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Mitochondrial Ca?* overload may trigger the opening of mitochondrial permeability transition pore
(mPTP) and its prolonged activation leads to cell death. ATP synthase is considered as a possible molecular
component of the pore. The aim of this study was to investigate the state of oxidative phosphorylation at Ca?*-
induced activation of mPTP in permeabilized hepatocytes. Hepatocytes were isolated by two-stage Seglen
method. Permeabilization was performed using digitonin. Oxygen consumption rate was measured with Clark
electrode. Oxidative phosphorylation was determined as the ratio of the ADP-stimulated respiration and
substrate-stimulated respiration rates (ADP/S). It was established that increasing of Ca?* concentration in the
medium inhibited oligomycin effects and suppressed ADP- and FCCP-stimulated respiration upon succinate
or glutamate, pyruvate and malate mixture oxidation. The mPTP inhibitor cyclosporin A did not directly af-
fect respiration and oxidative phosphorylation after elevation of Ca?" concentration and mPTP activation.
When cyclosporine A was added before increasing Ca?* concentration, the electron transport chain function
(FCCP-stimulated respiration) was not impaired while the partial disruption of oxidative phosphorylation
(ADP-stimulated respiration) was observed only upon succinate oxidation. The results obtained showed that
inhibition of oxidative phosphorylation was the primary event in mPTP activation, possibly due to the involve-
ment of ATP synthase in pore opening. In the case of NAD-dependent substrates oxidation that effect was
stronger and faster than at succinate oxidation, due to the lower mitochondria energization.

Keywords: mitochondrial permeability transition pore, cyclosporin A, oxidative substrates, hepatocytes,
FCCP.

Ca? plays an important role in regulation of
many cellular processes. Moderate elevation of Ca?*
concentration in the mitochondrial matrix increases
the activity of pyruvate, isocitrate, a-ketoglutarate
dehydrogenases and ATP synthesis [1]. Territo [2]
concludes that Ca** activates F F -ATP-synthase of
heart isolated mitochondria. In mitochondria in situ
(permeabilized hepatocytes), the effects of Ca?" on
respiration depend on the oxidative substrate [3].

Abnormally high Ca?" concentration in the ma-
trix of mitochondria (mitochondrial Ca?" overload)
cause opening of mitochondrial permeability transi-
tion pore (mPTP), a nonspecific channel in the in-
ner mitochondrial membrane. While physiological

role of transient pore activation is still not clear [4],
the prolonged Ca?*-induced mPTP opening leads to
the respiration and oxidative phosphorylation un-
coupling, ATP depletion and mitochondrial matrix
swelling, cytochrome c release and apoptotic cells
death [5-8]. In permeabilized hepatocytes rate of un-
coupled respiration decreases following the increase
of Ca?* concentration to 1 and 10 uM [3].

Despite numerous studies, the complete
molecular composition of mPTP still remains un-
known. Recently, Giorgio and co-authors suggested
that the F F, subunits of ATP synthase are involved
in the mPTP formation [9]. Interestingly, ATP syn-
thase inhibitor oligomycin (Omy) enhances the pro-
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tective effect of CsA on the mitochondrial perme-
ability transition in rat kidney mitochondria [10]. It
is important to study the interaction of mPTP activa-
tion and mitochondrial metabolism on cell models
with retention of multiple intracellular processes, as
many mPTP properties were discovered on isolated
mitochondria, but not in cells [4].

Therefore, the goal of this study was to inves-
tigate the state of oxidative phosphorylation at Ca?*-
induced mPTP opening in permeabilized hepato-
cytes.

Materials and Methods

Reagents were purchased from Sig-
ma-Aldrich (sodium chloride, glucose, N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid,
bovine serum albumin, sodium pyruvate, glutam-
ic acid, malic acid, a-ketoglutaric acid, succinic
acid, Ethylene glycol-bis(2-aminoethylether)-N,
N, N, N-tetraacetic acid, carbonyl cyanide-
4-(trifluoromethoxy) phenylhydrazone, collagenase
type IV, Cyclosporin A) or Merck Chemicals (Cal-
cium chloride dihydrate). All other reagents were of
purest available grade.

Experiments were performed on 180-220 g
male Wistar rats. The animals were kept under sta-
tionary vivarium conditions at a constant tempera-
ture and the standard diet. All manipulations with
animals were carried out according to the European
Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes,
and the Law of Ukraine “On protection of animals
from cruelty”.

Before the experiment, the animals starved for
18 hours with free access to water. Hepatocytes were
isolated by two-stage Seglen method [11]. Animals
were anesthetised with diethyl ether and decapitated.
Abdominal dissection was made and a liver was ex-
tirpated rapidly.

The liver was perfused with calcium-free
EGTA-containing extracellular chilled solution to
wash out the blood. At the next stage recirculating
perfusion of the liver with calcium-containing colla-
genase solution (108 units/ml) for 10—12 min (37 °C)
was performed. After digestion of the collagen ma-
trix, organ was perfused with basic extracellular me-
dium to wash out collagenase. Liver was transferred
then into the basic extracellular medium containing,
mM: NaCl - 140.0, KCI - 4.7, CaCl, — 1.3, MgCl, —
1.0, glucose — 5.0, HEPES — 10.0; pH 7.4.

Isolated hepatocytes were dispersed afterwards
by gentle pipetting. Suspension was filtered through
the nylon mesh (0.1 x 0.1 mm (100 um)) to exclude
clots of the cells. The cells were centrifugated thrice
at 50 g to remove metabolites, residues of extracel-
lular matrix and damaged hepatocytes. Hepatocytes
were counted with haemocytometer. The plasma
membrane integrity of hepatocytes was evaluated
by staining the cells with 0.1% trypan blue solution.
The number of intact cells was 81-85%.

Permeabilization was performed using digi-
tonin (50 mg/ml) for 10 min at 37 °C. Oxygen con-
sumption rate was measured with Clark electrode
(oxygen monitor YSI 5300) in 1.6 ml thermostatic
glass chamber at 37 °C. The ratio of the ADP-stimu-
lated respiration (ADP/S) or FCCP-stimulated respi-
ration (FCCP/S) rate to the substrate-stimulated res-
piration rate were used as respiratory control indices.

Mathematical and statistical analysis of the data
was performed using the software package Micro-
soft Excel. Statistical significance of difference be-
tween groups was determined with Student’s t-test.

Results and Discussion

Cyclosporin A (CsA) is able to block this pore
and prevent the disturbance of mitochondrial func-
tions [12, 10, 13]. Thus we used CsA to test its effects
of Ca?*-induced mPTP activation on respiration of
digitonin-permeabilized hepatocytes. Hepatocytes
were added during the first series of experiments
into a polarographic chamber where oxidation sub-
strates — succinate (5 mM) or a mixture of malate,
glutamate and pyruvate (5 mM) were present al-
ready at different Ca?* concentrations. The following
agents were added into polarographic chamber sub-
sequently in this order: ADP (750 uM), olygomycin
(Omy, 3 uM), cyclosporin A (CsA, 0.5 uM) and
FCCP (two additions to the final concentration of
0.05 and 0.1 uM) and the changes in the oxygen con-
sumption were recorded (Fig. 1, A and 2, A).

It was established that respiration rate at suc-
cinate oxidation was significantly higher by ~35%
in case of the highest Ca?*" concentration, 10 uM
(P =0.02; Fig. 1, B, D). The addition of ADP into the
polarographic chamber at succinate oxidation stimu-
lated respiration of permeabilized hepatocytes in the
mediums with 0.1 uM Ca?* (P = 0.0000002) or 1 uM
Ca* (P =0.000006) two-fold. When 10 uM Ca?* was
present, respiration was only slightly stimulated, and
was significantly lower comparing to 0.1 uM Ca*
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(P = 0.01; Fig. 1, B). The addition of Omy into the
chamber (at ADP presence) reduced the hepatocytes
respiration rate compared to previous respiration
state at all Ca®* concentrations tested, although the
Omy effect was significantly less pronounced at the
higher Ca?* concentrations (1 and 10 uM; P = 0.005
and P = 0.04; Fig. 1, B). CsA caused slight decrease
of the respiration rate of hepatocytes compared to
Omy-inhibited respiration, yet after CsA action in
case of 1 uM Ca?* (P =0.04) or 10 uM Ca? (P = 0.01)
respiration rate was still higher than at 0.1 pM Ca?*
(Fig. 1, B). Subsequently, FCCP (0.05 pM) raised the
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uncoupled respiration to the ADP-stimulated level
both at 0.1 and 1 Ca?* (P = 0.000009 and P = 0.0004;
Fig. 1, B) with no significant effect at 10 uM Ca?".
The elevation of FCCP concentration to 0.1 uM
caused slight decrease of respiration rate at 1 pM
(P=10.04) or 10 uM (P = 0.002) Ca?".

The inhibition of ADP and Omy effects by
10 uM Ca?* is an evidence of oxidative phospho-
rylation processes suppression. In addition, FCCP-
uncoupled respiration rate was also substantially
redused, suggesting the impairment of electron
transport chain function. This is consistent with
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Fig. 1. Effect of CsA on the permeabilized hepatocytes respiration rate at succinate oxidation in media with
0.1, 1 and 10 uM Ca?*: original record of oxygen consumption by the hepatocytes suspension at successive
addition of Omy — CsA (A) or CsA — Omy (C) into the chamber; hepatocytes respiration rate at successive
addition of Omy — CsA (B) or CsA — Omy (D) into the chamber; [succinate] = 5 mM, [ADP] = 750 uM,
[CsA] = 0.5 uM, [Omy] = 3 uM, [FCCP] = 0.05 and 0.1 uM; via asterisk the statistically significant difference
was denoted just compared to 0.1 uM Ca®* with *P < 0.05, **P < 0.01 or ***P <0.001; n=7
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known pathological effects of very high Ca®* con-
centrations on mitochondria due to strong depolari-
zation of the mitochondrial inner membrane and/or
violation of the negative feedback between the mito-
chondrial membrane potential and respiration [14].

In other series of experiments, we added CsA
before Omy to assess its direct effect on oxidative
phosporylation. In this case, the respiration after
CsA action decreased significantly stronger at 1 or
10 uM Ca?* (both P = 0.04). The effects of Omy and
FCCP were similar to the first experimental series
(Fig. 1, C, D).
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At oxidation of malate, glutamate and pyruvate
mixture ADP strongly (2.5-fold) stimulated respira-
tion at 0.1 (P = 0.00008) or 1 (P = 0.003) uM Ca?,
but not at 10 uM Ca?* (Fig. 2, B). Omy strongly in-
hibited hepatocyte respiration when 0.1 (P = 0.0003)
or 1 (P =0.00006) uM Ca?* was present, but almost
had no effect with 10 uM Ca?" (P = 0.09). The addi-
tions of CsA into the chamber (after Omy) slightly
inhibited hepatocytes respiration in the media with 1
(P =0.01) or 10 (P = 0.01) uM Ca?* but not at 0.1 pM
Ca?". FCCP in low concentration (0.05 pM) stimu-
lated respiration only at 0.1 uM Ca?* (P = 0.01), in
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Fig. 2. Effect of CsA on the permeabilized hepatocytes respiration rate at oxidation of malate, glutamate and
pyruvate mixture in media with 0.1, 1 and 10 uM Ca?*: original record of oxygen consumption by the hepato-
cytes suspension at successive addition of Omy — CsA (A) or CsA—Omy (C) into the chamber; hepatocytes res-
piration rate at successive addition of Omy — CsA (B) or CsA — Omy (D) into the chamber; [malate] = 5 mM,
[glutamate] = 5 mM, [pyruvate] = 5 mM, [ADP] = 750 uM, [CsA] = 0.5 uM, [Omy] = 3 uM, [FCCP] = 0.05
and 0.1 uM; via asterisk the statistically significant difference was denoted just compared to 0.1 uM Ca?* with

*P <0.05, **P < 0.01 or **P < 0.001; n=7

17



ISSN 2409-4943. Ukr. Biochem. J., 2020, Vol. 92, N 4

contrast to succinate oxidation. An increase of FCCP
concentration to 0.1 uM did not further change the
respiration rate. When CsA was added prior to Omy,
it caused wery strong and significant respiration de-
crease at 1 uM Ca?" (P = 0.01; Fig. 2, B). The change
of CsA addition time in general did not modify the
Omy or FCCP action.

Importantly, in all experiments we have ob-
served that level of Omy-inhibited respiration was
significantly lower than initial respiration rate. This,
in addition to apparent inhibitory CsA effects, which
depended on Ca?* concentration, suggested that ac-
cumulation of Ca?" in minochondria over time might
be inhibited the respiration per se. To test this as-
sumption, we studied the time dependence of ADP-
stimulated hepatocytes respiration rate in media with
various Ca®* concentrations. ADP was added 120 s
after the experiment initiation, and then the respira-
tion rate was recorded for four time intervals — 140-
160, 325-355, 455-485, and 500-540 s. In alternative
experiment, ADP, CsA, Omy and FCCP (0.05 uM)
were added during the same time periods (Fig. 3, B).

>

It was established that ADP-stimulated
respiration rate decreased with time at all Ca*
concentrations in control, and these changes were
especially strong at 10 uM Ca?* in the medium.
In addition, these experiments confirmed no CsA
effects on respiration, in contrast to Omy and FCCP
(Fig. 3, A). Therefore, the time before CsA addition
was sufficient for accumulation of enough Ca?
in the mitochondria to activate mPTP and cause
irreversible disruption of mitochondrial respiration
and oxidative phosphorylation.

At the next stage, we added CsA into the res-
piratory chamber before elevation of Ca?* concentra-
tion. Increasing Ca?* concentration in the medium to
1 and 10 pM suppressed ADP- and FCCP-stimulated
respiration, like in the previous series of experi-
ments. Moreover, that effect did not depend on the
oxidative substrate type (Fig. 4, B and 5, B). CsA ad-
dition into the chamber before Ca?" prevented some
negative effect of these ions in high concentrations,
both at succinate alone (Fig. 4, D) or mixture of sub-
strates oxidation (Fig. 5, D). At succinate oxidation
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Fig. 3. Hepatocytes respiration is reduced not due to CsA influence: permeabilized hepatocytes respira-
tion rate (A) and original record of oxygen consumption (B) at oxidation of malate, glutamate and pyruvate
mixture; [malate] = 5 mM, [glutamate] = 5 mM, [pyruvate] = 5 mM, [ADP] = 750 uM, [CsA] = 0.5 uM,
[Omy] =3 uM, [FCCP] = 0.05 uM; *statistically significant difference compared to 0.1 uM Ca?*; *statistically
significant difference compared to control (without CsA); n = 6
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Fig. 4. Effect of CsA on oxygen consumption rate by permeabilized hepatocytes at the succinate oxidation in
the mediums with 0.1, 1 and 10 uM Ca*": original record of oxygen consumption by the hepatocytes suspen-
sion at CsA absence (A) and CsA presence (C) within the medium; hepatocytes respiration at CsA absence
(B) and CsA presence (D) within the medium, [succinate] = 5 mM, [CsA] = 0.5 uM, [ADP] = 750 uM,
[FCCP] = 0.25 uM, *statistically significant difference compared to 0.1 uM Ca*"; *statistically significant

difference compared to control (without Cs4); n = 6

CsA addition prevented the Ca%-induced decrease
of ADP-stimulated and FCCP-stimulated respiration.
CsA eliminated the negative effect of Ca?* in high
concentrations on the FCCP-stimulated respiration if
mixture of malate, glutamate and pyruvate was pre-
sent in the medium. However, CsA did not affect the
negative effect of Ca?* in high concentrations on the
ADP-stimulated respiration under these conditions.
The conclusion about CsA effect on the ADP-
stimulated and FCCP-stimulated respiration rate was
confirmed by the calculated respiratory controls at
succinate or mixture of substrates oxidation. As
respiratory control we used the ratio of the ADP-
stimulated respiration (ADP/S) or FCCP-stimu-

lated respiration (FCCP/S) rate to the respiration
rate, registered after oxidative substrate addition.
Respiratory control was dependent on the activity
of ATP synthase and the oxidative phosphorylation
processes in the first case and on the functioning of
the mitochondrial respiratory chain only — in the
second.

It was found that respiratory controls were
significantly reduced as a result of Ca" concentra-
tion elevation in the medium. That decrease was ob-
served at presence of both succinate or mixture of
malate, glutamate and pyruvate. ADP/S and FCCP/S
reduction at high Ca?* concentrations was prevented
by CsA at succinate oxidation (Fig. 6, A). In case
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Fig. 5. Effect of CsA on oxygen consumption rate by permeabilized hepatocytes at mixture of malate, glutamate
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the hepatocytes suspension at CsA absence (A) and CsA presence (C) within the medium; hepatocytes respi-
ration at CsA absence (B) and CsA presence (D) within the medium; [malate] = 5 mM, [glutamate] =5 mM,
[pyruvate] =5 mM, [CsA] = 0.5 uM, [ADP] = 750 uM, [FCCP] = 0.25 uM; *statistically significant difference
compared to 0.1 uM Ca*"; *statistically significant difference compared to control (without CsA); n =7

of malate, glutamate and pyruvate mixture oxida-
tion CsA prevented only FCCP/S decrease, but not
ADP/S decrease.

It is known that Ca?* concentration elevation
in the hepatocytes cytoplasm is accompanied by the
rapid transport of these cations into the mitochon-
drial matrix [15]. This translocation is provided by
the presence of such systems as “rapid mode” [15],
mitochondrial calcium uniporter [16] and mitochon-
drial ryanodine receptors [17] in the inner mitochon-
drial membrane.

The Ca? flow into mitochondria has an im-
portant physiological significance, since it activates
three enzymes of the citric acid cycle (pyruvate de-
hydrogenase, a-ketoglutarate dehydrogenase and

20

isocitrate dehydrogenase) [18] and thus regulates
respiration and oxidative phosphorylation [19].
Since Ca?* transport is carried out due to the inner
mitochondrial membrane energy, it can stimulate the
oxidative phosphorylation just at micromolar con-
centrations (0.1-0.8 uM) in the extramitochondrial
medium, when this transport does not significantly
reduce the mitochondrial membrane potential [20].
Abnormally high Ca?" concentrations (as a result of
multiple additions to reach final concentration of 10-
20 pM) inhibit mitochondrial respiration after initial
intensification and reduce mitochondrial membrane
potential at oxidation of either succinate or mixture
of malate and glutamate [21]. Such changes in mito-
chondrial respiration and mitochondrial membrane
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Fig. 6. Respiratory control of permeabilized hepatocytes in the medium containing 0.1, 1 and 10 uM Ca** in
the absence or presence of CsA: A — at succinate oxidation; B — at mixture of malate, glutamate and pyruvate
oxidation, [succinate] = 5 mM, [malate] = 5 mM, [glutamate] = 5 mM, [pyruvate] = 5 mM, [CsA] = 0.5 uM,
[ADP] = 750 uM, [FCCP] = 0.25 uM, *statistically significant difference compared to 0.1 uM Ca®*; *statisti-
cally significant difference compared to control (without CsA); n =7

potential are due to the activation of mPTP as is ar-
gued by the authors.

The results of this study clearly show that Ca?*
accumulation in the mitochondria of permeabilized
hepatocytes inhibit both respiratory chain and ATP-
sythase activity. Respiratory chain activity decrease
was caused by activation of mPTP and rescued by
CsA. However, the inhibition of ADP-stimulated
respiration and oxidative phosphorylation was pre-
vented by CsA only in case of succinate oxidation.
This important difference could be explained by the
following considerations.

Respiration was inhibited by Ca?* more strong-
ly and faster in case of NAD-dependent substrates
oxidation. This is in agreement with the facts, that
Ca?*-capacity of liver mitochondria is higher at suc-
cinate oxidation [22] and CsA sensitive Ca?*-induced
membrane depolarization of isolated rat liver mito-
chondria was faster at NAD-dependent substrates
oxidation comparing to succinate [21].

The reason for lower sensitivity to Ca®* of mi-
tochondria at succinate oxidation could be that res-
piration rates at succinate are higher (2.5-fold in our
study), and eventhough succinate oxidation is less
efficient in terms of reducing equivalent transport,
such difference should account for ~1.6-fold faster
net reducing equivalent transport in respiratory
chain. Thus the increased flux of reducing equiva-
lents delays Ca*-induced depolarisation and pore
activation.

Realistically, CsA could only partially inhibit
mPTP opening. Thus the diminished pore activity
and/or accumulation of Ca?* per se was enough to in-
hibit ATP-synthase, but not electron transport chain
in case of low mitochondria energization (pyruvate
+ glutamate + malate).

Thus we conclude that oxidative phosphoryla-
tion inhibition is the primary event of mPTP acti-
vation, possibly due to ATP-synthase conformation
change at pore opening. This is followed by inhi-
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bition of electrone transport chain, most likely via
cytochrome c release. While the latter could be as-
sociated with apoptosis, the physiological role of oxi-
dative phosphorylation inhibition at mPTP activation
is yet to be elucidated.
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IMepeBanTakenuss MitoxoHapiii Ca?* wmoxke
OyTH TpUTEpPOM BIAKPUBAHHS MITOXOHIPiaabHOL
TIOpH TpaH3i€eHTHOI mpoHUKHOCTI (MPTP), TpuBama
AKTUBAIliA SKOI MPU3BOAUTH O 3arwOeni KIITHH.
ATP-cunTasy po3risigaloTh SK MOXKIJIHWBHH MoJe-
KyJSIpHUH KOMITOHEHT MOpH. Meta poboTH — I0-
CIIJDKEHHS CTaHy OKHCHOTO (hochoprryBaHHS 3a
cupuunnenoi Ca? akrusanii mPTP y nepmea0i-
JII30BaHMUX TemaronuTax. [enmaronuTy i30110BaiIn
nBoctamiiitaum  metomoMm Cernena. Ilepmea0ini-
3aIlil0 TeMaTOUWTIB 3IHCHIOBAIM JUTITOHIHOM.
IIBUKICTh CHOKMBAaHHA KHCHIO BU3HAYaIId 3a
moroMororo enektpona Kmapka. Oxucae docdo-
pUITyBaHHS BU3HAYAJHN 32 CITiBBIAHOMECHHAM ADP-
CTUMYJILOBAHOTO UXAHHA J0 CyOCTpPaTCTUMYIbO-
BAHOIO AMXaHHs. BcTaHOBIIEHO, 110 301IBIICHHS
konnenTpamnii Ca®* y cepeIoBHII 3yMOBIIOE TIPH-
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THiYCHHS eEeKTiB OJIrOMiUHY Ta 3HUXKYE IIBU[-
kictb ADP- Ta FCCP-cTUMYJIbOBaHOTO TUXAHHS 32
OKHCJICHHS SIK CYKIIMHATY, TaK 1 CyMilIi TiyTama-
Ty, mipyBaTy Ta Mmajary. lariditop mPTP nwuxio-
criopuH A 0e3nocepesHbo He BIUIMBAE HA AMXAHHS
Ta OKHCHE (ochOopHIIyBaHHS MICHs MiABHIICHHS
konnenrparii Ca? i akrupanii mPTP. Skmo uu-
KJIOCTIOPUH A J0laBaJii TEpea  IMiABUIICHHIM
konuentpanii Ca?*, po6oTa AMXaLHOIO JIAHIKOTa
(FCCP-cumynpoBaHe TuXaHHS) HE MOPYITYBallach,
a mopymieHHs: okucHoro (ocdopunysBanus (ADP-
CTUMYJIbOBaHE AUXaHHS) OyJI0 YaCTKOBUM JIMIIIE 32
OKHCIICHHSI CyKIIMHATY. Y MiJICYMKY, MPUTHIYEHHS
OKHCHOTO (GochOopriIyBaHHS € MEPIIUM HACIIIKOM
aktuBarii mPTP 3a paxyHok, MaOyTh, 3amydcHHS
ATP-cunTasn B 1eit nporec. Edexr € cumpHITIAM 1
LIBUALIUM 32 OKucineHHs: NAD-3anexHux cyocrpa-
TiB, HI’K 32 OKHUCJICHHS CYKIIMHATY, 10 CHPUYUHEHO
HUIKYOIO SHEePIi3alie€ro MiTOXOHIPii.

Knmo4uoBi cuoBa: MITOXOH/ApianbHa mopa
TPaH3IEHTHOI TPOHUKHOCTI, IIUKJIOCTIOPUH A, CcyO-
cTparu oKucieHHs, renarornutu, FCCP.
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