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THE EFFECT OF ERASTIN AND G3139 ON RAT LIVER MITOCHONDRIA
IN CHRONIC ALCOHOL INTOXICATION
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The effect of modulators of VDAC channels — G3139 and erastin on the mitochondrial permeability transition
pore (mPTP) functioning and changes in the content of proteins involved in regulation of mPTP (VDAC, CNPase,
and TSPO) has been investigated in liver mitochondria of rats with chronic alcohol intoxication. It was shown that
the mitochondria of rats treated with ethanol were more sensitive to mPTP induction. Moreover, ethanol induced
changes in the expression of mPTP regulator proteins. G3139 and erastin were also able to influence the studied
mitochondrial parameters, and they increased their effect in the liver mitochondria of rats treated with ethanol,
as compared to the mitochondria of control rats. We hypothesize that the results of this study may help to elucidate
the mechanisms of chronic action of ethanol on mitochondria and contribute to the development of new therapeutic
strategies for treating the consequences of ethanol-related diseases.
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INTRODUCTION

Treatment of diseases caused by chronic alcohol
abuse still represents an important problem in the world.
Since the main metabolism of ethanol in the body
occurs in the liver, this organ that primarily suffers from
the consequences of chronic alcohol intoxication.
Ethanol-induced damage leads to various diseases
such as steatosis, cirrhosis, alcoholic steatohepatitis,
fibrosis, and hepatocellular carcinoma. Many aspects
of the mechanisms of action of chronic ethanol
consumption on the liver remain unclear. However,
there is evidence that mitochondria play a key role
in these processes [1]. Chronic alcohol consumption
leads to impairments in mitochondrial functions and
mechanisms of antistress protection and activation
of proapoptotic signaling pathways [2-4]. Mitochondrial
dysfunction is associated primarily with changes
in the permeability of mitochondrial membranes. Since
the inner membrane is impermeable to water-soluble
metabolites, specific transport proteins are involved
in the transmembrane transport through the inner
mitochondrial membrane. The outer membrane
is permeable to water-soluble metabolites, which enter
the intermembrane space through voltage dependent
anion channels (VDACs), also known as porins.
VDAC activity is regulated by wvarious factors,
including proteins that bind to these channels [5-7].
In the VDAC-associated state, these proteins are able
to switch the channels to a closed state. In this state
of VDAC channels, the flow of metabolites decreases,
the permeability for calcium ions increases, and, thus,
mitochondria become more sensitive to apoptotic

signals [8, 9]. It has been shown that the action of ethanol
causes a change in the activity of VDAC and a change
in the permeability of mitochondrial membranes, which
leads to the formation of mPTP [10, 11].

The pore functioning leads to collapse of the
membrane potential, of mitochondrial swelling,
impairments of ion homeostasis, in particular calcium
induced calcium release, and release of apoptogenic
factors, inducing a cascade of reactions in the cytoplasm
that initiate programmed cell death. Until recently,
VDAC has been considered a structural component
of mPTP; currently, discussions about its involvement
in mPTP continue, but it remains undoubted that
VDAC is involved in pore regulation [8, 12, 13]. There
is growing evidence for mPTP dysfunction in alcohol
intoxication [14-16]. In this context, it is relevant
to study interaction of VDAC with mPTP in order
to search for new targets susceptible to the effects
of alcohol and ways to protect against the consequences
of alcohol poisoning.

The aim of this study was to investigate the effect
of modulators of VDAC channels, G3139 and erastin,
on the functioning of rat liver mitochondria under
conditions of chronic alcohol intoxication.

MATERIALS AND METHODS

Animals and their Treatments

The effect of chronic alcohol intoxication
on mitochondrial function was investigated in Wistar rats.
Animals were exposed the Lieber-DeCarli alcoholic

Abbreviations used: ANT — adenine nucleotide translocase; mPTP — mitochondrial permeability transition pore);
TSPO - translocation protein; VDAC — voltage-dependent anion channel.
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liquid diet; using this model it is possible to achieve
alcohol consumption in high doses [17]. Ingredients
for the liquid diet were produced by “BioServ” (USA).
The control diet contained fats, proteins, carbohydrates,
micronutrients, and vitamins, with 18% of total
calories were from proteins, 35% from fats,
and 47% from carbohydrates. In the alcoholic diet,
36% of calories from carbohydrate components were
replaced by calories from ethanol; the ethanol
concentration in the final diet was 5%. This model uses
isocaloric paired feeding of animals. For this purpose,
male rats of the same age and weight, divided into
pairs, were kept in separate cages equipped with
special graduated drinkers, without access to water
and solid food. Eight rats (aged two months) were
used in the experiments, four in each group.
The duration of the experiment was 2 months. Rats fed
the Lieber-DeCarli ethanol diet had free access to food
throughout the day, and control rats received an amount
of food equivalent to the amount of food consumed
by their paired rats; food intake was measured daily.
During the 10 day habituation period, the rats
received gradually increasing amounts of ethanol
(0.1%, 2%, 3%, 4% and 5%) in the diet and then
received a food containing 5% ethanol for 8 weeks.
At the beginning of the experiment, the average
weight of rats was 167.87 g. During the experiment,
weight gain was 182.54+9.65 g for control rats and
163.12+11.55 g for rats with alcohol intoxication.
Rats consumed an average of 60-80 calories per day,
and ethanol-consuming rats received 14.86-16.25 g
of ethanol per 1 kg of rat weight, which was consistent
with published data [17].

Histological Analysis

For histological analysis, fragments of the periportal
zone of the liver lobules were quickly cut with a scalpel
from the whole liver immediately after the organ
removal from the abdominal cavity and quickly
washed with cold phosphate-buffered saline to remove
blood. The samples were then fixed in neutral
buffered formalin for 24 h at room temperature
according to the standard method. After fixation,
the fragments were washed three times in distilled
water to remove excess phosphates and then
immersed in O.C.T. Compound (Optimal cutting
temperature compound, “Compound Tissue Tek”, Japan)
for 12 h at 4°C. Sets of three successive 9 um thick
transverse sections were prepared using a Shandon
CRYOTOME 620E (“Thermo Fisher Scientific”, USA)
with a 30 um step. Each set of three adjacent sections
were stained with hematoxylin and eosin (H&E) and
two differential trichrome staining methods. To obtain
a general picture of alcoholic liver damage,
histotopograms were taken using a Nikon Eclipse Ti-E
microscope station (“Nikon”, Japan) and Nis Elements
AR4.13.05 (Build933) software.

Fibrosis as an indicator of alcoholic liver injury
was assessed by two methods: Mallory's trichrome

staining and Lilly's trichrome staining. The percentage
of fibrotic changes in the periportal zone of the liver
was assessed from digitized images (at least five areas
of analysis from each section) using the non-commercial
Imagel] software [18]. The degree of fibrosis was
assessed by the increase in deposited collagen
(blue areas on the section) in the tissue and was
calculated as the area occupied by collagen, expressed
as a percentage of the total area of the analyzed area.
Data are presented as mean + standard deviation.

Isolation of Rat Liver Mitochondria

Rat liver mitochondria were isolated from Wistar
rats by the standard method using a homogenization
medium containing 210 mM mannitol, 70 mM sucrose,
1 mM ethylene glycol bis(-aminoethyl ether)-
N,N,N’,N'-tetraacetic acid (EGTA), 0.05% bovine
serum albumin (BSA) fraction V, and 10 mM Tris
(pH 7.3). The homogenate was centrifuged at 800 g
for 10 min to precipitate nuclei and damaged cells.
The supernatant containing mitochondria was
centrifuged for 10 min at 9000 g. The mitochondrial
pellet was washed twice in the medium without EGTA
and BSA for 10 min at 9000 g and resuspended
in the same medium. The protein concentration was
determined by the Bradford method. The protein
concentration in the suspension of isolated liver
mitochondria was 45-50 mg/ml.

Determination of Mitochondrial Functions

The mitochondrial suspension (1 mg protein/ml)
was incubated at 25°C in a medium containing
125 mM KCl, 10 mM Tris (pH 7.4), and 2 mM K,HPO,.
In experiments, 5 mM glutamate and 5 mM malate
were used as respiratory substrates. Calcium ion
fluxes in mitochondria were determined using
Ca*-sensitive electrodes (“Niko Analit”, Russia)
in a 1-ml thermostated chamber [19]. mPTP opening
was induced by a threshold concentration of Ca*
(each Ca* addition contained 50 nmol Ca*
per mg of protein). Mitochondria were preincubated
with the test substances (G3139, erastin) for 10 min.

Mitochondrial swelling was determined by change
in the light scattering in the mitochondrial suspension
at 540 nm on a Tecan I-Control Infinite 200
spectrophotometer “TECAN” (Austria). The standard
incubation medium contained 125 mM KCI,
10 mM Tris, 2 mM KH,PO,, 5 mM glutamate, and
5 mM malate. Swelling was initiated by adding
a threshold concentration of Ca* (250 uM). The protein
concentration in the cuvette was 0.35 mg/ml,
the measurements were carried out at 25°C.

Electrophoresis and Western Blot Analysis

Samples for determination of changes in the levels
of mitochondrial proteins (VDAC, TSPO and CNPase)
were prepared using 50 pl-aliquots taken from
the thermostated chamber during measurements
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of the mitochondrial function under various conditions
(control and Ca*, in the presence/absence of inhibitors).
The aliquots were centrifuged for 5 min at 10000 g,
the mitochondrial pellet was separated, and
Laemmli's buffer (“Bio-Rad”, USA) was added
to solubilize mitochondrial proteins. The samples
were heated to 95°C for 5 min. The mitochondrial
lysate (20 pg) was loaded onto each track of the gel.
The kits from “Bio-Rad”, containing marker proteins
from 10 kDa to 250 kDa, were used as molecular mass
markers. The transfer of proteins from the gel onto
a nitrocellulose membrane (0.2 um, “Bio-Rad”) was
carried out using a semi-dry transfer apparatus
(“Bio-Rad”) by the Western blot method.

We used antibodies to VDAC (1:1000,
“Calbiochem”, USA), polyclonal antibodies to TSPO
(1:1000, “Abcam”, USA). Monoclonal anti-CNP
antibodies (anti-CNP Ab) were obtained as described
in [20], and used at a dilution of 1:10000. Polyclonal
antibodies to Tom20 (1:1000, “Santa Cruz”, USA) were
used as a protein load control. Immunoreactivity was
detected with the corresponding secondary antibodies
conjugated with horseradish peroxidase (“Jackson
Immuno Research”, USA). Peroxidase activity was
determined using ECL (Enhanced chemiluminescence,
“Bio-Rad”) and the ChemiDoc Touch Imaging System
(“Bio-Rad”). Quantitative analysis was performed
using densitometry (Image Lab software, “Bio-Rad”).

Statistical Analysis

The mean value of the parameters calculated from
the results of five-six experiments (= SD) for statistical
analysis. The statistical significance of differences
between pairs of values was assessed using
ANOVA type 2 (the Student-Newman-Keuls test).
The figures show the results of typical experiments,
the diagrams show the mean values from at least
5 experiments. The p-value less than 0.05 (* — p<0.05)
indicates a statistically significant difference in the level
of collagen versus the control.

RESULTS AND DISCUSSION

Since the liver is the main barrier to toxic
substances in the body, the main metabolism
of ethanol occurs in it during alcohol intoxication.
The metabolism of ethanol in the liver leads
to formation of various hepatotoxic by-products and
significant oxidative stress in the liver, and, as a result,
to the death of hepatocytes [21].

First, we evaluated the degree of liver tissue
damage in alcohol intoxication. We analyzed
histotopograms of samples of the periportal zones
of the liver tissue in two groups of animals to assess
the degree and nature of alcoholic damage to the liver
tissue and determine its localization. In addition,
the deposition of collagen in the walls of the central
vessels (Fig. 1a) and in the parenchyma (Fig. 1b) was
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evaluated. In fragments of the liver tissue of rats
subjected to alcohol intoxication, collagen accumulation
was observed in the walls of large vessels and
the liver parenchyma (Fig. 1c). In addition, signs
of the development of parenchymal fibrosis and
thickening of the vascular walls with the formation
of fibrous septa were noted. The increase in fibrotic
changes in this group of rats, estimated using
macros from ImageJ, was significantly greater than
in control samples (mean value + standard deviation
38.8+3.9% versus 10.0+3.0%, p<0.001; n=10) (Fig. 1b).
A comparative study of the cellular structure
of the tissue also showed that in the group of rats with
alcohol intoxication, there were signs of swelling and
necrosis of hepatocytes, accompanied by fragmentation
and/or complete destruction of the nuclei (Fig. 1c¢).

Diseases related to ethanol consumption
are primarily associated with impaired structure and
functions of mitochondria; in particular, this includes
altered functioning of pro-apoptotic signaling
pathways, oxidative stress and, as a consequence,
impaired functioning of anti-stress protective
mechanisms [3, 22, 23]. Since one of the key
characteristics of the mitochondrial functioning
is the mPTP opening, we have investigated the effect
of chronic ethanol consumption on the parameters of its
functioning. There is evidence that alcohol intoxication
leads to disturbances in mPTP functioning [14-16].
Chronic alcohol consumption leads to an increase
in the sensitivity of mitochondria to mPTP induction,
and, consequently, to increased permeability of the inner
mitochondrial membrane, its depolarization, swelling,
and damage of the outer membrane [15]. At present,
the study of the composition and structure of the pore
continues. Currently, certain evidence exists that mPTP
does not have permanent structural components, and
in different situations, different protein components
and channels may be involved in its formation [24-26].
Based on results of recent studies conducted in our
laboratory, we have hypothesized the existence
of a compensatory system formed by mPTP regulatory
proteins (CNP, VDAC, TSPO) in the liver mitochondria
under conditions of chronic alcoholism [14, 27, 28].

Initially, VDAC was considered a structural
component of the pore; later, experiments with knockout
mice showed that knockout of all three VDAC isoforms
did not interfere with mPTP functioning [29]. However,
a large number of reports provided new evidence
for the involvement of VDAC in mPTP [8, 13, 30, 31].

We have studied the effect of two modulators
of VDAC channels, erastin (2 uM) and G3139 (5 uM).
Erastin is a VDAC-binding small molecule that reduces
the rate of NADH oxidation in isolated yeast
mitochondria expressing a single VDAC2 isoform [32]
and increases NADH penetration into liposomes
containing human VDAC2 [33]. Erastin interaction
with VDAC causes mitochondrial dysfunction,
release of reactive oxygen species (ROS) and ultimate
cell death [32].
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Figure 1. Fragments of histotopograms of periportal areas of the rat liver tissue. Light microscopy:
(a) — Masson trichrome stain (collagen/fibrosis is stained blue; non-collagen components are stained pink; cell nuclei
are stained dark crimson), ruler 100 um. (b) — Mallory trichrome stain (collagen/fibrosisis stained blue; non-collagen
components are stained orange/red; cell nuclei are stained red), ruler 20 pm. Photomicrographs of perivascular
hepatocytes in rat liver: (¢) — H&E (cell nuclei are in purple, erythrocytes are in red, cell cytoplasm is in pink),
ruler 50 um. (d) — diagram showing the increase in deposited collagen in the periportal region of the liver of each
group of rats. Data are presented as the mean + standard deviation of five independent experiments. * — p<0.05 indicates
a significant difference in the level of collagen in relation to the control. The statistical significance of differences
between pairs of means was assessed using ANOVA type 2 (Student-Newman-Keuls). A color version is available

in the electronic version of the article.

The other test substance was G3139 (Oblimersen
Genasense, Bcl-2 antisense), a synthetic DNA
oligodeoxyribonucleotide phosphorothioate designed
to reduce bcl-2 mRNA expression. It is widely used
as an inhibitor of VDAC channels [34]. The ability
of G3139 to stimulate the mPTP opening in rat brain
and liver mitochondria was previously shown [35].

In order to reveal the effect of erastin and G3139
on the mPTP functioning in liver mitochondria of rats
exposed to chronic alcohol intoxication, we measured
one of the key parameters of the pore, Ca** capacity,
the amount of calcium required to reach the threshold
concentration and mPTP opening. Figure 2 shows that
the addition of erastin and G3139 caused a decrease
in the Ca* capacity, corresponding to the initiation
of pore opening. However, in liver mitochondria
of rats with alcohol intoxication (Fig. 2b, grey columns),
both substances enhanced their effect. For example,
the Ca* capacity of mitochondria of control animals
in the presence of G3139 was 15% lower compared
to the corresponding control (without additions, white
column 1 vs white column 2), while in the mitochondria
of rats with alcohol intoxication, the Ca®* capacity
in the presence of G3139 was reduced by 2 times

as compared to the control without additions
(grey column 1 vs grey column 2). The same trend
was observed in the presence of erastin: the effect
of erastin increased from 30% to 45% in liver
mitochondria of rats with alcohol dependence compared
to controls. Thus, we have found that erastin and G3139
enhance their effect in the liver mitochondria of rats
with alcohol intoxication compared to the effect
in the liver mitochondria of control animals.

To confirm this effect, we have investigated another
parameter that characterizes the mPTP opening,
calcium-induced swelling of mitochondria. Addition
of Ca* at a threshold concentration to a suspension
of mitochondria incubated in a standard medium
caused a decrease in light scattering. This indicates
swelling: mitochondrial membranes become permeable
to substances with a low molecular weight.
Quantitatively, the swelling process was characterized
by the time to reach the half-maximal light scattering
signal (T,,). Figure 3 shows results of these
expeirments. In general, they repeat the data obtained
earlier, confirming the enhancement of the effect
of modulators of VDAC channels under the influence
of ethanol. At the same time, it should be noted

65



THE EFFECT OF ERASTIN AND G3139 IN ALCOHOL INTOXICATION

a Control [cal, b
Ca?*
Control 1 l l l t
! o 120 [1Control
[ 1Ethanol
G3139 l 100 1 T ,
Z . — )
= |Erasti |
Py rastin | ‘?'—d 80 * %
A= S E
= £ 60
100 s =5
7 S
Ethanol Cat ;ﬁﬂ 2 40 1 # s
] N
Control 1 l l SR .
20
0 1 1 2 3 3
=2 G3139, 2uM + + . N
= | Erastin Erastin, SpM
el o0—

Figure 2. The effect of G3139 and erastin on the Ca* capacity of rat liver mitochondria: (a) Ca® transport
in mitochondria, (b) quantitative analysis of threshold [Ca*]. Values are shown in % relative to control, the reference
value of Ca* capacity (in control animals without supplementation) is 150 nmol Ca** per mg of protein. The values
of three independent experiments are presented. ¥ — p<0.05 comparison of the values of the ethanol group relative
to the corresponding parameter of the control group (gray vs white bars). # — p<0.05 comparison of values
in the presence of additions (G3139 and erastine) vs. values in the absence of additions (columns 3 and 2 vs. 1).
The grey dots indicate the sampling sites for Western blot analysis (results are shown in Figs. 3, 4).
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Figure 3. The effect of G3139 and erastin on swelling of rat liver mitochondria. Swelling was initiated by the addition
of Ca* corresponding to a threshold concentration of 250 nmol Ca** per mg of protein. The values of three independent
experiments are presented. (a) — swelling curves of liver mitochondria, (b) — swelling half-time (time to reach 1/2
of the swelling amplitude, T,,,) of mitochondria. * — p<0.05 comparison of the values of the ethanol-treated rats
versus the corresponding parameter of the control animals (grey vs white bars). # — p<0.05 comparison of values
in the presence of additions (G3139 and erastine) vs. values in the absence of additions (columns 3 and 2 vs. 1).

that, as on, the effect of erastin on Ca® capacity and
mitochondrial swelling was more potent than
the effect of G3139. In the presence of G3139
the half-life time (T,,,) decreased by 10% in the control
mitochondria, while erastin caused almost a 2-fold
decrease in the parameter. In the mitochondria of rats
with alcohol intoxication, G3139 caused a 2-fold
increase in the rate of swelling of mitochondria, while
erastin caused a 3-fold increase in the parameter.
Thus, it was found that mitochondria isolated from
the liver of rats with chronic alcoholism were more
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sensitive to the induction of mPTP caused by various
agents, compared with mitochondria isolated from
control animals. In all cases mPTP induction
was cyclosporine-sensitive. The difference in the effect
0f G3139 and erastin on the initiation of mRTP opening
and stimulation of high-amplitude mitochondrial
swelling can be explained by the difference
in the sites of action of these compounds on VDAC.
The data obtained suggest that under pathological
conditions of chronic alcohol exposure, changes
in the structure of mPTP or in the mechanisms
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of its regulation can occur in mitochondria. These
changes may represent a compensatory response
to the damage that occurs during alcogol intoxication.
We suggest that VDAC is involved in the functioning
of this system, and VDAC modulators can be used
to regulate it. There is information in the literature
about the role of VDAC in the mPTP functioning
in other pathologies [8, 12, 30]. Probably, this
system arises in response to damage to mitochondria
of various etiologies.

Next, we have tested the effect of the studied
modulators of VDAC channels on the level of the VDAC
protein in the mitochondria of control rats and rats with
chronic alcohol intoxication. The studies were carried
out under conditions of closed and opened mPTP.
We found no change in the protein level under
conditions of mPTP opening as compared with
mitochondria with closed mPTP. G3139, like erastin,
increased the content of VDAC in liver mitochondria
of control rats by ~50-60% both in open and closed
pores (Fig. 4a,b, white columns 1 and 2 vs 3 and 4).
It should be noted here that similar changes were
observed by us earlier, for example, when studying
the effect of TSPO ligands on rat liver mitochondria
during alcohol intoxication. We suggest that
preincubation of mitochondria with modulators
of VDAC channels leads, along with pore initiation,
to some conformational changes in protein complexes;
this reflects changes in the level of proteins.
It is important that the proteins in which changes occur
are located on the outer membrane of mitochondria.
Moreover, the activity of proteases in the control,

depending on the type of protein being hydrolyzed,
may be higher or lower than in other conditions.
Elucidation of the mechanism of the detected
changes is the goal of our further research. Under
the influence of chronic ethanol consumption,
the protein level increased approximately 2-fold
(Fig. 4a,b, without additions, grey columns 1 and 2 vs
white columns 1 and 2). In the mitochondria of rats
with chronic consumption of ethanol in the presence
of G3139, the content of VDAC increased by 1.5 times,
and in the presence of erastin by 2 times
compared with the control (grey bars 3 and 4 vs
gray bars 1 and 2). Thus, the influence of VDAC
channel modulators on the distribution of this protein
in mitochondria is enhanced in disorders associated
with alcohol intoxication.

Since we found changes in the content of VDAC,
we decided to test whether the content of mitochondrial
proteins, putative partners of VDAC in mitochondria,
considered as regulators of mPTP, also changed.
One of these proteins is the translocator protein (TSPO),
previously known as the peripheral benzodiazepine
receptor (PBR), which, according to our studies,
may be involved in the regulation of mitochondrial
membrane permeability and mPTP regulation [14, 35].
We have previously shown that TSPO ligands
(protoporphyrin IX and PK 11195) may be involved
in the regulation of mPTP in liver mitochondria during
chronic alcohol intoxication [14]. Since the studies
of our group, as well as literature data, indicate a close
relationship between TSPO and VDAC [14, 36, 37],
we also investigated the effect of VDAC modulators
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Figure 4. Changes in the content of VDAC in the presence of 5 uM G3139 (a) and 2 uM erastin (b) in rat liver
mitochondria in the absence/presence of the threshold Ca®* concentration. Anti-Tom20 antibodies were used as a protein
load control. The values of three independent experiments are presented The upper part of the figure shows
immunoblots stained with the corresponding antibodies, the lower part shows quantitative changes in the content
of VDAC as a percentage relative to the control (white column 1, mitochondria of control rats without additions),
normalized to Tom20. * — p<0.05 comparison of the values of animals treated with ethanol versus the corresponding
parameter of the control rats (grey columns vs white columns). # — p<0.05 comparison of values in the presence

of additions (G3139 and erastin) versus values in the absence of additions (column 3 vs.

column 4 vs. column 2).

column 1 and
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on TSPO levels in the mitochondria of control animals
and animals with chronic alcohol intoxication. Results
of these experiments indicate that under the influence
of G3139 and erastin, the content of TSPO,
similarly to VDAC, increased in control animals and
decreased in animals with chronic alcohol intoxication.
The level of TSPO in liver mitochondria of rats with
chronic alcohol intoxication significantly increased
as compared with control regardless of closed and
opened mPTP. Figure 5a,b shows quantitative
characteristics of these effects.

Another protein partner of VDAC is cyclic
nucleotide phosphodiesterase (2',3'-cyclic nucleotide-
3’'-phosphodiesterase; CNPase), a myelin sheath
protein found by us in mitochondria of unmyelinated

tissues [38]. Earlier we have also shown that
CNPase in mitochondria co-localizes with VDAC and
is involved in the regulation of mPTP [39]. The results
of the work have shown that the CNPase content
decreases during alcohol intoxication, and the observed
decrease is potentiated by the action of G3139 and
erastin in the liver mitochondria of animals subjected
to chronic alcohol intoxication (Fig. Sc,d).

Thus, we have found that in liver mitochondria
of rats with chronic alcohol intoxication G3139 and
erastin decreased the level of CNPase, and
simultaneously increased TSPO and VDAC.
These concerted changes may indicate existence
of a relationship between the studied proteins under
these conditions.
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Figure 5. Changes in the content of TSPO (a, b) and CNPase (¢, d) in the presence of G3139) and erastin in rat liver
mitochondria in the absence/presence of the threshold Ca** concentration. Anti-Tom20 antibodies were used as a protein
load control. The values of three independent experiments are presented The upper part of the figure shows
immunoblots stained with the corresponding antibodies, the lower part shows quantitative changes in the content
of VDAC as a percentage relative to the control (white column 1, mitochondria of control rats without additions),
normalized to Tom20. * — p<0.05 comparison of the values of animals treated with ethanol versus the corresponding
parameter of the control rats (grey columns vs white columns). # — p<0.05 comparison of values in the presence

of additions (G3139 and erastin) versus values in the absence of additions (column 3 vs.

column 4 vs. column 2).
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Certain evidence exists in the literature that VDAC
plays an important role in various mitochondrial
pathologies [8, 12, 40, 41]; however, mechanisms
of these processes remain unclear. We propose
a functional interaction between TSPO, CNPase, and
VDAC in mitochondria in response to ethanol-induced
degenerative changes. Additional studies are needed
to elucidate the mechanism of this interaction and
its functional significance. Nevertheless, results of our
study indicate that these proteins are potential targets
for therapeutic regulation. Erastine and G3139 are able
to influence the function of this system and thus can be
considered as pharmacological agents for targeted
treatment of the consequences of alcohol intoxication.

CONCLUSIONS

In this study we have shown that modulators
of the VDAC channels erastin and G3139 are able
to initiate the mPTP opening in the mitochondria
of animals with alcohol intoxication. In addition,
we have found that their presence changes the level
of mPTP regulator proteins (CNPase, VDAC, TSPO),
and these changes are synchronous. These results
suggest the presence of a complex of these proteins
in mitochondria. The mechanism of actio of this
complex is currently unknown and is the subject
of our further research. Nevertheless, our results
suggest that the complex plays a key role in the
regulation of the conductance of VDAC channels in rat
liver mitochondria under chronic alcohol intoxication
and, consequently, in the regulation of mitochondrial
membrane permeability and programmed cell death
during ethanol-induced damage.

ACKNOWLEDGMENTS

In this work, we used the instruments of the Center
of Collective Use of the Institute of Theoretical and
Experimental Biophysics of the Russian Academy
of Sciences.

FUNDING

The work was carried out within the framework
of the State Assignment of the Institute of Theoretical
and Experimental Biophysics of the Russian
Academy of Sciences (Nos. 075-01027-22-00 and
075-01025-23-00).

COMPLIANCE WITH ETHICAL STANDARDS

The studies were carried out in accordance
with generally accepted international standards
for the treatment of animals (Directive 2010/63/EU
of the European Parliament and the Council
of the European Union on the protection of animals

used for scientific purposes of September 22, 2010) and
approved by the Commission on Biological Safety
and Ethics of the Institute of Theoretical and
Experimental Biophysics RAS (protocol no. 05/2022
dated March 05, 2022).

CONFLICT OF INTERESTS

The authors declare no conflict of interests.

REFERENCES

1. Khambu B., Wang L., Zhang H., Yin X.M. (2017)
The activation and function of autophagy in alcoholic
liver disease. Curr. Mol. Pharmacol., 10(3), 165-171.
DOI: 10.2174/1874467208666150817112654

2. Bonet-Ponce L., Saez-Atienzar S., da Casa C.,
Flores-Bellver M., Barcia JM., Sancho-Pelluz J., Romero EJ.,
Jordan J., Galindo M.F. (2015) On the mechanism
underlying ethanol-induced mitochondrial dynamic
disruption and autophagy response. Biochim. Biophys. Acta,
1852(7), 1400-1409. DOI: 10.1016/j.bbadis.2015.03.006

3. Manzo-Avalos S., Saavedra-Molina A. (2010) Cellular and
mitochondrial effects of alcohol consumption.
Int. J. Environ. Res. Public Health, 7(12), 4281-4304.
DOI: 10.3390/ijerph7124281

4. Samuvel D.J., Li L., Krishnasamy Y., Gooz M., Takemoto K.,
Woster PM., Lemasters J.J., Zhong Z. (2022) Mitochondrial
depolarization after acute ethanol treatment drives
mitophagy in living mice. Autophagy, 18(11), 2671-2685.
DOI: 10.1080/15548627.2022.2046457

5. Rostovtseva TK., Sheldon K.L., Hassanzadeh E., Monge C.,
Saks V., Bezrukov S.M., Sackett D.L. (2008) Tubulin binding
blocks mitochondrial voltage-dependent anion channel and
regulates respiration. Proc. Natl. Acad. Sci. USA, 105(48),
18746-18751. DOI: 10.1073/pnas.0806303105

6. Shoshan-Barmatz V., Ben-Hail D. (2012) VDAC,
a multi-functional mitochondrial protein
as a pharmacological target. Mitochondrion, 12(1), 24-34.
DOI: 10.1016/j.mit0.2011.04.001

7. Pediaditakis P, Kim J.S., He L., Zhang X., Graves L.M.,
Lemasters J.J. (2010) Inhibition of the mitochondrial
permeability transition by protein kinase A in rat liver
mitochondria and hepatocytes. Biochem. J., 431(3), 411-421.
DOI: 10.1042/BJ20091741

8. Camara AK.S., Zhou Y, Wen PC., Tajkhorshid E., Kwok W.M.
(2017) Mitochondrial VDACI: A key gatekeeper as potential
therapeutic target. Front. Physiol., 8, 460.
DOI: 10.3389/fphys.2017.00460

9. Shoshan-Barmatz V, De S., Meir A. (2017) The mitochondrial
voltage-dependent anion channel 1, Ca* transport,
apoptosis, and their regulation. Front. Oncol., 7, 60.
DOI: 10.3389/fonc.2017.00060

10. Holmuhamedov E., Lemasters J.J. (2009) Ethanol exposure
decreases mitochondrial outer membrane permeability
in cultured rat hepatocytes. Arch. Biochem. Biophys.,
481(2), 226-233. DOI: 10.1016/j.abb.2008.10.036

11. Lemasters J.J., Holmuhamedov E.L., Czerny C., Zhong Z.,
Maldonado E.N. (2012) Regulation of mitochondrial
function by voltage dependent anion channels in ethanol
metabolism and the warburg effect. Biochim. Biophys. Acta,
1818(6), 1536-1544. DOI: 10.1016/j.bbamem.2011.11.034

69



THE EFFECT OF ERASTIN AND G3139 IN ALCOHOL INTOXICATION

12.

13.

14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

70

Kim J., Gupta R., Blanco L.P, Yang S., Shteinfer-Kuzmine A., 27. Baburina Y., Odinokova 1., Krestinina O. (2021)

Wang K., Zhu J., Yoon H.E., Wang X., Kerkhofs M., Kang H.,
Brown A.L., Park S.-J., Xu X., van Rilland E.Z., Kim M.K.,
Cohen J.1., Kaplan M.J., Shoshan-Barmatz V., Chung J.H.
(2019) VDAC oligomers form mitochondrial pores to release
mtDNA fragments and promote lupus-like disease. Science,
366(6472), 1531-1536. DOI: 10.1126/science.aav4011
Navaneetha Krishnan S., Rosales J.L., Lee K.Y. (2020)
mPTP opening caused by CdkS5 loss is due to increased
mitochondrial Ca** uptake. Oncogene, 39(13), 2797-2806.
DOI: 10.1038/s41388-020-1188-5

. Baburina Y, Odinokova L., Krestinina O. (2020) The effects

of PK11195 and protoporphyrin IX can modulate chronic
alcohol intoxication in rat liver mitochondria under

the opening of the mitochondrial permeability transition pore.
Cells, 9(8), DOI: 10.3390/cells9081774

King A.L., Swain TM., Mao Z., Udoh U.S., Oliva C.R.,
Betancourt A.M., Griguer C.E., Crowe D.R., Lesort M.,
Bailey S.M. (2014) Involvement of the mitochondrial
permeability transition pore in chronic ethanol-mediated liver
injury in mice. Am. J. Physiol. Gastrointest. Liver. Physiol.,
306(4), G265-G277. DOI: 10.1152/ajpgi.00278.2013
Lamarche F., Carcenac C., Gonthier B., Cottet-Rousselle C.,
Chauvin C., Barret L., Leverve X., Savasta M., Fontaine E.
(2013) Mitochondrial permeability transition pore inhibitors
prevent ethanol-induced neuronal death in mice. Chem. Res.
Toxicol., 26(1), 78-88. DOI: 10.1021/tx300395w

Lieber C.S., de Carli L.M. (1989) Liquid diet technique

of ethanol administration: 1989 update. Alcohol Alcohol.,
24(3), 197-211.

ImageJ. Retrived January 20, 2023

from https://imagej.nih.gov/ij/

Azarashvili T., Grachev D., Krestinina O., Evtodienko Y.,
Yurkov 1., Papadopoulos V., Reiser G. (2007)

The peripheral-type benzodiazepine receptor is involved

in control of Ca**-induced permeability transition pore
opening in rat brain mitochondria. Cell Calcium, 42(1),
27-39. DOI: 10.1016/j.ceca.2006.11.004

Reiser G, Kunzelmann U., Steinhilber G, Binmoller F.J. (1994)
Generation of a monoclonal antibody against the myelin
protein CNP (2',3'-cyclic nucleotide 3'-phosphodiesterase)
suitable for biochemical and for immunohistochemical
investigations of CNP. Neurochem. Res., 19(12), 1479-1485.
Han J., Lee C., Hur J., Jung Y. (2022) Current therapeutic
options and potential of mesenchymal stem cell therapy

for alcoholic liver disease. Cells, 12(1), 22.

DOI: 10.3390/cells12010022

Cederbaum A.L, Lu Y., Wu D. (2009) Role of oxidative
stress in alcohol-induced liver injury. Arch. Toxicol., 83(6),
519-548. DOI: 10.1007/s00204-009-0432-0

Mantena S.K., King A.L., Andringa K.K., Eccleston H.B.,
Bailey S.M. (2008) Mitochondrial dysfunction and oxidative
stress in the pathogenesis of alcohol- and obesity-induced
fatty liver diseases. Free Radic. Biol. Med., 44(7), 1259-1272.
DOLI: 10.1016/j.freeradbiomed.2007.12.029

Briston T, Selwood D.L., Szabadkai G., Duchen M.R. (2019)
Mitochondrial permeability transition: A molecular lesion
with multiple drug targets. Trends Pharmacol. Sci., 40(1),
50-70. DOI: 10.1016/j.tips.2018.11.004

Federico M., de la Fuente S., Palomeque J., Sheu S.S.
(2021) The role of mitochondria in metabolic disease:

A special emphasis on heart dysfunction. J. Physiol.,
599(14), 3477-3493. DOI: 10.1113/JP279376

Rottenberg H., Hoek J.B. (2021) The mitochondrial
permeability transition: Nexus of aging, disease and
longevity. Cells, 10(1), 79. DOI: 10.3390/cells10010079

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Carbenoxolon is capable to regulate the mitochondrial
permeability transition pore opening in chronic alcohol
intoxication. Int. J. Mol. Sci., 22(19), 10249.

DOI: 10.3390/ijms221910249

Krestinina O., Odinokova 1., Sotnikova L., Krestinin R.,
Zvyagina A., Baburina Y. (2022) Astaxanthin is able

to prevent alcohol-induced dysfunction of liver
mitochondria. Antioxidants (Basel), 11(10), 2019.

DOI: 10.3390/antiox 11102019

Baines C.P, Kaiser RA., Sheiko T, Craigen W.J., Molkentin J.D.
(2007) Voltage-dependent anion channels are dispensable
for mitochondrial-dependent cell death. Nat. Cell. Biol.,
9(5), 550-555.

Zhou H., Hu S., Jin Q., Shi C., Zhang Y., Zhu P., Ma Q.,
Tian F., Chen Y. (2017) Mff-dependent mitochondrial
fission contributes to the pathogenesis of cardiac
microvasculature ischemia/reperfusion injury via induction
of mROS-mediated cardiolipin oxidation and HK2/VDAC1
disassociation-involved mPTP opening. J. Am. Heart Assoc.,
6(3), €005328. DOI: 10.1161/JAHA.116.005328

Chaudhuri A.D., Choi D.C., Kabaria S., Tran A., Junn E.
(2016) MicroRNA-7 regulates the function of mitochondrial
permeability transition pore by targeting VDACI expression.
J. Biol. Chem., 291(12), 6483-6493.

DOI: 10.1074/jbc.M115.691352

Yagoda N., von Rechenberg M., Zaganjor E., Bauer A.J.,
Yang W.S., Fridman D.J., Wolpaw A.J., Smukste L, Peltier JM.,
Boniface J.J., Smith R., Lessnick S.L., Sahasrabudhe S.,
Stockwell B.R. (2007) RAS-RAF-MEK-dependent oxidative
cell death involving voltage-dependent anion channels.
Nature, 447(7146), 864-868. DOI: 10.1038/nature05859
Bauer A.J., Gieschler S., Lemberg K.M., McDermott A.E.,
Stockwell B.R. (2011) Functional model of metabolite gating
by human voltage-dependent anion channel 2. Biochemistry,
50(17), 3408-3410. DOI: 10.1021/bi2003247

Tan W., Loke Y.H., Stein C.A., Miller P, Colombini M.
(2007) Phosphorothioate oligonucleotides block

the VDAC channel. Biophys. J., 93(4), 1184-1191.

DOI: 10.1529/biophysj.107.105379

Azarashvili T., Krestinina O., Baburina Y., Odinokova 1.,
Grachev D., Papadopoulos V., Akatov V., Lemasters J.J.,
Reiser G. (2015) Combined effect of G3139 and TSPO
ligands on Ca**-induced permeability transition in rat brain
mitochondria. Arch. Biochem. Biophys., 587, 70-77.

DOI: 10.1016/j.abb.2015.10.012

Guo Y, Sun Z., Wang L., Jiang R., Shu Q., Xu G. (2022)
Increased expression of TSPO-VDAC complex is correlated
with NLRP3 inflammasome activation in diabetic retinopathy.
Mol. Med. Rep., 26(6), 353. DOI: 10.3892/mmr.2022.12869
Hiser C., Montgomery B.L., Ferguson-Miller S. (2021)
TSPO protein binding partners in bacteria, animals,

and plants. J. Bioenerg. Biomembr., 53(4), 463-487.

DOI: 10.1007/s10863-021-09905-4

Azarashvili T, Krestinina O., Galvita A., Grachev D.,
Baburina Y., Stricker R., Evtodienko Y., Reiser G. (2009)
Ca**-dependent permeability transition regulation

in rat brain mitochondria by 2',3'-cyclic nucleotides

and 2',3'-cyclic nucleotide 3'-phosphodiesterase.

Am. J. Physiol. Cell Physiol., 296(6), C1428-C1439.
Baburina Y., Azarashvili T., Grachev D., Krestinina O.,
Galvita A., Stricker R., Reiser G. (2015) Mitochondrial

2" 3'-cyclic nucleotide 3'-phosphodiesterase (CNP) interacts
with mPTP modulators and functional complexes (I-V)
coupled with release of apoptotic factors. Neurochem. Int.,
90, 46-55. DOI: 10.1016/j.neuint.2015.07.012



Baburina et al.

40. He Y., Wang W., Yang T, Thomas E.R., Dai R., Li X. (2022) the effect of VDAC1-interacting compound on atrial fibrosis
The potential role of voltage-dependent anion channel induced by hyperaldosteronism. Sci. Rep., 10(1), 22101.
in the treatment of Parkinson's disease. Oxid. Med. Cell. DOI: 10.1038/s41598-020-79056-w

Longev., 2022, 4665530. DOI: 10.1155/2022/4665530
41. Klapper-Goldstein H., Verma A., Elyagon S., Gillis R., )
Murninkas M., Pittala S., Paul A., Shoshan-Barmatz V., Received: 24.11.2022.

Etzion Y. (2020) VDACI in the diseased myocardium and izzlesr)fitid %; 8} %8%2

BJIMAHUE DPACTUHA U G3139 HA MUTOXOH/IPUH ITIEYEHU KPbIC
IPU XPOHUYECKOM AJIKOTOJIbHOM MHTOKCUKALIUA

FO.JIL. babypuna*, A.U. 3eazuna, H.B. Oounoxosa, O.B. Kpecmununa

WHCTHTYT TEOPETUIECKON U SKCIIEpIMEHTANBHOM Onodu3nku Poccuiickoil akameMin HayK,
142290, MockoBckas 00i., ITymmnao, yiu. MaCTHTYTCKAsA, 3; *371. mouTa: byul@rambler.ru

HccnenoBano Biusaue moxyasitopoB VDAC-kanamoB — G3139 u spactuHa — Ha (DyHKIIMOHMPOBAaHHUE
MHUTOXOHApHAJIbHOW mopbl (mitochondrial permeability transition pore, MPTP), a Takxke Ha U3MEHEHHUs B COACPIKAHUU
oenkoB, perynmupyronmx padory MPTP (VDAC, CNPa3a u TSPO) B MUTOXOHAPHSX MEYCHU KPBHIC C XPOHHYCCKOM
AJIKOTOJIEHOM WHTOKCcHKanued. [lokazaHo, YTO MHUTOXOHJIPHM II€YEHHM KpBIC, MOJY4YaBUIMX OJTaHON, OoJjee
YyBCTBUTENBbHBI K nHAyknnu MPTP. bonee Toro, moa Bo3zmeiicTBHEM 3TaHONIA TIPOUCXOIST U3MEHEHUS B SKCIIPECCUHU
oenkoB-perynstopoB MPTP. G3139 u spacTHH Takke CIIOCOOHBI BIHATH HAa HCCIEIyeMble MHTOXOHIPHAIbHEIC
napameTpel, NpU4éM HX ACHCTBHE B MHUTOXOHAPHUSIX IIEYCHHM KpPBIC, IMOMYUYaBIIUX ITAHOJ, OOlee BBIPAKEHO
IO CPaBHCHUTIO C MUTOXOHAPUAMHA NIEYECHU KOHTPOJIbHBIX KPBIC. Mp1 npeamnoiaaracéM, 4To pe€3yjabTaTbl 3TOr0 UCCICA0OBaHUA
MOTYT TIOMOYb BBISCHUTh MEXaHU3Mbl XPOHHYECKOTO JCHCTBHS 3TaHONAa HAa MUTOXOHAPWUU WM BHECTH BKJIAJ
B pa3pabOTKy HOBBIX TEPAIEBTUYECKUX CTPATEruil JUIsl JIeUeHHs NIaTOJOTHH, CBSI3aHHBIX C IOTPEOJICHHEM 3TaHoIa.

Tonnuwiti mexcm cmambvu Ha pyccKoM A3biKe 0ocmyneH Ha catime sxcypuana (hitp://pbmc.ibme.msk.ru).

KarueBble ciaoBa: muToxoHapuanbHas Hecrnenuduueckas mnopa (MPTP); moTeHuman-3aBHCHMBIA aHHOHHBI
kaHan (VDAC); xpoHrueckas aqKorojbHasi HHTOKCUKAIIUS; 9PACTUH

®unancupoBanmne. Pabora BeimomHeHa B pamkax [oc3zamanms WHCTHTYTa TEOPETHYECKOM M SKCIEPUMEHTAIBHOM
6nodusnkn PAH (Ne 075-01027-22-00 u Ne 075-01025-23-00).
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