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Abstract: Ischemia-reperfusion injury (IRI) is an irreversible functional and structural injury. Restora-
tion of normal oxygen concentration exacerbates the emergence and development of deadly cells. One
of the possible moments of reperfusion damage to cells is an increase in the intracellular concentration
of sodium ions. In this article, we study the mu-agatoxin-Aa1a, a modulator of sodium channels, on
the processes of IRI cells damage. The toxin was synthesized using an automatic peptide synthesizer.
Hypoxia was induced by reducing the content of serum and oxygen in the CHO-K1 culture. The
influence of the toxin on the level of apoptosis; intracellular concentration of sodium, calcium, and
potassium ions; intracellular pH; totality of reactive oxygen species (ROS), nitric oxide (NO), and
ATP; and changes in the mitochondrial potential were studied. The experiments performed show that
mu-agatoxin-Aa1a effectively prevents IRI of cells. Toxin reduces the level of apoptosis and prevents a
decrease in the intracellular concentration of sodium and calcium ions during IRI. Mu-agatoxin-Aa1a
contributes to the maintenance of elevated intracellular pH, reduces the intracellular concentration
of ROS, and prevents the decrease in intracellular NO concentration and mitochondrial potential
under conditions of reoxygenation/reperfusion. An analysis of experimental data shows that the
mu-agatoxin-Aa1a peptide has adaptogenic properties. In the future, this peptide can be used to
prevent ischemia/reperfusion tissue damage different genesis.

Keywords: sodium; peptide toxin; ischemia reperfusion injury; apoptosis

1. Introduction

Ischemia-reperfusion injury (IRI) of organs and tissues is an irreversible functional
and structural damage resulting from reperfusion after prolonged ischemia and hypoxia.
IRI is a direct cause of death and disability in patients after myocardial infarction and
cerebrovascular accidents and after organ and tissue transplants [1–3].

In case of IRI, several pathological processes associated with impaired cellular function
occur, which lead to cell damage and their death. The restoration of the normal oxygen
concentration in hypoxic cells and tissues occurs paradoxically, exacerbates damage, and
also causes cell death. During hypoxia, anaerobic metabolism becomes the main one, which
leads to a significant decrease in the intracellular ATP concentration and cytoplasmic pH.
Compensation for the decrease in pH occurs due to the activation of Na+/H+ channels,
which leads to the removal of hydrogen ions from the cytoplasm, with a simultaneous influx
of sodium ions [4]. Simultaneously with the entry of sodium ions into the cell, the osmotic
balance is upset, and the cell swells. The mechanisms of transport of potassium ions from
the cell to the intercellular space are triggered to prevent further swelling of the cell [5].
Sodium ions are also replaced for Ca2+ ions, which leads to an increase in the intracellular
concentration of these ions. During reperfusion, the intracellular concentration of Ca2+

ions rises even more, which is associated with the restoration of oxidative phosphorylation
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processes and an increase in the activity of the Krebs cycle [6]. Elevated intracellular calcium
concentration activates mitochondrial Ca2+-dependent proteases such as calpain, which in
turn converts the cellular enzyme xanthine dehydrogenase to xanthine oxidase. During
hypoxia, ATP degradation leads to the formation of hypoxanthine. With reperfusion, when
oxygen supply is restored, xanthine oxidase catalyzes the decomposition of hypoxanthine
to uric acid, superoxide anion radical, and hydrogen peroxide [7]. This process leads to
intracellular oxidative stress.

Evidence is accumulated that sodium overload is caused by increased sodium flux
into the intracellular space from the extracellular space under conditions of ischemia and
hypoxia and may play an important role in the genesis of IRI [8]. It has been shown
that inhibition of sodium entry pathways into cardiomyocytes by pharmacological agents
reduces sodium overload during ischemia and thus leads to better functional recovery after
reperfusion [9,10].

There is a group of peptides in nature that are selective blockers of Na+ channels.
They are found in the toxins of arachnids. These peptides contain cysteine-rich peptides
and disulfide bridges, which form a unique cystine pseudoknot that provides stability
under different conditions [11]. These proteins bind highly selectively to voltage-gated ion
channels of the cell and inhibit them, thereby preventing the entry of ions into the cell from
the intercellular space or from the endoplasmic reticulum.

Thus, the search for new targeted peptides capable of inhibiting sodium channels is
an important problem of contemporary pharmacology. In this paper, the focus of the study
was on the effect of the toxin mu-agatoxin-Aa1a, a modulator of sodium channels, on the
processes of ischemia-reperfusion cell injury.

2. Results
2.1. Synthesis Results and Formation of the Secondary Structure of the Toxin

The toxin was successfully synthesized through solid phase synthesis. Figure 1 shows
the mass spectrogram and chromatogram of the mu-agatoxin-Aa1a peptide toxin after
synthesis and purification. The molecular mass of the crude peptide was 4272 Da, but due
to the formation of four disulfide bridges, the mass changed to 4264 Da (Figure 1A). The
purity of the peptide was 97.6% (Figure 1B).
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2.2. The Effect of the Toxin on Apoptosis, Necrosis, Cell Area, and Cell Index during
Oxygen–Glucose Deprivation/Reoxygenation-Reperfusion

Figure 2 shows the change in the levels of apoptosis and necrosis, the change in the
cell area, as well as the change in the cell index in the CHO-K1 culture when simulating the
conditions of deprivation of FBS (1%) and glucose (1 g/L) with a reduced oxygen level (1%)
(OGD—oxygen–glucose deprivation), followed by 3-h cultivation in a medium containing
10% FBS, 3.151 g/L glucose in 18.6% O2 (R-R—reoxygenation-reperfusion) with the toxin
at concentrations of 10 nM and 50 nM and in normal conditions.
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Figure 2. Change in the level of apoptosis (A), necrosis (B), cell area (C), and cell index (D) in
the CHO-K1 culture with the toxin effect at concentrations of 10 nM and 50 nM under conditions
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condition); RFU—relative fluorescence units); *—p < 0.01 when compared with the “OGD w/o toxin”
group, #—p < 0.01 when compared with the “n.c.” group.

Figure 2A manifests a two-fold increase in the level of apoptosis during 3 h OGD,
followed by 3 h reoxygenation-reperfusion. However, during reoxygenation-reperfusion
in the presence of the toxin at concentrations of 10 nM and 50 nM, the level of apoptosis
decreased and reached the normal level.

An increase in the level of necrosis was observed under OGD and subsequent reoxy-
genation in a normal medium which is illustrated in Figure 2B. In the presence of the toxin,
the level of necrosis is significantly reduced and remained at the level of normal conditions
already at the toxin concentration of 10 nM.

Figure 2C shows the change in the size (area) of cells during the simulation of OGD/R-
R conditions. An increase in the cell area relative to normal conditions was observed during
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the 3 h OGD with subsequent reoxygenation-reperfusion. However, the addition of the
toxin to the reoxygenation-reperfusion medium at a concentration of 10 nM did not cause
any change in the cell area, and, at a concentration of 50 nM, there was a decrease in the
cell area to the value typical for normal conditions.

The analysis of the cell index that characterizes cell adhesion and reflects the response
of cells to external impacts demonstrated that, during the first 30 min, there was a drop in
the index with OGD (Figure 2D). After that the index increased for 3 h in all the groups.
Upon subsequent incubation of the culture under condition of reoxygenation and reperfu-
sion, the index fell again during the first 30 min, but it is noteworthy that in the control
group the fall was more rapid than in the groups with the toxin. After that, the index in all
the groups continued to increase in the same way.

2.3. The Effect of the Toxin on the Concentration of Sodium, Calcium, and Potassium Ions and pH
during Oxygen–Glucose Deprivation/Reoxygenation-Reperfusion

Figure 3 shows the change in the concentrations of sodium, calcium, and potassium
ions and pH when simulating the conditions of OGD/R-R and with the toxin at con-
centrations of 10 nM and 50 nM, as well as immediately after OGD and under normal
conditions.
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An increase in the concentration of sodium ions is shown in Figure 3A in the group
where the cell culture was incubated for 3 h in OGD. At the same time, after reoxygenation-
reperfusion the concentration of ions decreased by about 60%, but the presence of the toxin
in the medium at a concentration of 50 nM caused a decrease in the concentration of sodium
ions by about 30%, resulting in the indicator dropped to the concentration under normal
conditions.

Figure 3B demonstrates that OGD led to a substantially increase in the concentration
of calcium ions. Subsequent reoxygenation-reperfusion led to a three times decrease in
the concentration to the normal level. However, during co-incubation with the toxin at a
concentration of 10 nM, this decrease was moderate, and at a concentration of 50 nM was
more rapid.

Figure 3C shows the change in the concentration of potassium ions. One can see that
with OGD, there was significant increase in potassium concentration. At the same time,
the subsequent 3 h incubation in reoxygenation-reperfusion condition led to a decrease in
potassium close to the normal level. The presence of the toxin at concentrations of 10 nM
and 50 nM did not have an additional effect on the change in potassium concentration.

In Figure 3D we can see that incubation of cells under conditions of OGD led to
acidification of the intracellular milieu, with subsequent alkalization during the first 30 min
from the start of reoxygenation in the normal nutrient medium, as a result of which the pH
level doubled. Then, during the next 1 h, pH again fell below normal (in the control group
by about 70% and in the 10 nM toxin group by about 60%), except for the 50 nM toxin
group, where pH remained at the same level. In the next 1.5 h, there was a further drop
in pH under control conditions by an additional 20% and an increase in the presence of
the toxin at a concentration of 10 nM. At a toxin concentration of 50 nM, the pH remained
unchanged for the remainder of the time.

2.4. Effect of the Toxin on the Concentration of Reactive Oxygen Species (ROS), Nitric Oxide (NO),
ATP, and Mitochondrial Membrane Potential during Oxygen–Glucose
Deprivation/Reoxygenation-Reperfusion

Figure 4 demonstrates the change in the concentrations of ROS, NO, ATP and mito-
chondrial membrane potential in CHO-K1 culture under simulated conditions of OGD/R-R
with the toxin at concentrations of 10 nM and 50 nM, as well as under normal conditions.

Figure 4A shows the change in the concentration of reactive oxygen species. When the
cell culture was incubated for 3 h under conditions of OGD, followed by a 3 h incubation
in normal medium, no changes in the concentration of reactive oxygen species took place.
Co-incubation with the toxin at a concentration of 50 nM showed an additional significant
decrease in ROS.

Figure 4B demonstrated the change in the NO concentration. One can see that during
OGD, followed by a 3 h incubation in a normal nutrient medium at 18.6% O2, the concentra-
tion of NO decreased by 20% below the normal level. During reoxygenation-reperfusion in
the presence of the toxin at a concentration of 10 nM, no changes were observed. However,
during reoxygenation-reperfusion in the presence of a toxin at a concentration of 50 nM,
the NO concentration remained at the level of normal conditions.

In Figure 4C we can see that a 3 h culture incubation under OGD with subsequent
reoxygenation in a nutrient medium during 3 h there was a decrease in the mitochondrial
membrane potential by about 60%. The addition of the toxin showed a dose-dependent
effect and caused normalization of the mitochondrial potential. Thus, during reoxygenation-
reperfusion in the presence of the toxin at a concentration of 10 nM the mitochondrial
potential decreased by about 40%, and at a concentration of 50 nM a decrease was not
observed, the level of the mitochondrial membrane potential remained within the normal
range. The concentration of ATP during reoxygenation-reperfusion reduced by about 80%
and the toxin did not affect this parameter (Figure 4D).
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3. Discussion

Ischemia-reperfusion injury is defined as a paradoxical exacerbation of cell dysfunc-
tion and death following restoration of blood flow in previously ischemic tissues. Restora-
tion of blood flow is necessary to save ischemic tissues. However, the reperfusion itself
paradoxically causes further damage, threatening the function and viability of the organ.
Reperfusion injury is a multifactorial process leading to extensive tissue destruction [12].
Although the main tissues and cells affected by IRI are tissues of the cardiovascular and
nervous systems, cells of epithelial origin, such as renal tubular epithelium and lung ep-
ithelial cells, are also highly susceptible to IRI [3,13]. In our study, we used the CHO-K1 cell
culture, which refers to epithelial cells that endogenously express voltage-gated sodium
channels which can serve as a basis for studying the mechanisms of prevention of IRI in
tissues and organs [14].

In recent years, an increasing number of studies have been devoted to the study of the
effect of ischemic postconditioning on the prevention of IRI, which seems to be a promising
approach [15]. Ischemic postconditioning is usually defined as a rapid sequential intermit-
tent interruption of blood flow applied in the early stages of reperfusion. This method is
based on the concept that gradual reperfusion of previously ischemic tissue, interrupted by
short episodes of ischemia, can provide favorable results [16,17]. Postconditioning leads
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to a significant reduction in both the severity of systemic inflammatory reactions and the
degree of distant damage to the lungs and kidneys [17].

Our study is based on the use of the mu-agatoxin-Aa1a peptide, a sodium channel
modulator. Previously, in our works, we have already demonstrated the possibility of
blocking apoptosis using the mu-agatoxin-Aa1a peptide [18]. A specific feature of this
toxin is that it does not block the ion channel, but instead it seems to freeze it in its
current state. Our approach is analogous to the ischemic postconditioning technique,
and it is based on the gradual adaptation of ischemic cells to normal conditions. In our
experiments, we have used a model based not only on hypoxia, but also on the restriction
of cell access to nutrients. This approach, in our opinion, most fully simulates the state of
ischemia/reperfusion in vivo.

In our experiments, mu-agatoxin-Aa1a has reduced the level of apoptosis and necrosis
in CHO-K1 cell culture already at a concentration of 10 nM (Figure 2A,B). The integral
indicator of the cell index, which reflects the response of cells to external influences, is also
lower in the groups with the addition of the mu-agatoxin-Aa1a toxin (Figure 2D). When
cells were placed under OGD conditions, the cell index increased significantly in all the
groups, whereas with reoxygenation/reperfusion, the cell index was higher in the group
without toxins.

One of the consequences of IRI is the disruption of the transmembrane movement
of ions in cells. It has been experimentally demonstrated that initial hypoxic conditions
reduce the current through sodium channels in rat cardiomyocytes, which further decreases
during reoxygenation after injury [19,20]. In our experiments, the sodium concentration
in CHO-K1 cells slightly increase under hypoxic-deprivation conditions. After 3 h of the
onset of reoxygenation/reperfusion conditions, the intracellular concentration of sodium
ions decrease by more than 2 times in the group without the toxin (Figure 3A).

The duration of activation and inactivation of sodium channels also correlates with the
duration of hypoxic exposure [21,22]. Sodium is the most abundant ion outside the cell, and
sodium enters the cell through various electrically neutral cotransporters and exchangers,
including the Na+/Cl− cotransporter, the Na+/K+/2Cl− cotransporter, and the Na+/H+

exchanger in combination with the Cl−/HCO3
− exchanger [23]. It has been shown in [24]

that activation of voltage-sensitive sodium channels during oxygen starvation leads to
apoptotic caspase-3-dependent neuronal death, while inhibition of sodium channels by
tetrodotoxin attenuates caspase-3 activation and apoptosis. Saxitoxin, a sodium channel
blocker, prevents anti-Fas-induced apoptosis in Jurkat T cells by preventing sodium in-
flux [25]. Unlike sodium channel blockers, our toxin is a modulator and prevents changes
in the current of ions through Na+ channels, which is confirmed by the data obtained. As
it can be seen from Figure 3a, the presence of the toxin prevents the activation of sodium
channels, which is expressed in a less sharp decrease in the intracellular sodium concentra-
tion, depending on the dose of the toxin. At a toxin concentration of 50 nM, the intracellular
concentration of sodium ions differs slightly from the control group. The toxin also inhibits
the cell area growth (Figure 1C), which we also attribute to low sodium channel activity, and
increases the intracellular sodium concentration in the presence of the toxin (Figure 3A).

In addition to sodium channels, calcium channels play a certain role in the develop-
ment of ischemia-reperfusion cell injury. At present, calcium channel blockers are widely
used, but their mechanism of action is only speculative, and it is associated with their
action on the receptor part of the channel, which is mediated by the state of the channel
itself. As studies have shown, L-type calcium channel blockers are effective if they are used
in the first hours after the onset of myocardial infarction [26,27]. In our experiments, the
intracellular concentration of calcium ions increased significantly with the onset of OGD
conditions.

With reoxygenation-reperfusion, the concentration of calcium ions decreases to values
close to the control group. The presence of mu-agatoxin-Aa1a slows down the process of
reducing the intracellular concentration of calcium ions, which is consistent with the data
on the relationship between the intracellular concentration of sodium and calcium [12,28]
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(Figure 3B). Mu-agatoxin-Aa1a has no effect on the intracellular potassium ion concentra-
tion (Figure 3C).

Thus, in our experiment, we have found that the toxin at concentrations of 10 nM
and 50 nM has an ambiguous effect on the concentration of calcium and potassium ions,
in contrast to the unidirectional effect on sodium ions. We believe that this is due to
the fact that we have used a sodium channel modulator, which should not interact with
calcium and potassium channels. The concentrations of calcium and potassium ions, under
conditions of oxygen–glucose deprivation/reoxygenation-reperfusion, are influenced by a
large number of versatile intracellular metabolic and signaling mechanisms, and therefore
their intracellular concentration react ambiguously to mu-agatoxin-Aa1a.

During OGD, a significant decrease in cell pH is observed, which returns to normal
after reoxygenation-reperfusion. It is believed that acidosis (pH ≤ 7.0) protects cells from
death in ischemia. However, the return from acidotic to normal pH after reperfusion leads
to loss of cell viability [29]. Effects that cause faster normalization of pH after reperfusion
accelerate cell death, while manipulations that delay the increase in pH prevent loss
of cell viability [30]. It is believed that during reperfusion, physiological pH is quickly
restored due to lactate leaching and activation of the Na+-H+ exchanger, as well as the
Na+/HCO-symporter. This pH shift contributes to the death of cardiomyocytes during
lethal reperfusion injury of the myocardium [31]. It has been emphasized that a potential
strategy to prevent cell damage during reperfusion may be to slow down the normalization
of intracellular pH [32].

In our experiments under conditions of OGD, intracellular pH is lower than in the
control group, which corresponds to the previously obtained data. In 30 min after the onset
of reoxygenation-reperfusion conditions, pH become higher than in the control group,
both in the presence of the toxin and without it. Further, the toxin inhibits the decrease
in pH and in 3 h of reoxygenation-reperfusion, pH remains higher than in the control
group, while in the toxin-free group, pH decreases to the levels observed during OGD
(Figure 3D). The high pH value in the presence of toxin may be related to the activity of the
Na+/H+ exchanger (NHE). During ischemia, oxidative phosphorylation rapidly ceases, and
anaerobic glycolysis accelerates. The end products of anaerobic glycolysis are lactate and
protons [33]. Intracellular acidosis stimulates acid extrusion mechanisms, including NHE
and the Na+/HCO3-cotransporter, which results in one Na+ ion for every H+ removed.
The resulting increase in Na+ is minimized by the activation of Na+ channels [34]. In our
experiments, the activation of Na+ channels is blocked by the toxin mu-agatoxin-Aa1a,
which prevents the excess removal of incoming Na+. Under these conditions, in our
opinion, NHE becomes the main mechanism of removing Na+, which can contribute to
its activation. This explains the fact that, during reoxygenation-reperfusion and in the
presence of toxin, a more efficient removal of H+ from the intracellular space occurs, which
contributes to an increase in intracellular pH in the presence of toxin compared to both the
control group and the group without toxin (Figure 3D). Based on our data, we can conclude
that mu-agatoxin-Aa1a contributes to the maintenance of elevated intracellular pH under
conditions of reoxygenation-reperfusion.

In our experiments, we had not noticed a significant increase in ROS under reoxygenation-
reperfusion conditions in all the groups. However, mu-agatoxin-Aa1a at a concentration of
50 nM reduces the intracellular concentration of ROS (Figure 4A).

Numerous experiments have shown that NO reduces the adverse effect of reoxy-
genation/reperfusion [35] in mice with nitric oxide synthase 3 (NOS3) knockout, the
functional recovery after myocardial ischemia/reperfusion is impaired [36], while an in-
crease in the NO concentration accelerates the functional recovery of cells [37]. In our
experiments, mu-agatoxin-Aa1a prevented the decrease in the NO concentration under
reoxygenation-reperfusion conditions (Figure 4B), which, in turn, favorably affected cell
survival (Figure 2).

Endogenous nitric oxide interacts with mitochondrial respiration, possibly through
several steps of electron transfer. A low concentration of the donor of NO SNAP increases
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the membrane potential of mitochondria due to the activation of mitochondrial ATP-
dependent potassium channels. Any increase in the mitochondrial membrane potential will
result in a decrease in mitochondrial calcium uptake, and indeed, exogenous NO reduces
mitochondrial calcium overload during simulated ischemia [38]. In our experiments, we
observe that mu-agatoxin-Aa1a prevents the decrease in the mitochondrial membrane
potential (Figure 4C), and probably prevents calcium ions overload of mitochondria. The
mu-agatoxin-Aa1a toxin has no significant effect on the intracellular concentration of ATP
(Figure 4D).

The experimental data analysis shows that the mu-agatoxin-Aa1a peptide has adapto-
genic properties, which is expressed in the mitigation of a sharp change in the physiological
state of the cell after the restoration of normal environmental conditions. The effect of the
mu-agatoxin-Aa1a peptide on cells is comparable to the method of ischemic postcondi-
tioning and, in the future, this peptide can be used to prevent ischemia/reperfusion tissue
damage different genesis.

4. Materials and Methods
4.1. Peptide Synthesis and Quality Control

The toxin mu-agatoxin-Aa1a (ECVPENGHCRDWYDECCEGFYCSCRQPPKCICRNNN)
(UniProt ID: T5G1A_AGEAP)—a modulator of sodium ion channels—was used in the
experiment. Peptide synthesis was carried out with the ResPep SL automated synthesizer
(Intavis, Tübingen, Germany) using solid-phase peptide synthesis and applying the Fmoc-
chemistry on TentaGel resin according to the manufacturer’s standard protocol. Folding
buffer contained 10 mM reduced glutathione and 1 mM oxidized glutathione in 0.1 M
Tris-HCl, pH 8.0 at 4 ◦C with gentle rocking for 24 h [39].

Peptide analysis was performed using a Shimadzu LC-20AD XR chromatographic
system equipped with an SPD-20A spectrophotometric detector. The analysis was carried
out by reverse phase chromatography using a Dr. Maisch Luna C18 column according to
the standard protocol of gradient elution from 95% A; 5% B; followed by an increase in the
concentration of eluent B to 100% for 40 min, where eluent A is deionized water, eluent
B is acetonitrile (Cryochrom, Saint Petersburg, Russia). Detection was carried out at a
wavelength of 215 nm. Mass spectrometric analysis was performed using the MALDI-TOF
MS FLEX series hardware and software system (Bruker Daltonics, Bremen, Germany).
Purification was performed using HPLC (NGC Quest ™ 10 chromatography system (Bio-
Rad, Hercules, CA, USA) using Bio-Gel P-4 sorbent on an Econo-Column 1 × 30 cm column
(Bio-Rad, Hercules, CA, USA).

4.2. Cell Culture and Experiment Condition

The Chinese hamster cells (CHO-K1 line) (Russian cell culture collection of Vertebrates,
Saint Petersburg, Russia) were used in the study. The culture was selected based on the high
degree of homology of sodium channels with subtypes of Na+ channels in the brain [15].
The cell line was kept in DMEM (PanEco, Moscow, Russia) supplemented with 10% FBS
(Biosera, Cholet, France) and gentamicin at a final concentration of 80 µg/mL at 37 ◦C with
5% CO2 in CO2 incubator MCO-5AC (Sanyo, Osaka, Japan). Twenty-four hours before the
experiment, cells were seeded in 48-well plates (SPL Life Sciences, Pocheon-si, Korea) at a
concentration of 40,000 cells per well.

The ischemia/reperfusion model was reproduced under conditions of 3 h cultivation
in DMEM medium with a reduced content of FBS (1%) and glucose (1 g/L) in 1% O2 and
5% CO2 (oxygen–glucose deprivation) in a CB-53 incubator (Binder, Tuttlingen, Germany)
followed by a 3 h incubation in DMEM with 10% FBS and 3.151 g/L glucose with 18.6%
O2 and 5% CO2 (reoxygenation-reperfusion). The toxin at final concentrations of 10 nM
and 50 nM was added at the beginning of reoxygenation. For general control of some
parameters, the cells were incubated under normal conditions (DMEM 10% FBS and
3.151 g/L glucose with 18.6% O2, 5% CO2). Before the start of each experiment, the nutrient
media were equilibrated under the required conditions for 30 min [40].
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4.3. Measurement of Changes in Intracellular Processes, Area, and pH

In the course of the experiment, changes in the level of apoptosis, necrosis, the mito-
chondrial membrane potential, ROS, NO, calcium, and sodium ions were recorded. Yo-Pro
1 PI dye (final concentration 1 µM) [41] was used to measure the level of apoptosis and
necrosis, TMRE (0.5 µM) was used for the mitochondrial membrane potential [42], DCFH
DA (1 µM) for ROS [42], DAF-FM DA (1 µM) for NO [43], Rhod 2 AM (1 µM) for calcium
ions [44], ION NaTRIUM Green 2 AM (1 µM) for sodium ions [45], and ION Potassium
Green 2-AM for potassium ions [46]. Dyes were added 3 h after the start of reoxygenation
or recovery and/or before it started for apoptosis, necrosis, and calcium and sodium ions.
Changes in pH were also recorded during reoxygenation and recovery at 0 min, 30 min,
1.5 h, and 3 h. To this end, the dye BCECF DA (1 µM) was added [47].

All dyes were incubated for 20 min at 37 ◦C in the dark. After staining, all wells
were washed twice with warm PBS. The measurement was carried out using a multi-mode
microplate reader CLARIO star Plus (BMG LABTECH, Ortenberg, Germany) in 100 µL of
PBS in the matrix scan mode (10 × 10). After the experiment, the cells were washed off the
plate and their concentrations were calculated. Primary data processing was carried out in
the MARS program (BMG LABTECH, Ortenberg, Germany) with subsequent processing in
Excel. Fluorescence intensity was expressed in terms of relative fluorescence units (RFU).
All data were recalculated per 100,000 cells.

Data processing to calculate the cell area was carried out in the ImageJ program [48] on
the basis of photographs obtained using a ZOE microscope (Bio-Rad, Hercules, CA, USA).

4.4. ATP Analysis

For ATP analysis, cells after oxygen–glucose deprivation/reoxygenation-reperfusion
conditions were washed off the plate with 0.25% trypsin solution (PanEco, Moscow, Russia)
and lysed in a buffer containing 0.02 M glycine, 0.05 M Mg2+, 0.004 M EDTA (pH 7.4 at
25 ◦C), when heated in a water bath (100 ◦C) for 45 s.

The determination of the relative ATP concentration was carried out by anion ion
exchange liquid chromatography using an Agilent PL-SAX 4.6 × 150 mm column (PL1551-
3802) with application of a Shimadzu LC-20AD XR chromatographic system equipped with
an SPD-20A spectrophotometric detector. The analysis was carried out according to the fol-
lowing protocol: 0–2 min—100% A, 2–10 min—linear gradient 0–100% B, 10–14 min—100%
B. Where A—deionized water, B—1 M NaCl. Detection was carried out at a wavelength of
257 nm [49].

4.5. Cell Index Analysis

An xCellingence RTCA-S16 cell analyzer (ACEA Biosciences, San Diego, CA, USA)
was used to determine the change in the cell index [50]. The cells of a 16-well plate were
seeded at a concentration of 10,000 cells per well. The culture was incubated for 24 h under
normal conditions at 37 ◦C and 5% CO2 in an MCO-5AC incubator (Sanyo, Japan). The
cell index was recorded in real time with an interval of 3 h. Then, the nutrient medium in
the wells was replaced with the hypoxia medium, and the device was transferred to an
incubator with 1% O2 and 5% CO2 and continued to record the change in the cell index
with an interval of 30 min for 3 h. After that, the medium was changed to the medium for
reoxygenation, the device was placed in an incubator with 18.6% O2 and 5% CO2 at 37 ◦C
and the measurement continued. At the end of the measurement, the data were transferred
to Excel and processed.

4.6. Statistics

Each experiment was performed three times in three repetitions. The results are
presented as mean ± standard deviation (M ± SD). The asymmetry and kurtosis criteria
were used to determine the nature of the distribution. To assess the statistical significance
of differences (due to a small sample size), the Mann–Whitney test was used; processing
was performed in the Origin software (OriginLab, Northampton, MA, USA). Since the
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toxin exposure data were compared with the control conditions without a toxin, as well
as with normal conditions, the Bonferroni test was used to eliminate the effect of multiple
comparisons, and differences between groups were considered statistically significant at
p ≤ 0.01.
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