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Abstract

Objective: Recent data show that there are direct relationships between mitochondrial activity, cancer progression, and chemoresistance.
Venetoclax (Ven) is a mitochondria-targeted chemotherapeutic drug, which facilitates apoptosis by selectively inhibiting the antiapoptotic
protein Bel-2. Ven exhibits a dual effect, affecting not only mitochondria but also the cell drug resistance system. There is also evidence
indicating that cancer cells develop resistance to Ven, which is mediated by the upregulation of antiapoptotic proteins, simultaneous acti-
vation of multiple signaling pathways, an alteration in the cellular and mitochondrial metabolism, and other defensive mechanisms. The
influence of Ven on the opening of the mitochondrial permeability transition pore (mPTP), a key event in the induction of mitochondria-
dependent cell death, has not been previously studied. Methods: The effect of Ven on calcium-induced mPTP opening, respiration, and
reactive oxygen species (ROS) production was examined in isolated rat liver mitochondria, using cation-selective electrodes, as well as
fluorescent and chemiluminescent methods. Results: Ven was found to have a protective effect against the Ca®*-induced mPTP opening,
increasing the threshold calcium concentrations and the calcium load that activate pore opening. A comparison with the known mPTP in-
hibitors ADP, bongkrekic acid (BA), cyclosporine A (Cs), oligomycin, used separately and in combination with Ven, showed a similarity
of the effect of Ven (at a concentration of 50 pM) to the effect of BA (20 uM). The effects of both were prevented by carboxyatractyloside
(CATR). Also, the protective effect of Ven, as well as that of BA, was completely eliminated by 2-thenoyltrifluoroacetone (TTFA), an
inhibitor of the ubiquinone-binding site of succinate dehydrogenase complex at low concentrations (5 pM and 50 uM under the oxidation
of succinate and NAD-dependent substrates, respectively). Simultaneously, Ven decreased the ROS production induced by TTFA under
the same conditions. Conclusions: Ven shows two protective activities, namely, the inhibition of mPTP opening and the suppression of
ROS production in mitochondria, which may be additional causes of the development of drug resistance. The results of the TTFA test
are consistent with the data on the dependence of Ven resistance on the state of the respiratory chain.

Keywords: venetoclax; drug resistance; mitochondria; mitochondrial permeability transition pore; bongkrekic acid; reactive oxygen
species; cell respiration; succinate dehydrogenase

1. Introduction

Numerous data show that there are direct relation-
ships between mitochondrial activity, cancer progression,
and chemoresistance. Mitochondrial dysfunctions found
in various types of cancer are mostly associated with tu-
mor progression and development of chemoresistance [1].
Since mitochondria can adapt to pathological conditions to
provide cell survival, they are currently considered as po-
tential targets for cancer therapy [2,3]. As shown, many
interdependent functions of mitochondria, including redox
regulation, calcium signaling, biosynthesis of essential in-
termediates, and regulation of apoptosis are important for
the survival of cancer cells [4]. Mitochondria are involved
in survival pathways via the modification of the oxidative
stress response, mitochondrial dynamics, mitophagy, and
Ca?" homeostasis [3,4].

In addition to the mitochondrial protective mecha-
nisms of cell survival, ATP-binding cassette transporters
(ABC transporters) are generally considered as the major
causes of drug resistance, providing the ATP-dependent
efflux of truly effective medications across plasma mem-
branes. These transporters hydrolyze ATP, bind drugs,
and promote their translocation across a plasma membrane
[5,6,7]. The inhibition of transporters enhances the in-
tracellular accumulation and retention of drugs. There is
evidence indicating the dependence of the effect of some
inhibitors of multidrug resistance (MDR)-related proteins
on mitochondrial processes [8,9]. We have shown that
the action of quinidine and verapamil, the first-generation
MDR inhibitors, extends to mitochondria, in particular,
to the nonspecific membrane permeability [10]. Besides,
tariquidar, a more hydrophobic compound from the latest-
generation inhibitors, which is characterized by a high
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affinity for ABC proteins, decreased the capacity of mito-
chondria to accumulate calcium ions, thus supporting apop-
tosis [11].

Venetoclax (Ven) is a mitochondria-targeted
chemotherapeutic agent, which facilitates apoptosis
by selectively inhibiting the antiapoptotic protein Bcl-2.
Ven specifically mimics and replaces the BH3 domain
(Bcl-2 homology domain 3) of Bcl-2 [12]. This effect
limits the ability of Bel-2 to bind the proapoptotic proteins
BAX and BAK, which provide the mitochondrial outer
membrane permeability, promoting the mitochondrial
apoptotic pathway [13]. It was also shown that, regardless
of this selective Bcl-2 inhibition, Ven can influence the
cellular metabolism and thereby modulate the cytotox-
icity of the drug [14]. In addition, Ven shows a dual
effect, affecting not only mitochondria but also the cell
drug resistance system. It partially reverses multidrug
resistance and increases the intracellular accumulation of
chemotherapeutic drugs, directly inhibiting the ATPase
activity and blocking the efflux of the drug due to its high
binding affinity for the transporter [15,16,17]. At the same
time, there is also evidence indicating that cancer cells
develop resistance to Ven. It has been revealed that the
resistance to Ven can be mediated by the upregulation
of antiapoptotic proteins, simultaneous activation of
multiple signaling pathways, altered cellular metabolism,
mitochondrial metabolic reprogramming, and activation
of oxidative phosphorylation [18]. In particular, it was
noted that Ven-sensitive multiple myeloma, in contrast to
Ven-resistant one, exhibits reduced cellular energetics [19].

The influence of Ven on the opening of the mitochon-
drial permeability transition pore (mPTP) has not been pre-
viously studied, although mPTP opening is a critical event
in the mitochondria-mediated apoptosis. We have exam-
ined the effect of Ven on calcium-induced mPTP opening
in healthy isolated rat liver mitochondria and have found
that Ven shows a protective effect, increasing the thresh-
old calcium concentrations and calcium load that activate
pore opening. The structure of the mPTP complex re-
mains unknown, but several proteins have been proposed
to form the pore. Among them, ATP synthase and adenine
nucleotide translocase (ANT) are the most probable pore-
forming components, while the matrix peptidyl-prolyl cis—
trans isomerase cyclophilin D can regulate the Ca>" sensi-
tivity of the components and mPTP opening [20,21]. We
used their regulators and inhibitors to identify the target
of the action of Ven on the mPTP. In addition, given the
known dependence of the action of Ven on the state of the
respiratory chain, we examined its effect in the conditions
of a partial inhibition of the ubiquinone-binding site by low
concentrations of 2-thenoyltrifluoroacetone (TTFA), an in-
hibitor of the succinate dehydrogenase complex.

2. Materials and Methods
2.1 Materials

Venetoclax was obtained from TOCRIS (Tocris Bio-
sciences, Bristol, United Kingdom). All other reagents
(carboxyatractyloside, bongkrekic acid, oligomycin, cy-
closporine A, and others) were from the Sigma—Aldrich
Corporation (St. Louis, MO, USA) (Supplementary Ta-
ble 1).

2.2 Animals

The study was conducted in accordance with the ethi-
cal principles formulated in the Federal Law of the Russian
Federation No. 498-FZ ‘On Responsible Treatment of An-
imals’. Manipulations were carried out in agreement with
Federal Standard ‘Guidelines for the maintenance and care
of laboratory animals’ (GOST 33215-2014, GOST 33216-
2014, and SP 2.2.1.3218-14) by the certified staff of the An-
imal Department at the Institute of Theoretical and Exper-
imental Biophysics, Russian Academy of Sciences. Rats
were killed by guillotining after CO, anesthesia following
Protocol No. 01/2026, approved 25 February 2026 by the
Commission on Biomedical Ethics of ITEB RAS.

Experiments were performed on healthy male Wistar
rats (12 + 3 weeks old, weighing 220 + 10 g), (n=30). The
study design did not include randomization and blinding.
The animals were housed under standard laboratory con-
ditions at a temperature of 22 + 2 °C, relative humidity of
40-70%, and a 12-hour light/dark cycle, with free access
to water and a standard pelleted extruded diet (Vivarium-
lab, Russia). The room was ventilated, and bedding was
changed every 4 days. According to the AVMA 2020 guide-
lines, anesthesia was induced using carbon dioxide (CO;) at
an air displacement rate of 50% of the chamber volume per
minute. The CO, exposure time was 3 minutes, after which,
the animals were removed from the chamber, guillotinated,
and taken for liver excision. The assays were performed on
freshly isolated mitochondria immediately after their isola-
tion.

2.3 Isolation of Rat Liver Mitochondria

The liver tissue was immediately minced and homog-
enized in an ice-cold buffer containing 300 mM sucrose, 10
mM Tris-HCl, and 1 mM EGTA, pH 7.4; all subsequent ma-
nipulations were also carried out at 0—4 °C to minimize en-
zyme activity. The resulting homogenate was centrifuged
at 600 xg for 7 min to pellet nuclei, unbroken cells, and
large cell debris, after which the supernatant was carefully
collected for further centrifugation. The collected super-
natant was centrifuged at 9000 xg for 10 min to pellet the
intact mitochondrial fraction, and the supernatant contain-
ing cytosolic components and microsomes was discarded.
The resulting mitochondrial pellet was washed twice with
the above buffer without EGTA (300 mM sucrose, 10 mM
Tris-HCI, pH 7.4), with repeated centrifugation at 9000 xg
for 10 min after each wash. The final mitochondrial pellet
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was resuspended in a small volume of the same EGTA-free
medium to achieve a suspension concentration of 60 mg
protein per 1 mL (Lowry test), after which the mitochon-
drial suspension was kept on ice and used within 3—4 hours
to maintain maximal functional activity.

2.4 Measurement of the Membrane Potential and the
Calcium Retention Capacity of Mitochondria

The voltage difference across the membrane was
determined by the distribution of the lipophilic cation
tetraphenylphosphonium (TPP+), whose concentration in
the medium was recorded with a TPP+-selective electrode.
The accumulation of Ca®" in the mitochondria was recorded
with a Ca®"-selective electrode as a change in the calcium
concentration in the external medium in response to suc-
cessive CaCl, additions with a Record 4 device (Russia).
The calcium retention capacity (CRC) of mitochondria was
determined by the ability of mitochondria to accumulate
successive additions of calcium ions to the threshold con-
centration necessary for the opening of the nonspecific mi-
tochondrial pore. The standard incubation medium con-
tained 125 mM KCl, 1.5 mM KH,POy,, and 15 mM HEPES
(pH 7.25); the mitochondrial protein concentration was 1
mg/mL. Other experimental conditions are indicated in the
captions to the figures. The figures show the data of typ-
ical experiments performed in at least five replicates with
different samples of mitochondria.

2.5 Determination of Mitochondrial Respiration

Oxygen consumption in a mitochondrial suspension
was determined by the polarographic method with a Clark-
type electrode in a closed chamber of 2 mL containing 2.0
mg of mitochondrial protein under continuous stirring. Mi-
tochondrial respiration was supported by succinate (5 mM)
and glutamate plus malate (5 mM). Respiration was acti-
vated by ADP (200 — 250 uM) for the evaluation of cou-
pled respiration and by 500 nM FCCP for the evaluation
of uncoupled respiration. The respiratory control was de-
fined as the ratio of the ADP-stimulated respiration rate to
the respiration rate after ADP phosphorylation.

2.6 Assay for Mitochondrial V3 Respiration-Like Activity

In order to detect weak effects of Ven on the mito-
chondrial oxidative phosphorylation system, we applied a
potassium ferricyanide K3 Fe(CN)g (FCN) model, which in-
volves the assessment of the rate of the substrate-dependent
FCN reduction. This approach allows one to record changes
in the rate of electron transfer in segments of complexes I
and IIT and complexes II and III of the mitochondrial respi-
ratory chain upon the addition of ADP. Being a membrane-
impermeable acceptor, FCN takes electrons directly from
cytochrome c, which decreases the overall efficiency of
proton pumping (H*/2e™ ratio) by the respiratory chain to
~6 (complex I and III segment) and ~2 (complex 11 and I1I
segment) and thus makes visible small changes in the ef-
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ficiency of ADP phosphorylation. The reduction of FCN
was detected by a decrease in absorption at 405 nm using
the plate readers Infinite 200 Tecan and Infinite 200 Tecan
Pro (Groedig, Austria) and 96-well plates. KCl-based in-
cubation medium contained 2 mM MgCl,, 2 mM KH, POy,
1 mM EGTA, 1 mM KCN, and 2 mM K;Fe(CN)g. Other
details are given in the figures and figure legends.

2.7 Assessment of ROS Production

The production of ROS by mitochondria was moni-
tored by optical methods in suspension using the plate read-
ers Infinite 200 Tecan or Infinite 200 Tecan Pro (Groedig,
Austria) and 96-well plates as described earlier [22].

2.7.1 H,O, Release

Resorufin accumulation (which linearly depends on
H,0; production) was traced at excitation and emission
wavelengths of 530 and 595 nm. For the quantitative mea-
surement of H,O,, fluorescence was calibrated by the addi-
tion of an excess of H,O, (100 uM final concentration) to
several wells at the beginning and at the end of the record-
ing. This was done to assess the rate of the conversion
of Amplex Red (AR)/resorufin to a nonfluorescent product
[23] and thus to deduce the fluorescence of 40 pM resorufin
at zero time.

2.7.2 Superoxide Anion Release

The production of O,” was monitored using
the AWm-insensitive and highly selective probe 6-(4-
methoxyphenyl)-2-methylimidazo[1,2-a]pyrazin-3(7H)-
one hydrochloride (MCLA) [24,25,26]. MCLA-derived
chemiluminescence (MDCL) was recorded approximately
once per minute. Each value on the curve is the mean
+ SD of three integrations of luminescence for 900 ms
expressed in arbitrary units (AU). In order to separate
relatively bright spontaneous O, insensitive MDCL from
0O, sensitive one, some wells contained SOD at indicated
concentrations. Since MDCL in solution is effectively
quenched by compounds that contain divalent sulfur [27],
in preliminary studies we evaluated the effect of Ven
(which contains hexavalent sulfur) on the spontaneous
MDCL and MDCL in a xanthine/xanthine oxidase system.
Though this effect was very limited, we took it into account
in the data analysis. Since MDCL reflects the quantity
of photons emitted by the excited oxy-MCLA within a
900-ms period of luminescence accumulation at each
experimental point (AU accumulated per 900 ms), MDCL
is the measure of the rate of O, production. As the rate
of Oy~ production by mitochondria is not constant during
long incubation, in order to assess the net O, production
over a long period, we integrated MDCL values within the
initial 10—-60-min interval of incubation. Other details are
given in the figures and figure legends.
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Fig. 1. Effect of venetoclax on the calcium accumulation by mitochondria in the control and in the presence of ADP. The influence

of venetoclax (Ven) on the calcium retention capacity (CRC), assessed by a drop in the membrane potential (tetraphenylphosphonium

[TPP] scale) and calcium release (Ca scale) during successive additions of CaCl, in the control (a), in the presence of 25 uM ADP (b)
and 5 uM Carboxyatractyloside (CATR, c¢). Changes in the CRC depending on the concentration of Ven in the control and with 20 uM
ADP (d). Asterisks indicate the values that differ significantly from the control values (p < 0.05).

2.8 Statistical Analysis

The measurements of CRC and membrane potential
were performed in three series (Ven with ANT inhibitors,
combinations of mPTP modulators, and TTFA plus mPTP
modulators including Ven) with 5-7 independent exper-
iments (5-7 mitochondrial preparations) for each series.
Measurement of ROS production and V3 Respiration-Like
Activity included 3-5 separate experiments and three tech-
nical replicates for each experimental condition. All data
are presented as means =+ standard deviation (SD) from 3—
7 independent experiments, unless otherwise stated. Rep-
resentative traces are shown from at least three indepen-
dent experiments, as specified in the corresponding fig-
ure legends. Arithmetic means of technical replicates were
taken for determination of statistical significance using the
paired Student’s ¢ test, with p < 0.05 considered signifi-
cant. All statistical analyses and graphical presentations
were performed using Microsoft Excel (version 16.0, Mi-
crosoft Corp., Redmond, WA, USA).

3. Results

First, we examined whether Ven is capable of in-
fluencing calcium-induced mPTP opening, which was as-

sessed by the ability of mitochondria to accumulate calcium
during its successive additions. Ven was found to exert a
protective effect by increasing the threshold calcium con-
centrations that induce pore opening, which is evident from
a drop in the membrane potential and the release of calcium
from mitochondria (Fig. 1a). The effect increased with in-
creasing Ven concentration, and, at a concentration of 100
pM, the CRC increased almost twofold compared with the
control. Ven also enhanced the effect of ADP, an inhibitor
of mPTP opening. In the presence of ADP, Ven increased
the mitochondrial resistance to calcium loading by approx-
imately 50% (Fig. 1b,d). These effects were eliminated by
the ANT inhibitor carboxyatractyloside (CATR) (Fig. I1c).
Thus, Ven itself acts as a protector against the opening of
the mitochondrial pore and enhances the protective effect
of ADP (Fig. 1d).

To localize the probable targets of the action of Ven
on the mPTP complex, we examined the effect of mPTP
inhibitors, individually and in combination with Ven. Of
particular interest was bongkrekic acid (BA), an ANT and
mPTP inhibitor, which acts similarly to ADP. As expected,
BA at a standard concentration of 20 uM inhibited pore
opening, doubling the CRC (Fig. 2a). In combination with
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Fig. 2. Influence of venetoclax in combination with bongkrekic acid on mPTP opening. The calcium retention capacity (CRC),

assessed by a drop in the membrane potential (TPP scale) or calcium release (Ca scale) during successive additions of CaCl, (50 uM).
Effect of BA (20 uM) alone on the CRC in the control (a), with 50 uM venetoclax (b), with 25 uM ADP (c), and 5 uM CATR (d).
The typical traces of five identical experiments with the use of different mitochondrial samples are presented. mPTP, mitochondrial

permeability transition pore; BA, bongkrekic acid.

Ven, the effect of BA on mPTP did not change (Fig. 2b).
However, BA significantly enhanced the protective effect
of ADP on mPTP opening (Fig. 2c). The ANT inhibitor
CATR removed the protective effect of BA (Fig. 2d).

The inhibitors of other components of the mPTP com-
plex, namely, oligomycin as an ATPase inhibitor, and cy-
closporine A (Cs) as an inhibitor of cyclophilin D, were also
tested, individually and in combination with Ven. As shown
in Fig. 3a, oligomycin did not change the sensitivity to cal-
cium load, since the CRC remained the same as in the con-
trol. However, oligomycin enhanced the protective effect
of ADP (Fig. 3a). Also, oligomycin increased the CRC in
the presence of both Ven and BA (Fig. 3b). Thus, with-
out affecting the mPTP by itself, oligomycin promoted the
protective effect of BA, Ven, and ADP.

The results of experiments with the combined action
of cyclosporine with Ven and other mPTP inhibitors turned
out to be unexpected. Although Cs is the most potent in-
hibitor of mPTP, all inhibitors further increased the CRC in
its presence. As shown in Fig. 3¢, Ven showed only a slight
effect in this regard. ADP had a stronger effect, increasing
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the resistance to calcium load by more than 50%. But BA
exerted the strongest influence. As shown in Fig. 3d, BA
increased calcium resistance twofold compared to Cs alone.

These experimental data show the protective effect of
Ven against the Ca-induced mPTP opening. Fig. 4 summa-
rizes the data on the effect of both Ven itself and in combi-
nation with other known mPTP inhibitors.

In the following experiments, we examined the effect
of Ven on mitochondrial respiration and oxidative phospho-
rylation. As shown in Fig. 5, Ven only weakly affected the
respiration rate during the oxidation of succinate and had
no effect on the respiration upon oxidation of the NAD-
dependent substrates glutamate and malate. The respiratory
control decreased slightly upon the oxidation of succinate.

Therefore, we assessed the effect of Ven in a ferri-
cyanide (FCN) model, where the membrane-impermeable
acceptor received electrons directly from cytochrome c,
decreasing the overall efficiency of proton pumping (the
H*/2¢ratio) by the respiratory chain (Fig. 6). Fig. 6ab
show the control curves of the reduction of the acceptor in
response to ADP addition in the presence of succinate (Fig.
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Fig. 3. Influence of venetoclax and bongkrekic acid on mPTP opening in the presence of oligomycin and cyclosporine. Calcium
retention capacity (CRC) assessed by the drop in membrane potential (TPP scale) or calcium release (Ca scale) during successive additions
of CaCl, (50 uM and 100 pM, as indicated). The influence of 5 uM oligomycin on CRC in control and in the presence of 50 uM ADP
(a); of 50 uM Ven and 20 uM BA on CRC in the presence of oligomycin (b); the influence of Ven (50 uM) and ADP (50 uM) (c) and
BA (20 uM) (d) on mPTP opening in the presence of Cs (2 uM). The typical traces of three to five identical experiments with the use of

different mitochondrial samples are presented.
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Fig. 4. Influence of venetoclax and bongkrekic acid in combination with different mPTP inhibitors on the resistance to calcium
load. Calcium retention capacity (CRC) in the presence of the indicated inhibitors alone (light columns) and in combination (dark
columns) with 50 uM Ven (a) and 20 uM BA (b). The concentrations of reagents are given in uM. Values on columns are means £ SD
(n =15). Asterisks indicate the values that differ significantly compared with the corresponding values of inhibitor-alone condition (p <
0.05).

6a) and glutamate plus malate (Fig. 6b). ADP at high con-
centration (500 pM) stimulated oxidative phosphorylation
and, accordingly, the reduction of FCN. The FCN reduc-
tion was more prominent with succinate than with NAD-

dependent substrates. This could be expected, since the
number of protons pumped out per pair of electrons is ap-
proximately three times lower in the presence of succinate,
and, hence, proportionally more FCN must be reduced to
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sumption during the oxidation of succinate (a) and glutamate plus malate (b). Where indicated, ADP (250 pM) and 500 nM carbonyl

cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) were added. The inset shows changes in respiratory control (V3/V4) and ADP/O

in the presence of Ven during succinate oxidation. Respiration rates are indicated in parentheses; the typical traces of five identical

experiments with the use of different mitochondrial samples are presented.

create the H™ gradient sufficient for ADP phosphorylation
(alower ADP/FCN ratio). As shown in Fig. 6¢,d, the ANT
inhibitors CATR and BA suppressed the ADP-stimulated
electron transfer, decreasing the rate and the amplitude of
FCN reduction during the oxidation of substrates of both
respiratory chain complexes. Ven acted in the same direc-
tion, but the effect was observed only during succinate ox-
idation.

Note that, in permeable mitochondria, FCN takes elec-
trons either from SDH, bypassing ubiquinone, or from the
iron-sulfur (Fe-S) clusters of complex I. Therefore, mPTP
opening in a portion of mitochondria will stimulate FCN
reduction and inhibit the respiration.

Thus, these data indicate that Ven produces the most
pronounced effect upon the oxidation of succinate, a sub-
strate of the respiratory chain complex II. Next, we analyzed
the role of respiratory chain dysfunction in the influence of
Ven on mPTP opening. For this purpose, we used TTFA, an
inhibitor of the ubiquinone-binding site of the SDH com-
plex.

Fig. 7 shows the effect of TTFA on calcium-induced
mPTP opening. It is seen that TTFA decreased the CRC
in a concentration-dependent manner. The TTFA concen-
tration that decreased the threshold sensitivity to calcium
varied depending on the oxidation substrate. Thus, while
at a concentration of 10 pM, TTFA decreased the CRC by
about fourfold during the oxidation of succinate (Fig. 7a), a
similar effect during the oxidation of NAD-dependent sub-
strates was achieved only at a concentration of TTFA of 50
pM (Fig. 7b). Interestingly, even at a lower TTFA concen-
tration (2.5 uM), which reduced the calcium threshold only
about twofold, none of the mPTP inhibitors (Ven, BA, and
ADP) increased the CRC (Fig. 7c,d). Under these condi-
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tions, only Cs retained its effect as an inhibitor of mPTP
opening (Fig. 7e).

Since TTFA, as an inhibitor of the respiratory chain in
the ubiquinone-binding site, can provoke oxidative stress,
we tested the possible influence of Ven on the TTFA-
induced ROS production. This is a second aspect of the
possible involvement of Ven in mPTP regulation because
oxidative stress promotes pore opening. Ven alone slightly
stimulated superoxide anion release in the presence of suc-
cinate but had no statistically significant effect in the pres-
ence of glutamate plus malate. TTFA activated the superox-
ide production (20 pM menadione is given as a standard for
superoxide formation) upon the oxidation of both succinate
(Fig. 8a) and glutamate plus malate (Fig. 8b). As in the
experiments on calcium-induced mPTP opening, the effec-
tive TTFA concentrations for substrates of complexes I and
II differed tenfold: 50 uM for glutamate plus malate and 5
uM for succinate. It turned out that Ven diminished the su-
peroxide production in the presence of both succinate and
glutamate plus malate, bringing it closer to control values.
SOD, used as a control, completely blocked the MDCL re-
duction. Comparable indicators of ROS production under
the specified conditions are shown in Fig. 8c and d; the
data are presented for the oxidation of succinate (Fig. 8c)
and glutamate with malate (Fig. 8d).

A similar result was observed when testing the effect
of Ven on hydrogen peroxide production. It is noteworthy
that, despite the activation of superoxide production, TTFA
did not activate H;O, production (Fig. 8e). However,
a spontaneous increase in the concentration of H,O, oc-
curred during relatively prolonged incubation of mitochon-
dria, which was confirmed by the inhibition of AR oxida-
tion during incubation with catalase. Ven acted in the same
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mitochondria.

direction as catalase, weakly decreasing AR oxidation re-
gardless of the presence of TTFA (Fig. 8e,f). Since MDCL
in solution is effectively quenched by compounds having
divalent sulfur, we tested a possible role of Ven, which con-
tains hexavalent sulfur, in these experiments. Fig. 8g shows
that the influence of Ven on the spontancous MDCL and
MDCL in a xanthine/xanthine oxidase system is small but
measurable. Therefore, the data in panels a—d were cor-
rected accordingly.

4. Discussion

Venetoclax is a mitochondria-targeted chemothera-
peutic drug, which facilitates apoptosis through the se-
lective inhibition of the antiapoptotic protein Bcl-2. It

is widely used for the treatment of myeloid leukemia, as
well as hematologic and other tumors in which the protein
Bcl-2 is expressed at a high level [13,28,29]. Bcl-2 pro-
motes cell survival, blocking the mitochondrial outer mem-
brane permeabilization (MOMP) via binding the proapop-
totic proteins of the BAX/BAK family. The proteins
BAX/BAK oligomerize and permeabilize the outer mito-
chondrial membrane, releasing cytochrome c to activate
the subsequent steps of apoptosis [30,31]. In addition, the
Bcl-2 family is considered a new class of intracellular cal-
cium (Ca?") regulators, since they are able to interact with
major Ca" transporters, thus controlling the mitochondrial
Ca”" homeostasis and downstream Ca?" signaling path-
ways [32]. Moreover, it has been shown that resistance to
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Ven is associated with intrinsic differences in calcium sig-
naling pathways, including differences in the steady-state
levels of mitochondrial calcium, which were significantly
higher in Ven-resistant myeloid leukemia stem cells [33].
Interestingly, mitochondria largely determine the sensitiv-
ity of cancer cells to Ven. In resistant myeloma cells, mi-
tochondrial respiration, oxidative phosphorylation, and the
membrane potential are maintained at normal physiologi-
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cal levels, while Ven-sensitive cells show suppressed mi-
tochondrial bioenergetics [34]. According to some data,
Ven has an inhibitory influence on the respiratory chain and
the tricarboxylic acid cycle in the mitochondria of multiple
myeloma cells [14,19,34].

Our experiments revealed a new property of Ven as-
sociated with the regulation of mPTP opening by calcium
ions. Ven exerted a protective influence on the pore open-
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ing, increasing the resistance to calcium load. This effect
of Ven is rather selective, since its influence on other mi-
tochondrial parameters was weaker or absent. As our data
showed, Ven did not affect the membrane potential and the
respiration rate and only slightly decreased the ADP/O ra-
tio. Moreover, Ven showed another protective effect related
to a decrease in superoxide production by mitochondria at
certain conditions (TTFA). In our experiments, the effect of
Ven was tested on normal isolated mitochondria, which al-
lowed us to evaluate the properties of the drug on its own,
rather than those associated with mitochondrial modifica-
tions or adaptation to pathology. This approach is well con-
firmed by our finding that even a slight alteration of the mi-
tochondrial respiratory chain removes the protective effect
of Ven on mPTP opening.

It is known that the opening of the mPTP is a criti-
cal event in the induction of mitochondria-dependent cell
death. Calcium ions are the most potent inducers of the
mPTP; therefore, Ca* buffering in mitochondria is impor-
tant for the maintenance of mitochondrial integrity, energy
production, redox balance, and apoptosis [20]. As our data
showed, Ven almost twofold increased the threshold cal-
cium concentrations required to open the pore. A compari-
son with other mPTP inhibitors, ADP, BA, oligomycin, and
Cs, which act on different components of the mPTP com-
plex, showed that the effect of Ven is similar to the action
of BA. While in the presence of ADP and oligomycin, Ven
further increased the CRC, no such effect was observed in
the presence of BA. Presumably, the protective effects of
mPTP inhibitors acting at different sites are additive, while
those acting at the same site do not potentiate each other.
This assumption is generally supported by our experiments
evaluating the combined impact of inhibitors (e.g., BA plus
oligomycin or Ven plus oligomycin) on the resistance to
calcium load. Besides, as previously suggested, BA may
increase the affinity to ADP [35]. BA is known to stabi-
lize ANT in the matrix (“m”) conformational state and in-
hibit mPTP opening. In some cases, drug resistance de-
velopment is associated with the ANT conformational sta-
tus. Thus, BA increased the chemosensitivity of nasopha-
ryngeal carcinoma cells to cisplatin [8]. The isoform of
the third type (ANT3) is considered as a therapeutic tar-
get for overcoming progression and resistance in multiple
myeloma [9]. Cell sensitivity to apoptosis was altered by
both overexpression and knockdown of ANT, so this de-
pendence may be opposite for different cell types [36,37].
Our assumption that Ven influences mPTP opening via an
ANT-dependent pathway similarly to the influence of BA
is supported by the abolition of the effects of both com-
pounds by the ANT inhibitor CATR, which acts from the
cytosolic side of the membrane. On the other hand, the
high lipophilicity of Ven suggests its preferential distribu-
tion in the mitochondrial lipid membrane and subsequent
influence on membrane proteins, including pore-forming
components. We have previously shown that lipophilic
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drugs such as tariquidar and pioglitazone abolish the pro-
tective effect of adenine nucleotides (at low concentrations)
by acting on ANT [11,38]. The effect of pioglitazone was
connected with the slight ANT-mediated protonophoric ac-
tion [38]. In addition, Ven and BA inhibit pore opening at
approximately comparable concentrations, 50 and 20 pM,
respectively. At the same time, significant differences be-
tween them were revealed in tests with combined effects,
especially in their combination with cyclosporine, in which
the dominant effect of cyclosporine on mPTP opening was
sharply enhanced in the presence of BA and only weakly
in the presence of Ven. If we assume that cyclophilin D
regulates the Ca®* sensitivity in pore formation, it can be
proposed that BA and, to a lesser extent, Ven and ADP
increase its threshold, thereby increasing the resistance to
mPTP opening. Presumably, cyclophilin D facilitates the
Ca?"-dependent transition of mPTP from the closed to an
open state [21]. By contrast, BA and, to a lesser extent,
Ven and ADP (at low concentration) stabilize the ANT in
the m-conformation, unfavorable for mPTP opening, and
thus compete with cyclophilin D, enhancing the effect of Cs
on pore closure. It seems that such combinations in them-
selves are of interest for a more detailed study. However, it
can now be noted that in all tests, Ven acted as a protector
against the opening of the mPTP.

Since Ven interfered with V3—V, transition, possible
targets of Ven may be the coenzyme Q-binding sites, which
are known to contribute to the mPTP regulation [39,40].
These regulatory sites are thought to be associated with the
complex I of the respiratory chain, which may underlie the
influence of Ven on superoxide release in the presence of
complex I and II substrates. As our results show, TTFA, a
mitochondrial complex II inhibitor, removes the protective
effects of ANT-targeted inhibitors, including Ven. These
data are in good agreement with the previously demon-
strated decrease in the resistance of tumor cells (multi-
ple myeloma and murine colorectal cancer cells) to Ven in
the presence of respiratory complex inhibitors, especially
the succinate ubiquinone reductase inhibitor TTFA [19].
Moreover, the combination of Ven with electron transport
chain inhibitors has been suggested as a way to increase
the apoptotic potency of Ven [4]. Also, targeting succinate
ubiquinone reductase potentiates the efficacy of anticancer
therapy by cisplatin. In this case, nontoxic doses of TTFA
synergistically stimulated cell death induced by harmless
doses of cisplatin in chemoresistant neuroblastoma cells
[41]. Indeed, according to our data, low-dose TTFA not
only abolished the protective effect of Ven (and other pro-
tectors) but also increased the sensitivity of the mPTP to cal-
cium ions. Interestingly, only Cs retained the ability to in-
hibit mPTP opening under calcium loading in the presence
of TTFA. As has been shown, in neuroblastoma cells, the
combined effect of TTFA with cisplatin was related to the
induction of oxidative stress, since ROS production is one
of the signals that sensitize cells to apoptosis [41]. In our
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experiments, TTFA induced superoxide production during
the oxidation of both succinate and NAD-dependent sub-
strates. However, Ven diminished TTFA-induced increase
in superoxide formation, though to a lesser extent than su-
peroxide dismutase did. Ven also showed a similar protec-
tive effect on hydrogen peroxide production. These data
indicate that Ven may have an antioxidant-like action, prob-
ably, associated with the sulfonamide group in its chemical
structure. This group demonstrated antioxidant activity in
several synthetic sulfonamides [42].

5. Limitations

The protective effect of Ven against the opening of
the mPTP represents its new property, which may be sig-
nificant in some cases of resistance. This effect of Ven
can be revealed predominantly in mitochondria with nor-
mal respiratory chain activity and cannot extend to trans-
formed mitochondria with modified metabolism, which are
often found in different types of cancer cells. It is impor-
tant to note that effective concentrations of Ven vary sig-
nificantly between experiments on isolated mitochondria
and cell cultures. These differences may be explained by
several factors, first, the use of a mitochondria-enriched
suspension in experiments on isolated mitochondria, while
in cells the number of mitochondria is limited. Second, a
highly hydrophobic Ven should primarily be localized in
the lipid membrane, so that its effective concentration can
vary greatly. And third, cell experiments typically permit
one to perform very long-time incubation, which is impos-
sible with isolated mitochondria. As follows from our data,
TTFA eliminated the effect of not only Ven, but also other
mPTP protectors, except for Cs, whose action also partially
decreased. Presumably, this effect may be associated with
several consequences of TTFA action, including electron
transfer delay, activation of ROS production, and respira-
tion decrease, the simultaneous occurrence of which can in-
fluence calcium accumulation and mPTP formation. There-
fore, all these consequences may result in the loss of the pro-
tective activity of Ven. In addition, the difference in the ef-
fective concentrations of TTFA in relation to the substrates
of various respiratory chain complexes, which are almost an
order of magnitude higher for NAD-dependent substrates
than for succinate, shows the dependence of the effect on
the energetic state of mitochondria, which is significant in
pathological cases. Presumably, the influence of Ven and
TTFA can make itself evident in mitochondria with normal
respiratory chain activity rather than in transformed mito-
chondria often encountered in cancer cells. Nevertheless,
there is evidence indicating that, in Ven-resistant myeloma
cells, mitochondrial respiration, oxidative phosphorylation,
and the membrane potential are maintained at normal phys-
iological levels, while Ven-sensitive cells show suppressed
mitochondrial bioenergetics [34].
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6. Conclusions

Thus, our data demonstrate that Ven exerts a protective
effect on mPTP opening. This effect is related to its pos-
sible influence on ANT, a component of the pore-forming
complex, and is similar to the effect of BA, which binds to
ANT on the matrix side of ANT and inhibits mPTP open-
ing. Their combined action, unlike other pore inhibitors
(ADP, oligomycin), is not additive, indicating a common
target. Besides, both act at comparable concentrations (50
puM for Ven and 20 uM for BA), and the effects of both are
abolished by the ANT inhibitor CATR. Significant differ-
ences between them were observed in tests with the com-
bined action with Cs, where BA strongly enhanced the ef-
fect of Cs, while Ven only weakly did. It can be assumed
that in this case, BA and, to a lesser extent, Ven reduce
the influence and ability of cyclophilin D to regulate mPTP
opening. On the other hand, the high lipophilicity of Ven
suggests its preferential distribution in the mitochondrial
lipid membrane and subsequent influence on membrane
proteins, including pore-forming components. Although
Ven decreased the ROS production induced by TTFA, the
effect of TTFA on the activation of pore opening prevailed,
which confirms the dependence of the resistance to Ven on
the state of the respiratory chain.
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