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Thallium is known to produce one of the most complex and serious patterns of toxicity, involving a wide
range of human organs and tissues. The toxic impact on biologic organisms is linked especially to the ability
of TI* to disturb calcium homeostasis and to permeate easily the inner mitochondrial membrane (IMM). The
aim of this work was to study the effects of TI* on intracellular Ca?* dynamics in rat neonatal cardiomyocytes
as well as on sodium penetrability of the IMM and TI*-induced mitochondrial permeability transition pore
(MPTP) opening in isolated Ca®*-loaded rat heart mitochondria (RHM). The use of the fluorescent calcium
indicator Fura 2 AM showed that TI* induced calcium influx across the plasmatic membrane, resulting in cal-
cium ([Ca**])) increase in the cytoplasm. This increase was even more pronounced in experiments with accele-
rating of TI*-transmembrane fluxes by nonactin. It was nevertheless abolished by the removal of extracellular
Ca?* ions, but was not inhibited by a calcium-channel blocker (nifedipine). TI* did not release calcium from
the intracellular stores. TI* potentiated sodium permeability of the IMM because swelling of nonenergized
RHM in medium containing TINO, and NaNO, was enhanced at high TI* concentration. The calcium load of
RHM induced MPTP opening which was accompanied by the increase of the swelling as well as the decrease
of the inner membrane potential and of state 4, (basal) and state 3U,, (2,4-dinitrophenol-uncoupled) respi-
ration. These effects of TI* were suppressed by MPTP inhibitors (cyclosporine A, ADP and n-ethylmaleimide).
The data obtained showed that TI*-stimulated influx of extracellular calcium into cardiomyocytes could cause
calcium and sodium RHM overload, which lead to the MPTP opening, thus determining the sensitivity of heart
muscle to thallium intoxication.

Keywords: TI*, Ca?*, Na*, cardiomyocytes, rat heart mitochondria, mitochondrial permeability transition
pore (MPTP).

Thallium produces one of the most complex
and serious patterns of toxicity known to hu-
mans, involving a wide range of organs and
tissues. TI* is a K* surrogate, owing to a similarity
in ion radii, and it belongs to the group of trace ele-
ments which easily penetrate the skin and respira-
tory and digestive systems of mammals [1]. In the
human body, thallium is absorbed mainly into the
liver, spleen, kidneys, colon and the myocardium
[2]. The severity of symptoms depends on the time
and level of exposure, the rate of absorption, age,

and individual susceptibility [3]. TI* can stoichio-
metrically replace K* in preparations of rat heart and
diaphragm [4]. The 2*TI* isotope is used in medical
procedures as a radioisotope in clinical cardiology,
heart and tumor imaging, in planar and SPECT ima-
ging, myocardial perfusion and cellular dosimetry
[5-7]. Thallium compounds have been used in the
manufacture of optical glass, and also as a homicidal
agent and a rodenticide [1]. TI* suppresses the heart-
beat markedly [4]. In Tl-poisoned rats, thallium is
stored in the heart and skeletal muscle more than in
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the liver, kidney, or skin [8-11]. At the same time,
considerable structural damage and grains were ob-
served in SR, nuclei, myofibrils, and mitochondria
of the rats. Additionally, cell muscle granules were
deprived of glycogen. The toxic impact on biologic
organisms is linked to the ability of TI* to perme-
ate easily the inner mitochondrial membrane (IMM)
and to substitute K" in K*-dependent biochemical re-
actions or transport processes [1, 12].

It is generally known that a moderate calcium
load of mitochondria facilitates the appearance of the
permeability transition pore (MPTP) in the inner mi-
tochondrial membrane (IMM) [13]. In this case, the
MPTP is in a low conductance state, and the IMM
becomes penetrable to H*, K*, Na*, and Ca?" with
massive mitochondrial swelling and decreased mem-
brane potential (A¥ . ). It was previously found that
TI* raised the concentration of Ca?" and Na* in iso-
lated rat hepatocytes [14]. The calcium load of succi-
nate-energized rat liver mitochondria (RLM) in me-
dium containing TINO, and nitrates (KNO,, NaNO,,
NH,NO,) caused TI*-induced MPTP opening in their
inner membrane. This was manifested as an increase
in swelling and a decrease in both A¥Y . and state
4, state 3, and state 3U_, (2,4-dinitrophenol(DNP)-
stimulated) respiration [15]. The TI*-induced MPTP
with the latter three effects was found in similar ex-
periments with Ca?*-loaded RHM, injected into me-
dium containing TINO, and KNO, [16]. The opening
of the MPTP in calcium-loaded RLM and RHM, as
well as the decrease in both A¥ . “and respiration,
and the increase in swelling were slowed down in
the presence of MPTP inhibitors (ADP and cyclo-
sporin A (CsA)) [15, 16]. The effects of TI* have not
been investigated in intracellular calcium in cardiac
myocytes. There are no data on the joint effect of
Ca?" and Na* on the TI*-induced MPTP opening in
the inner membrane of RHM. The aim of this work
is to study the effects of T1* on intracellular Ca?
dynamics in rat neonatal cardiomyocytes. Another
goal of our work was to study the effect of TI* on
both the sodium penetrability of the IMM and the
TI*-induced MPTP in Ca?*-loaded rat heart mito-
chondria. We, therefore, examined the swelling,
AY . decrease, as well as state 4 , state 3, and state

mito
3U,, respiration in the RHM in medium containing
TINO, and NaNO; in the presence of Ca** as well as
the MPTP inhibitors (CsA, ADP, n-ethylmaleimide

(NEM)).
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Materials and Methods

Animals. Female and male Wistar rats (250-
300 g) were used in the research. The animals were
kept at 20-23 °C under 12-h light/dark cycle with
free access to the standard rat diet and water ad libi-
tum. All treatment procedures of animals were per-
formed in accordance with the Animal Welfare act
and the Institute Guide for Care and Use of Labora-
tory Animals.

Chemicals. The reagents for cell culturing
were purchased from Biolot (St. Petersburg, Russia).
Mannitol, Mg(Nog)z, CaCl,, H.,PO,, TIN03, NaCl,
NaNO,, NH,NO,, and DNP were of analytical grade.
Rotenone, oligomycin, CsA, safranin, Tris-OH,
ethylene glycol-bis(B-aminoethyl ether) N,N,N’,N'-
tetraacetic acid (EGTA), ADP, glucose, HEPES,
succinate, MgCl,, NEM, type IA collagenase,
Fura 2 AM, and free fatty acid albumin of bovine
serum (BSA) were from Sigma (St. Louis, MO,
USA). The BSA (Minsk, Belarus) was used for the
preparation of an isolation medium I. Sucroseas 1 M
solution was refined from cation traces on a column
filled with a KU-2-8 resin from Azot (Kemerovo,
Russia).

Cultivation of rat neonatal cardiomyocytes.
Methods of cultivation and Ca?* registration have
been described in detail [17]. Briefly, newborn
Wistar rats (1-day-old) were used for the prepara-
tion of the myocytes’ culture. Rats were subjected
to carbon dioxide. Dissected hearts were thorough-
ly disintegrated and incubated at 37° C for 40-50
min in Ringer’s solution for rodents: 146 mM NacCl,
5 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 11 mM glu-
cose, 10 mM HEPES (pH 7.4), containing type 1A
collagenase (1 mg/ml, Sigma) and trypsin (0.12%,
Biolot, Russia). After filtration and centrifuga-
tion at 1000 rpm for 10 min, the cells were resus-
pended in the medium containing DMEM medium
with 10% fetal serum, 50 IU/ml penicillin and 50
pg/ml of streptomycin. Nonmuscular cells were de-
leted with a preliminary incubation on a Petri dish
over 40—50 min at 37 °C. Non-attached cells were
then incubated on cover slips (12x24 mm) covered
with a poly-D-lysine (0.1 mg/ml, MP Biomedicals,
USA). The cells were incubated in a CO, incubator
(Jouan, France) at 5% of CO,, a humidity of 95%
and at 37 °C. The medium was replaced every two
days. The cells were cultured for 5-10 days before
the experiments.
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Measurements of intracellular calcium. Cover
slips with cells were loaded in Ringer’s solution for
rodents with Fura 2 AM at a concentration of 5 uM
for 1 h at 26 °C. Then, cells were washed with a
Ringer’s solution for 30 min and the intracellular cal-
cium concentration ([Ca*]) was measured at room
temperature on cover slips placed above an inverted
microscope lens. Nonactin of 1 pM we used to en-
hance the entrance of TI* into the cardiomyocytes
(Fig. 1). During Ca* experiments in Ca*-free EGTA
solution, all Ca?* was replaced with 2 mM EGTA
(Fig. 3). [Ca**], was measured using a computer
analysis system for intracellular ion content (Intra-
cellular Imaging & Photometry System, USA), with
inverted microscope Nikon TMS (objective x30) and
monochrome digital video camera, RS_170 CCD
(Cohu Inc., USA). The cells were excited with light
at wavelengths of 340 and 380 nm, and emission
was registered at 510 nm. The built-in computer
INCytIm2TM software allowed measuring the intra-
cellular calcium ion concentration as the ratio of the
fluorescence emission intensities excited at 340 and
380 nm (F,,/F.,), using a calibration curve based on
calibration solutions (Fluka Chemicals) with known
Ca?* concentrations.

Mitochondrial isolation. Rat heart mitochon-
dria were isolated from Wistar adult male rats (200-
250 g) according to procedure which explicated
more detail in Korotkov et al. [16]. The rat hearts
were minced, washed, and homogenized by using an
MPW-302 polytron homogenizer from Mechanika
Precyzyjna (Warsaw, Poland) in the medium I con-
taining 70 mM sucrose, 220 mM mannitol, 2 mM
EGTA, 10 mM Tris-HCI (pH 7.3), and 0.1% BSA
(Minsk, Belarus). To precipitate non-homogenized
tissue particles, the homogenate was then centri-
fuged for 10 min at 400 g by a K-24 centrifuge (Ger-
many). Further, the containing mitochondria super-
natant centrifuged for 10 min at 8500 g and the RHM
sediment was kept on ice. To increase the number of
mitochondria, the tissue particles were repeatedly
homogenized by using a potter homogenizer with
Teflon pestle. Next, the tissue homogenate and the
supernatant were successively centrifuged at 400
and 8500 g, accordingly. This procedure was per-
formed twice. At the final stage, the RHM sediment
obtained from the three cycles was twice rinsed out
in a medium |1 containing 300 mM sucrose, 10 mM
Tris-HCI (pH 7.3), 5 uM EGTA, and 0.1% BSA (Sig-
ma, USA) with followed the RHM sedimentation for
10 min at 6500 g. All the above procedures were per-

formed on ice. The protein concentration tested by
the Bradford method was 25-30 mg/ml.

Mitochondrial swelling. Swelling of the
RHM was evaluated by a decrease in the appa-
rent absorbance of mitochondrial suspension at
room temperature on an SF-46 spectrophotometer
(LOMO, St. Petersburg, Russia) at 540 nm. Mito-
chondria (1.0 mg/ml of protein) were administrated
in 1-cm cuvette with 1.5 ml of sucrose-adjusted
400 mOsm medium containing 0-75 mM TINO,
(Fig. 4, @) or 25 mM TINO,, 100 mM sucrose, 1 mM
Tris-PO,, and 200 uM CacCl, (Fig. 4, b). All media
above contained 125 mM NaNO,, 5 mM Tris-NO,
(pH 7.3), 2 uM rotenone, and 1 pg/ml of oligomy-
cin. The following agents were administered into
the medium before addition of mitochondria (where
indicated): 0.5 mM ADP, 1 uM CsA, and 50 uM
NEM. The concentrations of other additions showed
in the figure legends. The swelling, respiration rates
and AY . were tested in the 400 mOsm media in
order to check the comparability and consistency be-
tween the events in different experiments. The media
osmolality was fixed by sucrose addition.

Oxygen consumption assay. The oxygen con-
sumption rates (ng atom O/min per mg of protein)
were tested polarographically using Expert-001 ana-
lyzer (Econix-Expert Ltd., Moscow, Russia) in a 1.3-
ml closed thermostatic chamber with magnetic stir-
ring at 26 °C (Fig. 5 and 6). Mitochondria (1.0 mg/
ml of protein) were added into the 400 mOsm me-
dium containing 0-75 mM TINO, (Fig. 5), 125 mM
NaNO, (a), or 125 mM NH,NO, (b). Alternative
medium contained 25 mM TINO, (Fig. 5), 100 mM
sucrose, 125 mM NaNO, (c), or 125 mM NH,NO,
(d), and 1 pg/ml of oligomycin. Besides the media
above contained 5 mM succinate, 5 mM Tris-NO,
(pH 7.3), 2 uM rotenone, 3 mM Tris-PO,, and 3 mM
Mg(NO,),. ADP of 200 uM or DNP of 15 uM were
injected into the media after 2 min recording of state
4, (basal) to induce state 3 or state 3U_,, (DNP-
stimulated) respiration [18], accordingly (Fig. 5).
Additions after mitochondria (ADP, CsA, NEM, and
Ca?") are specified in the Figures legend. The res-
piratory control ratios (RCR and RCR_ ) are cor-
respondingly relation of state 3 rate to state 4, rate or
state 3U,,,, rate to state 4 rate.

Mitochondrial membrane potential. The A¥ .
induced by 5 mM succinate on the inner membrane
of the RHM (Fig. 6) was evaluated according to
Waldmeier et al. [19]. We measured intensity of
safranin fluorescence (arbitrary units) in the mito-
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Fig. 1. Influence of TI* and nonactin on cytoplasmic calcium concentration in rat neonatal myocytes. Cells
were exposed to 1.5 mM TI* without (panel a, n = 3) or with 1 uM nonactin (panel b, n = 8). The duration of TI*
application is indicated by a horizontal line. Each trace is the calcium signal from one cell. In one experiment,
we used one single coverslip with cells. Similar results to the ones depicted were replicated in three to four
independent experiments. The abscissa is the time in seconds. The ordinate is the intracellular calcium con-
centration, [Ca*"]. (nM). Below the chart, asterisks indicate the time of application of appropriate solutions,
which are indicated by the lines above the figure. Similar results were found in 3 independent experiments

chondrial suspension with magnetic stirring at room
temperature using a Shimadzu RF-1501 spectropho-
tofluorimeter (Shimadzu, Germany) at 485/590 nm
wavelength (excitation/emission). Mitochondria
(0.5 mg protein/ml) were injected into totally clear
quartz cuvette with 3 ml of 400 mOsm medium con-
taining 15 mM TINO,, 120 mM sucrose, 125 mM
NaNO, (@), or 125 mM NH,NO, (b), 5 mM Tris-NO,
(pH 7.3), 1 mM Tris-PO,, 3 uM safranin, 2 uM ro-
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tenone, and 1 pg/ml of oligomycin. ADP and CsA
were put into the medium before the RHM (where
shown). Additions of succinate, Ca?, and DNP are
shown in the Fig. legend. The use of millimolar
thallium(l) concentrations for our study was due to
the specifics of isolated mitochondria research that
was our discussed earlier [20, 21].

Statistical analysis. Data are presented from at
least three independent experiments, with 5-25 cells
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Fig. 2. Effects of TI* on a fluorescence in rat neona-
tal myocytes. The fluorescence at 380 nm on panels
a-c was correspondingly registered at the time in-
dicated by arrows a, b and c in Fig. 1, b. Panel a -
Sfluorescence at the start of the experiment (arrow a).
Panels b and ¢ — fluorescence at the times indicated
by the arrows b and c in Fig. 1, b, respectively

in each experiment. The means + s.e.m. are shown.
N is the number of experiments, n is the number of
cells. The statistical differences in results and corre-
sponding P-values were evaluated using two popu-
lation t-test (Microcal Origin, Version 6.0, Microcal
Software). These differences are presented as per-
cent of the average (P < 0.05) from one of three in-
dependent experiments (Fig. 1-6).

Results and Discussion

TI* induces an increase in [Ca*]. in cardio-
myocytes. In our experiments with rat neonatal car-
diomyocytes, we used TI* concentrations compa-
rable to those used in other studies [4, 17, 22, 23].
An increase of [Ca*"]. was observed in the myocytes
after 300-400 sec of TI* application (Fig. 1, a). To
enhance the entrance of TI* into the cardiomyocytes,
we used nonactin which was found to be markedly
increased TI* penetration into energized rat liver mi-
tochondria [12, 20, 24]. It has previously been shown
that cardiomyocytes were Killed after application of
nonactin [25]. We, therefore, used essentially a low
concentration of nonactin (1 uM) and a short expo-
sure time of 16 min maximum. Experiments with
nonactin showed that the TI*-induced Ca*" increase
occurred in a shorter time (by 100-200 sec) after TI*
nonactin application (Fig. 1, b and c). The effects of
1 uM nonactin (Fig. 1, ) on [Ca*7]. at the beginning
of the experiments and before TI* application were
minor and transient, and were seen within a short
time span (100-200 sec). Only 19+2% of the cells
responded to nonactin (n = 37, N = 3). The effects of
TI* on [Ca*]. dynamics were dependent on the TI*
concentration and duration of TI* application (Fig. 1,
c). For example, 102 and 55+3% of the cells in the
presence of 1 uM nonactin responded to 1 mM TI*
and L5 mM TI* (n =79, N = 3) respectively. It should
be noted that the cardiomyocytes did not respond
to TI* simultaneously. The a-c images of cardio-
myocytes loaded with Fura 2 AM and fluorescing
at 380 nm (Fig. 2) are correspondingly shown at
the times indicated by arrows a, b and c¢ in Fig. 1,
b. The fluorescent signal of F_, was not recovered
after the end of TI* exposure (Fig. 2, ¢). This may
be due to the extrusion of Fura 2AM through the
plasmalemmal pore(s), which may be formed after TI*
application.

Experiments in Ca?*-free EGTA solution. In our
experiments, the Ca?* in the extracellular solution
was replaced by 2 mM EGTA before (Fig. 3, a) and
after (Fig. 3, b) the addition of TI*. The extracellular
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Fig. 3. Effects of TI*, Ca?*-free EGTA solution and nifedipine on cytoplasmic calcium concentration in rat
neonatal myocytes. Cells were treated by 1.5 mM TI* in Ca?*-free EGTA solution, which was added before
(panel a, n = 4) or after TI* application (panel b, n = 6) or 1.5 mM TI*, and subsequently in nifedipine (50 uM)
and Ca*"-free EGTA solution applications (panel ¢, n = 4). In Ca?*-free EGTA solution, all Ca?* was replaced
with 2 mM EGTA. Other designations are the same as in Fig. 1. Similar results were found in 3 independent

experiments

Ca?* was subsequently restored to 2 mM (Fig.
b). As shown in Fig. 3 (a), TI* did not induce [Ca*],
release from intracellular stores. When Ca?* influx
was inhibited in Ca*-free EGTA solution, the sus-
tained increase in Ca? stimulated by application of
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TI* was absent (Fig. 3, b). After restoration of ex-
tracellular Ca*, an increase in [Ca*]. was observed

3, b). To find out which Ca?channels are re-
sible for the entrance of TI*, we used plasmatic

L-Ca?-channels blocker, nifedipine at a concentra-
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Fig. 4. Effects of TI* on swelling of rat heart mito-
chondria. Mitochondria (1.0 mg/ml of protein) were
administered to the sucrose-adjusted 400 mOsm
medium containing (panel a) 0-75 mM TINO, as
well as 125 mM NaNO, or 250 mM sucrose (dash
traces); (panel b) 25 mM TINO, and 100 mM sucrose
or 150 mM sucrose free of TI* (dash dot trace) as
well as 125 mM NaNO,, 300 uM Ca**, and 1 mM
Tris-PO,. The medium also contained 5 mM Tris-
NO, (pH 7.3), 2 uM rotenone, and 1 ug/ml of oli-
gomycin. Numbers near the traces (panel a) show
concentration of TINO, (mM) in the medium. Bold
traces (panel b) correspondingly indicate experi-
ments with Ca?* alone (control) or free of Ca?". The
effectors (panel b) added before mitochondria into
the medium are indicated on the right of the traces:
1 uM CsA (CsA); 0.5 mM ADP (ADP); and 50 uM
NEM (NEM). Additions of mitochondria (RHM) and
5 mM succinate (Succ) are shown by arrows. Typi-
cal traces for three different mitochondrial prepara-
tions are presented

tion of 50 uM, which had no effect on Ca?* influx
stimulated by TI* application (Fig. 3, ).

Effects of TI* and Ca?" on swelling of rat
heart mitochondria in nitrate media. Brierley et al.
[26] earlier showed that the IMM passive sodium
permeability can be estimated by the swelling of
non-energized mitochondria in medium containing
NaNO, because the IMM is free penetrable to NO,
anion. It is known that mitochondrial respiratory
enzymes (NADH-, succinate-, and malate dehydro-
genase) poorly inhibited by TI* millimolar concen-
trations since TI* showed a weak interaction with
molecular thiol groups [27], and it is this fact that
was the main reason for the use of millimolar TI*
concentrations [9, 28] in experiments with isolated
mitochondria what we explained previously in more
detail [20]. Earlier, we found that TI* increased the
permeability in experiments with RLM, injected
into 400 mOsm medium containing 0—75 mM TINO,
and 125 mM NaNO, [29]. The swelling of non-ener-
gized RHM increased steadily when the TINO,
concentration was increased in the medium (Fig. 4,
a). However, the swelling was almost not observed
when 125 mM NaNQ, in the medium was replaced
by 250 mM sucrose (bold dash traces). Injection of
succinate caused these organelles to contract, but
the contraction abated when 75 mM TINO, were
added (Fig. 4, a). The calcium load of mitochon-
dria is accompanied by massive swelling of these
organelles, due to opening of the mitochondrial
permeability transition pore (MPTP) in the inner
membrane [13]. Swelling of succinate-energized rat
liver mitochondria in medium with TINOs, 125 mM
nitrates (KNO,, NH,NO,, NaNO,) and 100 uM Ca*"
was caused by the opening of the MPTP in the in-
ner membrane [29]. The 3-minute swelling of non-
energized rat heart mitochondria (RHM) in medium
containin 25 mM TINO, and 125 mM NaNO,
(Fig. 4, b) was not affected by 300 uM Ca?* (con-
trol trace with Ca?" alone) nor by the MPTP inhibi-
tors (ADP, CsA, NEM). The addition of succinate
resulted in massive mitochondrial swelling (control
trace) which was followed by mitochondrial contrac-
tion, increased in series CsA, NEM < ADP < ADP
+ CsA (Fig. 4, b).

Influence of TI* and Ca®" on oxygen consump-
tion rates of rat heart mitochondria and the inner
membrane potential in nitrate media. State 4 of suc-
cinate-energized RHM was diminished in medium
containing 50-75 mM TINO, and 125 mM NaNO,
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Fig. 5. Effects of TI*, Ca?" and effectors on oxygen consumption rates of rat heart mitochondria. Mitochondria
(1.0 mg/ml of protein) were injected in 400 mOsm medium containing 0-75 mM TINO, (a,b) or 25 mM TINO,
and 100 mM sucrose (c,d) or 150 mM sucrose alone in bold traces (c), as well as 5 mM succinate, 5 mM
Tris-NO, (pH 7.3), 2 uM rotenone, 3 mM Tris-PO,, and 3 mM Mg(NO,),. Additionally, the medium was sup-
plemented 125 mM NaNO, (a,c) or 125 mM NH4NO3 (b,d), as well as 1 pg/ml of oligomycin (c,d). Additions
of mitochondria (RHM), 300 uM (a,b) ADP (ADP), 75 uM Ca?* (Ca?*), and three ones of 5 uM DNP (DNP)
are accordingly shown by vertical arrows, inclined arrows, and inclined bold arrows. The injection of the ef-
fectors (c,d) is shown by inclined arrows: control (Ca?* alone and free of effectors), 1 uM CsA (CsA); 0.5 mM
ADP (ADP), and 50 pM NEM (NEM). Oxygen consumption rates (ng atom O min/mg of protein) are presented
as numbers placed above experimental traces. Bold numbers near the traces show (a,b) concentration of
TINO, (mM) in the medium. Numbers near the traces correspondingly indicate value of the RCR/the RCR
(a,b) or the RCR_, (c,d) (see the Materials and Methods). Typical traces for three different mitochondrial
preparations are presented
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Fig. 6. Effects of T and Ca?* on the inner membrane potential (A¥,_ ) of rat heart mitochondria. Mitochon-
dria (0.5 mg/ml of protein) were added to medium containing 15 mM TINO,, 120 mM sucrose, 5 mM Tris-NO,
(pH 7.3), 1 mM Tris-PO,, 3 uM safranin, 2 uM rotenone, and 1 ug/ml of oligomycin as well as 125 mM NaNO,
(panel a) or 125 mM NH,NO, (panel b). Down-directed arrows show additions of mitochondria (RHM) and
5 mM succinate (Succ). Injections of 30 uM Ca* (Ca**) and 40 uM DNP (DNP) are demonstrated by up-
directed bold arrows. Additions before mitochondria are indicated on the right of the traces: 1 uM CsA (CsA)
and 0.5 mM ADP (ADP). Bold traces render experiments with Ca?* (control) or those free of Ca?*. The rates
of Ca**-induced AY_, dissipation (arbitrary units per min) are shown as numbers placed above experimental
traces. Typical traces for three different mitochondrial preparations are presented

(Fig. 5, @) or 25-75 mM TINO, and 125 mM NH,NO,
(Fig. 5, b), correspondingly. When the TINO, con-
centration was raised from 25 to 75 mM, state 3
and state 3U, respiration of RHM diminished in
medium containing NaNO, (Fig. 5, a) or NH,NO,
(Fig. 5, b). Compared with experiments free of Ca?*
(Fig. 5 and 6 (free of Ca?* trace)), a decrease in state
3U,,, respiration (control trace with Ca** alone)
and in RCR,, was found after administration of
100 uM Ca?" in the 400 mOsm medium with 25 mM
TINO, and 100 mM sucrose, as well as with 125 mM
NaNO, (Fig. 5, ¢) or 125 mM NH,NO, (Fig. 5, d).
The decrease in the respiration and in RCR , was
counteracted notably in the presence of MPTP in-
hibitors (ADP and CsA) but the decrease remained
constant in experiments with NEM (Fig. 5). When
25 mM TINO, was replaced by 50 mM sucrose in

the medium with 125 mM NaNO, (Fig. 5, c, free of

TI* traces), state 3U, , respiration and RCR ,, , after
Ca?* injection and regardless of ADP with CsA addi-
tions (bold traces) were similar to ones found in like
experiments with this medium without Ca*" (Fig. 5,
a). The decrease of A¥ . on the inner membrane of
RHM (Fig. 6) was not so strong (free of Ca?" trace)
after administration of succinate into the 400 mOsm
medium containing 15 mM TINO, and 110 mM su-
crose together with 125 mM NaNO, (Fig. 6, a) or
125 mM NH,NQ, (Fig. 6, b). The A¥_, decrease af-
ter injection of Ca?" into the medium (control trace
with Ca?* alone) revealed a notable acceleration,
which was clearly eliminated in experiments with
the MPTP inhibitors (ADP + CsA).

L-type Ca®* channels are believed to be the
main transporter for the trans-sarcolemmal Ca?®*
influx in adult cardiomyocytes. The impact of TI*
on isolated hepatocytes was accompanied by an in-
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crease in cytosolic concentrations of Ca?* [14]. We,
therefore, anticipated that TI* could also stimulate
this pathway. Talbot [23] found that TI* entered the
nerve terminal primarily via Ca channels. While
nifedipine (> 2 uM) blocked the Ca?" transients in
cardiomyocytes [30], the influx of Ca®" into rat neo-
natal cardiomyocytes in our experiments was not
blocked in the presence of 50 pM nifedipine and
1.5 mM TI* (Fig. 3, ). Thus, the mechanism of the
TI*-induced rise in [Ca*]. (Fig. 1, a) is likely not as-
sociated with TI* activation of the L-type Ca?* chan-
nels. It can be assumed that the fluxes of extracel-
lular calcium are most likely due to the activation of
the Ca?" permeability pathway or calcium channels
(other than L-type) in the plasma cell membrane,
which causes the direct influx of Ca?" into the cy-
toplasm.

Na*/K*-ATPase catalyses transport of TI* into
myocytes [31, 32]. To stimulate the influx of TI* into
the cells, we used nonactin (Fig. 1, b and c). Earlier,
it has been shown that cardiomyocytes were killed
by the application of a high concentration of non-
actin (10 uM) during a prolonged exposure time
(60 min) [25]. Under these circumstances, 33% of the
cardiomyocytes were Killed [25]. In our experiments
(Fig. 1, b and c) we used essentially a low concen-
tration of nonactin (1 uM) and short exposure time,
16 min maximum. Nonactin was able to increase the
cytoplasmic calcium concentration at 20-100 UM in
non-excitable cells (the murine tumor cell lines) [33].
These authors suggested that the rise in [Ca*]. was
most likely due to the release of calcium from intra-
cellular stores, but they did not perform experiments
with a Ca? free solution. Therefore, we conducted
some experiments with nonactin alone to discover
its ability to increase [Ca*"].. We showed that the Ca
increase induced by nonactin before TI* application
was rather low and transient (Fig. 1, c). Additionally,
most of the cells did not respond to a 1 uM concen-
tration of nonactin. It cannot be ruled out that nonac-
tin, which stimulates both TI* entrance into the cells,
and the subsequent TI*-induced Ca?* increase, is able
to facilitate TI*-induced channel opening in the inner
mitochondrial membrane.

Electro-physiological research has detected TI*
permeability in the SR channel [34]. TI* ions had a
selective impact on the muscle and its mitochondria,
which are the main site of TI* distribution [11]. Thal-
lium interacts with the excitability of peripheral and
myocardial muscle cells [1]. Some possible toxic
mechanisms of TI* can be the disturbance of calcium
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homeostasis, inhibition of cellular respiration, as
well as ligand formation of TI* with protein sulfhy-
dryl groups [1]. Our in vitro studies with RLM have
revealed that TI* was able to form complexes with
mitochondrial proteins [35]. In our experiments,
we observed that the inhibition of Ca?influx with
Ca?*-free EGTA solution prevented the sustained/
transient increase in [Ca*"]. induced by the addition
of TI* (Fig. 3, @). Thus, TI* did not induce [Ca*] re-
lease from intracellular stores. Addition of Ca?*-free
EGTA solution after a TI*-induced calcium rise also
led to a reduction in [Ca**]. almost to the resting level
(Fig. 3, b). The reduction of Ca?" in cardiomyocytes
in Ca?-free EGTA solution implies that Ca?* se-
questration and extrusion mechanisms are still able
to function after TI* application. These mechanisms
can be extrusion of [Ca**]. by both plasmalemmal so-
dium calcium exchanger and plasma membrane Ca?*
ATPase, and possibly mitochondrial Ca?* uptake
through the Ca?* uniporter. Nevertheless, we believe
that TI* at 1.5 mM is toxic for cells, because we ob-
served a dramatic loss of intracellular dye Fura 2AM
(namely F,, ) at the end of all experiments. The fluo-
rescent signal of F,;; was not recovered after the end
of TI* exposure (Fig. 2, c). This may be due to the
extrusion of Fura 2AM through the plasmalemmal
pore(s), which may be formed after TI* application.
It is assumed that TI* ions induced calcium
overloading in the cardiomyocytes followed by
channel opening in the inner mitochondrial mem-
brane, and this may contribute to the toxic effect of
thallium on the myocardium. The BTC-AM fluores-
cence assay showed that TI* can be transported via
voltage-gated potassium channels, as well as small-
conductance and large-conductance calcium-activa-
ted potassium channels in mammalian HEK-293
cells and cultured rat muscle cells [36, 37]. Experi-
ments with isolated hepatocytes and PC12 cells in-
dicated that TI* induced apoptosis, decreased intra-
cellular glutathione, and enhanced the production of
reactive oxygen species, H,0,, and lipid peroxidation
[38, 39]. These deleterious effects of 100 uM TI* on
hepatocytes were reduced considerably by the MPTP
inhibitors (cyclosporine A and carnitine) [39]. The
mechanistic basis of thallium’s toxicity is the abili-
ty of TI* to replace K* in K*-dependent biochemical
processes. It penetrates easily the inner mitochon-
drial membrane, releases Ca* from intracellular
compartments, and changes cell cycle regulation
[1, 12, 14]. In our preliminary experiments, we found
that 1 mM TI* exerted a negative inotropic effect on
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the spontaneous contraction of frog atrium (Sobol
and Korotkov, unpublished data). In this study, we
showed for the first time that T1* stimulated the un-
controlled influx of extracellular calcium ions into
the cardiomyocytes.

The TI* fluorescence assay showed that TI*
is transported into rat heart mitochondria through
ATP-sensitive (mitoK , ) or BK-type Ca** activated
(mitoK_) potassium channels [40, 41]. TI* inhibited
the Na*-dependent Ca?* efflux from RLM [42]. The
swelling of de-energized rat liver mitochondria
(RLM) in nitrate media indicated that the inner mi-
tochondrial membrane (IMM) displays low perme-
ability to K* but high permeability to TI* [12, 26, 43].
Similar experiments with de-energized RLM in
sucrose-adjusted 400 mOsm medium containing a
mixture of 0-75 mM TINO, with 125 mM nitrates
(KNO,, NH,NO,, NaNO,) correspondingly revealed
a TI*-induced increase in IMM permeability to K,
H*, and Na* [29]. This increase resulted in additional
mitochondrial swelling and decreased state 3 and
state 3U ,, respiration. On the contrary, these effects
were not found in like experiments with the medium
containing 0-75 mM TINO, together with 250 mM
sucrose instead of 125 mM nitrates. So, these ef-
fects of TI* in the experiments with RLM were en-
hanced in the series with TINO,: sucrose < KNO,
< NaNO, < NH,NO, [29]. The present results with
the medium containing NaNO, or sucrose (Figs. 4,
a and 5) and our earlier results [16] with medium
containing TINO, and nitrates (KNO,, NH,NO,)
revealed a similar series in the experiments with
de-energized rat heart mitochondria (RHM). Our
experiments with the different mitochondrial prepa-
rations (RLM and RHM) therefore showed that the
TI*-induced increase in the passive ion permeabili-
ty of the IMM is manifested by visible mitochon-
drial swelling and a simultaneous decrease in state
3 and state 3U . respiration of these organelles. We
have shown previously that quinine inhibited the
succinate-induced contraction of RLM, preswol-
len in medium containing TINO, with nitrates [29].
This finding supports the hypothesis that the mito-
chondrial K'/H* exchanger can catalyze, extruding
both TI*[12] and TI*-induced excess of the univa-
lent cations (K*, Na*, NH,") [43] from the mitochon-
drial matrix. The succinate-induced contraction of
the RHM (Fig. 4, a) [16] and RLM [29] can thus be
explained also by the participation of the K/H* ex-
changer.

The cytotoxic effects of TI* in experiments with
isolated rat hepatocytes were significantly reduced in

the presence of CsA and carnitine, which are MPTP
inhibitors [39]. The main components of MPTP are
believed to be the mitochondrial phosphate carrier
(PiC) and cyclophilin D (CyP-D), whereas the ade-
nine nucleotide translocase (ANT) is referred to as
its regulatory part [44]. It was earlier found that TI*
in sucrose Ca?* free media has not effected on state
3 and state 3U , , mitochondrial respiration that is in
agreement with the finding that T1* does not inhibit
respiratory enzymes [9, 28, 43]. In our experiments
with Ca*-loaded RLM, the TI*-induced MPTP
opening in medium containing TINO, and nitrates
(KNO,, NaNO,, NH,NO,) was facilitated by inor-
ganic phosphate [43] but impeded in the presence of
both the MPTP inhibitors (ADP, CsA, Mg?*) and the
PiC inhibitor mersalyl [15, 45]. This allowed us to
reach a conclusion regarding the participation of the
ANT and the PiC in the TI*-induced MPTP opening
in the inner membrane [21, 45]. We earlier found
that a closure of mitochondrial potassium chan-
nels (mitoK .., and mitoK_)) increased the MPTP
opening [46]. However, blocking of the mitochon-
drial Ca?*-uniporter by ruthenium red, Y**, La* and
Ni?* deceased the MPTP opening [15, 47].

On the other hand, experiments with the Ca®*-
loaded RHM showed a decrease in state 3U_,, res-
piration, the RCR ., and A¥ . together with the
increased swelling in medium containing TINO, as
well as KNO, and NH,NO, [16] or NaNO, (Figs. 4,
b, 5, 6). As in the case of the Ca?-loaded RLM
[15], these effects were attenuated considerably in
the presence of the MPTP inhibitors (ADP, CsA)
(Figs. 4, b, 5, 6). The detected contraction of the
Ca*-loaded RHM, preswollen in the nitrate media,
(Fig. 4, b) [16] and also of Ca?*-loaded RLM [15] in
presence of ADP and CsA is in agreement with the
proposed possible cooperative interaction [48] be-
tween these inhibitors and the Ca?*-binding sites of
ANT in mammalian mitochondria. The increase in
mitochondrial swelling (Fig. 4, b) and the decrease in
both state 3U_ , respiration and the RCR , (Fig. 5,
C) [16] were visibly eliminated in like experiments
with RHM injected into the containing 125 mM
NaNO, medium with 25 mM TINO, replaced by
50 mM sucrose. On the other hand, the even greater
decline in state 3U , and the RCR . in the presen-
ce of NEM (Fig. 5, ¢ and d) is most likely associa-
ted with the inhibition of succinate dehydrogenase
that we observed earlier in similar experiments
with RLM [21]. Above results of these experiments
with Ca?*-loaded RHM (Figs. 4, b, 5, 6) [16] and
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Ca*-loaded RLM [15] suggest that the Ca?* load
of mitochondria in medium containing a mixture
of TINO3 with nitrates (KNOS, NaNOQ,, NH4N03)
may be reasoned by the opening of CsA-inhibited
and ADP-dependent TI*-induced MPTP pores in the
inner membrane of these organelles. The decrease
of state 4, and state 3U_,, respiration is linked to
the increased swelling of succinate-energized Ca?*-
loaded RHM (Figs. 4, b and 5, ¢) [16] or Ca?*-loaded
RLM [15]. These results may be associated with a
decreased activity of respiratory enzymes due to the
deformed spatial structure of the inner membrane,
caused by the mitochondrial swelling due to the TI*-
induced Na* entry (Fig. 4, a) into the matrix of the
Ca*-loaded RHM [15].

In this study, we showed for the first time that
TI* stimulated the uncontrolled influx of extracellu-
lar calcium ions into cardiomyocytes. We observed
that the inhibition of Ca®" influx with Ca*-free
EGTA solution prevented the sustained increase in
[Ca*], induced by TI* application. Based on earlier
studies and our research, we conclude that more
intensive stimulation of the IMM ionic permeabili-
ty and the TI*-induced MPTP in experiments with
RHM, versus RLM, can be explained by the greater
sensitivity of muscle tissue, especially heart mus-
cle, but not liver, to intoxication by thallium salts.
Furthermore, the more potent toxicity of thallium
to RHM can thus help us to find a suitable antidote
against thallium poisoning in humans as well. Howe-
ver, TI*-stimulated influx of extracellular calcium
into the cardiomyocytes can cause calcium and so-
dium overload of RHM, which will then lead to the
MPTP opening. The latter hypothesis may shed light
on the greater sensitivity of heart and striated mus-
cle, than of liver, to thallium intoxication in vivo.
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BIIJIUB TI* HA PYX Ca* TA Na' KPI3b
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Binomo, 1m0 Taxiit cipuunHIOE HAaHCKIa HITTY
1 Halicepio3HIIy TOKCUYHY Ji0, SKa ypakae Bax-
JUBI OPTaHM | TKAHWHHU JIOAWHA. TOKCHYHA i Ha
OloyoriuHi OpraHi3MH TMOB’sI3aHa, 30KpeMa, 3i 3/1aT-
HicTo TI* mopynryBatu roMmeocTas KaJbIlifo 1 JIeTKO
MIPOHHUKATHU KPi3b BHYTPIIIHIO MEMOpPaHy MITOXOH-
npiit (BMM). Metoto 11i€i poGoTu OyJi0 BUBYUTH
BrutiB T1" Ha BHYTPINIHBOKIITHHHY quHaMiKy Ca?*
B HEOHATAJFHUX KapAiOMIOIUTAaX IIYPiB, a TAKOXK Ha
MIPOHHUKHICTH HATpito Kpisb BMM i Tl*-iHnykoBane
BIIKPHUTTS MOPH TIEPEXiTHOT MPOHUKHOCTI MITOXOH-
apiit (ITIIIIM) B i3ompoBannx Ca?'-HaBaHTaXEHUX
mitoxoHpisx cepus urypis (MCIL). Ilokazano, 3
BHUKOPUCTAHHSM (JIyOPECLEHTHOIO KaJIBI[IEBOT'O 1H-
nukaropy Fura 2AM, mo T1" iHnyKye HaAXOKEHHS
KaJIBINI0 KPi3h MIIA3MaTHYHY MeMOpaHy i MpU3BO-
JIATH OO 30UIBIICHHS KAJIBIIIO ([Ca2+]i) B [IATOILJIA3-
Mi. Lle 30inpiIeHHs Oyio 1me BHPaKEHIITNM B €KC-
MIEPUMEHTAX 13 MPUCKOPEHHSIM TPAHCMEMOpPaHHUX
notokiB TI* HoHakTrHOM. [IpoTe, TIe# edexT mpu-
MMUHSBCS BUJAJIEHHAM IMO3aKJIITUHHUX ioHIB Ca®’,
ane He iHTiOyBaBCcs OnokaTopoM (Hipeauin) Kaab-
mieBux kaHaiiB. TI" He BUBINBHSAB KajbIliii i3 BHY-
TPITHBOKIITHHHUX Aero. Tl -moTeHmiioBana mpo-
HUKHICTh HaTpito kpi3k BMM, dyepe3 HaOyxaHHS
He aktuBoBaHnX MCIL] B cepenoBui, mo MiCTHTH
TINO, i NaNO,, mocuiroBanacs y pasi BHUCOKOI
koHnerTpamii T1*. HaBantaxxenus xansiiem MCIL]
ianykyBano BiakputTs [IIIIIM, mo cympoBomxy-
BaJtocs 301bIIEHHSIM HAOyXaHHs, a TAKOXK 3HUKEH-
HSIM TIOTEHINiaTy BHYTPIIIHBOI MEMOpaHU 1 CTaHy
nuxanns 4, (6azanenuid) 13U, (2,4-muHiTpode-
vom). Lli epextn TI* mpurHiwyBanucs iHTiOiTOpaMu
[IIIM (uuxiocnopud A, ADP i n-erinmmaneimin).
byno mokazano, mo TI*-ctumynroBane HamIxo-
JOKCHHST TIO3aKJITHHHOTO KAaJbIiI0 B KapIiomio-
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LUTH MOXE CIPUYMHUTH nepeBaHTakeHHs MCIL]
KaJIBIIEM 1 HATpieM, IO MPU3BOAMTH 0 BIAKPHTTS
[ITIIIM, i sik, HACJIJIOK, IO BPa3JIMBOCTI CEPIIEBOTO
M’sI3a 10 IHTOKCHKAIT TaJlieM.

Knwouori caosa:Tl, Ca*, Na*, kapaiomio-

LATH, MITOXOHPIi cepIls MIypiB, mopa mepexiaHol

p

[

9

10.

11.

OoHUKHOCTI MiToxoHapi (ITITTIM).

References

. Mulkey JP, Oehme FW. A review of thallium
toxicity. Vet Hum Toxicol. 1993; 35(5): 445-453.

. Schoer J. Thallium. In: Hutzinger O (ed)
Handbook of Environmental Chemistry.
Anthropogenic Compounds. Springer, New
York, 1984. P. 143-214.

. Repetto G, del Peso A, Repetto M. Human
thallium toxicity. Nriagu JO (ed) Thallium in
the environment. John Wiley & Sons Inc, New
York, 1998. P. 167-199.

. Hughes MN, Man WK, Whaler BC. The toxicity
of thallium(l) to cardiac and skeletal muscle.
Chem Biol Interact. 1978; 23(1): 85-97.

. Nadel HR. Thallium-201 for oncological imaging
in children. Semin Nucl Med. 1993; 23(3): 243-254.

. McCall D, Zimmer LJ, Katz AM. Effect of
ischemia-related metabolic factors on thallium
exchange in cultured rat myocardial cells. Can J
Cardiol. 1986; 2(3): 176-183.

. Fukumoto M, Kurohara A, Yoshimura N,
Yoshida D, Akagi N, Yoshida S. Relationship
between ATP synthesis and 2%TIl uptake in
transformed and non-transformed cell lines.
Nucl Med Commun. 1998; 19(12): 1169-1175.

. Herman MM, Bensch KG. Light and electron
microscopic studies of acute and chronic
thallium intoxication in rats. Toxicol Appl
Pharmacol. 1967; 10(2): 199-222.

.WoodsJS, Fowler BA. Alteration of hepatocellular

structure and function by thallium chloride:
ultrastructural, morphometric, and biochemical

studies. Toxicol Appl Pharmacol. 1986; 83(2):
218-229.

Kili¢ GA, Kutlu M. Effects of exogenous
metallothionein  against  thallium-induced
oxidative stress in rat liver. Food Chem Toxicol.

2010;4 8(3): 980-987.

Fukumoto M, Yoshida D, Yoshida S. Subcellular
distribution of thallium: morphological and
quantitative study in rat myocardium. Ann Nucl
Med. 1997; 11(4): 291-297.

12. Saris NE, Skulskii IA, Savina MV, Glasunov VV.

13.

14.

15.

16.

17.

18.

Mechanism of mitochondrial transport of
thallous ions. J Bioenerg Biomembr. 1981; 13(1-
2): 51-59.

Ichas F, Mazat JP. From calcium signaling to cell
death: two conformations for the mitochondrial
permeability transition pore. Switching from
low- to high-conductance state. Biochim Biophys
Acta. 1998; 1366(1-2): 33-50.

Zierold K. Heavy metal cytotoxicity studied by
electron probe X-ray microanalysis of cultured
rat hepatocytes. Toxicol In Vitro. 2000; 14(6):
557-563.

Korotkov SM, Saris NE. Influence of TI* on
mitochondrial permeability transition pore in
Ca?*-loaded rat liver mitochondria. J Bioenerg
Biomembr. 2011; 43(2): 149-162.

Korotkov SM, Nesterov VP, Brailovskaya IV,
Furaev VV, Novozhilov AV. TI* induces both
cationic and transition pore permeability in
the inner membrane of rat heart mitochondria.
J Bioenerg Biomembr. 2013; 45(6): 531-539.
Sobol CV, Korotkov SM, Belostotskaya GB,
Nesterov VP. The influence of probiotics and
probiotic product on respiration of mitochondria
and intracellular calcium signal in cells of
cardiovascular system. Biochemistry (Mosc).
Suppl Series A: Membr Cell Biol. 2013; 7(4):
294-301.

Panov A, Kubalik N, Zinchenko N, Hemen-
dinger R, Dikalov S, Bonkovsky HL.
Respiration and ROS production in brain and
spinal cord mitochondria of transgenic rats with
mutant G93a Cu/Zn-superoxide dismutase gene.
Neurobiol Dis. 2011; 44(1): 53-62.

19. Waldmeier PC, Feldtrauer JJ, Qian T, Lemasters JJ.

20.

21

Inhibition of the mitochondrial permeability
transition by the nonimmunosuppressive
cyclosporin derivative NIM811. Mol Pharmacol.
2002; 62(2): 22-29.

Korotkov SM, Glazunov VYV, Yagodina OV.
Increase in the toxic effects of T1* on isolated rat
liver mitochondria in the presence of nonactin. J
Biochem Mol Toxicol. 2007; 21(2): 81-91.
Korotkov SM, Konovalova SA, Brailovskaya IV,
Saris NE. To involvement the conformation of
the adenine nucleotide translocase in opening
the TI*-induced permeability transition pore in
Ca?*-loaded rat liver mitochondria. Toxicol In
Vitro. 2016; 32: 320-332.

53



ISSN 2409-4943. Ukr. Biochem. J., 2020, Vol. 92, N1

22.

Rusznyak |, Gyorgy L, Ormai S, Millner T. On
some potassium-like qualities of the thalliumion.
Experientia. 1968; 24(8): 809-810.

23. Talbot PA. Nature of increase in quantal release

24,

by the thallous ion at frog end plates with and
without nerve stimulation. J Gen Physiol. 1992;
100(5): 881-901.

Skulskii IA, Savina MV, Glasunov VYV, Saris NE.
Electrophoretic transport of T1' in mito-
chondria. J Membr Biol. 1978; 44(2): 187-194.

25. Shier WT, DuBourdieu DJ. Sodium-and calcium-

26.

27.

dependent steps in the mechanism of neonatal
rat cardiac myocyte killing by ionophores. I. The
sodium-carrying ionophore, monensin. Toxicol
Appl Pharmacol. 1992; 116(1): 38-46.

Brierley GP, Jurkowitz M. On the mechanism
of energy-dependent contraction of swollen
mitochondria. Biochem Biophys Res Commun.
1976; 68(1): 82-88.

Perrin DD. Stability Constants of Metal-ion
Complexes. Part B. Organic Ligands. Pergamon
Press, New York, 1979. 1263 p.

28. Melnick RL, Monti LG, Motzkin SM. Uncoupling

of mitochondrial oxidative phosphorylation by
thallium. Biochem Biophys Res Commun. 1976;
69(1): 68-73.

29. Korotkov SM. Effects of TI* on ion permeability,

30.

membrane potential and respiration of isolated
rat liver mitochondria. J Bioenerg Biomembr.
20009; 41(3): 277-287.

Fu JD, Yu HM, Wang R, Liang J, Yang HT.
Developmental regulation of intracellular
calcium transients during cardiomyocyte
differentiation of mouse embryonic stem cells.
Acta Pharmacol Sin. 2006; 27(7): 901-910.

31. Delano ML, Sands H, Gallagher BM. Transport

of 2K, 2'TI* and [*"™Tc(dmpe),.CL.]* by neonatal
rat myocyte cultures. Biochem Pharmacol. 1985;
34(18): 3377-3380.

32. Peluffo RD, Berlin JR. Electrogenic K* transport

by the Na*-K* pump in rat cardiac ventricular
myocytes. J Physiol. 1997; 501(Pt 1): 33-40.

33. Ojcius DM, Zychlinsky A, Zheng LM, Young JD.

34.

54

lonophore-induced apoptosis: role of DNA
fragmentation and calcium fluxes. Exp Cell Res.
1991; 197(2): 43-49.

Fox J, Ciani S. Experimental and theoretical
studies on TI* interactions with the cation-
selective channel of the sarcoplasmic reticulum.
J Membr Biol. 1985; 84(1): 9-23.

35.

36.

37.

38.

30.

40.

Korotkov SM, Brailovskaya IV, Kormilitsyn BN,
Furaev VV. TI* showed negligible interaction
with inner membrane sulfhydryl groups of rat
liver mitochondria, but formed complexes with
matrix proteins. J Biochem Mol Toxicol. 2014;
28(4): 149-156.

Weaver CD, Harden D, Dworetzky Sl,
Robertson B, Knox RJ. A thallium-sensitive,
fluorescence-based assay for detecting and
characterizing potassium channel modulators in
mammalian cells. J Biomol Screen. 2004; 9(8):
671-677.

Jargensen S, Johansen TH, Dyhring T. Fluores-
cence-based TI*-influx assays as anovel approach
for characterization of small-conductance Ca?*-
activated K channel modulators. Methods Mol
Biol. 2008; 491: 257-266.

Hanzel CE, Verstraeten SV. TI(I) and TI(III)
activate both mitochondrial and extrinsic
pathways of apoptosis in rat pheochromocytoma
(PC12) cells. Toxicol Appl Pharmacol. 20009;
236(1): 59-70.

Pourahmad J, Eskandari MR, Daraei B. A
comparison of hepatocyte cytotoxic mechanisms
for thallium (I) and thallium (I11). Environ
Toxicol. 2010; 25(5): 456-467.

Wojtovich AP, Williams DM, Karcz MK,
Lopes CM, Gray DA, Nehrke KW, Brookes PS.
A novel mitochondrial K, channel assay. Circ
Res. 2010; 106(7): 1190-1196.

41. TestaiL,MartelliA,Marino A, D'AntongiovanniV,

42.

43.

44,

Ciregia F, Giusti L, Lucacchini A, Chericoni S,
Breschi MC, Calderone V. The activation
of mitochondrial BK potassium channels
contributes to the protective effects of naringenin
against myocardial ischemia/reperfusion injury.
Biochem Pharmacol. 2013; 85(11): 1634-1643.
Nalyvajko NV, Vovkanych LS, Dubitsky LO.
Inhibitory  analysis of the monovalent
metals' cations interaction with the system
of Na*-dependent Ca?" efflux from the liver
mitochondria. Ukr Biokhim Zhurn. 2006; 78(5):
44-50. (In Ukrainian).

Korotkov SM, Emel'yanova LV, Yagodina OV.
Inorganic phosphate stimulates the toxic effects
of TI* in rat liver mitochondria. J Biochem Mol
Toxicol. 2008; 22(3): 148-157.

Varanyuwatana P, Halestrap AP. The roles
of phosphate and the phosphate carrier in the
mitochondrial permeability transition pore.
Mitochondrion. 2012; 12(1): 120-125.



S. M. Korotkov, V. P. Nesterov, G. B. Belostotskaya et al.

45.

46.

Korotkov SM, Konovalova SA, Nesterov VP,
Brailovskaya 1V. Mersalyl prevents the TI*-
induced permeability transition pore opening
in the inner membrane of Ca*"-loaded rat liver
mitochondria. Biochem Biophys Res Commun.
2018; 495(2): 1716-1721.

Korotkov SM, Brailovskaya IV, Shumakov AR,
Emelyanova LV. Closure of mitochondrial
potassium channels favors opening of the TI*-
induced permeability transition pore in Ca?-
loaded rat liver mitochondria. J Bioenerg
Biomembr. 2015; 47(3): 243-254.

47.

48.

Korotkov S, Konovalova S, Emelyanova L,
Brailovskaya 1. Y3*, La*, and some bivalent
metals inhibited the opening of the TI*-induced
permeability transition pore in Ca?-loaded rat
liver mitochondria. J Inorg Biochem. 2014; 141:
1-9.

Halestrap AP, Brenner C. The adenine nucleo-
tide translocase: a central component of the
mitochondrial permeability transition pore and
key player in cell death. Curr Med Chem. 2003;
10(16): 1507-1525.

55



