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MOLECULAR MODELING AND EXPERIMENTAL CONFIRMATION OF THE SEARCH FOR AGENTS
MITIGATING TOXIC ACTION OF HYDROGEN SULFIDE
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Mathematical modeling is a promising method enabling in silico calculations with subsequent suggestion of cell membrane protective agents used to reduce
the consequences of exposure to hydrogen sulfide-containing gas in emergency situations. This study aimed to investigate the nature of interaction of hydrogen
sulfide (H,S) and N-Acetyl-L-Cycteine (NAC) with the components of cell membranes. We built a mathematical model of interatomic interactions of cell membrane
components with H,S and NAC (two separate models), then made the quantum-chemical calculations using our proprietary technique and set up GAMESS
Z-matrices reflecting type and position of atoms in the molecules. The structure of the molecules was optimized with the help of MOPAC package built into
ChemOffice. Lecithin-based liposomes in a sulfide solution (with Na,S being the donor of H and HS ions) were used as an experimental model of the biological
membrane. Redox potential in mV was the comparison parameter in assessment of interaction of the H,S system components and NAC with phospholipid. The
results include patterns showing the phospholipid reactive centers blocked by NAC under toxic exposure to H,S. Liposomal models of cell membranes were formed
and redox parameters measured. Biological experiment confirmed the acceptable accuracy of the designed method of calculation of intermolecular interactions when
used as a basis for further selection of agents capable of adjusting toxic doses of hydrogen sulfide. Membrane models of H_,S interaction with protein and lecithin
were visualized in silico and in vitro. The possibility of using NAC as an H,S inhibitor has been confirmed.
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MOJNEKYNAPHOE MOAENMPOBAHUE N SKCNEPUMEHTAJIbHOE NMOATBEP>XXAEHUE MOUCKA
CPEACTB KOPPEKLIMM TOKCUYECKOIO BO3AENCTBUSA CEPOBOAOPOA
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B ka4ecTBe Mepbl MO CHYXEHWIO MOCNEACTBUIA BO3AENCTBYSA Ha OPraHi3M CepOBOAOPOACOAEKALLErO rasa B pesynsrare aBapuinHbIX CUTyaLin NePCNeKTUBHO
1CMOMb30BATb MAaTEMAaTUHECKOE MOAEMPOBaHMe, NO3BONAOLLEE in Silico paccyHnTaTb 1 MPEANIOKUTE CPEACTBA 3aLlUUThl KNETOYHbIX MeMbpaH. Llensto paboTbl
6bI/10 OLIEHUTL XapakTep B3aMmoaencTsra ceposopopoaa (H,S) v auetnnumcTenHa (ALILY ¢ KOMMOHEeHTaMm1 KNETOUHbIX MemGpaH. C MOMOLLIBIO MaTeMaTUHECKOro
MO[E/MPOBAHMS MEXATOMHbIX B3AVMOZECTBIA KOMMOHEHTOB KIIETOYHOM MembpaHbl cHadasia ¢ H,S, a satem ¢ ALILL ocylecTBneHbl KBaHTOBO-XVIMUYECKIE
pacyeTbl C MCNOMb30BaHNEM aBTOPCKON MeToanKM. Co3aaHbl Z-MaTpuLbl MPOrpamMMHOro Kommiekca Gamess — metoga PM3, oTpaxkatoLume T1n 1 nonoXeHne
atoma B Mornekyne. OnTuMmsaumio CTPYKTYPbl MOSEKYSbl MPOV3BOAMM ¢ nomMolbto Mopac, BcTpoeHHoro B ChemOffice. B kadecTBe akcrnepumeHTanbHowm
MOfe/M GUONOrHECKON MeMBPaHb! 1CMOMb30BaUIM IMMOCOMbI Ha NIEUMTUHOBOM OCHOBE B CyNbhuaHom pacteope (Na,S — aoHop H- 1 HS-1oHoB). MapameTpom
CpaBHeHVs B3a/MOLENCTBUSA KOMMOHEHTOB cncTembl H,S 1 ALILL ¢ (hoCtonmnaom NOCHyK  OKUC/MTENbHO-BOCCTAHOBUTEbHBIN NOTeHUpan (Redox-
noTeHuwan), BbipaXkeHHbI B MB. MpeactasneHbl CXxeMbl, NMtoCcTprupytoLLme 6rokmpoBaHHble ALILL peakTuBHbIE LIEHTPbI (hocdhonmniaa B YCNoBUAX TOKCUYECKOrO
sogpeictena H,S. CchopMrpoBaHbl NIMMOCOMHbIE MOLENN KIETOHHbIX MeMOpaH v damepeHbl Redox-nokasarenu. BUonornieckuii skCreprMeHT NoaTeepam
NPVYEMNEMOCTb aBTOPCKOM METOAVKM pacHeTa MEXMONEKYNAPHOro B3aMMOAENCTBYA B KadecTBe 6asvca Ans JanbHenwero nogbopa CpefacTs KOppeKumm
TOKCMYECKMX 103 CepoBoaopoaa. BuayanisnposaHsl MembpaHHble Mogeny BaauMoaencTemns H,S ¢ 6enkom 1 neuutviHoM in silico v in vitro. MoateepxxaeHa
BOBMOXXHOCTb MpuMeHeHst ALLLL B kadecTse vHrérnTopa H,S.
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In the era of industrialization, hazardous emissions from plants
and factories are a possibility. For example, at hydrogen sulfide-
containing (H,S) gas production and processing facilities, well
equipment depressurization may lead to accidents involving
combustion or spread of gas fluid without combustion. Today,
it is necessary to be prepared for such accidents with gas.
Among other things, violations of the production technology,
like overspeeding during drilling of gas-saturated strata, make
them more probable [1-6].

In such cases, hydrogen sulfide is a pathogenic factor that
promotes disruption of the energy metabolism and boosts
processes associated with the activity of free radicals in cells
[7, 8]. The results of the said disruption and processes are
damaged membranes and energy deficiency. Subsequently,
on the one hand, the level of macroerg compounds goes
down and content of Ca?* ions in the cells goes up, and, on
the other hand, the level of adenosine triphosphoric acid (ATP)
decreases, which promotes shutdown of ion pumps and
prevents ingress of Ca?* ions from the intercellular medium,
activation of membrane-binding phospholipases, hydrolysis of
some phospholipids and reinforcement of permeability of the
membranes [9, 10].

It can be assumed that development of various pathological
conditions and diseases is associated with molecular changes
in cell plasmalemmas. Being a target for H,S, membranes are
involved in the pathological process that activates universal cell
damage mechanisms associated with increased oxidation with
free radicals and disruption of ion homeostasis [11-13].

In the recent years, active investigation of the molecular
basis behind cell damage has boosted interest in the
features of biological functioning of phospholipids [14, 15]. In
biomembranes, lipid component is a functionally active matrix
that integrates external influences and launches cellular control
programs. There are three classes of membrane lipids: neutral
lipids (30%), glycolipids (10%) and phospholipids (60%), the
most widely represented class. The chemical energy of oxidized
substrates or ATP is converted into electrical energy, namely,
into a transmembrane difference in electrical potentials or into
the energy of difference between concentration of substances
contained in solutions separated by the membrane, and
vice versa. Membranes can convert one form of energy into
another. Retention of enzymes in mitochondria and oxidative
phosphorylation, enzyme activity and cell sensitivity to hormonal
and nervous regulation, as well as spatial identity depend on
the state of the lipid component of the membrane [16-19].

The complexity of identification of the role of individual
molecular mechanisms in realization of the processes
that destroy membranes results from the closeness of
their relationship. In this connection, deriving generalized
descriptions of the cumulative patterns of cellular systems'
reactions to pathological impulses of various origins not only
promises better understanding of the general biological laws
and how they function, but also allows re-evaluation of the
methodology enabling adjustment thereof.

It is impossible to understand the actual behavior of a
molecule without knowing its structure. Any change in the set
of coordinates of the nuclei, as infinitesimal as it may be, builds
a new geometry. The spatial structure of a molecule is not an
inherent characteristic property of the system. Still, molecular
structure allows pinpointing a certain temporary position
of the molecule and grants understanding of the concept
of its change. Mathematical modeling enables sequential
investigation of various external factors. To determine the
equilibrium spatial structure of the molecules, it is necessary to
optimize the mutual arrangement of their atoms. Optimization
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of geometry means a search for atomic coordinates at which
the system has the lowest energy value [20-22]. As a result
of optimization, individual groups of atoms of a molecular
system change their spatial position to a more favorable one
in relation to neighboring atoms. Parametric method 3 (PM3)
is one of the most consistent methods, carefully calibrated for
a wide range of compounds, including organic and inorganic
molecules of atoms of the main subgroups and hydrogen-
bonded systems. It conveys the structure, thermodynamics,
dipole moments, ionization potentials, vibrational frequencies
well. In case of simple organic compounds, it approaches
the density functional theory (DFT) in accuracy but surpasses
it in performance by dozens of times. The average error in
determining the enthalpy of a formation is about 5 kcal/mol.
The advantages of other semi-empirical methods over PM3
are mainly seen in evaluation of electronic, magnetic resonance
parameters and electronic excitation spectra [21, 22].

From the chemical point of view, intermolecular electron
transfer is a reduction/oxidation reaction, or RedOx. The
processes of electron transfer in mitochondrial membranes
form the physicochemical basis for the mechanisms of energy
storing in a cell. Currently, it is assumed that the transfer of
electrons between the cell's liquid phase components and
intracellular proteins regulates the activity of cell proteins.
Development of many diseases is associated with the
increased levels of oxidants in the body; the list of such
disorders includes atherosclerosis, liver cirrhosis, cataracts,
arthritis, coronary heart disease, bronchial asthma, hepatitis,
and diabetes. Albert Szent-Gy-rgyi, a Nobel Prize winner,
wrote: "Balance between electron donors and acceptors with
different biopotentials is one of the main parameters of life..." In
the course of a redox reaction, the reduced form of one redox
pair (reductant) donates electrons to the oxidized form (oxidizer)
of another pair [23-25]. H,S is a known active ion exchange
participant capable of binding copper atoms in cytochrome
oxidase and thereby blocking the transfer of electrons from this
mitochondrial respiratory chain enzyme to oxygen. Since body
fluids are open systems constantly exchanging electrons with
the environment, we discretized possible cross-reactions and
used the liposomal membrane model in an aqueous medium.

The purpose of this work is to compare the degree of
intermolecular interaction of two-component systems with a
biomembrane (liposomal model thereof) in the reaction with
hydrogen sulfide and acetylcysteine with the aim of adjusting
the membrane's redox potential.

METHODS

Mathematical calculations were performed in GAMESS using
the PM3 method (GBASIS=PM3), the gradient norm accuracy
was up to the fourth decimal place inclusive (OPTTOL=1.0E-4).
The results enabled building the z-matrix, the configuration
of which is quite close to the point of global minimum of the
potential energy surface. The calculation yielded the gradient
value of 0.0000327 kcal/mol/angstrom, which makes the
computational capabilities of GAMESS rather high compared
to ChemOffice. The total energy value for the resulting
configuration of molecules is calculated in atomic energy units
and given in kd/mol.

We use three criteria to increase the accuracy of the
adsorption interactions model: the magnitude of charge transfer
(Aq), the distance between atoms (&) and thermal effects of the
adsorption complexes (AEads).

Protein and phospholipid components were chosen as
components of the cell membrane. The structure of the protein
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Table 1. Values of energy characteristics and bond lengths in the adsorption complexes of interaction of a pentapeptide molecule in vapors with hydrogen sulfide and
ACC, results of application of PM3

ponapentto+ [, SIDITIRLIN | songingn 4 | OPmelmdramonnt | Enery et

Hoy--Syr 2.582 135 -5.833

Hey---Nog 1.007 211 -13.448

Fiverogen sulfide H,gSsr 1.293 -0.0167 -16.101
Hyg-S,r 1.291 -0.0182 -3.469

Heor--S, 2.62 % -38.38

Hyo---S, 2.73 28 -36.89

Ace H,,.--S, 2.53 % -34.46
Hes---S, 1.75 985 -34.39

was a simple pentapeptide resulting from the calculation of
the optimal equilibrium of the system from the viewpoint of
the minimum total atomic energy. Given that phospholipid
molecules can move from one side of the membrane to
another, the in vitro model excludes variation in the biological
response to pathogenic factors and minimizes the asymmetry
of phospholipids in the membrane. As the base of liposomes,
we used lecithin that was two-thirds phospholipids.

The liposomes were prepared as described below.

We prepared the sulfide solution within the first stage of
hydrolysis as per the following molecular equation:

Na,S + HOH <=> NaHS + NaOH,
and the complete ionic equation for this reaction was as follows:
2Na* + S* + HOH <=> Na* + HS + Na* + OH-.

We stopped the reactions before the second stage of hydrolysis
since that would imply formation of volatile forms of hydrogen
sulfide, which is toxic. Another reason behind this decision is
the specific dosage approach adopted for this experiment.

We used a weighing unit (Conzept; Italy) with a weighing
accuracy of 0.1 mg, a redox potential meter (in millivolts, mV)
(Russia), a magnetic stirrer, chemical beakers and a cylinder
(graduated, with a volume of 100 ml), pipettes, automatic
dispensers, an ultrasonic disperser (China), powdered sodium
sulfide, a fume hood.

The prepared solution of sodium sulfide (10%) had the
sulfide concentration of 88 mg/l. Twelve grams of Na,S were
mixed with 80 ml of distilled water (introduced thereto). We
determined the exposure factoring in achievement of a stable
change of the parameter at a constant level. The measurements
were taken thrice, with subsequent derivation of the average
values.

The liposome solution was prepared from soy lecithin
(Protein company; Russia) based on isopropanol at the ratio
of 30:70. Having added a 0.1% solution of methylene blue (for
better visualization), we treated the solution with ultrasonic (US)
waves for 10 minutes, and then added the liposome solution
to the sulfide solution at the ratio of 1:1. The saturated solution
of lecithin (1 g + 25 ml of isopropanol) was supplemented with
10 ml of ACC solution (10 mg/ml) and then exposed to ultrasonic
waves. The redox potential was measured in solutions of
liposomes with lecithin and ACC before and after immersion
in a sulfide medium 15 minutes after preparation of the media.

Abnormalities of distribution were detected with the help
of the Kolmogorov-Smirnov and Shapiro-Wilk tests. Numerical
values are given as median and P5-, P95-percentiles. The
differences were considered significant at p < 0.05. For the

analysis, we used descriptive statistical methods of Statistica
11.0 (StatSoft; USA).

RESULTS

Modeling the hydrogen sulfide's effect on a biological
membrane includes generation of a mathematical model and
a visual structure of the elements of the membrane and the
toxicant. The plan implies a search for the sites of sorbate
molecule that play a part in interactions resulting in the release
of the greatest amount of energy. The energy of the activated
complex should be at the minimum level possible. With the
given structures, the interactions occur mainly in the amino
group (NH,), sulfide (SH), carbonyl (CO), hydroxyl (OH), and
methyl (CH,) groups, and may also involve hydrogen atoms of
the benzene ring. Hydrogen sulfide can be bound both with
hydrogen in amino and sulfide groups and with sulfur in amino,
sulfide and hydroxyl groups. The strongest bonds include a
hydrogen atom of the protein's SH group.

The tables below present the results of calculations of
energy and geometric properties of the most significant
molecular adsorption complexes (AC) with pentapeptide (Table 1)
and lecithin (Table 2). The investigated amino acid sequence
in the protein peptide was as follows: cysteine—phenylalanine—
alanine—cysteine-tyrosine.

The tables show active sites of hydrogen bond formation
under the influence of ACC and hydrogen sulfide on the
components of the cell membrane. Transfer of the charge
confirms that the interaction takes place, and the magnitude
of the charge transfered indicates the direction in which
the electrons move between the atoms of the interacting
substances. The sign of the charge reflects the molecule
acting on the membrane (H,S or ACC). Positive sign means the
charge is redistributed from hydrogen in the substance to the
more electronegative atoms of the membrane (Fig. 1). Negative
sign indicates the electrons move from the membrane's
hydrogen to the "implanted" substances. The strongest
interactions are observed between the lecithin's H,,...S, and
ACC, in contrast to the hydrogen bonds of protein molecules
and ACC (Fig. 2). Participation of proton of the ACC's SH
group in formation of the hydrogen bond translates into
greater density of electrons of the sulfur atom, which boosts
its nucleophilic properties. Active SH group in the molecule of
ACC conditions the properties of this substance. The length
of the formed bond is most typical for this type of interaction,
and the adsorption energy value reflects the robustness of the
adsorption complexes. In this case, lecithin is the preferred
target (Fig. 3).

Any change of interatomic positions affects the molecule's
geometry as a whole, and hence alters the properties of the
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Table 2. Values of energy characteristics and bond lengths in the adsorption complexes of interaction of a lecithin molecule in vapors with hydrogen sulfide and ACC,

results of application of PM3

o By hydrogen (...) bond o Charge transfer amount Energy characteristic
Lecithin + between the indicated atoms Bond length, A Aqg, e AEads, KJ/mol
H,...S, 3.04 -0.0136 -74.75
O, -.H, 1.8 -0.0209 —65.13
ACC
H,...S, 3.05 221 -57.48
H, ...S, 2.57 -0.0311 -56.87
HygerS, 2.62 172 -51.52
0,,--H, 1.76 -0.0429 -49.7
Hydrogen sulfide
H,-S, 2.43 294 -48.85
H,, -5, 3.03 293 —46.85

system, but a structured calculation allows registering the
molecule's position in time and helps understand the principle
of changes as they are shaped by external factors. As a
result, the following tasks become more simple: establishing
individual geometric positions of the molecules relative to each
other; learning the peculiarities of the effect produced by the
attacking substance; mapping active atoms of the membrane
components; analyzing and showing the competitive
replaceability of the antidote.

As shown, interactions of hydrogen sulfide and ACC have
a lower minimum of the adsorption energy when reacting with
lecithin than with peptide. This means we characterize such
interactions as structures with more stable positions from
the energy viewpoint. Therefore, the in vitro model is the lipid
component of the membrane, and the liposomes formed have
the diameter of 36.92 [27.98; 54.39] um (Fig. 4).

The redox potential of the sulfide solution was —718 [699; 723] mV.
This is an extremely low value, which indicates the strength of
reduction capabilities of the hydrogen sulfide ions. The redox
potential of the saturated lecithin solution was =77 [-72; -81] mV.
After ultrasonic treatment and preparation of the liposome
solution with ACC, the redox potential was —54 [-41; -59] mV.
The redox potential of the final solution of sulfides + lecithin +
ACC has grown to —122 [-120; —131] mV.

Thus, introduction of liposomes with ACC (acting as an
oxidizer) restored the redox potential. Consequently, when
interacting with hydrogen sulfide ions, active SH groups of the
ACC give the solution properties of a buffer.

DISCUSSION

Currently, researchers rely on quantum chemical calculations
when studying models of systems of molecular complexes.
Their works include models of complexes consisting of two
or more molecules that were described (with underlying tasks

2797 4405 4685 4077

executed manually) earlier. One of such works presented
a model of interaction in a three component system of oil,
water and demulsifier [26]. The inclusion of water as one of
the molecular system's components can only be justified if
the purpose is to investigate the details of the demulsification
process in a specific case of a possibility randomly set by
the user. An alternative approach is accounting for solvation
[27], a feature available in any quantum chemistry program,
like GAMESS. The research efforts in this field target specific
problems and mainly focus on determining the 3D structure
of the molecules, distribution of charge and electron density
of each atom of a molecule, total energy of the molecules,
energies and heat accompanying formation of molecules,
energies of electrons, energies of nuclei and dipole moments
of atoms that make up the molecule [28, 29].

This study focuses on a systematic consideration of the
possible adsorption complexes emerging as the molecules form
a hydrogen bond between them. The focus enabled sequential
investigation of the process of immersion of membrane's
components in a hydrogen sulfide environment with
subsequent evaluation of introduction of ACC as a competitor
for hydrogen sulfide. With the help of quantum chemical
modeling, we established the key values of energy peculiar
to the formation of reacting molecules and their systems. To
establish the stable positions of adsorption complexes we have
additionally determined and calculated three criteria for each of
them: the adsorption energy, the charge transfered from one
molecule to another and the size of the formed hydrogen bond.
Having eliminated the structures that did not meet the criteria,
we learned the signatures of active atoms on the molecular
surfaces specific to this kind of interactions [21].

We prepared the liposomes using generally recognized
methods [16-18]. Isopropyl alcohol was used as a solvent, as
it is less toxic (3600 — 5740 mg/kg) compared to other organic
solvents (xylene, chloroform) [30] and more economically
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Fig. 1. Active sites signature pattern example, interaction of lecithin and hydrogen
sulfide

MEOVILMHA SKCTPEMATbHBIX CUTYALMIA | 1, 25, 2023 | MES.FMBA.PRESS

Fig. 2. Active sites signature pattern example, interaction of pentapeptide
and ACC
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Fig. 3. Active sites signature pattern example, interaction of lecithin and ACC

sound compared to, for example, ethyl alcohol. We used a
flow of gaseous nitrogen instead of a rotary alcohol evaporator,
which greatly simplified the experiment.

CONCLUSIONS

In general, the suggested in silico method of mathematical
modeling of action of toxic blockers on a cell membrane
model can complement in vitro experiments. The results of this
study allow a detailed description of the mechanism of events
occurring on the cell membrane's surface. Further research will
help improve understanding of the structure and properties of
potential antidotes for a number of cytotoxic substances. Our
data indicate that reaction sites for this type of interactions may
form, and they predominantly appear on the atoms represented
in the interaction signatures (Fig. 1-3). The studied interaction
between molecular components of biomembranes — protein

References

1. Bubnova ES, Kapustina MV. Gidrologo-gidroximicheskie usloviya
v pridonnom sloe Gdan'skoj vpadiny Baltijskogo morya v 2003-
2018 godax. lzvestiya KGTU. 2019; 55: 47-58. Russian.

2. Kolesnikova EEh, Golovina IV. Aktivnost' oksidoreduktaz v
oksifil'nyx tkanyax morskogo ersha Scorpaena porcus Linnaeus,
1758 pri kratkosrochnoj serovodorodnoj nagruzke. Zhurnal
ehvolyucionnoj bioximii i fiziologii. 2020; 56 (5): 399-410. DOI:
10.31857/50044452920050046. Russian.

3. Velikorodov AV, Tyrkov AG, Kovalev VB, Serebryakov Ol, Nosachev SB.
Ehkologicheskaya ocenka atmosfernogo vozduxa v Nizhnem
Povolzh'e. Geologiya, geografiya i global'naya ehnergiya. 2018;
1 (68): 103-9. Russian.

4. Grant RH, Boehm MT, Hagevoort GR. Emissions of hydrogen
sulfide from a western open-lot dairy. J Environ Qual. 2022; 51 (4):
622-31. DOI: 10.1002/jeg2.20360. Epub 2022 May 26. PMID:
35446998.

5. Chiappe C, Pomelli CS. Hydrogen Sulfide and lonic Liquids:
Absorption, Separation, and Oxidation. Top Curr Chem (Cham).
2017; 375 (3): 52. DOI: 10.1007/s41061-017-0140-9. PMID:
28447285.

6. ElHachem K, Kang M. Methane and hydrogen sulfide emissions
from abandoned, active, and marginally producing oil and gas
wells in Ontario, Canada. Sci Total Environ. 2022; 823: 153491.
DOIl: 10.1016/j.scitotenv.2022.153491. PMID: 35124029.

7. Golubkina EV, Dyukareva OS, Trizno NN, Udochkina LA, Trizno MN.
Vliyanie processov peroksidacii v trombocitax na sistemu
gemostaza pri vozdejstvii serovodorodsoderzhashhego gaza.
Zhurn mediko-biol issl. 2019; 7 (1): 40-48. Russian.

8. Malone Rubright SL, Pearce LL, Peterson J. Environmental
toxicology of hydrogen sulfide. Nitric Oxide. 2017; 1 (71): 1-13.
DOI: 10.1016/j.niox.2017.09.011. PMID: 29017846; PMCID:
PMC5777517.

® &

& -
54.39um . 2175, 30.44pm

47.57um R ° VL AR TN L e LA TN

29.41um

> 36.20um

27.98um o

Fig. 4. Liposomes stained with methylene blue (magnification x20)

and phospholipid, on the one hand, and hydrogen sulfide and
ACC molecules "implanted" onto them, on the other hand, — is
a good starting point for further investigations of the processes
occurring on the surface of the cell membrane. Thus, it can
be stated that lecithin is the most preferable target for an
experimental study of the membrane component. Calculations
of the energies of interaction of adsorption complexes and the
redox potential of the systems show that lecithin combines
more optimally with ACC compared to a combination with
hydrogen sulfide. The oxidative environment created through
addition of liposomes with ACC to a sulfide solution indicates
that, from the energy viewpoint, the interaction of lecithin with
ACC is better than with sulfide ions. Competitive hydrogen
bonds between phospholipid and ACC with hydrogen sulfide
in the background support further experiments. For example,
a model of liposomes in a plasma solution will yield a better
understanding and grounds for subsequent investigation of the
interaction between molecules of ACC and hydrogen sulfide
at a more complex organ level of biosystem organization.

9. RozhkovalS, Tyoplyj DL, Fel'dman BV. Analiz morfofiziologicheskix
izmenenij timusa pri xronicheskoj intoksikacii i vvedenii
antioksidantov. Astraxanskij medicinskij zhurnal. 2015; 10 (4):
73-78. Russian.

10. Ehsaulova TA, Bazaeva OV, Zyazina EN, Zyazin SN, Ponomaryova AA.
Vliyanie serovodorodsoderzhashhego gaza na sostoyanie
zdorov'ya naseleniya. Sovremennaya nauka: aktual'nye problemy
teorii i praktiki. Seriya: Estestvennye i texnicheskie nauki. 2020; 1:
225-9. Russian.

11. Azatyan SG, Mazhitova MV. Perspektivy primeneniya ehkstrakta
rastenij roda Astragalus pri serdechno-sosudistyx patologiyax.
Prikaspijskij vestnik mediciny i farmacii. 2022; 3 (1): 6-14. DOI
10.48612/agmu/2022.3.1.6.14. Russian.

12, Sentyurova LG, Galimzyanov XM, Sherysheva YuV, Xuzhaxmetova LK,
Berlyakova EM. Biologicheskie ritmy organizma mlekopitayushhix
i cheloveka. Astraxanskij medicinskij zhurnal. 2018; 13 (2): 54-64.
DOI 10.17021/2018.13.2.54.64. Russian.

18.  Veremchuk LV, Tsarouhas K, Vitkina Tl, Mineeva EE, Gvozdenko TA,
Antonyuk MV, et al. Impact evaluation of environmental factors
on respiratory function of asthma patients living in urban
territory. Environ Pollut. 2018; 235: 489-96. DOI: 10.1016/j.
envpol.2017.12.122. PMID: 29324378.

14. Yamamoto T, Endo J, Kataoka M, Matsuhashi T, Katsumata Y,
Shirakawa K, et al. Decrease in membrane phospholipids
unsaturation correlates with myocardial diastolic dysfunction.
PLoS One. 2018; 13 (12): e0208396. DOI: 10.1371/journal.
pone.0208396.

15. Manni MM, Tiberti ML, Pagnotta S, Barelli H, Gautier R,
Antonny B. Acyl chain asymmetry and polyunsaturation of brain
phospholipids facilitate membrane vesiculation without leakage.
Elife. 2018; 7: €34394. DOI: 10.7554/eLife.34394.

16. Amézqueta S, Fernandez-Pumarega A, Farré S, Luna D, Fuguet E,

EXTREME MEDICINE | 1, 25, 2023 | MES.FMBA.PRESS



OPUIMMHAJIBHOE NCCJIEQOBAHUE | NMATO®K3MONOINA

17.

18.

19.

20.

21.

22.

23.

Rosés M. Lecithin liposomes and microemulsions as new
chromatographic phases. J Chromatogr A. 2020; 1611: 460596.
DOI: 10.1016/j.chroma.2019.460596.

Urabe G, Shimada M, Ogata T, Katsuki S. Pulsed Electric Fields
Promote Liposome Buddings. Bioelectricity. 2021; 3 (1): 68-76.
DOI: 10.1089/bioe.2020.0016.

Dyrda G, Boniewska-Bernacka E, Man D, Barchiewicz K, Stota R.
The effect of organic solvents on selected microorganisms and
model liposome membrane. Mol Biol Rep. 2019; 46 (3): 3225-
232. DOI: 10.1007/511033-019-04782-y.

Arai K, Sato Y, Nakajima |, Saito M, Sasaki M, Kanamori A, lwaoka M.
Glutathione peroxidase-like functions of 1,2-diselenane-4,5-
diol and its amphiphilic derivatives: Switchable catalytic cycles
depending on peroxide substrates. Bioorg Med Chem. 2021; 29:
115866. DOI: 10.1016/j.bmc.2020.115866.

Zharkix LI, Golubkina EV, Trizno NN, avtory; FGBOU VO
«Astraxanskij GMU» Minzdrava RF, patentoobladatel'. Sposob
profilaktiki intoksikacii organizma zhivotnyx pri ostrom otravlenii
serovodorodsoderzhashhim gazom v ehksperimente. 2020.
Patent RF # 2739256 C1, 22.12.2020. Russian.

Smirnova YuA, Golovackaya LI. Svidetel'stvo o gosudarstvennoj
registracii programmy dlya EhVM # 2022614450 Rossijskaya
Federaciya. PROGRAMMA DLYa EhVM "TFIinG": # 2022613564
zayavl. 15.03.2022: opubl. 22.03.2022; zayavitel' Federal'noe
gosudarstvennoe byudzhetnoe obrazovatel'noe uchrezhdenie
vysshego obrazovaniya «Volzhskij gosudarstvennyj universitet
vodnogo transporta». Russian.

Smirnova YuA. Golovackaya LI. Razrabotka algoritma i metoda
transformacii zapisi atomno-molekulyarnyx sistem. Prikaspijskij
zhurnal: upravlenie i vysokie texnologii. 2022; 2 (58): 61-67.
Russian.

Cao JT, Fu YZ, Wang YL, Zhang HD, Liu XM, Ren SW, Liu YM.
Liposome-assisted chemical redox cycling strategy for advanced
signal amplification: A proof-of-concept toward sensitive
electrochemiluminescence immunoassay. Biosens Bioelectron.
2022; 214: 114514, DOI: 10.1016/j.bios.2022.114514.

Jlutepatypa

1.

MEOVILMHA SKCTPEMATbHBIX CUTYALMIA | 1, 25, 2023 | MES.FMBA.PRESS

Bybrosa E. C., KanyctnHa M. B. [ugponoro-rugpoxvmmmHeckmne
YCAOBUSt B MPUAOHHOM Cnoe [OaHbCKOM BnaauHbl Bantuinckoro
mopst B 2003-2018 rogax. 3sectua KITY. 2019; 55: 47-58.
Konechukosa E. 3., fonosuHa . B. AKTVBHOCTb OKCMAOPEeayKTa3
B OKCU(MWIBbHBIX TKaHAX MOPCKOro eplla Scorpaena porcus
Linnaeus, 1758 npu KpaTKOCPOYHOM CEPOBOAOPOAHON Harpy3Ke.
2KypHan 3BOSIIOLIMOHHON Groxummnmn 1 couanonorum. 2020; 56 (5):
399-410. DOI: 10.31857/50044452920050046.

Benvkopomos A. B., Teipkos A. I, Kosares B. B., Cepebpsrxos O. .,
Hocades C. B. Skonornyeckas oueHka atMoChepHOro Bo3ayxa
B HwkHem [loBomxbe. eonorus, reorpacdus n rmobanbHas
aHeprusa. 2018; 1 (68): 103-9.

Grant RH, Boehm MT, Hagevoort GR. Emissions of hydrogen
sulfide from a western open-lot dairy. J Environ Qual. 2022; 51 (4):
622-31. DOI: 10.1002/jeg2.20360. Epub 2022 May 26. PMID:
35446998.

Chiappe C, Pomelli CS. Hydrogen Sulfide and lonic Liquids:
Absorption, Separation, and Oxidation. Top Curr Chem (Cham).
2017; 375 (3): 52. DOI: 10.1007/s41061-017-0140-9. PMID:
28447285.

El Hachem K, Kang M. Methane and hydrogen sulfide emissions
from abandoned, active, and marginally producing oil and gas
wells in Ontario, Canada. Sci Total Environ. 2022; 823: 153491.
DOI: 10.1016/j.scitotenv.2022.153491. PMID: 35124029.
fonybkuHa E. B., Oiokapesa O. C., TpusHo H. H., YaoukuHa J1. A,
TpusHo M. H. BnunsHme npoueccoB nepokcupaumm B
TpoMmbouuTax Ha CUCTEMy remocTasa npu BO3OENCTBUM
cepoBogopoacoaepKallero rasa. KypH. MEANKO-O1ON. NCCh.
2019; 7 (1): 40-48.

Malone Rubright SL, Pearce LL, Peterson J. Environmental
toxicology of hydrogen sulfide. Nitric Oxide. 2017; 1 (71): 1-13.
DOI: 10.1016/j.niox.2017.09.011. PMID: 29017846; PMCID:

24.

25.

26.

27.

28.

29.

30.

10.

11.

12.

13.

14.

15.

Li M, Wang S, Xu J, Xu S, Liu H. PH/Redox-Controlled Interaction
between Lipid Membranes and Peptide Derivatives with a
"Helmet". J Phys Chem B. 2019; 123 (31): 6784-91. DOI:
10.1021/acs.jpcb.9b05367. PMID: 31306021.

He W, Du Y, Zhou W, Yao C, Li X. Redox-sensitive dimeric
camptothecin phosphatidylcholines-based liposomes for improved
anticancer efficacy. Nanomedicine (Lond). 2019; 14 (23): 3057-74.
Available from: https://doi.org/10.2217/nnm-2019-0261.

Malova VO, Zolotaryova NV. Modelirovanie mezhmolekulyarnyx
kontaktov organicheskix kislot s pripoverxnostnym sloem
vodoneftyanoj ehmul'sii. Fundamental'nye i prikladnye problemy
polucheniya novyx materialov: issledovaniya, innovacii i texnologii:
Materialy XVI Mezhdunarodnoj nauchno-prakticheskoj konferencii,
Astraxan', 26-28 aprelya 2022 g. Pod obshhej redakciej L.A.
Dzhigola. Astraxan': Astraxanskij gosudarstvennyj universitet,
2022; ¢. 101-104. Russian.

Magdalinova NA, lvanova LV, Klyuev MV. Vliyanie rastvoritelya v
sinteze geksagidrofenoksazinov: kvantovo-ximicheskij podxod.
Nauchno-issledovatel'skaya deyatel'nost' v klassicheskom
universitete: tradicii i innovacii: Materialy Mezhdunarodnogo
nauchno-prakticheskogo festivalya, lvanovo, 19-29 aprelya 2022
goda. Ivanovo: Ivanovskij gosudarstvennyj universitet, 2022; c.
105-112. Russian.

Raximov FF, Bekov US. Kvantovo-ximicheskie raschyoty zaryadov
kremniorganicheskix soedinenij — kak osnova ustojchivosti
promezhutochnogo i perexodnogo sostoyanij. Universum: ximiya
i biologiya. 2022; 5-2 (95): 47-50. Russian.

Petrushenko IK. Kvantovo-ximicheskoe modelirovanie adsorbcii
vodoroda v porax: issledovanie metodami DFT, SAPTO i IGM.
lzvestiya vuzov. Prikladnaya ximiya i biotexnologiya. 2022; 12
(8): 363-72. DOI: 10.21285/2227-2925-2022-12-3-363-372.
Russian.

National Center for Biotechnology Information. PubChem
Compound Summary for CID 3776, Isopropyl Alcohol. Available
from: https://pubchem.ncbi.nim.nih.gov/compound/Isopropyl-
Alcohol. Accessed Jan. 23, 2023.

PMC5777517.

Poxkosa W. C., Ténnbin O. J1., ®enbomaH B. B. AHann3s
MOPAODUSNONOTNHECKIX USMEHEHWI TUMYCa MPU XPOHNHECKON
VNHTOKCMKaUMM 1 BBEAEHUN aHTUOKCUOAHTOB. ACTPaxaHCKui
MeaULMHCKMA >kypHan. 2015; 10 (4): 73-78.

Ocaynosa T. A., basaesa O. B., 3asuHa E. H., 3a3uH C. H.,
[ToHomapésa A. A. BnusHne cepoBOOOPOACOAEPKALLErO
rasa Ha COCTOSfHME 3[0pOoBbsA HaceneHus. CoBpemeHHas
HayKa: akTyasbHble NpobnemMbl Teopun 1 npakTukn. Cepus:
EcTecTBeHHbIE 1 TexHU4eckne Hayku. 2020; 1: 225-9.

AzataHn C. I, MaxutoBa M. B. lNMepcnekTvBbl NpMeHeHNs
9KCTpaKTa pacTeHun poga Astragalus npu cepae4HO-COoCYANCTbIX
natonornsx. MNpukacmMNCKnn BECTHNK MeaULMHbI 1 hapMauunn.
2022; 3 (1): 6-14. DOI 10.48612/agmu/2022.3.1.6.14.
CenTioposa J1. I, lanumsanos X. M., Lepsbiwesa tO. B.,
Xyxaxmetosa J1. K., Bepnsakosa E. M. Buonorndeckne putmel
opraHvM3aMa MIEeKOMUTaWNX 1 4YefloBeka. ACTpaxaHCKuii
MeouumMHCKun - xypHan.  2018; 13 (2): 54-64. DOI
10.17021/2018.13.2.54.64.

Veremchuk LV, Tsarouhas K, Vitkina TI, Mineeva EE, Gvozdenko TA,
Antonyuk MV, et al. Impact evaluation of environmental factors
on respiratory function of asthma patients living in urban
territory. Environ Pollut. 2018; 235: 489-96. DOI: 10.1016/j.
envpol.2017.12.122. PMID: 29324378.

Yamamoto T, Endo J, Kataoka M, Matsuhashi T, Katsumata Y,
Shirakawa K, et al. Decrease in membrane phospholipids
unsaturation correlates with myocardial diastolic dysfunction.
PLoS One. 2018; 13 (12): e0208396. DOI: 10.1371/journal.
pone.0208396.

Manni MM, Tiberti ML, Pagnotta S, Barelli H, Gautier R,
Antonny B. Acyl chain asymmetry and polyunsaturation of brain
phospholipids facilitate membrane vesiculation without leakage.



16.

17.

18.

19.

20.

21.

22.

23.

ORIGINAL RESEARCH | PATHOPHYSIOLOGY

Elife. 2018; 7: €34394. DOI: 10.7554/elife.34394.

Amézqueta S, Fernandez-Pumarega A, Farré S, Luna D, Fuguet E,
Rosés M. Lecithin liposomes and microemulsions as new
chromatographic phases. J Chromatogr A. 2020; 1611: 460596.
DOI: 10.1016/j.chroma.2019.460596.

Urabe G, Shimada M, Ogata T, Katsuki S. Pulsed Electric Fields
Promote Liposome Buddings. Bioelectricity. 2021; 3 (1): 68-76.
DOI: 10.1089/bioe.2020.0016.

Dyrda G, Boniewska-Bernacka E, Man D, Barchiewicz K, Stota R.
The effect of organic solvents on selected microorganisms and
model liposome membrane. Mol Biol Rep. 2019; 46 (3): 3225-
232. DOI: 10.1007/s11033-019-04782-y.

Arai K, Sato Y, Nakajima |, Saito M, Sasaki M, Kanamori A, lwaoka M.
Glutathione peroxidase-like functions of 1,2-diselenane-4,5-
diol and its amphiphilic derivatives: Switchable catalytic cycles
depending on peroxide substrates. Bioorg Med Chem. 2021; 29:
115866. DOI: 10.1016/j.bmc.2020.115866.

XKapkwx J1. N., TonybkuHa E. B., TpusHo H. H., aBTopsl; PrEOY
BO «AcTpaxaHckuin TMY» MuHagpasa P®, nateHToobnagatenb.
Crnocob MpoduNakTVKn NHTOKCUKALIMM OpraHu3Ma »KMBOTHbIX
npv OCTPOM OTPaBMEHNN CEPOBOAOCPOACOAEKALLVM ra30M B
akcnepumenTe. 2020. MaTeHt PO Ne 2739256 C1, 22.12.2020.
CmupHoBa KO. A., Tlonosaukasa JI. V. CeuaetenbctBo 0O
roCyAapCTBEHHOW perncTpaummn nporpammbl gng OBM  Ne
2022614450 Poccuinckaa ®Pepepaumnga. NMPOTPAMMA  ONA
OBM "TFIinG": Ne 2022613564: 3aasn. 15.03.2022: ony6n.
22.03.2022; 3zasasutenb PepepanbHOE rocyAapCTBEHHOE
blokeTHoe  obpasoBaTeflbHOe  yYpeKAeHue  BbICLUEero
06paszoBaHns «BOMKCKMIA roCyLapCTBEHHbIN YHUBEPCUTET
BOJHOIO TpaHcnopTas.

CmupHoBa, tO. A. Tonosaukas J1. M. PazpaboTtka anroputma
1N MeToda TpaHcdopMaumn 3anmncu atoMHO-MONEKYNAPHbBIX
cucteM. puKacnuncKuii >kypHan: ynpaBfieHne 1 BbICOKME
TexHonorum. 2022; 2 (58): 61-67.

Cao JT, Fu YZ, Wang YL, Zhang HD, Liu XM, Ren SW, Liu YM.
Liposome-assisted chemical redox cycling strategy for advanced
signal amplification: A proof-of-concept toward sensitive
electrochemiluminescence immunoassay. Biosens Bioelectron.

24.

25.

26.

27.

28.

29.

30.

2022; 214: 114514. DOI: 10.1016/j.bios.2022.114514.

Li M, Wang S, Xu J, Xu S, Liu H. PH/Redox-Controlled Interaction
between Lipid Membranes and Peptide Derivatives with a
"Helmet". J Phys Chem B. 2019; 123 (31): 6784-91. DOI:
10.1021/acs.jpcb.9b05367. PMID: 31306021.

He W, Du Y, Zhou W, Yao C, Li X. Redox-sensitive dimeric
camptothecin phosphatidylcholines-based liposomes for improved
anticancer efficacy. Nanomedicine (Lond). 2019; 14 (23): 3057-74.
Available from: https://doi.org/10.2217/nnm-2019-0261.
Manosa B. O., 3onotapésa H. B. MogenuposaHune
MEXMONEKYNAPHBIX KOHTAKTOB OPraHWYecKMx KUcnoT ¢
NPUNOBEPXHOCTHLIM ~ CNOEM  BOAOHE(TAHON  3MYNbCUN.
OyHOaMeHTanbHble 1 MpUKNagHble NpobnemMbl MonyYeHus
HOBbIX MaTepuanoB: WCCNeAOoBaHNS, UHHOBALMN 1 TEXHOMOMUN:
Matepnanbl XVl MexayHapogHOW Hay4YHO-MPaKTUHecKom
KOHMepeHUMn, AcTpaxaHb, 26-28 anpens 2022 r. [log
obuwen pegakuven J1.A. [bkurona. AcTpaxaHb: ACTpaxaHCKuiA
rocyapCTBeHHbI yHuBepcuTeT, 2022; ¢. 101-104.
MarpganvHoBa H. A., ViBaHosa J1. B., Knoee M. B. BnusHue
pacTBOPUTENS B CYHTE3E rekcarnapodeHOKCa3HOB: KBAHTOBO-
XMMUNHYECKNI MOAX0A,. Hay4HO-ccnenoBaTensCckas AeATeNbHOCTb
B K/IACCUYECKOM YyHUBEpCUTETE: TPaguLmMm 1 NHHOBaUWM:
MaTepuansl  MexayHapOAHOro  Hay4HO-MpPakTU4eCcKoro
tectnBansg, VeaHoBo, 19-29 anpensa 2022 roga. ViBaHOBO:
VIBaHOBCKMI roCyAapCTBEHHbIN YHMBEpcuTeT, 2022; ¢. 105-112.
Paxumos ®. ®., Bekos Y. C. KBaHTOBO-XMMNYECKME PaCHETHI
3apsAO0B  KPEMHMOPraHNYECKMX COEOVNHEHUA — Kak OCHOBa
YCTOM4MBOCTM MPOMEXKYTOYHOIO 1 MEPEXOAHONO  COCTOSHNN.
Universum: xumns 1 6nonorus. 2022; 5-2 (95): 47-50.
MeTpywerko . K. KBaHTOBO-XMMUYECKOE MOOENMPOBaHNE
agcopbuuy Bojopoda B Mnopax: WUccnegoBaHne MeTodammu
DFT, SAPTO n IGM. N3BecTusa By30B. [MpuknagHag xvumuns u
brotexHonorud. 2022; 12 (3): 363-72. DOI: 10.21285/2227-
2925-2022-12-3-363-372.

National Center for Biotechnology Information. PubChem
Compound Summary for CID 3776, Isopropyl Alcohol. Available
from: https://pubchem.ncbi.nim.nih.gov/compound/Isopropyl-
Alcohol. Accessed Jan. 23, 2023.

EXTREME MEDICINE | 1, 25, 2023 | MES.FMBA.PRESS



