ca**-
induced depolarization resulted in inactivation of
potential-sensitive Ca*" uniporter, that is the main
Ca*-transporting system in the mitochondria.
Thus, preincubation of myometrial mitochon-
dria in Mg**-containing medium resulted in low
endogenous [Ca*’] , subsequent addition of 100 uM
Ca? caused a significant increase of free calcium
concentration in the mitochondrial matrix but low
level of total Ca?" accumulation, so — low functional
activity. At the same time, preincubation of myome-
trial mitochondria in the Mg?,ATP-containing me-
dium resulted in relatively high endogenous [Ca*] ,
subsequent 100 uM Ca*" addition caused relatively
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low increase of free calcium concentration in the
matrix but high level of total Ca?* accumulation
meaning high functional activity. Exogenous Ca*
addition to the myometrial mitochondria incubated
in the Mg?", ATP-containing medium caused smaller
increase of normalized fluorescence compare to the
one in Mg**-containing medium. Thus, we conclu-
ded that (1) low endogenous [Ca**] was not correla-
ted with high functional activity; (2) exogenous Ca?*
addition resulted in approximately the same level of
[Ca*] ; (3) low level of Fluo-4 normalized fluores-
cence correlated with high functional activity.

The possibility exist that our conclusions are
tissue-specific and not working on others. Therefore,
the next series of experiments were conducted on the
liver mitochondria. We have tested kinetic of Ca*"
accumulation in liver mitochondria that were incu-
bated in medium containing respiratory substrates
such as succinate, a-ketoglutarate and pyruvate
(5 mM). As shown in Fig. 5 addition of Ca*" caused
an increase of Fluo-4 normalized fluorescence with
the lowest effect in the presence of succinate and the
highest with pyruvate.

Next we studied the effect of the pyruvate,
a-ketoglutarate and succinate oxidation on the liver
mitochondria respiration rates (Fig. 6).

It was shown that in S, state at succinate oxida-
tion rate of oxygen consumption in the liver mito-
chondria was 17.8 (ng-at. O, /(mg protein'min)), it is at
36.3% (P < 0.01, n = 4) higher compared with rate of
oxygen consumption in mitochondria at the case of
pyruvate oxidation (11.3 ng-at. O,/(mg protein'min)
and 33.0% (P < 0.01) above regarding the indicators
obtained at a-ketoglutarate oxidation (11.9 ng-at. O,/
(mg protein'min)).

In S, state rates of oxygen consumption in the
liver mitochondria with succinate, a-ketoglutarate
and pyruvate oxidation were 20.4, 14.7 and 16.8
ng-at. O,/(mg protein'min), respectively. That is,
markers of mitochondria respiration in the presence
of succinate in the medium were higher on 27.9%
(P <0.01) and 17.7% (P < 0.01) for the oxidation of
pyruvate and a-ketoglutarate, respectively.

After depletion of exogenous ADP equilib-
rium state S,*'" was mounted. In this condition the
rates of mitochondrial respiration were also higher
at the presence of succinate compared to the NAD-
dependent substrates — pyruvate and a-ketoglutarate,
to 37.5% (P < 0.01) and 25.3% (P < 0.05) (succinate —
14.9, pyruvate — 9.34, and a-ketoglutarate — 11.1).
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Fig. 5. The kinetic of Ca’>" accumulation in liver mitochondria that were incubated in media containing pyru-
vate (1), o-ketoglutarate (2) and succinate (3) (5 mM). Results are expressed in Fluo-4 normalized fluores-
cence units. The results of a typical experiment are presented (n = 3). 100 uM Ca** additions were made at

the times indicated by the arrow

We also observed different time of ADP phos-
phorylation depending on oxidation substrate: succi-
nate — 155 s, pyruvate — 266 s and a-ketoglutarate —
183 s.

Analysis of the data obtained on isolated liver
mitochondria suggests that higher rate of oxygen
consumption (took place at oxidation of succinate)
is accompanied by the lower changes of Fluo-4 nor-
malized fluorescence in response to exogenous Ca?*
addition.

It is well documented that a key signaling mes-
senger that is able to transduce life or death signals
to mitochondria is intracellular Ca?" [22-24]. It was
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shown that low level of Ca*" in the mitochondrial
matrix provides the normal functioning of these or-
ganelles [5, 8, 9]. In this study we have examined
the relationship between [Ca®*] and mitochondrial
function (myometrium and liver). We showed that
concentration of ionized Ca in the myometrium
and liver mitochondrial matrix depends on incuba-
tion medium composition. Specifically the presence
or absence of ATP in the incubation medium had
a profound effect on rat myometrium [Ca*] . For
instance, incubation of myometrial mitochondria in
Mg**-containing medium resulted in lower [Ca*]
than in Mg*',ATP-containing medium. Ca*" addition
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Fig. 6. The rates of oxygen consumption in the liver mitochondria with succinate, o-ketoglutarate and pyru-
vate oxidation (mean = SEM, n = 4, *P < 0.05, **P < 0.01, ***P < 0.001)
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to the incubation medium yielded in the same [Ca*]
but the different total Ca?* accumulation levels. We
also found that oxidation of different substrates in rat
liver mitochondria cause changes of [Ca*'] .

[Ca*] is an important parameter of mitochon-
dria but is not always correlated with the functional
activity of this organelle. At the same time it was
shown that the lower value of Fluo-4 normalized
fluorescence changes in response to the exogenous
Ca?" addition was correlated with the higher func-
tional activity of these organelles. Our findings
suggest that normalized fluorescence changes in re-
sponse to the exogenous Ca?* addition can be used
as a simple, quantitative test of the mitochondrial
functional activity.
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MerTa JOCI JIKEHHS - MOKa3aTH
B32€MO3B’SI30K MK KOHLIEHTPALI€I0 10HI30BaHOT'O
Ca ([Ca*] ) B MaTpukci MiTOXOHApiH Ta
(YHKIIOHAIBHOIO ~ AKTHUBHICTIO LHMX OpPraHed.
[Ca*]  Bu3HAYaIM 3a JOMOMOTo0 (hiryopecLeHTHO-
ro OapBHuka Fluo-4, AM. 3araneHy akymyJsiito
Ca?* B MITOXOHIpiSIX BU3HAYAIU 32 JOMOMOTOO
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130TOIMHOTrO MeTOAY 3 BUKOpHrcTaHHsM “Ca’’. Bera-
HOBJICHO, 1110 1HKYOAIliss MITOXOHJIPil MiOMETpis B
CEepeIOBHILL, JI0 CKIIa1y SKOr0 BXOAUTh 3 MM Mg?,
MPU3BOUTE [0 HU3BKOTO PiBHSI [Ca2+]m. Ilomane-
ure gomaBands 100 MM Ca?" cympoBOIKYBaIOCh
301IbIIEHHSIM KOHIIEHTpamii ioHizoBaHoro Ca B 8
pasiB, MpoTe, 3a TAKUX yMOB, PEECTPYBAJIH HU3b-
KW piBEeHb 3arajbHOi aKyMyJsilii LbOTO KaTioHa.
Hopmoana ¢uyopecrtienitis Ca?'-q4yTauBOro 30H-
na Fluo-4 y BiamoBins Ha momaBanus Ca’" Oyma
nmoHaa 2,5 yMOBHUX OIUHHIL. Y TOH Xe dac,
[Ca*]_Oy:ia 3Ha4HO BHIIE 32 iHKYOaLii MiTOXOHApiH
B npucyTtHocTi 3 MM ATP Ta 3 MM Mg?*". Tlogans-
mre gomaBands 100 MM Ca?" cympoBOIKYBaIOCh
30UIbIICHHSIM ~ KOHLIEHTpauii ioHizoBanoro Ca
nunie y 2,4 pasa, MpoTe peecTpyBaBCs BUCOKHUI
piBeHb 3arajbHOi aKyMyJsIii IbOro KarioHa. Y
npucyTtHocti 3 MM ATP Ta 3 MM Mg?" HOpMOBa-
Ha Quyopectenitis Ca* -aytnuBoro 3ou1a Fluo-4 y
BiNOBI L Ha mofaBanus Ca®" Oyna menmioro 3a 1,3
YMOBHHX OJUHUIb. Y MITOXOHJAPISIX TICUIHKU HaMi-
BUIIY IIBUAKICTH MOTJIMHAHHS KHCHIO PEECTPYBaJIN
B MPHUCYTHOCTI CYKIIMHATy, HIDX MipyBaTy a0o
0-KeTOTJIyTapary. 3ayBa)KMMO, L0 y MPUCYTHOCTI
CYKIMHATy HopMoBaHa Quyopecrenmis Ca?*-
qyTauBoro 307a Fluo-4 B MITOXOHAPISX MEYiHKH y
BiANOBI L Ha mofaBanus Ca®" Oyna menmioro 3a 1,3
YMOBHUX OAMHUI. OTKe, TN BUCHOBKY PO
T€, 1110 HU3bKUU PiBeHB 10HI30BaHOTO Ca B MaTPHKCI
MITOXOHIPii KOPEIIOE 3 HU3bKOIO (PYHKIIIOHATEHOIO
AKTHBHICTIO 1, HaBNaku, BUCOKuH piseHb [Ca’’]
KOPEJIIOE 3 BUCOKOKO (DY HKIIIOHATBHOK aKTHUBHICTIO.
3po0JeHO MPUIYIICHHS, 0 3MiHU HOPMOBaHOI
¢dnyopecnientii Ca* -uyTIUBOro 30H1a Y BiMOBIIb
Ha fonaBanHs Ca?* MOKHA BUKOPUCTOBYBATH SIK TECT
Ha (yHKLIOHATBHY MITOXOHIPIHHY aKTHUBHICTB!
MEHILIe 3HAYeHHS HOPMOBAHOI (uIyopecueHIii —
Olbie PyHKI[IOHAJIbHA AKTUBHICTb.

Knwuosi CJI0Ba: MITOXOHPIs,
KOHIICHTpAIlisl  10HI30BAHOTO Ca, 3araibHa
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Lenb nccienoBanms — MOKa3aTh CBA3b MEKIY
KoHIIeHTpanueil nonusuposannoro Ca ([Ca’'] ) B
MaTPUKCE MHUTOXOHAPUH W (PyHKIMOHATBHON ak-
TUBHOCTBIO 3TUX opranennt. [Ca*] — ompenensmu
npu iomoInu ¢giyopectenTHoro 30a1a Fluo-4, AM.
Oobmyo akkymymsiuio Ca* B MHTOXOHIPHSIX
OIIpeIeNIsIIA C TOMOIIBI0 M30TOMHOTO METOAa C
ucnosib3oBanreM *“Ca?'. Iloka3aHo, 4yTo MHKyOa-
WS MATOXOHJAPUI MHOMETPHS B Cpeie, ColepiKa-
meit 3 MM Mg?', nmpuBoJMiia K HU3KOMY YPOBHIO
[Ca*] . Ilocnenyromee Becenue 100 mxM Ca*' co-
MIPOBOKIAJIOCH YBEIHMUCHIEM KOHIIEHTPALlUX HOHU-
supoBa"Horo Ca B 8 pa3, OIHAKO, B ITUX YCIOBHUSIX,
perucTpupoBasicss HU3KHI ypoBeHb OOIIel akKKy-
MYJISIAHA 3TOro KatuoHa. HopmupoBannas diyo-
pecuenrusn Ca’'-uyBcTBUTENBHOTO 30H1a Fluo-4 B
orseT Ha BHecenune 100 mxM Ca?" Oputa Beie 2,5
YCIIOBHBIX eIWHUI. Ecim ske MUTOXOHIPUU WHKY-
OupoBasu B cpene, copepxkaieit 3 MM ATP u 3 MM
Mg?', koHueHTpalus noHusupoBanHoro Ca Obuia
3HAYUTENBHO BbIIIE (IO CPaBHEHHIO CO CPEJOH,
comepkarieii 3 MM Mg?"). Tlocnenyroree BHECe-
Hue 100 mxM Ca?" compoBOXKIaJIOCh YBEIUYCHH-
€M KOHIICHTpallui MOHU3UpOoBaHHOTO Ca TOJBKO B
2,4 pa3a, OAHAKO UMEHHO B 3THX YCJIOBHUSAX PEru-
CTPUPOBAJICS BHICOKHH YPOBEHb OOILEH aKKyMYyJIsi-
LMK 3TOro KatnoHa. B mpucyrcteun 3 MM ATP u
3 MM Mg?" HopmupoBanHas ¢yopecueHims Ca*'-
YyBCTBHTEIBHOTO 30Haa Fluo-4 B 0TBeT Ha BHece-
Hue 100 MmxM Ca?' He mpeBbimana 1,3 yciIoBHBIX
eIMHULl. B MHTOXOHApPHUSAX TMEUCHH HAMOOJBIIYIO
CKOPOCTH TIOTJIONICHHSI KUCIOPO/a PErHCTPHpPOBa-
JY TIpY HAJIMYWU B cpelie MHKYOaIluu CyKIIMHATA.
OTMeTHM, 4TO B MPUCYTCTBUH CyKIIMHATa HOPMH-

poBanHas ¢yopecuerius Ca? -q4yBCTBUTEILHOTO
souaa Fluo-4 B otBer Ha BHecenue Ca?' He mpe-
Beimana 1,3 ycnoBHbiX egunuil. ChaenaH BBIBOJ O
TOM, YTO HU3KHU YpPOBEHb WOHHU3MpoBaHHOrO Ca
B MATPUKCE MUTOXOHJPHUI KOPPEIUPYET C HU3KOU
(YHKIIMOHAIBHOW aKTHBHOCTBIO M, HAOOOPOT, BbI-
cokuii [Ca’]  KoppenupyeT ¢ BBICOKOH (yHKIIHO-
HaJIbHOM aKTHMBHOCTHIO. DBpicka3piBaeTca mpen-
MOJIOXKEHHUE, YTO W3MEHEHHE HOPMHUPOBAHHON
¢dnyopectiernuu  Ca**-qyBCTBUTENBHOTO 30HAA B
orBeT Ha BBeneHue Ca’’ MOXXHO HCIIOJIB30BATH B
Ka4eCTBE TECTa Ha (PYHKI[MOHAJIBHYIO aKTHBHOCTh
MUTOXOHJPHUNA: MEHbIIIE 3HAUEHUE HOPMHUPOBAHHOU
(dbayopectieHIuu — Oosiblie (yHKIIMOHAJIbHAS aK-
TUBHOCTbH ¥ HA00OPOT.

KnrmodueBbie CJIOBAa: MATOXOHIAPHS, KOH-
HeHTpanus noHn3upoBanHoro Ca, oOmias akKymy-
nsus Ca?’, MEHOMETPHA, IEUeHb.
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