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PE3IOME. I'ocmpe ompyenns morookcudom gyeneyro (CO) € Hatinowuperiuum ceped iHmoKCUKayit MOKCUYHUMY 2A30MU Ma noci-
oae opyee micye nicis mpagm ceped nodymosux npuyux cmepmi i inganionocmi. Botiogi Oii ha mepumopii Ykpainu cnpusiu 3nauHomy
3pocmannio Kinvkocmi nodxcedxnc ma 2ocmpux ompyens CO. Bunuxna neoOXionicme y3aeanvHeHHa cyuacHuX YagieHb npo MexaHizmu
mokcuunoi 0ii CO, aki popmyroms KIiHIYHI BPOAGU 20CMPO2O OMPYEHHA, BIOMEPMIHOBAHY NAMONOZII0 MA CAPUIL OOTPYHMYBAHHIO
cyuacroi cmpamezii 1Ky8aHHS.

Mema. Vzazanonumu cyuacHi ysenenns ujodo mexanizmie moxcuuroi 0ii CO, KNiHIUHUX nposigie 20CMpo2o OMpyEHHS, 8I0mMepMiHO-
8aHOI namonoeii, cmpamezii 1ikyganHs ma gussumu ocodnugocmi nepediey ompyetns CO 8 ymosax 6itiHu.

Mamepianu ma memoou. IIpoananizosaro iokpumi Oxcepena nyoniuHoi ingpopmayii ma daui HayKogoi aimepamypu 3a memor
oocnioxcenns. TIpogedeno ananimuynull 02140 cyuacrux nyonikayiu Haykogux oH-1aiin dioriomex PubMed, MedLine, Elsevier npo
Mexauizmu moKkcuuHoi 0ii, ocobnugocmi KniniuHo2o nepebiey eocmpoeo ompyenns CO, giomepminosanoi namonoeii ma cmpamezii
JUKY6AHHA.

Pezynomamu. []o yvoeo uacy mexanizm moxcuunoi 0ii CO poskpumuii Hedocmamuwo. Bioomo, wo 6in matiowce y 300-400 pasie Oinsuu
CHOpIOHeHull 3 2eMoM epumpoyumis Higic kucerv (0,), a maxoxic Xapaxmepuzyemocs nid8UUEHO AQIHHICHIIO 00 YUMOXPOMOKCUOA3U
(L[OT'), mioenobiny, Hetipoenobiny ma iHwux MKAHUHHUX 2eMOnpomeinis. Bcmanosieno, ujo ye nos s3aHo 3 nepepo3nooiiom J0Kai-
3ayii’ enexmponie na caumi O, y nopghipunosomy invyi eema ma ymeopenuam HbCO, wo nopywye nocmavanns O, MKaHUHAM,
cnpusie hopMyBaHHIO CYOUHHOI Ma MKAHUHHOL 2INOKCIT 3 pO36UMKOM MImMOXOHOPIAIbHOT OucyHKYii ma enepeodediyumy, a marosc
AKMUBAYii NEPeKUCHO20 OKUCIEHHsL IiNI0i8, 3aNaIbHUX NPOYeCis, IMYHOIOIUHUX 3CY8i8 A PO3GUMKY 8IOMEPMIHOBAHOI NOTIOP2AHHOT
namonoeii Mo3Ky, cepys, M s3i8, HUpOK, neuinku ma wkipu. Cneyiarshux anmudomie 01 nikyeanus ompyeno CO doci He icHye.
Cyuachi cmpameeii nikyeanns xeopux Ha eocmpe ompyenna CO @Kmouarms onmumizayiro 2azo00MiHy ma gapmakonoeiune
NOM SIKUIeHHS NAMOI3I0102IYHUX YIUKOOXCEHb. 3ANINCHO 810 MANCKOCMI 2INOKCIT 0N Hopmanizayii 2a3000MiHy 3aCmMOCo8yIomy iHea-
JAYIT KUCHIo, 2inepoapuuHy OKCUeeHayiio, eKCmpakopnopaibHy MeMOParHy okcueenayio ma gomozemomepanito. OcmanHin uacom
3aNPONOHOBAHE BUKOPUCIAHHA PAOY npenapamis Ha ocHogi sucokoagintux 0o CO monexyn (ckaseHdcepis) Ha 0CHOSI cemonpomei-
HIB: CKOHCIMPYII08aH020 PeKOMOIHanmHo20 sapianmy Helipo2nobdiny moounu (Ngb-H64Q-CCC), moougirosanux eemoenobinie epum-
poyumie 1oouny (S-Hb ma NEM-Hb), Hu36KoMONEKYIAPHUX NOAUHAYIE HA OCHOBI 8000PO3UUHHUX NOpGipunis, wo noenunaroms CO
ma Moxcyms Oymu GUKOPUCIMAHT K AHMUOOMU.

Bucnosxu. Ompyenns CO nepesadicaroms ceped IHMOKCUKAYIU MOKCUUHUMU 2a3aMU, 0COOTUBO 8 YMOBAX BIlIHU Uepe3 PYUHYBAHHA Md
3QUMAHHS HCUMTOBUX | NPOMUCTIOBUX OYOisenb, cucmemu enep2o3adesnedents ma sHaune 3pocmanta Kinokocmi nogcedic. Tokcuuna
0is CO obymosieHa 11020 8UCOKOI0 CnopioHeHicmio He minbku 0o eemy epumpoyumie i LIOI ane it 0o iHwux mKaHuHOCheyughiuHux
eemonpomeinis, wo nopyutye nocmasants O, MKAHUHAM [ CHPUSE HOpMYBaHHIO CYOUHHOL ma mKanuHHOI 2inokcii 3 pesepsyapom CO
1l PO3BUMKOM K 20CIPOI THMOKCUKAYTT, Max i 610mepmMiHO8aHOI NAMONoai.

3acmocyeanna e iH2ATAYIL KUCHIO He BUPIULYE NUMAHHS eeKMUBHO20 TIKYBAHHS A NONEPe0NCeHHs PO3GUMKY BI0MepMIHOBAHOT
noniopeannoi namonoeii y xeopux xa eocmpe ompyenus CO. IlepcnekmueHuM 88aX4CAEMbCA 3ACMOCYBAHHA e(heKMUBHUX 3aco0is 3
gukopucmanHsm ckaserodcepie CO, axi npuckoproroms oucoyiayito HhCO 6 kposi it mxanurax ma 3Hudsicyroms konyenmpayiro CO.
Knirouosi cnosa: CO, mokcuunicms, mexauizm 0ii, 2ocmpe ompyeHHsl, 8i0mepmMiHo8anda namonozis, cmpame?is 1iKy8aHHs, CKA8eHO-
acepu CO.
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CARBON MONOXIDE: MECHANISMS OF TOXIC ACTION, ACUTE POISONING, DELAYED
PATHOLOGY, AND TREATMENT STRATEGY

ABSTRACT. Acute carbon monoxide poisoning is the most prevalent form of toxic gas intoxication, ranking second only to injuries
among domestic causes of death and disability. The ongoing hostilities in Ukraine have resulted in a substantial escalation in the num-
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ber of fires and acute carbon monoxide (CO) poisonings. In light of these developments, there is an imperative to synthesize the extant
knowledge concerning the mechanisms of CO toxicity. A comprehensive understanding of these mechanisms is pivotal in elucidating
the clinical manifestations of acute poisoning, delayed pathology, and justifying the contemporary treatment strategy.

Aim. To summarise the current ideas about the mechanisms of toxic action of carbon monoxide (CO), the clinical manifestations of
acute poisoning, delayed pathology, treatment strategies, and the features of the course of CO poisoning in wartime.

Materials and Methods. Open sources of public information and scientific literature data on the topic of the study were analysed. An
analytical review of modern publications of scientific online libraries PubMed, MedLine, Elsevier on the mechanisms of toxic action,
features of the clinical course of acute CO poisoning, delayed pathology and treatment strategies was conducted.

Results. To date, the mechanism of toxic action of CO has not been sufficiently elucidated. It is known that it is almost 300-400 times
more related to erythrocyte heme than oxygen (O,), and is also characterized by increased affinity for cytochrome oxidase (CcO), myo-
globin, neuroglobin and other tissue haemoproteins. It has been established that this is associated with the redistribution of electron
localization at the O, site in the porphyrin ring of heme and the formation of HbCO, which disrupts the supply of O2 to tissues, con-
tributes to the formation of vascular and tissue hypoxia with the development of mitochondrial dysfunction and energy deficiency, as
well as activation of lipid peroxidation, inflammatory processes, immunological shifis and the development of delayed multi-organ
pathology of the brain, heart, muscles, kidneys, liver and skin. There are still no specific antidotes for the treatment of CO poisoning.
Modern treatment strategies for patients with acute CO poisoning include optimization of gas exchange and pharmacological mitiga-
tion of pathophysiological damage. Depending on the severity of hypoxia, oxygen inhalation, hyperbaric oxygenation, extracorporeal
membrane oxygenation and photohaemotherapy are used to normalize gas exchange. Recently, the use of a number of drugs based on
CO high-affinity molecules (scavengers) based on haemoproteins has been proposed: a constructed recombinant variant of human neu-
roglobin (Ngb-H64Q-CCC), modified human erythrocyte haemoglobins (S-Hb and NEM-Hb), low-molecular-weight scavengers based
on water-soluble porphyrins that absorb CO and can be used as antidotes.

Conclusions. CO poisoning prevails among toxic gas intoxications, especially in war conditions due to the destruction and fires at res-
idential and industrial buildings, energy supply systems as well as a significant increase in the number of fires. The toxic effect of CO
is attributable to its high affinity not only to erythrocyte heme and CcO, but also to other tissue-specific haemoproteins, which disrupts
the supply of O, to tissues and contributes to the formation of vascular and tissue hypoxia with a CO reservoir and the development
of both acute intoxication and delayed pathology.

The use of oxygen inhalation alone does not solve the issue of effective treatment and prevention of the development of delayed multi-
organ pathology in patients with acute CO poisoning. The use of effective agents using CO scavengers, which accelerate the dissoci-

ation of HbCO in the blood and tissues and reduce the concentration of CO, is considered promising.
Keywords: CO, toxicity, mechanism of action, acute poisoning, delayed pathology, treatment strategy, CO scavengers.

Beryn. CO — HalimomupeHima y cBiTi npu-
YUHA OTPYEHH (IICHS JIKIB Ta HAPKOTHKIB),
O7lHa 3 OCHOBHMX NMPHWYMH CMEPTI Ta 1HBAII-
HOCTi B moOyTi [1-4]. CiTOBa erieMiosoris
3a ocTaHHI 25 POKIB MOHITOPUHTY OTpPY€EHD
CO cBigunTh, O CEPEHS KUTbKICTh 1HIIHUICH-
TiB IOPOKY cTaHOBUTH 120—130 BumankiB Ha
MUTBHOH HaceseHHs, 13 Hux 9-10 — 31 cmep-
TeIBHUM HacaiakoM. [1pu iboMy cMEpTHICTD y
PI3HUX BIKOBHX IpylaxX KOJIHBAETHCA B MEKAX
Bix 2-3 % y miteit ta 10 16-17 % — B ocid
crapme 80 pokiB [2]. Toxcuuni piBHi CO
YTBOPIOIOTHCSI BHACTIOK HEMTOBHOTO 3TOpaH-
HS BYIJICIIEBMICHOTO TIAJIMBA 3 aHTPOIIOTEHHUX
JUKEepel, a TaKOoXK HaaXOIATh Y TMOBITPA 3
BUXJIOMTHUMU Ta3aMH MpU PoOOTI JBUTYHIB 1
reHepaTopiB, SKI MPAIOTh HA HhOMY [1-9],
MOXKEXK, TPU KypPiHHI B 3aKPUTHX MPUMIIICH-
HX [5, 8], mpu BauxaHHI BUOYXOBUX, CBITUIIb-
HUX Ta3iB Ta iH. [4-7]. binpma wactuna
orpyenb CO mpumnagae Ha XOJIOIHUN TEPIOA
POKY, KOJTU BUKOPUCTOBYIOTHCS MIYHE OTaJICH-
HSl Ta PI3HOMAaHITHI NMPWIAIU AJiA 00IrpiBy 3a
HemocTaTHhol BeHTriwii [1-3, 5, 6, 10].

Pocilicbko-yKpaiHCbKa BiliHa XapaKTEpHU3y-
€THCS 3aCTOCYBAaHHSIM 3HAYHUX 00CSTIB BAKKO1
apTuiepii, paket, aBiabomM0 Ta IPOHIB, BUKO-
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Introduction. Carbon monoxide (CO) has
been identified as the most prevalent cause of
poisoning worldwide, with the exception of
cases involving drugs and medicines. It has
been determined that CO constitutes a signifi-
cant contributing factor to mortality and dis-
ability rates within residential settings. [1-4].
A review of global epidemiology data from the
past 25 years reveals that the average annual
incidence of carbon monoxide (CO) poisoning
is 120-130 per million people, with 9-10 of
these cases proving fatal. At the same time,
mortality in different age groups ranges from
2-3 % in children to 16—17 % in people over
80 years of age [2]. Toxic levels of CO are
formed as a result of incomplete combustion
of carbon-containing fuel from anthropogenic
sources, and also enter the air with exhaust
gases during the operation of engines and gen-
erators that run on it [1-9], fires, smoking in
closed rooms [5, 8], inhalation of explosive,
lighting gases, etc. [4—7]. Most CO poisoning
occurs during the cold season, when stove
heating and various heating devices are used
with insufficient ventilation [1-3, 5, 6, 10].

The Russian-Ukrainian war is characterized
by the use of significant amounts of heavy
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PUCTaHHS SKUX MPU3BOAUTH 10 PyHHYBaHHS
Ta 3ailMaHHS BYIJICLIEBUX MarepiaiiB. Bix
MOYaTKy BIMHU 3arajbHa KUIBKICTh IOXKEXK
Bupociia B 39 pa3iB, a 3arajpHa IUIOIIA 3ai-
MaHb — Y 14 pasziB [9]. Kpim Toro, npu pyiiny-
BaHHI Ta 3aiiMaHHI MPOMHUCIOBHX 1 KUTIOBUX
oyaiBenb nig CO MOEIHYETHCA 3 TOKCUYHUM
BIUTUBOM TPOJYKTIB 3rOpaHHS CUHTETHYHUX
Ta MOJIMEPHUX MaTepialiB, MiJ 4ac TOpiHHS
SKUX Yy TOBITPS HAAXOASATh BHCOKOTOKCHYHI
XIMI4HI CIIOJIYKH, 30KpeMa LiaHiu, OoCcreH Ta
iH. [4, 5, 10]. 30UIblIEHHST KUTBKOCTI TIOXKEX
BUKJIMKAJO 3HA4HE 3POCTAaHHSA YacTOTH
roctpux orpyeHb CO Ta yucia rocrmiTairi3oBa-
HUX XBOpuX. OCTaHHIM 4YacoM pPO3IIUPUIIHCH
CyyacHi YsIBIIGHHSI MPO MEXaHI3MH TOKCHYHOI
nii CO, ¢akropu pusnKy GopMyBaHHS BiJITep-
MIHOBAHO{ MOJIIOPTaHHOI aToJIOr1i Ta cTparerii
JIKYBaHHS! TOCTPUX OTPY€EHb 3 BUKOPUCTAHHIM
Bucokoadinnux normmuHadis CO, ski BigoOpa-
YKEHI B IIbOMY OIVISI/IL.

MeTta. VY3araibHUTH Cy4yacHl YsIBICHHS
o0 MexaHizMiB TokcuuHoi Aii CO, KiiHiY-
HUX MPOSIBIB TOCTPOTO OTPYEHHS, BIATEPMIHO-
BaHOI MAaToJIOT1i, CTparerii JIKyBaHHs Ta BUS-
BUTH OCOOMMBOCTI miepediry orpyeHr CO B
YMOBAaXx BIMHH.

Marepiaau Ta metoau. [IposeaeHo anani-
TUYHHUM OIJISA]] Cy4aCHUX MyOIiKaIiil HAyKOBUX
oHnanH 0O10miorek PubMed, MedLine,
Elsevier momgo MexaHI3MIB TOKCHYHOI ii,
0CcOOIMBOCTEN KJIIHIYHOTO Nepediry Ta crpa-
Terii JiKyBaHHs rocTpux orpyenb CO 1 Binja-
JICHO1 MaToJIoT1i MO3KY, Cepls Ta 1HIIMX opra-
HiB. Oco0nMBY yBary NpuaIeHO aHami3y (ax-
TOPIB PU3UKY, a TAKOXK OCTAHHIM JIOCIIIKEH-
HSM 100 BUBYEHHsA NAaTOo(})i310710TTYHUX
MexaHi3MiB (OpMYyBaHHS BIATEPMIHOBAHOI
tokcuuHoi eHuedanomnarii (BTE), ska naitua-
CTiIlIe MPU3BOAMTH JI0 1HBAIIAHOCTI 00 cMep-
Ti norepniiux. BucpitneHo Takox Oesmnoce-
pElHI JOCSATHEHHS B rajys3l CTpaTerii JIiKyBaH-
Hs oTpyeHb CO, sKi 3aCHOBaHO Ha TapreTHIN
Tepaii 31 cekBectpauieto CO (BUKOpUCTaAHHS
norrHadiB CO Ha OCHOBI reMy Ta T€MOIIpO-
TE€iHIB, HU3bKOMOJIEKYJIIPHUX MOIJIMHAYIB Ha
OCHOBI1 BOZIOPO3UMHHUX MOPQipHHIB, peKOMOI-
HAaHTHOTO HEUPOMIOOIHY Ta 1H).

[IpoaHanizoBaHO 4acTOTy Ta OCOOIUBOCTI
KJIIHIYHUX TpPOsiBIB rocTpux orpyeHb CO y
XBOPUX, TOCIITATI30BaHUX 10 TOKCHUKOJIOT1Y-
HOTO BimaiieHHsd KuiBCbKOT MICHKOI KIITHIYHOT
JIKapHI MBUAKOI MEIUYHOI JIOTIOMOTH
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artillery, missiles, air bombs, and drones, the
use of which leads to the destruction and igni-
tion of carbon materials. Since the beginning
of the war, there has been a 39-fold increase in
the total number of fires and a 14-fold increase
in the total area under fire [9]. Moreover, dur-
ing the destruction and ignition of industrial
and residential structures, the effect of CO is
combined with the toxic effect of the combus-
tion products of synthetic and polymeric mate-
rials, which release highly toxic chemical
compounds, especially cyanides, phosgene
and so on [4, 5, 10]. The increase in the num-
ber of fires has caused a significant increase in
the frequency of acute CO poisoning and the
number of hospitalized patients. Recent
advancements in the field have yielded novel
insights into the mechanisms of CO toxicity,
the risk factors associated with the develop-
ment of delayed multi-organ pathology, and
treatment strategies for acute poisonings using
high-affinity CO absorbers. These develop-
ments are addressed in this review.

Aim: To summarise the current ideas about
the mechanisms of toxic action of carbon
monoxide (CO), the clinical manifestations of
acute poisoning, delayed pathology, treatment
strategies, and the features of the course of CO
poisoning in wartime.

Materials and Methods. An analytical
review of modern publications of scientific
online libraries PubMed, MedLine, Elsevier
on the mechanisms of toxic action, features of
the clinical course and treatment strategies for
acute CO poisoning and delayed pathology of
the brain, heart and other organs was conduct-
ed. Special attention was paid to the analysis
of risk factors, as well as recent studies on the
study of pathophysiological mechanisms of
the formation of delayed toxic encephalopathy
(DTE), which most often leads to disability or
death of victims. Immediate achievements in
the field of CO poisoning treatment strategies
based on targeted therapy with CO sequestra-
tion (the use of CO scavengers based on heme
and haemoproteins, low-molecular-weight
scavengers based on water-soluble porphyrins,
recombinant neuroglobin, etc.) were also high-
lighted.

The frequency and features of clinical man-
ifestations of acute CO poisoning in patients
hospitalized in the toxicology department of
the Kyiv City Clinical Hospital of Emergency
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(KMKIIM/) 3a mepiom 2021-2023 pp.

Bukopuctano MeTronu  KOHTEHT-aHaIi3y,

CHUCTEMHOTO Ta MOPIBHSILHOTO aHami3iB. Jlane

JIOCITIKSHHSI — 11e hparMeHT HayKOBO-0CIIi/I-

HOT p060TI/I «HayKOBe oOTpyHTyBaHHsI Oe31ed-

HOCTI JUIs 370pOB’s JIIOAMHH TMECTHLNAIB,

MarepianiB, BUPOOIB, 00’€KTIB JOBKIIIA, Xap-

YOBHX MPOIYKTIB Ta MPOOBONEIOT CHPOBHHH;

PO3pOOKa BiAMOBIAHAX MEAMYHIX KPUTEPIiB i

MOKA3HHKIB; CaHITApHO-XIMi4HA, TOKCHKOIO-

ro-ririeHqua OIliHKA, PETIAMEHTAIlisl, HOPMY-

BaHHS» (NIEpP’KaBHUI pEECTpaIliiHUN HOMEp —

0123U102087). JdocmimKkeHHS BUKOHAHO Bif-

MOBIHO 70 BUMOT [ eNmbCIHCHKOI JeKiaparii

BcecBiTHROT MemumuHol acomiamii «ETugdi

NPUHIUIN MEAUYHUX AOCTIIKEHb 33 y4acTIO

JIIOAWHU B SIKOCTI 00’€KTa IOCIIIKEHHS

(1964 p.) Ta cxBajmeHO MICIIEBOIO KOMICI€IO 3

010€THKH.

PesyabTaTn Ta 06r0130peHHﬂ quaCHl
YSBJICHHS PO MEXaHi3MHU TOKCUYHO] Jii MOHO-
OKCHJly BYIJICLIIO. OpreHH}I CO craHOBUTH
nonaz 85 % y CTPYKTypi rOCIITami30BaHHX
XBOPHX, AKi Oyiu 0pr€H1 TOKCUYHUMH Ta3a-
MH, ajle MEXaHi3M HOoro Aii 10 IbOro yacy
HefocTaTHbo BuBYeHUH [1-3, 5]. OTpyeHHs
CO cropuumnHsS€e MOPYLIIEHHS MOCTAauYaHHS Ta
BUKOPHUCTAHHS O,, a TaKoX yTBOPCHHS i0Oro
akTuBHUX (opm. Toxcnmuna mis CO ma opra-
HI3M BKJIIOYAa€ HACTYMHI OCHOBHI MEXaHi3MHU
[5, 10, 13, 14, 16, 19]:

— YTBOpEHHS Kap60KCI/IF€MOFJ106iHy (COHD)
nipu 3B’ s13yBaHHI CO 3 reMoM remMoro0iny
(Hb) 31 BTparoro aum 31i6HOCTI Hb mepeno-
cutu Ta Bignasatu O, TKAaHUHAM;

— 3B’s13yBaHHs nuToxpoMokcuaazu (LIOT') ta
IHIIMX TKAaHWHHUX TEMOTPOTETHIB (MiOTIIO-
OiHy, HEHpOTIOOiNHY, L[I/ITOFJ'IO61Hy Ta 1H) 3
(hopmyBaHHAM TKAHHHHOI TiIOKCIT Ta MiTO-
XOHJIPiaNbHOI TUCHYHKIIIT;

— CTUMYJSILII0 CHUHTE3y akTUBHUX (opMm O,,
a30Ty Ta HAaKOMMWYEHHS 3aji3a 31 3pOCTaH-
HSIM PIBHIO arlonTo3y i eponTo3y 3 aKTHBa-
II€I0 JTIITITHOT MEePOKCHIaIlii B TOJIOBHOMY
MO3KY, Ceplli, M’5i3aX, PO3BUTKOM 3arajb-
HUX TIPOIIECIB Ta IMYHHHUX 3CYBIB.
OcHoBHMit acniekT TokcuuHOi 1ii CO 00y-

MOBJICHUW TIKiJIUBUM e(eKToM (OopMyBaHHS

XIMIYHOT BHYTPIITHBOCYIUHHOI Ta TKAaHUHHOI

TiNOKCiT TpW YTBOPEHHI 3HAYHOI KiTBKOCTI

COHb: HbO, + CO ¥ COHb + O,. Peakuis

iae 1y 3BopoTHOMY HampsiMky, ane COHD e

JIOCUTH CTIHKOIO CIOITYKOIO, HOTO IUCOINalis

CLINICAL TOXICOLOGY
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Medical Care (KCCHEMC) for the period

2021-2023 were analysed. The methods of con-

tent analysis, system and comparative analysis

were used. This study is a fragment of the
research work Scientific Substantiation of the

Safety for Human Health of Pesticides,

Materials, Products, Environmental Objects,

Food Products and Food Raw Materials;

Development of Relevant Medical Criteria and

Indicators; Sanitary-chemical, Toxicological

and Hygienic Assessment, Regulation,

Standardization (state registration number —

0123U102087). The study was performed in

accordance with the requirements of the

Helsinki Declaration of the World Medical

Association Ethical Principles of Medical

Research Involving Human Subjects (1964)

and was approved by the local committee on

bioethics.

Results and discussion. Current under-
standing of the mechanisms of toxic action of
carbon monoxide. CO poisoning accounts for
more than 85 % of hospitalized patients who
were poisoned by toxic gases, but the mecha-
nism of its action has not yet been sufficiently
studied [1-3, 5]. CO poisoning causes disrup-
tion of the supply and use of O,, as well as the
formation of its active forms. The toxic effect
of CO on the body includes the following main
mechanisms [5, 10, 13, 14, 16, 19]:

— formation of carboxyhaemoglobin (COHDb)
when CO binds to the heme of haemoglobin
(Hb), resulting in loss of the ability of Hb to
transport and deliver O, to tissues;

— binding of cytochrome oxidase (CcO) and
other tissue haemoproteins (myoglobin,
neuroglobin, cytoglobin, etc.) with the for-
mation of tissue hypoxia and mitochondrial
dysfunction;

— stimulation of the synthesis of active forms
of O,, nitrogen and iron accumulation with
an increase in the level of apoptosis and fer-
roptosis with activation of lipid peroxida-
tion in the brain, heart, muscles, develop-
ment of inflammatory processes and
immune shifts.

The main aspect of the toxic effect of CO is
due to the harmful effect of the formation of
chemical intravascular and tissue hypoxia
when a significant amount of COHD is formed:
HbO, + CO Y COHbD + O,. The reaction also
proceeds in the opposite direction, but COHb is
a fairly stable compound, its dissociation in the
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B opraHizMi 0e3 iHTEHCHBHOro JikyBaHHSI O,
BiIOYyBa€ThCA 3HAYHO TOBIJBHIIIE (10 5-6
roauH), Hix okcuremonno0iny (HbO,). [Ipormec
aktuBHOro yreopenns COHb 3aiiicHioeThes 3a
paxyHok Toro, mo CO mae maiike B 300—400
pasiB O6utbiny Hik O, ciopinneHicts 10 Hb [10].
BinOyBaeThcs npoliec akTUBHOTO KOHKYPEHTHO-
ro 3B’s3yBaHHs CO 3 remom Hb i1 akTuBHE
BUTICHEHHS 3 HHOTO KHCHIO, 1110 CIIPUSIE aJIOCTe-
PUYHOMY NIEPEXO1Y B HU3bKOA(IHHOTO HAIpY-
»eHoro crany remorno6iny-T(Hb-T) no Buco-
koadinHoro posciadneroro crany (Hb-R). Lle
3HAYHO 3MEHIIYE 3/1aTHICTh TeMy 3B’s3yBaT O,
Ta NEPEHOCUTHU HOoro 70 nepudepiiiHuX TKaHUH,
110 BUKJIMKa€e (POpPMYBAHHs HE JIMILIE CYIUHHOI,
ane ¥ TkaHuHHOI Tinokcii [5, 10-12]. ¥V TkaHu-
Hax Ha CHOTOJHINIHIA JIeHb 1ACHTU(HIKOBAHO
oubie 20 pizHux remonpoteiniB-mimenen CO.
VYrBopenuit COHb nonan 2 % y HekypuiB i
noHax 10 % y KypuiB MOXe BUKJIMKATH CUMIITO-
MH I'OCTPOTO OTPYEHHS CO [3 5,10, 11]. V Toit
K€ dac aHi KIHIYHA TAKKICTH OTPYEHH:, aHi
KJTIHIYHE MOKPAILICHHS CTaHy IHALIEHTIB 3 OTpY-
eHHsiM CO mpsiMO HE KOPENOITh 3 PIBHEM
COHb y xpoBi abo HOro KIipeHCOM.

CO — e rereponossipHa, A1aTOMHA MOJIEKYJ1a
3 XIMIYHOIO CTaOUTBHICTIO 110/I0 TUCKY 1 TeMIIe-
parypu 30BHIIIHBOIO CEPEAOBHINA. 3 OJHOTO
ooky, CO € oxmHi€l0 3 HaWyacTIIMX MPUYUH
cMmepTi B 1odyTi, 3 iHmoro — CO, sikuii BUpoO-
JISIETBCS €HOON€HHO B HEBEIMKIA KUIBKOCTI SIK
NPOAYKT Jierpajanii remy reMOKCHUI€Ha3aMH,
Oepe yuacTb y O10JIOTIYHUX CUTHAJILHUX KacKa-
Jlax, K1 peryiroloTh 3anajeHHs, picT/mpoiide-
paiiio KIITUH Ta UupkagHuid purm [10, 29].
Toxcuunicte CO o00OymoOBi€eHAa HOTO MIITHUM
KOOPJIMHOBaHUM 3B’SI3KOM 3 aroMOM 3ajli3a B
remi Hb epurpouuriB Ta iHIIKX reMOBMICHUX
oukiB. [Ipororem, komIuiekc nporonoppipuHy
IX, sxuii micTuTh nBOBaneHTHE 3amizo (Fe?"),
KOMOIHY€TbCS 3BOPOTHUM 3B’ s13k0M 3 CO nofi6-
HO JI0 TOro, sIKUi BiH yTBOproe 3 O,. Jlauwuii
3B’S130K 3BOPOTHUM, OCK1IIbKH CO MOXKHA BUIa-
JIUTA IUISIXOM I1HTAJAIIl KUCHIO IIIJI THCKOM,
TOMY OCTaHHI{ BBaXKa€TbCSl OCHOBHUM aHTHJIO-
toM nipu otpyennsx CO [3-5, 10]. Ilicnsa nan-
XOJIPKEHHS JI0 OPTaHi3My HTJIAIHHUM IIIIXOM
CO mBuaKO zm(byHnye yepes MeM6paHy jere-
HEBHX KaIlISPIB, 3B’A3YE€ThCA 31 3aI3HCTHM
¢parmenTom remy Hb Ta iHmmx remonporeiuis,
AKl OepyTh y4yacThb Y TKaHMHHOMY JMXaHHI Ta
JeTokcukaii (uuroxpom-C-oKcH1a3010, y TOMy
YUCJl MITOXOHJIPIAIIbHOIO; HHUTOXpOMOM-C;
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body without intensive O, treatment occurs
much slower (up to 5—6 hours) than that of
oxyhaemoglobin (HbO,). The process of
active formation of COHD is carried out due
to the fact that CO has an affinity for Hb that
is almost 300—400 times greater than O, [10].
There is a process of active competitive bind-
ing of CO with the heme of Hb and active dis-
placement of oxygen from it, which con-
tributes to the allosteric transition from the
low-affinity tense state of haemoglobin-T
(Hb-T) to the high-affinity relaxed state
(Hb-R). This significantly reduces the ability
of heme to bind O, and transport it to periph-
eral tissues, which causes the formation of not
only vascular, but also tissue hypoxia [5, 10—
12]. To date, more than 20 different haemo-
proteins-targets of CO have been identified in
tissues. The formed COHDb of more than 2 %
in non-smokers and more than 10 % in smok-
ers can cause symptoms of acute CO poison-
ing [3, 5, 10, 11]. At the same time, neither the
clinical severity of poisoning nor the clinical
improvement of the condition of patients with
CO poisoning directly correlate with the level
of COHD in the blood or its clearance.

CO is a heteropolar, diatomic molecule
with chemical stability with respect to pres-
sure and temperature of the external environ-
ment. On the one hand, CO is one of the most
common causes of death in everyday life, on
the other hand, CO, which is produced
endogenously in small quantities as a product
of heme degradation by heme oxygenases,
participates in biological signalling cascades
that regulate inflammation, cell growth/pro-
liferation, and circadian rhythm [10, 29]. The
toxicity of CO is due to its strong coordinate
bond with the iron atom in the heme Hb of
erythrocytes and other heme-containing pro-
teins. Protoheme, a complex of protopor-
phyrin IX, which contains divalent iron
(Fe?"), combines with CO in a manner simi-
lar to that which it forms with O,. This rela-
tionship is inverse, as CO can be removed by
inhaling pressurized oxygen, which is why
the latter is considered the main antidote for
CO poisoning [3-5, 10]. After entering the
body by inhalation, CO quickly diffuses
through the membrane of pulmonary capil-
laries, binds to the iron fragment of heme Hb
and other haemoproteins that participate in
tissue respiration and detoxification
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KaTalla3olo; MEePOKCHIA3010; Mi€JIOMepOKCHIa-
3010; 1UTOXpoMoM-P450, 3anmizoBMiCHUMH
reMOIPOTEIHAMU — HEHPOTTIO0IHOM, IIUTOTIIO0I-
HOM, a TaKOXK 3 MIOIIIOOIHOM CepIlsl, CKEIETHUX
M S3iB Ta iH.), IO crpusie (GOpMyBaHHIO SK
CYIMHHOI, TaK 1 610€HepreTHIHOT TKAHWHHOI 200
TICTOTOKCUYHOI TIMOKCii, MATPYHTSIM SKOi €
MlTOXOHI[pla.]'II)Ha ,Z[I/IC(l)yHKHI}I [5,10, 14, 16, 19].

Y wopmi O, micns HAJIXO/DKCHHS JI0 JICTCHb
3B’s13yeThes 3 Hb eputponuTis, SKi mocTayaroTh
fioro HepmbeplnHI/IM TKaHUHAM 3 HU3BKUM plB-
HEM I'IapI_llaJ'IBHOFO THCKY 0, (PO,), ne BiH
NOTparJisie B KJIITHHU, BiTHOBIIOE ITUTOXpoM C,
NepeIalovn CBil eeKTpOoH cyOoauHuIl | muTo-
xpom-C-okcunazu (LIOI'). ¥V cybomuuanmsx 1,
IIT 1 IV MiTOXOHIPiaJIbHOTO JIAHITIOTA €JIEKTPO-
HIB BigOyBaeThcsi BimHOBIeHHS O, 10 BOIM 3
BUBiILHEHHAM MpoToHiB H uepes miToxoHapi-
anbHy MeMOpaHy Ta cuHTe30M ATO.

[Tpu BamxanHi CO 3B’S3Y€THCSI 3 TEMOBUMU
ninsakamu Hb, 3MeHmIyroun mpomyckHy 37at-
HicTh O, 1 cTabimizyroun Bucokoadinamii R-cTan
remMy [5 10]. OKle uporo CO Takox 3B’s3y-
€TbCS 13 3aNI30BMICHUMU T€MONPOTEiHAMH B
TKAHMHAX, CIPUYMHSIIOUN 3HIDKEHHS JOCTYITHO-
cti Oy, 663H00€p€,£[HI>O OJIOKYIOYM KOMILIEKCH
IIT Ta IV MITOXOHIPiaJILHOTO JIAHITFOTA EJIEKTPO-
HiB, IpUTHIYYIOUX BigHOBIEHHS O, 10 BOAM Ta
CTBOPIOIOYH PE3epBYap CO. Ile 1HF16YBaHH}I B
MO€THAHHI 31 3HIDKEHHAM I[OCTyrIHOCTl O, npu-
3BOIUTH 10 JAenoisipu3aiii MeMOpaH KIIITHH,
3HMKeHHs Buxoxy AT® i HakoTU4eHHS Bi,Z[HOB-
JICHUX EKBIBaJCHTIB Yy €JIEKTPOHHO-TPAHCIOPT-
HOMY MITOXOH/IpiaJJbHOMY JIaHIF031. BigHOBICHI
eKBIBAJIEHTH MOXYTbh pearyBaru 3 O,, yTBOPIOIO-
YU CYNEpOKCH], SIKUM BUKJIUKAE TTOMIKOKEHHS
KIIITHH Oe3mocepelHbo a00 TUIIXOM TEpeTBO-
peHHsI Ha iH1I akTuBHI hopmu O,, Taki K mepe-
kuc BoaHio (H,0,). [le cnpuuunHsie OKUCIIOBaIb-
HE MOIIKO/KeHHS TKAaHWH Ta aKTHBALIII0 3amalib-
HUX Ta aroNTHYHUX MPOLECiB. [HIT KOMIIEKCH
B JIQHINIO31 TpaHCHOPTyBaHHS enekTpoHiB (NO,
H,S) Takox yTBOPIOIOTH BiJIbHI paJuKaiy,
BUKJIMKAIOTH MOPYIIEHHS CUTHAJIBHOI CUCTEMH,
CIPUYUMHSIOUHN TOAAJbIIE TOMIKOKEHHS KIIITHH
1 TKaHUH B TOCTPHH mepiof orpyenns CO, a
TaKOXK CIPHsIE q)opMyBaHHIo BI,Z[TeleHOBaHI/IX
ATOJOTIYHUX Hpouecu; [5, 10, 29, 30] Ie Bin-
OyBaeTbCs y 3B’SI3Ky 3 BHCOKOIO CIIOPiHEHICTIO
CO 13 3ai30BMICHUM TE€MOM EPHUTPOIIHMTIB Ta
reMOM TKaHWHHHMX TeMONpOTeiHiB. MexaHi3M,
10 JISKUTh B OCHOBI Takoi BUCOKOiI a(iHHOCTI,
OCTaTOYHO HE BHUBYCHUH.
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(cytochrome C oxidase, including mitochon-
drial; cytochrome C; catalase; peroxidase;
myeloperoxidase; cytochrome P450, iron-
containing haemoproteins — neuroglobin,
cytoglobin, as well as myoglobin of the
heart, skeletal muscles, etc.), which con-
tributes to the formation of both vascular and
bioenergetic tissue or histotoxic hypoxia, the
basis of which is mitochondrial dysfunction
[5, 10, 14, 16, 19].

Normally, O, after entering the lungs
binds to Hb of erythrocytes, which supply it
to peripheral tissues with a low level of par-
tial pressure of O, (PO,), where it enters the
cells, reduces cytochrome C, transferring its
electron to subunit 1 of cytochrome C oxi-
dase (CcO). In subunits II, III and IV of the
mitochondrial electron chain, O, is reduced
to water with the release of H* protons
through the mitochondrial membrane and the
synthesis of ATP.

When inhaled, CO binds to the heme sites
of Hb, reducing O, transmittance and stabil-
ising the high-affinity R-state of heme [5,
10]. In addition, CO also binds to iron-con-
taining haemoproteins in tissues, causing a
decrease in O, availability, directly blocking
complexes III and IV of the mitochondrial
electron chain, inhibiting the reduction of O,
to water, and creating a CO reservoir. This
inhibition, combined with a decrease in O,
availability, leads to depolarization of cell
membranes, a decrease in ATP yield, and an
accumulation of reduced equivalents in the
mitochondrial electron transport chain. The
reduced equivalents can react with O, to
form superoxide, which causes cell damage
directly or by conversion to other active
forms of O,, such as hydrogen peroxide
(H,0,). This causes oxidative damage to tis-
sues and activation of inflammatory and
apoptotic processes. Other complexes in the
electron transport chain (NO, H,S) also form
free radicals, cause disruption of the sig-
nalling system, causing further damage to
cells and tissues in the acute period of CO
poisoning, and also contribute to the forma-
tion of delayed pathological processes [5, 10,
29, 30]. This is due to the high affinity of CO
with the iron-containing heme of erythro-
cytes and the heme of tissue haemoproteins.
The mechanism underlying such a high affin-
ity has not been fully studied.
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OcraHHIMM poOKamMu 3 SIBUJIMCH HAayKOBI
TOCHIIKEeHHsI, B sIKUX BUCOKY adinHicTh CO 10
reMy TMOSICHIOIOTh 3MiHAMHM EHEPreTUYHHX
3B SI3KIB 1 JUCJIOKALI€I0 E€JEKTPOHIB B €JeK-
TPOHHOMY JIaH1I031 TeMy. Tak, y po6oti Li R. Ta
crmiBaBT. [13] 3 BUKOpUCTAHHSIM HAHOIHXEHEP-
HUX EPUTPOLIMTIB IIPOBEICHO aHAII3 EHEPreTuy-
HUX, T€OMETPUYHHUX Ta EJEKTPOHHUX KOMIIO-
HEHTIB MexaHi3My (OopMyBaHHS TINOKCIi 3a il
CO Ta iammx tokcnunux Jiraaais (CN, -CHO,
-NO, ta NH,), sxi 38’a3yrothcs 3 Fe?* B muomu-
Hl Op(IPUHOBOTO Kb remy. ABTOpH JiHII-
JM BHUCHOBKY, IIO TOJIOBHY pOJIb Yy MEXaHI3Mi
dbopMyBaHHS TOKCHYHOI TIMOKCIi B pe3yJbrari
nii CO Ta IHIIUX TOKCHUYHUX JITaHIIB BiJIIrpae
NePepPO3NO/ALT eJIEKTPOHIB Ta MOPYILIEHHS iIXHBOT
B3aemoii. Ile mpu3BoAUTH A0 3MIHU JIOKaji3a-
il eJeKTPOHIB y IUJIONIMHI TOP¢IpUHOBOTO
kutblst remy. CO Ta 1HIII BHUBYEHI JIiraHIu
MAalOTh OLIbIII BUCOKY €HEPTiI0 3B SI3KY 3 T€MOM
Hb nixx O, Ta IHIYKYIOTh NEPEHECEHHS €JeK-
TPOHIB Y nopipuHOBOMY KiIbIll Ha opOiTi O,,
o cupwusie 30UTbIIEHHIO JOBKUHH 3B’s13Ky O—
O. Sk Oubm cunpHui akuenrtop, CO 3aiimae
caiit 3B’s3yBaHHs O, 3 remom. IIpu npomy O,
JIOJJATKOBO OTPUMY€ €JEKTPOHH, SIKI BUKJIU-
KaloTh MOro MoJsipu3allifo Ta 3HA4HO MOCHIIIO-
10Th 3B'130K 3 Fe?* remy Hb, uepes 1e rem Brpa-
Yae 3/1aTHICTh IEPEHOCUTH Ta Bignasaru O, TKa-
HUHaM, 1110 MPU3BOJIUTH 10 TKAHUHHOI T1IMOKCIT.
ABTOpH MOKa3aJId aHAJIOTTYHUN MeXaHi3M (op-
MYBaHHS TIMOKCIT TaKOX 3a Jii 1HIIUX TOKCUY-
HUX JITaHJiB, OCOOJIMBO I1aHOTPYIIH, IO J103-
BOJIIE BIJIHOCUTH iX JO0 Kareropii KpoB’sHUX
OTpYT.

o 2000 poxy Oynu BigoMmi JUIIE JBa 3aJi-
30BMicHI remomnporeinu — Hb ta miormo0in
(Mb), sxi OepyTh yuacTb y TpancnoptyBaHHi O,
TKaHWHaM B OKHCHOMY MeTaloii3mi Ta Oynu
mimeHHo CO. Axkmo Hb micTuThes nepeBaxkHO
B epUTporuTax, To Mb — 31e011b1110T0 B Cepiie-
BUX Ta CKEJIETHUX M 533X 1 TEX € MOTEHIIIHOI0
mimenHto s CO, a Takox € Horo pesepBya-
pom. Xoua crnopignenictb CO 3 remom Mb He
Taka BUCOKa, sk y Hb (adinHicTh #oro n0 remy
Mb numie y 23 pasu Buia, Hix B O,) [10], ane
TPUBAIICTh HaKOMHUYEHHs 3B sa3aHoro 3 Mb CO
B M’s3aX 3HAYHO BHINA 1 JOCATAE JEKUIHKOX
THWXKHIB, 1110, UMOBIPHO, CIIPUSIE€ PO3BUTKOBI pad-
nomionizy [31].

Mb — 3ami30BMICHUN Te€MOIPOTEiN, SKUM
nocradae O, 10 M’30BUX KIITHH, sk 1 Hb, ane
BIH € OUIbII YHIBEpCAJbHUM, HI)K BBa)KajaoCh
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In recent years, scientific studies have
appeared in which the high affinity of CO for
heme is explained by changes in energy bonds
and dislocation of electrons in the electronic
chain of heme. Thus, in the work by Li R. et
al. [13], an analysis of the energy, geometric
and electronic components of the mechanism
of hypoxia formation under the action of CO
and other toxic ligands (CN, -CHO, -NO, and
NH,), which bind to Fe?" in the plane por-
phyrin ring of heme was performed using
nano-engineered erythrocytes. The authors
concluded that the main role in the mechanism
of toxic hypoxia formation as a result of the
action of CO and other toxic ligands is played
by the redistribution of electrons and the dis-
ruption of their interaction. This leads to a
change in the localization of electrons in the
plane of the porphyrin ring of heme. CO and
other studied ligands have a higher binding
energy with heme Hb than O, and induce elec-
tron transfer in the porphyrin ring on the O,
orbital, which contributes to an increase in the
length of the O—O bond. As a stronger accep-
tor, CO occupies the O, binding site with
heme. In this case, O, additionally receives
electrons that cause its polarization and signif-
icantly strengthen the bond with Fe?" of heme
Hb, due to which heme loses the ability to
transfer and donate O, to tissues, which leads
to tissue hypoxia. The authors showed a simi-
lar mechanism of hypoxia formation also
under the action of other toxic ligands, espe-
cially of cyano groups, which allows them to
be classified as blood poisons.

Until 2000, only two iron-containing
haemoproteins were known — Hb and myo-
globin (Mb), which are involved in the trans-
port of O, to tissues in oxidative metabolism
and are targets of CO. If Hb is mainly con-
tained in erythrocytes, then Mb is mainly in
cardiac and skeletal muscles and is also a
potential target for CO, as well as its reser-
voir. Although the affinity of CO for the
heme of Mb is not as high as that of Hb (its
affinity for the heme of Mb is only 23 times
higher than that of O,) [10], the duration of
accumulation of CO bound to Mb in the mus-
cles is much higher and reaches several
weeks, which probably contributes to the
development of rhabdomyolysis [31].

Mb is an iron-containing haemoprotein
that delivers O, to muscle cells, like Hb, but
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pawnimre [5, 10, 14]. Mb — MoHOMED, KU1 3HAXO-
JWIA JIMIIE B TONEPEYHO-CMYTacTHX M f3ax
(ckenmeTHMX M’s3ax 1 cepii). bimbmn mi3Hi maHi
MOKa3yIOTh MOIIMPEHHS MHOro MPHCYTHOCTI B
HIIUX TKAHUHAX, HAIPHUKIIAM, Y IIaKUX M 533X,
MO3KY, HUPKaX, IMEYiHIli, CHIOTSMaTbHUX 1 MyX-
JUHHUX KITHHAX, X04a W y 3HAYHO HMKYHX
KOHIIEHTpaIisax. Y Mionurax Mb mocwiioe Haj-
xomxkeHHs O,, momneruryrodn audysio 10 MiTo-
XOHJIpiit a00 nutsixom 30epiranns O, 17 KOpOT-
KOYaCHUX YHM TPUBAIHMX TIMOKCHYHHUX TEPiOJiB
[14-16]. 36arauenuii O, Mb Takox cripusie po3-
KJIaJlaHHIO TOKCHYHOTO OKCHJy a30Ty (NO),
TMPHCYTHROTO B KJIITUHAX 13 BHCOKOIO MeTabo-
JYHOIO aKTHUBHICTIO, 3aBJISIKH aKTHBHOCTI ¢ep-
MEHTY I[lOKCI/IFeHa3I/I 3 iHmoro OOKy /e30KCH-
Mb moxe misTu K H1TpI/ITpeILyKTa3a YTBOPIOO-
1 NO3NO, y BI,Z[HOBIIIB Ha KJ'IlTI/IHHy TIMOKCiI0
[16], mo mae micnie pu oTpyenni CO. Baxiu-
BUM BiakputTsaM € BussieHHS MPHK Mb, fii
iIeHTH(DIKALlIS B MITENATbHUX KITITHHAX MO3KY,
HUPOK, IEYIHKH Ta BUPa)KeHA PEryJIALIisl eKCIpe-
cii Mb y myXJIMHHUX KJIITHHAX MOJIOYHOI 3aJ10-
3W, TOBCTOI KHIIKK Ta ipoctaru [ 14-17]. Llikaso,
[0 BHICOKI piBHI ekcmpecii Mb KopemomoTs 3
MO3UTUBHUM MPOTHO30M JJIsl AIIEHTIB 3 PAKOM
MosouHoi 3an03u. [Ipu orpyenni CO Mb y cep-
LUEBOMY Ta CKEJETHHX M’si3aX, JOBIOTPUBAIIO
noB’si3anuii 3 CO, ACMOHCTpYE HAHOMONAPHY
KOHCTaHTy JucoIiamii 3B $I3yBaHH}I s CO
(Kd.co = 37 HM) [1()] y 3B 513Ky 3 UMM € BEJIU-
KO0 TOTeHIilHo0 MimeHHio 11 CO Tta ioro
MOTEHIIWHUM pe3epByapoM. 3B’s3yBanHs CO 3
Mb Moke 11e OiTbIIe MOTIPIIUTH JIOCTaBKY O,B
TKaHHHH, 1O CTPHS€ PO3BATKY BIILTeleHOBa-
HOI MaToJNOoTii cepIst, M sA31B Ta 1HIINX OpPTaHiB.
[Tounnaroun 3 2000-x pOKlB Bl,Z[KpI/ITO oe3-
TPELEICHTHY plSHOMaHlTHlCTB POAMHU 1HIIMX
3a1i30BMICHUX TIOOIHIB Yy p13HI/IX TKaHUHAX
JFOMUHM Ta TBAPHH, K1 TAKOXK 3B’ A3YIOTH 1 aKy-
mymioote O, Ta BlmrpaIOTL BaXKIIUBY PO Y
OUXaHHI ¥ TPOAYyKyBaHHI OKHCHOL eHepru a
TaKOX SIBIIAIOTH COOOI0 TMOTEHILIWHY MilIeHb 1
HOTGHHII/IHI/II/I pesepByap g CO. [7o6iu — e
HEBENHUKIi METaoNpOTeiHN, M0 3a3BHYA
MICTSTh 6:113bK0 150 aMiHOKHUCIIOT, SIKI HE JIMIIIe
MOCUJIIOIOTh TOCTayaHHa Ta 30epiranHs O, B
TKaHUHAX, OepydYn y4yacTb y KHCHE3aJIE)KHOMY
MeTaboi3Mi, aje W MOXYTh BHKOHYBATH 1HIII
byHkii, 30KpeMa PO3K/IaIaHHs abo cunre3 NO,
,Z[@TOKCI/IKaHIH akTuBHUX ¢opMm O,, asoTy Ta
BHYTPIIIHOKJTITHHHA TIepeada CUTHaIIB [ 14].
Oxpim aeranpHOBHBYeHUX Hb Ta Mb B ocTan-
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it is more versatile than previously thought
[5, 10, 14]. Mb is a monomer that was found
only in striated muscle (skeletal and heart).
More recent data show its widespread pres-
ence in other tissues, such as smooth muscle,
brain, kidney, liver, endothelial and tumour
cells, although at much lower concentrations.
In myocytes, Mb enhances O, delivery by
facilitating diffusion to mitochondria or by
storing O, for short or long-term hypoxic
periods [14—-16]. O2-enriched Mb also con-
tributes to the decomposition of toxic nitric
oxide (NO), present in cells with high meta-
bolic activity, through the activity of the
enzyme dioxygenase. On the other hand,
deoxy-Mb can act as a nitrite reductase, gen-
erating NO from NO2 in response to cellular
hypoxia [16], which occurs in CO poisoning.
An important discovery is the discovery of
Mb mRNA, its identification in epithelial
cells of the brain, kidney, liver and pro-
nounced regulation of Mb expression in
tumour cells of the breast, colon and prostate
[14—17]. Interestingly, high levels of Mb
expression correlate with a positive progno-
sis for patients with breast cancer. In CO poi-
soning, Mb in cardiac and skeletal muscles,
long-term associated with CO, demonstrates
a nanomolar binding dissociation constant
for CO (Kd. co = 37 nM) [10], and is there-
fore a large potential target for CO and its
potential reservoir. The binding of CO to Mb
can further impair the delivery of O2 to tis-
sues, which contributes to the development
of delayed pathology of the heart, muscles,
and other organs.

Since the 2000s, an unprecedented diver-
sity of other iron-containing globin families
has been discovered in various human and
animal tissues, which also bind and accumu-
late O2 and play an important role in respira-
tion and oxidative energy production, and are
also a potential target and reservoir for CO.
Globins are small metalloproteins, usually
containing about 150 amino acids, which not
only enhance the supply and storage of O2 in
tissues, participating in oxygen-dependent
metabolism, but can also perform other func-
tions, including the decomposition or synthe-
sis of NO, detoxification of active forms of
O,, nitrogen , and intracellular signalling
[14].

In addition to the thoroughly studied Hb
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Hi 10 pokiB ieHTH(iKOBaHI 111e 6 ITI001HIB — 3aTi-
30BMICHUX TeMoIpoTeiHiB: Heripornodin (Ngb),
utonio6iH (Cygb), anapornodin (Adgb), mobin
E (GbE), mo6in X (GbX ) ta mobin Y (GbY).
Sxio Hb 3HaxomuThCs IEpeBaskHO B €PUTPOITH-
Tax, Mb — y nomnepeyHo-CMyracTux Ta IaJKuX
M’s13aX, To Ngb — y HelpoHax LIEHTPaJbHOI Ta
nepudepruyHoi HEPBOBOI CUCTEMH, a TaKOX B
CHJIOKpUHHUX TKaHuHaX, Cygb B OCHOBHOMY
3HAXOIUThCA Y PpiOpobracTax, a TakoxK 11eHTH]I-
Ky€ThCSl B PI3HUX HEHUpPOHAX, emiTeii, Makpoda-
rax, M’s3ax Ta pPI3HOMaHITHUX MyXJIUHAaX,
JEMOHCTPYIOUH ITyXJIMHHO-CYIPECOPHY aKTUB-
HicTh [14]. Anngporno6in (Adgb) mnepeBaxkHO
EKCIIPECYEThCS B sieukax, Oepe y4acTh y BIJITBO-
peHHi sk y nocradanHi O,, Tak 1 SIK aHTUOKCH-
nauT. [o6in E € cnienudiunum my1st oueit pecri-
paropHuM OiIKOM, mI00IH Y JEMOHCTpYy€e Haid-
cwibHiny excrpecito MPHK y sieunukax, Hup-
Kax, o4ax 1 JiereHsx, a wiodiH X € MeMOpaHHO-
3B’M3aHUM IJIOOIHOM Yy HEpBOBIM CHCTEMI Ta
iHmmx TkanuHax [14]. GbX mnepeBaxkno Oepe
y4acTh y 3aXHUCTI MEMOpaHHMX JiMiJiB, MEM-
OpaHHOMY KJIITHHHOMY CHUTHAJbHOMY IpOILIECI,
X04a 0CTaTOYHO HOro (hyHKIIiS 1OC1 HEBIIOMA.
OcobnuBHil 1HTEpeC s pecrnipaTropHOro
npouecy 1 orpyenns CO Bukiukae Ngb HepBo-
BUW TIOOIH, SKUU MEpEeBaXHO 3HAXOAMTHCS B
HEHpOHaX LIEHTPaIbHOI Ta nepudepruyHoi Hep-
BOBOI CCTEMH, a TAKOX y CITKIBIIl OKa, B €HJI0-
KPUHHUX TKaHWHAX, Y TEMOIMOETUYHUX CTOBOY-
POBHX KJIITMHAX Ta TKAaHMHAX MyxXJIMH. € mepe-
KOHJIMBI JIOKAa3W, 110 BIH MOB’Si3aHUM 3 MITO-
XOHJIpISIMU 1 TOMY Oepe y4acTb B OKHCITIOBAJIb-
HOMY MeTa0oJ13M1, JOKaJIbHOMY a00 THMYaco-
Bomy TiepeHeceHH1 O, ta 3axucTi Big ADK [14,
18, 19]. [lokazano, mo Ngb ciykuTh 3arajib-
HUM EHJIOTEHHUM HEHUpONpOTEKTOpOM, Oepe
y4acTh y JETOKCHUKAIll IIKIJJIUBOTO BIUIUBY
NO, AOK Ta npurniuye anomnros [10, 14, 18,
19]. Ilpuuomy, sxmo ao Ngb, BuaineHoro 3
MO3Ky TpusyHiB, CO Mae O1IbIIy CIIOPIAHEHICTh
e y 14,9 paza, Hix 10 O,, TO 10 1HKEHEPHO-
ro BaplaHTY IITYYHOTO JIFOJICBKOTO HEHporinooi-
Hy (Ngb-H64Q-CCC) cnopiguenicts CO B 500-
10000 pa3iB Buma Hix B O, [10, 21]. Taka Buco-
Ka CEJICKTMBHA CIOPIJHEHICTh JI0 LBOTO 1HXe-
HepHoro Ngb ssria B 0CHOBY po3poOKH HOBOTO
(dapmakosioriyHoro aHTua0Ty — normuava CO,
SKUI IPOXOIUTH NOKJIiHIYHI BUnpoOysanHs [ 10,
21]. Ngb-H64Q-CCC nornmunae CO 3 Moneky-
nspaoro Hb ta Hb, inkancynboBaHoro B epur-
pOLIMTAxX, a TAKOXK Yy HEHpOHAX MO3KY Ta Iepu-

CLINICAL TOXICOLOGY

VKPATHCBKUIA )KYPHAJT CYYACHUX TTPOBJIEM TOKCHUKOJIOTTT /
UKRAINIAN JOURNAL OF MODERN PROBLEMS OF TOXICOLOGY 1/2025

and Mb, 6 more globins have been identified
in the last 10 years: neuroglobin (Ngb), cyto-
globin (Cygb), androglobin (Adgb), globin E
(GbE), globin X (GbX) and globin Y (GbY).
While Hb is found mainly in erythrocytes,
Mb in striated and smooth muscles, Ngb — in
neurons of the central and peripheral nervous
system, as well as in endocrine tissues, Cygb
is mainly found in fibroblasts, and is also
identified in various neurons, epithelium,
macrophages, muscles and various tumours,
demonstrating tumour suppressor activity
[14]. Androglobin (Adgb) is mainly
expressed in the testes, participates in the
reproduction of both O, supply and as an
antioxidant. Globin E is an eye-specific res-
piratory protein, globin Y shows the
strongest mRNA expression in the ovary,
kidney, eye and lung, and globin X is a mem-
brane-bound globin in the nervous system
and other tissues [14]. GbX is mainly
involved in the protection of membrane
lipids, membrane cell signalling, although its
final function is still unknown.

Of particular interest for the respiratory
process and CO poisoning is Ngb nerve glo-
bin, which is mainly found in neurons of the
central and peripheral nervous system, as
well as in the retina, endocrine tissues,
hematopoietic stem cells and tumour tissues.
There is convincing evidence that it is asso-
ciated with mitochondria and therefore par-
ticipates in oxidative metabolism, local or
transient O, transfer and protection against
ROS [14, 18, 19]. It has been shown that Ngb
serves as a general endogenous neuroprotec-
tor, participates in the detoxification of the
harmful effects of NO, ROS and inhibits
apoptosis [10, 14, 18, 19]. Moreover, if CO
has a greater affinity for Ngb isolated from
rodent brains only 14.9 times than for O,,
then for the engineered variant of artificial
human neuroglobin (Ngb-H64Q-CCC) the
affinity of CO is 500-10,000 times higher
than for O, [10, 21]. Such a high selective
affinity for this engineered Ngb formed the
basis for the development of a new pharma-
cological antidote — a CO absorber, which is
undergoing preclinical testing [10, 21]. Ngb-
H64Q-CCC absorbs CO from molecular Hb
and Hb encapsulated in erythrocytes, as well
as in neurons of the brain and peripheral
nervous system, eliminates cardiovascular
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(bepruyHOi HEPBOBOI CUCTEMH, yCyBa€ CEPLEBO-
CYIUMHHMI KoJarc, nmocnabmroe 3anexHe Big CO
1HT10yBaHHS MITOXOHIPIQJILHOTO JUXAaHHS, BiJI-
HOBJIIO€ TKAHWHHE AMXaHHSA B MiOKap/i MUIIIEH,
orpyenux CO, Ta 301IblIIye BUKUBAHHS TBAPUH
Ha 88 % mopiBHsHO Juie 3 10 % y KOHTpoIb-
Hil rpyr[i [19] MoskHa TpUIyCTUTH, III0 BUCOKA
CHOplI[HeHICTB CO 3 Ngb 3ymoBII0€ TpUBaIUi
9ac #oro aucomialii y TKaHHHax MO3Ky. Bucoki
H0r0 KOHIIEHTpallii B TKAHWHAX MO3KY TPHU3YHIB,
sk pesepyap CO, 36epira10TLca MPOTSATOM
KUTbKOX THOKHIB [10, 19], mo HMOBlpHO 1€ O,I[Hl-
€10 3 OCHOBHHX NPUYHMH PO3BHUTKY BiATEPMiHO-
BaHOT MATOJIOT1i MO3KY.

B ocranni poku noseneHo, mo Ngb Bimirpae
BXJIUBY POJIb Y TPAHCIIOPTYBaHHI Ta 30epiraHHi
O, ue nume npu otpyerni CO [18, 19, 21], ane i
Ma€ BHCOKHWH HEHPOMPOTEKTOPHHUMA IOTEHITIAT
[22], 3amoOiraroum TimoOKcii Ta 36inbmyfoqn
norHanHA O, Ha 40-50 % npu FOCTplI/I imemii
MO3KY, CITKIBKH, a TAaKOXK IIPU 1HCYNBTI, iHpapKTi
MO3KY Ta Ceplis, anO(bu 30pOBOTO HEpBa, MPH
PI3HOMAHITHHX HEHPOICHErePATHBHIX 3aXBOPIO-
BaHHSX Ta IHIIUX maTonoriax [23-25]. Kpim Toro,
Ngb Bigirpae BaxIuBy pojib y CHTHAJbHUX Ta
pEaKLifHIX JaHIForax, OKHCIIOBaJILHOMY MeTa-
00J1i3Mi, @ TAKOXK Y OLTBIIIOCTI TKAHUH I ATPUMYE
(nceBno)pepMeHTATHBHI BIACTHBOCTI, BKJIIO-
garoun MeTabonisM NO, TEepOKCHHITPUTY Ta
MOTTIMHAHHS BUTPHHUX pajukaiis [22-25].

[Topsin 3 Ngb B OKHCITIOBaILHOMY METa00JTi3-
Mi BaJIMBY pOJIb BIIIrparOTh i TakKi TKaHUHHI
100inu, sk nutortobin (Cygb) 1 mmo6in E
(GbE) [14] Cygb 3ycTpidaeTbcsi y KIITHHHUAX
JHISX, TIOB’ A3aHUX 3 (1)16po6naCTaMI/I a TaKOXK y
PI3HIX HEHPOHAX, eriTenii, Makpodarax, m’s3ax
1 pI3HOMaHITHUX KJIITHHAX MyXJWH. BiH Takox
Oepe yuacth y nmoctadansi O, mpu imemii, Bifir-
pae poib aHTHOKCUAAHTa y (GiOpO3HiH TeUiHI,
JIeTeHsX, MIAIITYHKOBIH 3a7031 Ta HUPKaxX y
3aranpHOMYy 3axucTi Bin ADK, a Takox mpu
nedekrax pereHepaiii TKaHWH, Y TOMY YHCII
micnst TokenmyHoro BrumBy CO [14, 26, 27].
ABTOpU BiJ3HAUaIOTh, L0 L€, HMOBIpHO, 00Y-
MOBJIeHO TUM, 110 Cygb nocrauae O, 17151 CHHTe-
3y Komarey, y 30inbmenni cunresy NO-cunTa-
3, y TIpOIleci epeiadi CUTHAJIIB Ha OCHOBI JiITi-
JiB Ta B OUTBII 3arajJbHOMY 3aXUCTi TKAHUH BiJ
A®DK, a takox y merabomizmi NO Ta CO.

TnoGis E € cneunivHUM ISl O4el pecmipa-
TOPHIM O1ITKOM. CnoanKy BiH OyB meHTI/I(blKo-
BaHMI y CITKIBIII OKa MTaxiB, a B OCTaHHI POKH
— y HeiipoHax Ta M’s3ax. [106iH E dimorene-
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collapse, weakens CO-dependent inhibition
of mitochondrial respiration, restores tissue
respiration in the myocardium of mice poi-
soned with CO, and increases animal sur-
vival by 88% compared to only 10 % in the
control group [19]. It can be assumed that the
high affinity of CO for Ngb determines its
long dissociation time in brain tissues. Its
high concentrations in rodent brain tissues,
as a CO reservoir, persist for several weeks
[10, 19], which is probably one of the main
reasons for the development of delayed brain
pathology.

In recent years, it has been proven that
Ngb plays an important role in the transport
and storage of O, not only in CO poisoning
[18, 19, 21], but also has a high neuroprotec-
tive potential [22], preventing hypoxia and
increasing O, uptake by 40-50 % in acute
brain and retinal ischaemia, as well as in
stroke, cerebral and cardiac infarction, optic
nerve atrophy, various neurodegenerative
diseases and other pathologies [23-25]. In
addition, Ngb plays an important role in sig-
nalling and reaction chains, oxidative metab-
olism, and in most tissues it supports (pseu-
do)enzymatic properties, including NO
metabolism, peroxynitrite and free radical
scavenging [22-25].

In addition to Ngb, tissue globins such as
cytoglobin (Cygb) and globin E (GbE) play
an important role in oxidative metabolism
[14]. Cygb is found in cell lines related to
fibroblasts, as well as in various neurons,
epithelia, macrophages, muscles, and various
tumour cells. It is also involved in the deliv-
ery of O, at ischaemia, plays an antioxidant
role in fibrotic liver, lung, pancreas and kid-
ney in general protection against ROS, as
well as in defects in tissue regeneration,
including after CO toxicity [14, 26, 27]. The
authors note that this is likely due to the fact
that Cygb supplies O, for collagen synthesis,
in increased synthesis of NO synthase, in
lipid-based signalling and in more general
protection of tissues against ROS, as well as
in the metabolism of NO and CO .

Globin E is an eye-specific respiratory
protein. It was initially identified in the retina
of birds, and in recent years in neurons and
muscles. Globin E is phylogenetically related
to Mb, or has a slightly lower affinity for O,
than Mb, and has a similar function in O,
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TUYHO TIOB’si3aHuM 3 Mb, a00 Mae Jemo HIKIY
criopigHeHicts 10 O,, HDK Mb, mMae moaioHy
¢yHkiito B nocrayanHi O,, a Takox y mMeTado-
nizmi NO 1 CO [14, 28], my6mikaiii npo ioro
3miHu nipu otpyeHHI CO He 3HaiineHo. Takox
MOKHU HE 3HalIeHO MmyOiiKalii npo posb mooi-
HiB X, Y 1 auznporoOiny (Adgb) npu orpyenHi
CO, xoua omnucaHa iXHSl y4acTb Yy pecriparop-
HOMY METa0o0J1i3Mi1 Ta B IETOKCUKAITii.

Taxum unHOM, TIopsin 3 Hb 1 Mb y pecmipa-
TOPHOMY METa0o0J1i3Mi, 3aXUCTI Ta BIAHOBIICHHI
TkaHuH BiJl CO nmpu rocTpoMy OTpY€EHH1 BaXKJIU-
BY POJIb BiIIrParOTh ¥ 1HIIN HENOJABHO BiIKPH-
Ti 3aJTI30BMICHI TeMOMPOTEiHU — T100iHu: Ngb
ta Cygb. Oco0n1BO BayKIMBY HEHPOIIPOTEKTOP-
HY 1 aHTHOKCHUJIAHTHY POJIb TTOB’ SI3yIOTh 13 Ngb.

Kpim TOrO, BaskivBe 3HA4YCHHS B MEXaHi3Mi
tokcnyHoi aii CO Bijirpae akTuBaliis TPOMOOITH-
TiB 1wsAX0M BUTiCHEHHSI NO 3 HOBEpXHEBUX reMO-
npoTeidiB TpoMOonuTiB [ 5, 10]. ButicHeHuit Biib-
Huii NO pearye 3 CyniepoKCHI0OM 11100 YTBOPEH-
HSl TIEPOKCUHITPUTY, KOTPUH T1Ie OiIbINe ITiICH-
JIFO€ OKUCITIOBAJILHUM CTpeC, JOAATKOBO MPHUTHI-
Yyroud (PYHKIII0 MITOXOHJAPIA 1 MOCHIIIOIOYH
aKTHBAI[IF0 TPOMOONMTIB Ta HEUTPOPiTiB.
AKTHBOBaHI TPOMOOIIUTH CTUMYJIIOIOTh HEUTPO-
bimu g0 nperpaHyssIii, aaresii, BUBUIbHEHHS
mienonepokcuaasu (MIIO) Tta iHriOyBaHHS B
HuX QyHKIIA B, iHTerpuny. ¥ cBOfO "epry mpo-
Tea3u HEUTPOQIIiB OKUCITIOITh KCAHTHHJIET1-
poreHasy €HIOTeNaJbHUX KIITHH O KCaHTHU-
HOKCH/Ia31, YTBOPIOIOYH aKTHBHI ()OPMU KHCHIO
(ADK) Ta BUKIMKaIOYM MITOXOHpIajbHE ypa-
’KEHHS B PI3HHUX TKaHMHAX, 0COOJMBO B MO3KY
[30, 32, 33]. MIIO 1 A®K karamni3yroTh nepeKuc-
HE OKHMCHEHHS JIMIJIIB, YTBOPIOIOUU aJTyKTH 3
OCHOBHUM OUIKOM Mi€NiHY, SKI BUKIUKAIOTh
IMyHHY BIAMOBIAh JTIMGOIMTIB Ta aKTUBALIIO
MIKpOIJIii, @ TAKOXX IMYHOOIIOCEPEIKOBaHY BiJ-
TEPMIHOBaHY IAaTOJIOTIF0 MO3KYy — eHIledasorna-
Tit0 1 JIeliKoeHIedanonarito, KoMy, remoparid-
HUH 1H(APKT Ta 1HII TOPYLIEHHS, a TAKOX MaTo-
JIOTi10 cepis ¥ iHmuMX opraHiB. OmucaHo i BU-
IIICHHS PiBHS OCHOBHOTO O1J1Ka Mi€JIiHY B 1Iepeo-
pOCHiHAJIBHIA PIAMHI B MAlI€HTIB, OTPYEHUX
CO, s1Ki cTpakJaIH BiJl HEBPOJIOTTYHUX YCKIIA/I-
HEHb [5]. ABTOpHY CTBEPIKYIOTb, 11O 111 3aMajibHi
e(heKTH TPUBAIOTh IOCUTH JOBTO IMICIIS TOYATKO-
BOTO OTPYEHHS BYIICKHCIUM Ta3oM i, MOXKJIHBO,
He 3anexarpb Bif piBHA CO, a 00yMOBIEHI /i€10
NO, MPO, ADK, a Takox IMyHHUMH PEAKIIISIMU
opranizmy (puc. 1).
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delivery, as well as in NO and CO metabo-
lism [14, 28], and no publications have been
found on its changes at CO poisoning.
Similarly, no publications have been found
on the role of globins X, Y, and androglobin
(Adgb) in CO poisoning, although their par-
ticipation in respiratory metabolism and
detoxification has been described.

Thus, along with Hb and Mb, other
recently discovered iron-containing haemo-
proteins — globins Ngb and Cygb play an
important role in respiratory metabolism,
protection and tissue recovery from CO in
acute poisoning. A particularly important
neuroprotective and antioxidant role is asso-
ciated with Ngb.

In addition, platelet activation by displac-
ing NO from platelet surface haemoproteins
plays an important role in the mechanism of
CO toxicity [5, 10]. The displaced free NO
reacts with superoxide to form peroxynitrite,
which further enhances oxidative stress, fur-
ther suppressing mitochondrial function and
enhancing platelet and neutrophil activation.
Activated platelets stimulate neutrophils to
degranulate, adhere, release myeloperoxi-
dase (MPO) and inhibit B, integrin functions
in them. In turn, neutrophil proteases oxidize
endothelial cell xanthine dehydrogenase to
xanthine oxidase, generating reactive oxygen
species (ROS) and causing mitochondrial
damage in various tissues, especially the
brain [30, 32, 33]. MPO and ROS catalyse
lipid peroxidation, forming adducts with
myelin basic protein, which cause an
immune response of lymphocytes and activa-
tion of microglia, as well as immune-mediat-
ed delayed pathology of the brain —
encephalopathy and leukoencephalopathy,
coma, haemorrhagic infarction and other dis-
orders, as well as pathology of the heart and
other organs. An increase in the level of
myelin basic protein in the cerebrospinal
fluid has been described in patients poisoned
by CO who suffered from neurological com-
plications [5]. The authors argue that these
inflammatory effects persist for a long time
after the initial poisoning with carbon diox-
ide and, perhaps, do not depend on the level
of CO, but are due to the action of NO, MPO,
ROS, as well as the immune reactions of the
body (Fig. 1).
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orpyenni CO (Rose J. J., et al. 2017) [5].

Fig. Mechanisms of formation of a cascade of inflammatory reactions with the development of heart and
brain damage in CO poisoning (Rose J. J, et al. 2017) [5].

Rose 1.J., et al. [5] cTBepmKyrOTH (pHC. 1), 1110
1Hr10yBaHHs (YHKIIH MITOXOHIpIA Beme 10
MOJAJIBIIIOTO YTBOPEHHS PEaKTUBHUX (HOpM
kucHiO (ROS), Mo € npuynHOK BUBLILHEHHS
reMy Ta Horo po3maay depe3 3pOCTaHHS aKTHB-
HocTi remokcurenasu (HO)-1, mo momatkoBo
cnpudmHsie okcuaaruBaui crpec. HO-1 merabo-
Ji3y€ BUTBHUM T€M, 110 YTBOPIOE OLIbINE €HA0-
rearoro CO Ta 3amiza. Y CBOIO 4epry akTHBOBA-
HI HEHTPO(IIN ACTPAHYIIOIOTH 1 BUBUIBHSIOTH
Mmienonepokcunady (MPO) ta mporeasy, 1o
BHKJIMKAE ITI¢ OLIBITY aKTUBAIIIF0 HEUTPOD1TiB, a
TakoX iXxHIO anresito. [Iporeasu, BUBLIBHEHI 3
TPOMOOLIUTIB Ta HEUTPOQLIIB, OKHCIIOIOTH
CHIOTETIANbHY KIITUHHY KCAaHTHHJIET1IpPOreHa-
3y (XD) no kcantunokcuaasu (XO), reHepyodn
nonatkoBo ROS, 110 BUKIIMKA€E KITITHHHE YIITKO-
JKEHHSI, 2 TAKOXK TIEPOKCHIAITIFO JIITIIIB, 30KpemMa
ocHoBHOro Oinka mieniny (MBP). Ilepokcu-
noBanuii MBP yTBoproe ammayktu, siKi BUKIIH-
KaloTh Tpoiidepartito J1iMQOIUTIB, aKTUBALIIIO
MIKpOTJIii, 3pEIITO0 HEBPOJOTIYHI Ta CEpPIIEBi
VIIKO/KCHHS. 3araibHi eeKTu rimokcii Ta 6e3-
nocepenHii BB TokcuaHocTti CO Ha MiTO-
XOH/Ipli BHUKJIMKAIOTh BUBUIBHEHHS TITyTaMary,
KA aKkTUBy€ peuentopu N-mermi-D-acrapra-
Ty (NMDA), 1110 101aTKOBO MPU3BOIUTH /IO HEB-
POJIOTIYHUX Ta KapAlaJIbHUX YPasKeHb.
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Rose 1.J, et al. [5] state (Fig. 1) that inhi-
bition of mitochondrial function leads to fur-
ther generation of reactive oxygen species
(ROS), which causes the release of heme and
its degradation through increased heme oxy-
genase (HO)-1 activity, which further causes
oxidative stress. HO-1 metabolizes free
heme, which produces more endogenous CO
and iron. In turn, activated neutrophils
degranulate and release myeloperoxidase
(MPO) and protease, which causes even
greater neutrophil activation and adhesion.
Proteases released from platelets and neu-
trophils oxidize endothelial cell xanthine
dehydrogenase (XD) to xanthine oxidase
(X0), generating additional ROS, which
causes cellular damage and lipid peroxida-
tion, in particular myelin basic protein
(MBP). Peroxidised MBP forms adducts,
that cause lymphocyte proliferation,
microglial activation, and ultimately neuro-
logical and cardiac damage. The general
effects of hypoxia and the direct effects of
CO toxicity on mitochondria cause the
release of glutamate, which activates N-
methyl-D-aspartate (NMDA) receptors, fur-
ther leading to neurological and cardiac dam-
age.
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CO mpu rocTpoMy OTpYEHHI 1HIYKY€ 0AAT-
koBe yTBOpeHHs CO B TKaHMHaX 4epe3 remsa-
nexHy 1Haykuio remokcuHasu-1 (HO)-1, sxa
Oepe ydacTh y Karabo:mii3mi BUIbHOTO TeMy [34].
Bruiue CO miBuiko J0aTKOBO ITiJIBUIILYE PIBEHB
LIUTO30JIbHOTO TeMY B MO3KY Ta 1HIIUX TKaHUHAX
yepe3 3 0oCHOBHI MexaHi3mu [5, 10, 34]:

— 3MIHA CUHTE3Y remy, IPOLEC, IKHI PeryltoeTh-
ca CO;
— 3BUIbHEHHS remy 3 aucouiiosanoro COHb Tta

TeMOIIPOTETHIB TKaHUH 3 pe3epByapom CO;

— TMOpYLIEHHs 30epiraHHs reMy B MITOXOHJPISIX
yepe3 CO.

[Ticns BrmmuBy CO NOMIKOIKEHUH ITUTO30J1b-
HUU TeM I1ie OUTbIIe MABUIILYE THAYKIIII0 TEMOK-
curenasu HO'!, sxa meraGonisye rem y 6iniBep-
JuH. OKpIM MMOCUIJIEHHSI OKHCIIIOBAJIBHOTO CTpe-
Cy Ta KJIITUHHOTO 3alajeHHs], BUIbHUI reM MiT-
pumye micuesi piBHi CO, akTHBY€ amnomnTo3 Kiii-
THUH Ta HapOCTAHHS TKAHUHHOI T1MOKCIi, a HOTo
KaTaboJi3M MiJABUIIYE PIBEHb 3aji3a, sIKe 1HIY-
Ky€ MpoAyKyBaHHs akTuBHUX (opm O, Ta iHi-
uiroe (eponto3 [29]. Lli ypakeHHs BHACIIIOK
11eMii, OKUCIIIOBAJILHOTO CTPECY, LIUTOTOKCHY-
HOTO BIUIMBY BIJILHOTO FeMYy, 3alajeHHs Ta IMyH-
HUX MOPYILIEHb MOPSJ] 3 TPUBAIUM Pe3epByBaH-
HaM CO B reMonpoTeiHax TKaHWH NPU3BOJIUTH
JI0 PO3BUTKY BIATEPMIHOBAaHOI MATOJIOTIT MO3KY
(KOTHITUBHOTO Je(IIuUTY, Ienpecii, aTakcii, jgei-
KoeHLe(anomnarii, JOBroTpuBaJioi KOMH, I'€éMO-
pariyHuXx iH(apKTIB Ta IHIIUX CTIKUX HEBPOJIO-
rYHUX TOPYUIEHb; a TAKOXK YPaKeHHS cepls 3
PO3BUTKOM apuTMii, 1HQAPKTY; YpaKE€HHs
M’s131B, TI€UIHKH, HUPOK Ta LIKIPH.

Kuiniuni nposiBu rocrpux orpyens CO Tta
IXHi 0COOTMBOCTI Yy XBOPMX B YMOBax BiiiHM.
Kniniuni o3naku orpyenns CO gyxe pisHOMa-
HITHI Ta 3HAYHOIO MIPOI HecHeuuQiyHi.
OcHOBHA POJIb HIOJO JIaTHOCTUKU — 1€ 301p
aHAMHECTUYHUX JaHUX Ta BIJIOMOCTEH mpo
noOyToBHi a60 MpoQeciiHMi KOHTAKT 3 MiABH-
nieHuMu KoHueHTtpauisimu CO B MOBITPI, sIKe
BJIMXA€THCS, a TAKO)K aHaJll3 IMOKA3HHUKIB KOH-
nentpariii HbCO B kposi [1-6]. ABTopu 3a3Ha-
Yal0Th, 10 OTPYEHHS JIETKOTO CTYIIEHS TSKKOCTI
XapaKTepU3yIOThCs TOJIOBHUM 00JIEM, BITUYTTSIM
myJabcallli B CKPOHEBIM MIJISHII, 3allaMOPOYCH-
HSIM, TOTIPIIEHHSM TOCTPOTH 30pYy, HOMIPHUM
OTIIYIICHHSIM, HYIOTOI0, CJIHO30TEYOI0, 1HOAI —
NEPIITHHAM Y ropii. 3yCTpidya€eThCsi NOYEPBOHIH-
HS1 IIKIPHOTO TMOKPOBY, YACTIIIE Y BUIIISAII JIETKO-
ro pyM’sIHLIS, HEPIJIKO CIIOCTEPIraeThes TaXikap-
Jisi, apTepiaibHa TiNepTeH3is, Oulb y TpyaHii
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Acute CO poisoning induces additional
CO formation in tissues through heme-
dependent induction of heme oxygenase-1
(HO)-1, which is involved in the catabolism
of free heme [34]. Exposure to CO rapidly
further increases cytosolic heme levels in the
brain and other tissues through 3 main mech-
anisms [5, 10, 34]:

— change in heme synthesis, a process regu-
lated by CO;

— release of heme from dissociated COHb
and haemoproteins of tissues with a CO
reservoir;

— disruption of heme storage in mitochondria
due to CO.

After exposure to CO, damaged cytosolic
heme further increases the induction of heme
oxygenase HO™!, which metabolizes heme to
biliverdin. In addition to increasing oxidative
stress and cellular inflammation, free heme
maintains local CO levels, activates cell apop-
tosis and increases tissue hypoxia, and its
catabolism increases iron levels, which
induces the production of active O, species
and initiates ferroptosis [29]. These lesions
due to ischaemia, oxidative stress, cytotoxic
effects of free heme, inflammation and
immune disorders, along with prolonged CO
storage in tissue haemoproteins, lead to the
development of delayed brain pathology (cog-
nitive deficit, depression, ataxia, leukoen-
cephalopathy, long-term coma, haemorrhagic
infarction and other persistent neurological
disorders; as well as heart damage with the
development of arrhythmia, infarction; dam-
age to muscles, liver, kidneys and skin).

Clinical manifestations of acute CO
poisoning and their features in patients in
war conditions. Clinical signs of CO poi-
soning are very diverse and largely nonspe-
cific. The main role in diagnostics is the col-
lection of anamnestic data and information
about household or professional contact with
elevated CO concentrations in inhaled air, as
well as the analysis of HbCO concentration
indicators in the blood [1-6]. The authors
note that mild poisoning is characterized by
headache, a feeling of pulsation in the tem-
poral zone, dizziness, deterioration of visual
acuity, moderate stupor, nausea, lacrimation,
sometimes — a tickle in the throat. Redness of
the skin occurs, more often in the form of a
slight blush; tachycardia, arterial hyperten-
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KT, cyxuid kamenb. Kormenrpamiss COHb y
KpOBI 3a JIeTKO1 (hopMU 3a3BUYAll CTAHOBHUTH BiJI
10 1o 30 %. Konu Bona nHabmamxkaerscs 10 30 %,
y Tali€HTa, K MPaBUIIO, 3’ SIBISETHCS 3aTUILIKA
NPy HAaBaHTAKEHHI.

[Tpu momipHiit popmi XapakTepHi: TOCTpUit
TOJIOBHHUI Oi1b, HYIOTa, OMIOBAaHHS, 3aIlaMOpO-
YEHHS, 3aJJUIIKa B CIIOKOi a00 Mpy HE3HAYHOMY
HaBaHTaXEHH1, MOKITUBI 30y/UkeHHs 200 3araiib-
MOBAHICTh, KOPOTKOYAaCHa BTpara CBIJOMOCTI,
cynomu. Kornenrpauis COHb mpu npomy focs-
rae 30-40 %. [Ipu TsDKKIN (bole KOHHGHTpaHIH
COHD nepesutye 40 %, 10 KITIHIYHUX HpO}IBlB
JIOZIA€ThCS TOPYIICHHS 30pY, aTaKCis, CIHKoIe,
eiidopis, Taxikapmis, TaximHoe. Komun COHb
nocsirae 50-60 % HepiAKO HACTymae KoMma Ta
cynomu. Konu xonuentpariss COHb nepesuiye
60 % — xoMa OLIBII IIHOOKA, ITiJT Yac SIKOi MOKE
HACTYIHUTH CMepTh. Ilpu TKKOMY OTpy€HHI
9aCTO CIIOCTEPIraeThCsl M’A30Ba aCTeHis abo
rineproHis 3 rineppediexciero (piarre), mocaad-
JICHHsSI KOpHEaJhbHUX pediekciB, ¢oTopeakxiii,
MOSIBa Mi03Y, 110 3MIHIOETHCS IBOOTYHUM MijIpia-
30M ab0 aHI30KOpi€l0, MOPYIIYETHCS PHUTM
JUXaHHSA, MAIOTh MICIe TIOPYIIEHHS CEpLEBOrO
pUTMy, apTepiajbHa TimepTeH3is. BuminsroTh
Takox OnuckaBuuny Gpopmy orpyerns CO. Bona
PO3BUBAETHCA, SKIIO KoHIEeHTpalis CO B OBIT-
pi cranoButsh 0,5-1,0 % abo Bume. Ilpu npomy
COHb mBuako mocsrae 60-80 %. [Torepminmii
parnToBO BMAJA€ B KOMY, 3yMHHAETHCS AUXAHHS,
3pEIITOI0 HACTyIMa€e JCKOMICHCOBAHHMM MIOK.
Crnoctepiraerbest TpoiuHe ypakeHHS MIKIPH Y
BUIVISII HAOPSKY, €pUTEMH, ITyXHPIiB, HAITOBHE-
HUX TpanccypatoM. IlimBuinyeThest BSI3KICTH
KpOBi, Takox cropinbHioeThcs IIOE BHacinok
KOMIIEHCATOPHOTO 301IbIICHHS KITBKOCTI €pUT-
pouuTiB Ta BMicTy Hb "epes rinokciro.

[TpoBeneHmii HAMH PETPOCTICKTUBHUM aHAi3
YaCcTOTU Ta OCOOJIMBOCTEH KIIHIYHUX HpOﬂBiB y
XBOpHX 3 rocTpum otpyentsvM CO, rocmitaniso-
BAHWX Y BIZUIUICHHS TOKCHKOIOTI Ta iHTCHCHB-
Hoi Tepamii JIILIM/] m. KueBa, mokazas, 1o 3a
POKHM BIffHM TOCIITai30BaHO 3HAYHO 6iane
XBOpHX, HiK A0 Hel. SIkmio 3a moBoenuuit 2021
pik Oyn0 rocmiTamizoBaHO 23 TAIliEHTH Tepe-
BaXXHO 3 JieTkuM ctyneHeM (13 xBopux) Ta 3
cepennim ctyneHeMm (10 XBOpHX) OTpy€eHHS, TO
3a 2022 pik HaAIWIUIO 70 JIiKapHI Maike BB
Oinpmie xBopux (35 marieHTiB, 37€OUTBIIOTO
CEPEIHBOTO Ta TSHKKOTO CTYIEHIB — 26 1 9 XBo-
pUX BiJIMOBITHO, 3 HUX TPOE 3aruHyI0). 3a 2023
pik TrocmiTanizoBaHo 36 XBOpHX, TEPEBAKHO
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sion, chest pain, and dry cough are also
observed. The concentration of COHb in the
blood in mild forms usually ranges from 10
to 30 %. When it approaches 30 %, the
patient typically develops shortness of breath
on exertion.

In the moderate form, the following are
characteristic: acute headache, nausea, vom-
iting, dizziness, and shortness of breath at
rest or with slight exertion, possible excite-
ment or inhibition, short-term loss of con-
sciousness, convulsions. The concentration
of COHb in this case reaches 30—40 %. In the
severe form, the concentration of COHb
exceeds 40%, and visual impairment, ataxia,
syncope, euphoria, tachycardia, tachypnea
are added to the clinical manifestations.
When COHb reaches 50-60 %, coma and
convulsions often occur. When the concen-
tration of COHb exceeds 60 %, the coma is
deeper, stupor develops, during which death
may occur. In severe poisoning, muscle
asthenia or hypertension with hyperreflexia
(less often), weakening of corneal reflexes,
photoreactions, the appearance of miosis,
which is replaced by bilateral mydriasis or
anisocoria are observed; the respiratory
rhythm is disturbed, cardiac rhythm distur-
bances, and arterial hypertension occur. A
fulminant form of CO poisoning is also dis-
tinguished. It develops if the concentration of
CO in the air is 0.5-1.0 % or higher. In this
case, COHb quickly reaches 60—-80 %. The
victim suddenly falls into a coma, breathing
stops, and eventually decompensated shock
sets in. Trophic skin damage is observed in
the form of edema, erythema, blisters filled
with transudate. Blood viscosity increases,
and ESR also slows down due to a compen-
satory increase in the number of erythrocytes
and Hb content due to hypoxia.

Our retrospective analysis of the frequen-
cy and characteristics of clinical manifesta-
tions in patients with acute CO poisoning
hospitalized in the Department of Toxicology
and Intensive Care of the KCCHEMC in
Kyiv showed that significantly more patients
were hospitalized during the war than before
it. If in the pre-war year 2021, 23 patients
were hospitalized, mainly with mild (13
patients) and moderate (10 patients) poison-
ing, then in 2022 almost twice as many
patients were admitted to the hospital (35
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CEPEHBOTO Ta TSHKKOTO CTYTeHIB — 28 1 8 Bimo-

BiJIHO (ouH XBopui 3arunyB). Tak, y ciuni 2024

POKY IiCIIsl paKETHOTO 00CTpliTy OararornoBepxo-

BOT'0 KHUTIOBOT0 OynuHKY B KueBi moctpaxianu

54 monuuu: 6 oci6 3aruHyno, 9 — rocmitanri3zoBa-

HO 110 BigauieHHs micbkoi JILIIM/JL 3 roctpum

OTPYEHHSIM YaJIHUM ra3oM, 3a005IMU Ta HEBEJIH-

KUMH OIKaMHM, 1HII MOCTPa)aali 3aJIe’kHO BiJl

nepeBakaHHs MaToJIOTii HaAIMILIN 0 TpaBMa-

TOJIOTIYHOTO BIJAUIEHHS abo /0 OIMIKOBOTO

1neHTpy. I3 rocmitanizoBaHUX 10 TOKCHKOJIOTIY-

HOTO BiAIIeHHS (9 XBOpUX) — 2 MAIIEHTH 3 TSAK-

KUM CTYIIEHEM IHTOKCHKAIii, 7 — 13 CepeaHiM.

JlikyBaHHST TPOBOAMIIOCSA 3 NPHU3HAYCHHSAM

KHUCHIO, aHTUOKCHJIAHTIB (IUTO(IIaBIHY, MEKCH-

noiy, anbda-minoeBoi Kuciaotu, BitamiHiB C,

rpynu B Ta cumnromaTiuHoi Teparii).
Otpyennss CO mij 4ac BOEHHUX [ MaroTh

CBOi 0COOJIMBOCTI, OCKUIBKH HEPIJIKO BOHH PO3-

BUBAIOTHCSL Yepe3 pyHHYBaHHs OylIBEb MICII

0o0CTpiIiB pakeTamMu a00 JpOHAMHU 13 3aiiMaH-

HSIM, 3 BIUIMBOM BHOYXOBHUX T'a3iB 1 BUHHUKHEH-

HSIM TOXKEXK 3 yTBOpeHHsAM He nuiie CO, ane i

OUTBII TOKCUYHUX Ta3iB (L1aHIAIB Ta iH.). OKpiM

OTPY€HHS TMPOAYKTaMU TOPIHHS Y XBOPHX

3 SIBJISIIOTBCS MHOXKMHHI OIIKM W TpaBMU —

YacTilIe YEpPEermHO-MO3KOBI, a TaKOXK IMEPEIIOMU

KiHIIBOK. Yepe3 noBrorpupajne nepeOyBaHHS

mij 3aBajiaMu OyIUHKIB y JMMY, OCOOJIMBO B

XOJIOMHUI TepioJl POKY, NPUEAHYIOTHCS CTHC-

HEHHSI M’s131B, MEPEOXOJIOIKEHHSI OpraHi3My Ta

TpuBasinii crpec. OTke, Takl MOCTpaXkaall roc-

MITaTi3yI0ThCS 10 BIAMOBIIHUX BIAJAUICHB JIKY-

BAJILHUX 3aKJIaJiB, 3aJICKHO BiJl OCHOBHOI I1aTO-

JIOT1:

— JI0 TOKCHKOJIOTTYHOTO BIJIUICHHS TpU Tepe-
Ba)kaHHI cuMIIToMiB 1HTOKCHKaIl CO;

— 10 OITIKOBOTO BiIIiJIEHHS a00 OIIKOBOIO LIEHT-
Py IIpH BUPAKESHUX OITIKAX;

— JI0 TPaBMAaTOJIOTIYHOTO BIIIJIEHHS TP TOJIi-
TpaBMax, a TaKoX 3a HEOOXI1AHOCTI TepMIHO-
BOT'0 XIpypriYHOIrO BTPyUYaHHSI.
3anmino3putu orpyenns CO, ocoOnuBO mpu

HAJ3BUYAHUX CUTYAIISIX 3 BEJIUKOI KUIBKICTIO

MOTEPIUINX, JOTIOMArae HacTyMHa 1H(opMaris:

— HasBHICTb MOXKJIMBOTO JDKEpesa YTBOPEHHS
CO: pi3HOMaHITHI ONaJOBAIbHI TPUIAIH,
JBUTYHU BHYTPIIIHBOTO 3TOPSIHHS, IOTaHO
MPOBITPIOBaHI ab0 3aKpUTI MPUMILIECHHS,
PYHHYBaHHS )KUTIOBUX 1 HEKUTIIOBUX OyIHH-
KiB IT1J1 4aC aTaKu paKeTamMu Ta Oe3MIJIOTHUMHU
JITAJIBHUMU —amnaparaMy 13 3aliMaHHSM,
3aIMMJICHICTIO Ta MIiJBUIIEHOK KOHIIEHTpa-
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patients, mostly moderate and severe — 26
and 9 patients, respectively, three of whom
died). In 2023, 36 patients were hospitalized,

mainly moderate and severe — 28 and 8,

respectively (one patient died). Thus, in

January 2024, after a rocket attack on a

multi-storey residential building in Kyiv, 54

people were injured: 6 people died, 9 were

hospitalized to the department of the

KCCHEMC with acute carbon monoxide

poisoning, bruises and minor burns, the

remaining victims, depending on the preva-
lence of the pathology, were admitted to the
trauma department or to the burn centre. Of
those hospitalized in the toxicology depart-
ment (9 patients), 2 patients had a severe
degree of intoxication, 7 had a moderate
degree. Treatment was carried out with the
administration of oxygen, antioxidants

(cytoflavin, mexidol, alpha-lipoic acid, vita-

mins C, group B and symptomatic therapy).

CO poisoning during military operations
has its own characteristics, since they often
develop due to the destruction of buildings
after shelling with missiles or drones with
ignition, with the influence of explosive gases
and the occurrence of fires with the formation
of not only CO, but also more toxic gases
(cyanides, etc.). In addition to poisoning by
combustion products, patients have multiple
burns and injuries — most often craniocere-
bral, as well as fractures of the limbs. Due to
long-term stay under the rubble of buildings
in smoke, especially in the cold season, mus-
cle contractions, hypothermia of the body and
prolonged stress are added. Therefore, such
victims are hospitalized to the appropriate
departments of medical institutions, depend-
ing on the underlying pathology:

— to the toxicology department if symptoms
of CO intoxication prevail;

— to a burn unit or burn centre at severe
burns;

— to the trauma department in case of multi-
ple injuries, as well as if urgent surgical
intervention is necessary.

The following information helps to sus-
pect CO poisoning, especially in emergency
situations with a large number of victims:

— the presence of a possible source of CO for-
mation: various heating devices, internal
combustion engines, poorly ventilated or
closed rooms, destruction of residential
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miero CO B MOBITPi;

— OJHOYACHHI PO3BUTOK KJIIHIYHHX CHMIITOMIB
a00 O3HAK OTPYEHHS B THX, XTO 3HAXOMUTHCS
Nopy™, HANpUKIaj, BTpara CBIOMOCTI 4JTe-
HIB CiM’T, CHIBPOOITHUKIB, TOMAIIIHIX TBAPUH;

— TOJIMIICHHS CTaHy MOTePIUINX MiCHsl eBaKya-
Iii JIFOMMHM Ha CBDKE TMOBITPS a0o0 Mmicis
3aCTOCYBaHHS KUCHEBOI 1HTaJISIIII.
JlaGoparopHi MeTomU ,Z[OCJ'IiI[)KeHH}I 3a

roctpux orpyerh CO MOmAraroTh B SKICHOMY Ta

KigbKicHOMY BrsHauenHi BMicty COHb y kposi

JUISL BCTAHOBIICHHS 00 MiATBEPKCHHS JIarHo-

3y, BU3HAUEHHsI TiMOKCIi, Ta3iB KPOBi, KHCIOTHO-

Jy’KHOTO CTaHy JAJIs (bopMyBaHHﬂ TaKTHKH JIKY-

BaHHS Ta MPU HEOOX1THOCTI ii KOpPEKIIii.
Kniniuna kapTuHa He 3aBKIU BiANOBiZae

pieato COHb y kpoBi, 3aJ€XUTh BiJ 4Yacy, II0

MHUHYB 3 MOMEHTY OTPY€HHS, POBEACHOI OKCHU-

reHoTeparmii Ta HasBHOCTI B aHaMHeE31 (akTy

CIIOKMBaHHS TIOTIOHOBUX BHpPOOIB. YCIM XBO-

puMm mnpoBoasaTbes EKI-mocmimkenHs mis

BU3HAYCHHS TSHKKOCTI ilIeMii Miokap/a ta peHT-

reHorpadisi JiereHb, BPaXOBYIOTHCSI MOXIIUBICTb

TOKCHYHUX, TEPMIUHUX, (PI3UUHUX ypakeHb Ta

acmipauiiHuX yCKJIaJHEeHb, 0COOIMBO B YMOBaX

BIlHH.

BinTtepminoBana maroJiorisi y XBOpMX Ha
roctpe orpyenns CO. Y xBopux, siKi IepeHec-
mu roctpe otpyerHHs CO B cepemHild 1 TSDKKIH
dopmax y 30-40 % BHUMaIKiB PO3BUBAETHCS Bifl-
TEpPMiHOBaHA MATOJIOTIs PI3HUX OPTaHiB i CUCTEM
MEPEBAYKHO MPOTATOM 2—3 MicsiiB. Haltuacrime
PO3BHUBAETHCS TICUXOHEBPOJIOTIYHA MATOJIOTIS 3
MOPYIICHHSM TaM’Ti, TOBEIIHKH, 3 PO3BUTKOM
Jenpecii, arakcii, IHCYabTy a00 BiATEpMIHOBaHOT
TokcuuHoi eHuedanonarii (BTE), Hepigko 3
TSOKKUM TIepediroM 1 cMepTeIbHIUMH HaCJiIKa-

u [35, 36, 38, 39, 43]. Maibke 3 Takow X

YaCTOTOI0 PO3BUBAIOTHCS Kap/iaidbHi MOPYIIECH-

HS Yy BUDVISIII TOKCHYHOI KapJioMiomnarii, apuT-

Mmii, iHdapkTy [48-53], Hepiz[Ko CIIOCTEPIraroTh-

Csl IIOPY IICHH ¢byHKIiT mewinku [44], YPaKCHHSI

M’s131B 13 PO3BUTKOM pabaaMionizy 1 HeOCTaTHi-

cTi0 HUPOK [31], OpOHXO-JIEreHEeBOI CUCTEMH,

HIKipH, a TAaKOXX MOTIPIICHHS 30py Ta CIyXY.
Haituacrime y XxBopux micis OTPY€HHS CcO

HACTA€ PO3BHTOK JOBIOTPUBAIIHX HerOKorHl-

THBHHX YCKIaJHCHb 3 TOTIPLICHHAM I1aM’sTi,

PO3BUTKOM BHPA)KEHOI KOTHITUBHOI z[I/IC(byHKuu,

Jernpecii 3 MposiBaMU BECTHOYISPHOTO 1 MOTOp-

Horo gaedimuty. Lli mopymenus B 30-40 %

BUTIAJIKIB PO3BUBAIOTHCS 4Yepe3 6 THXKHIB a0o

MI3HIIIE 1 MOXYTh TPUMATHUCS TIPOTSITOM JEKiTh-
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and non-residential buildings during an

attack by missiles and unmanned aerial

vehicles with ignition, smoke and
increased CO concentration in the air;

— simultaneous development of clinical
symptoms or signs of poisoning in those
nearby, for example, loss of consciousness
in family members, employees, pets;

— improvement of the condition of the vic-
tims after evacuating the person to fresh
air or after using oxygen inhalation.
Laboratory methods of research in acute

CO poisoning consist of qualitative and

quantitative determination of the content of

CO in the blood to establish or confirm the

diagnosis, determination of hypoxia, blood

gases, acid-base status to form treatment tac-
tics and, if necessary, its correction.

The clinical picture does not always corre-
spond to the level of COHD in the blood, it
depends on the time elapsed since the poi-
soning, the oxygen therapy performed and
the presence of a history of tobacco con-
sumption. All patients undergo ECG tests to
determine the severity of myocardial
ischaemia and lung radiography, taking into
account the possibility of toxic, thermal,
physical lesions and aspiration complica-
tions, especially in war conditions.

Delayed pathology in patients with
acute CO poisoning. In patients who have
suffered acute CO poisoning in moderate and
severe forms, delayed pathology of various
organs and systems develops in 30—40 % of
cases, mainly within 2—3 months. Most often,
psychoneurological pathology develops with
impaired memory, behaviour, with the devel-
opment of depression, ataxia, stroke or
delayed toxic encephalopathy (DTE), often
with severe course and fatal consequences
[35, 36, 38, 39, 43]. Cardiac disorders devel-
op with almost the same frequency in the
form of toxic cardiomyopathy, arrhythmia,
and infarction [48-53], liver dysfunction [44],
muscle damage with the development of
rhabdomyolysis and renal failure [31], bron-
chopulmonary system, skin, and impaired
vision and hearing are often observed.

Most often, patients after CO poisoning
develop long-term neurocognitive complica-
tions with memory impairment, development
of severe cognitive dysfunction, depression
with manifestations of vestibular and motor
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KOX pOKiB. BapTo 3a3HaumTH, 10 TIKKICTH
MOYaTKOBUX CHMITOMIB HE OOOB’S3KOBO KOpe-
JIIO€ 3 PO3BUTKOM JIOBIOTPUBAJIMX HEBPOJIOT1Y-
HUX MOPYIIEHb.

ExcriepumenTanbHi Ta KIHIYHI 10CTKSHHS
MOKa3aJIy, 110 HIIIIOETHCS] PO3BUTOK HEHPOIICH-
X14HUX TOpyLIeHb, 0cobauBo BTE y xBopux, siki
nepeHecnu rocrpe orpyennss CO B cepenHii 1
TSOKKIN (hopMax, € TaKoXK 1HII MaTodi3ioaoriyHi
MexaHi3Mu. OTHUM 3 OCHOBHHUX (DaKTOpiB € pPO3-
BUTOK T1MOKCIT 3 MITOXOH/IP1aJIbHOIO TUC(YHKITI-
€0 [32, 33] ta axkTHBI3aIisS TPOOKCUIAHTHUX
peaxiiii 3 HaKOMUYEHHSM akTUBHUX (popm O,,
a30Ty 1 aKTUBAIIIl MPOLIECIB MEPEKUCHOTO OKHC-
HenHs mimiais (I1OJ) 3 nerpanaiiero HeHacuye-
HUX KUPHUX KUCIIOT Ta 3 (POPMYBAHHSIM 3aIiajlb-
HUX Ta aBTOIMYHHHUX pEAaKIiii 3 yTBOPEHHSM
aJJIyKTIB 3 OCHOBHMM Ol1KOM Mieniny [5, 10,
35-38, 43, 44]. LlpoMmy crpusic HaKONUYEHHS
COHb y TkanumHax MO3Ky 3 (OpMyBaHHSIM
pesepByapy CO, 0cobauBO y 3B 53Ky 31 3aJ1130B-
MicHuMH Temoriporeinamu — Ngb, Cygb, Mgb,
SIK1 IHTEHCUBHO €KCIIPECYIOThCS B HEPBOBIH TKa-
HUHI npu rinokcii ta orpyenni CO [10, 14].
®opmyBaHHs pe3epByapy CO y MO3KYy Takox
CIPUYHUHSE HOro €HJIOT€HHE YTBOPEHHS 4epes
mucouianito COHb ra BusinibHenHst CO 3 iHIIKUX
reMONPOTETHIB 13 HAPOCTAHHSIM PIBHS BUIBHOTO
reMy IiJ] BIUVIMBOM aKTHBAIlli FTeMOKCUTeHa3H — |
(HO -1) — ocHOBHOrO MOAYASITOpA 3aMajeHHs Ta
anorito3y [10, 34]. Kpim Toro, ToKCM4YHOMY
BBy CO crpusie posnaj; BUIBHOTO TeMy 3i
301IbIIEHHSIM PIBHA 3ajli3a Ta aKTUBALIEIO MPO-
OKCHJIaHTHHUX MPOIIECIB (PeponTo3y — HEUI0AaB-
HO ONUCaHOi HOBOI (POPMM KIIITUHHOI CMEpTI
nopsiJl 3 anornTo3oM 1 aytodarieto [29].

JlomaTkoBUMH MOTECHIIIHHUMH MEXaHI3MaMH €
crpoBokoBaHe CO moOpylIeHHS peryisiii
BuBUIbHEHHSI NO €HIO0TeNEM CYIUH 1 TpoMOO-
HUTApPHUMU KJIITUHAMU Ta YTBOPEHHS MPOOKCH-
JAHTHOTO TEPOKCHUHITPUTY, LIO TAKOX CIIPUSE
MITOXOHJpiajdbHIM JUCQYHKIII, amnonTo3y i
dbepornrosy [43, 44, 46].

HemonaBno Oyna 3ampornoHOBaHa Teopist
KaTeXO0JIaMIHOBOTO KpH3Y, IK OCHOBHMI marodi-
310JI0TYHUA MeXaHi3M (OpPMYBaHHSI OTPY€EHb
CO [46-48], momiOHMIT 1O 1HTOKCHKAIII KOKai-
HOM, IrepoiHOM Ta meTtamditamiHom [47], konu
TaKOX Ma€ MICLE CXOXKE YpaXKeHHs TBOCTOPOH-
HiX Oa3anpHUX TraHnmiB Ta Omigoi kymi. Ilpu
roctpomy oTpyeHH1 CO cumMnarnyHa akTUBHICTh
1 MOJaNbIIUI PIBEHb KaTEX0JIAMIHIB Y CHHAICax
a00 HEpPBOBUX 3aKIHYEHHSIX I1JBUILYIOTHCS,
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deficit. These disorders in 30-40 % of cases
develop after 6 weeks or later and can persist
for several years. It is worth noting that the
severity of the initial symptoms does not nec-
essarily correlate with the development of
long-term neurological disorders.

Experimental and clinical studies have
shown that the development of neuropsychi-
atric disorders, especially DTE, is initiated in
patients who have suffered from acute CO
poisoning in moderate and severe forms, and
there are also other pathophysiological
mechanisms. One of the main factors is the
development of hypoxia with mitochondrial
dysfunction [32, 33] and the activation of
prooxidant reactions with the accumulation
of active forms of O,, nitrogen and activation
of lipid peroxidation (LPO) processes with
the degradation of unsaturated fatty acids and
the formation of inflammatory and autoim-
mune reactions with the formation of adducts
with the basic myelin protein [5, 10, 35-38,
43, 44]. This is facilitated by the accumula-
tion of COHb in brain tissues with the forma-
tion of a CO reservoir, especially in connec-
tion with iron-containing haemoproteins —
Ngb, Cygb, Mgb, which are intensively
expressed in nervous tissue during hypoxia
and CO poisoning [10, 14]. The formation of
a CO reservoir in the brain also causes its
endogenous formation through the dissocia-
tion of COHb and the release of CO from
other haemoproteins with an increase in the
level of free heme under the influence of the
activation of heme oxygenase — 1 (HO -1) —
the main modulator of inflammation and
apoptosis [10, 34]. In addition, the toxic
effect of CO is facilitated by the breakdown
of free heme with an increase in the level of
iron and the activation of pro-oxidant
processes of ferroptosis — a recently
described new form of cell death along with
apoptosis and autophagy [29].

Additional potential mechanisms include
CO-induced dysregulation of NO release by
vascular endothelium and platelet cells and
the formation of the prooxidant peroxynitrite,
which also contributes to mitochondrial dys-
function, apoptosis, and ferroptosis [43, 44,
46].

Recently, the theory of catecholamine cri-
sis has been proposed as the main pathophys-
iological mechanism of CO poisoning [46-




KJITHIYHA TOKCHKOJIOI'ISA

oco0nuBO B JIMOIYHIN cHCTEMI TOJIOBHOTO
Mosky. CO-acouiifoBaHa TiMokcis B CMyracTomy
Timi rokasye HiBUIICHHS T0(aMiHy 1 3HIKSHHS
HIBUIKOCTI oro o6opoty. Hapnmummok nodpaminy
B CHHANCAX OLIOI PEYOBMHH MOXE 30epiraTucs
MPOTATOM AEKITBKOX THIKHIB, MOCHIIIOIOUN OKH-
CIIIOBAJIbHUN MeTaboi3M ILO(l)aMlHy, 0 TeHe-
pye peaktusHi (opmu O, a30Ty Ta BUKIHKAe
AHOMaJIbHI 3alallbHi PEaKIli, 1 SIK HACTIIOK —
CEpOTOHIHEPTiYHE MOIIKOPKEHHSI aKCOHIB Ta
MI€JTIHY 3 PO3BUTKOM BiAITEPMIHOBaHOI JICHKOCH-
nedanonarii (BJIE) abo inmmx CO-acomiiioBa-
HUX HEBPOJIOTIYHMX ypakeHb. KpiMm TOTO, €Kc-
NEPUMEHTANbHI JOCHIHPKeHHS MOKa3alu, IO
PO3BUTKOBI HeHpo3anaibHUX MPOIECIB MIiCIs
BBy CO crpusie 301TbIIeHHS B TKaHHUHAX
MO3KY KUIBKOCTI MIKPOYaCTHHOK — JICPUBATIB
aCTpouHTiB [40], L[I/IC(l)yHKuiﬂ Ta TOPYIICHHS
perenepartii omirogeHaporuTiB [41] i PO3BHTOK
AMCGYHKIIIT Ta MOPYIIEHb pereHepawtii Mikporii
[45], a Tako)K aKTUBAIIiS armoNTo3y 1 GeponTo3y
[29].

Jlns pannboi miarnoctuku BJIE oOrpyHTOBa-
HO OiOMapKepH MOTECHIIIMHOTO PU3HUKY PO3BUTKY
Ta OI_[iHKI/I TSDKKOCTI 11 1epeOiry: miaBUINEeHHS B
KpOBI piBHS HelpocnenudiyHoi eHoIa3u (NSE)
[42] npoteiny S100 [39], ocHoBHOTO OiTKa Mi€-
niny (OBM) y cimaHOMO3KOBI# piguHi [10, 37],
piBHSI OiIKa KOIEHTHHY B KPOBI — KiHIIEBOTO
dbparMeHTy menTumy mnposazomnpecuny [47],
HeﬁpOcheuH(bquHX Hekoaytounx Mikpo-PHK
[10] Ta MOKa3HMKIB 3aMajbHOTO TPOIECY (C-
npoteiny, ILIOE, piBHS nelKoIUTO3y, TPOMOHI-
Hy, KpeaTWHKiHa3u Ta iHmux) [39, 40, 47].
[TposiBE HEBPOJIOTTYHHUX MOPYIIEHb a00 PO3BUT-
ky BJIE cmocrepiratotecsi depe3 1-2 micsis
BBy CO 'y BI/IFJ'I}II[i MOpyIIeHb TaM’sITi, 1ei-
pifo, eKCTpamipaMiXHHX TOPYIICHb HEPBOBOI
CHCTEMH, CHMITOMIB cuHApoMy Ilapkincoma, 10
AKUX TPHUEAHYIOTHCA MPOABH MipaMilaibHOT
HEIOCTAaTHOCTI (ITO3UTHBHI MMaTOJIOTI4HI pedek-
CH, HETPUMAaHHS CE€4i), a TAKOXK O3HAKH KOPTH-
KaJabHOI qucdyHKIi (adasis, mopymeHHs 30py i
CIIyXy, BTOPHHHA eTtijierncis Ta iH.) [38, 39].

OpnuMm i3 HaiiHGOpMaTUBHIMKMX 3ac00iB
niarnoctukd BE € MPT. V mnarienTiB 3 otpy-
enHssM CO 3 HEBPOJIOTIYHUMH MOPYUICHHSIMH,
SK TPaBWIO, BUSBISIOTH TiNEPIHTEHCUBHICTH
Ou101 peyoBHHU Ta arpodiro Timokamiry. Takox
MOXYTh OyTH ypaxXeHi TaJaMmyc 1 XBOCTaTe sIpo,
3’BISAIOYMCh Ha 300pakeHHi MPT y Bursami
TiMNEepiHTEHCUBHUX BOTHHII. Y JyX€ TSDKKUX
Bunaakax oTrpyeHHs CO ypaxaroTbcs OLIbII
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48], comparable to cocaine, heroin, and
methamphetamine intoxication [47], where
similar lesions of the bilateral basal ganglia
and globus pallidus also occur. In acute CO
poisoning, sympathetic activity and subse-
quent levels of catecholamines in synapses or
nerve terminals are increased, especially in
the limbic system of the brain. CO-associated
hypoxia in the striatum shows an increase in
dopamine and a decrease in its turnover rate.
Excess dopamine in white matter synapses
can persist for several weeks, enhancing
oxidative metabolism of dopamine, which
generates reactive O, and nitrogen species
and causes abnormal inflammatory reactions,
and as a result, serotonergic damage to axons
and myelin with the development of delayed
leukoencephalopathy (DLE) or other CO-
associated neurological lesions. In addition,
experimental studies have shown that the
development of neuroinflammatory processes
after CO exposure is facilitated by an increase
in the number of micro particles in brain tis-
sues — derivatives of astrocytes [40], dysfunc-
tion and impaired regeneration of oligoden-
drocytes [41] and the development of dys-
function and impaired regeneration of
microglia [45], as well as the activation of
apoptosis and ferroptosis [29].

For early diagnosis of DLE, biomarkers of
potential risk of development and assessment
of the severity of its course have been sub-
stantiated: increased blood levels of neu-
rospecific enolase (NSE) [42], S100 protein
[39], myelin basic protein (MBP) in cere-
brospinal fluid [10, 37], blood levels of
copentin protein — the final fragment of the
provazopressin peptide [47], neuron-specific
non-coding microRNAs [10] and indicators
of the inflammatory process (C-protein,
ESR, leucocytosis level, troponin, creatine
kinase, etc.) [39, 40, 47]. Manifestations of
DLE are observed 1-2 months after CO
exposure in the form of memory impairment,
delirium, Parkinson’s syndrome, pyramidal
insufficiency (positive pathological reflexes,
urinary incontinence), as well as cortical dys-
function (aphasia, visual and hearing impair-
ment, secondary epilepsy, etc.) [38, 39].

One of the most informative tools for diag-
nosing DLE is MRI. Patients with CO poi-
soning who are neurologically impaired typi-
cally show white matter hyper intensity and
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CTIHKI J10 11IeMii 1HII1 CTPYKTYPH, 30KpeMa CTOB-
Oyp MO3Ky Ta MO3040K. BigTepMiHOBaHa MOCTTi-
MOKCUYHA JIeHKOeHIIe(anonarisi MoKe po3BUHY-
THUCh TPOTATOM BIJ KIJIBKOX JHIB JIO THXKHIB,
1HOZ1 MICJISI TPUBAJIOT 3yMUHKH Ceplist a00 MIOKY
[35, 38, 39]. [1i3HiM BUSBICHHSIM Bizyasizallii Ha
MPT e nudysna arpodiss roroBHOTO MO3KY
BHACJIIJIOK HEMPOHAJILHOTO HEKPO3y Ta aromnTo-
3y. [lpudomy 111 3MIHH CHOCTEPITAIOThCS SIK Y
NAaLi€HTIB 13 TPUBAJIUM HEHPOKOTHITUBHUM
nedinuTom, Tak 1 6€3 HbOro. 3a OUTBII TSIKKOTO
OTPY€EHHS 111 3MIHM MOXKYTb BUHUKATU B MIIKIP-
KOBIM OUIIH peuoBUHI, MO30JIMCTOMY T1JI1, BHYT-
PIIIHIX 1 30BHIMIHIX Kancynax. Bouu ayxe tpu-
Baji. Tak, y TOBroCTpOKOBOMY JTOCJIIKEeHH1 129
maxrapiB, siki nepeHeciau roctpe orpyeHas CO
micisk MaciuTabHOi aBapii Ha miaxTi, dyepe3 33
poku B 72,0 % Bunankis npu MPT BusiBneHo
BOTHHUIIA IiepedpanbHOi arpodii Ta iaKyHapHi
1H(apKTH.

VY cTpykTypl BIATEpPMIHOBAHOI MaTOIOTIi
cepell XBOpHUX, Kl IMEpPEeHeCId TSHKKI Qopmu
orpyeHHst CO, 1 sika MOXKE PO3BUHYTHUCS Ofipa3y
HicIIst OfyKaHHs a0o OyTH B1ITEPMIHOBAHOIO Ha
1-2 wmicsiy, € He TUIbKW TIMOKCUYHUN HaOpsK
rOJIOBHOTO MO3KY Ta FIOKCHYHA eHIedanonaris
abo neiikoeHIedanonaris 31 CTINKUM HEBPOJIO-
rYHUM eiuToM, ane i KapaiaabHa TUCYHK-
111, IHpaApKT MIOKap/ia Ta rocTpa HeJOCTATHICTD
CHUCTEMHOIO KpOBOOOITY, a TaKOX YpaKeHHs
M’s31B 3 pabaoMIONi30M Ta MIODIOOIHYpis 3
rOCTPUM TOLIKO/KEHHSIM HUPOK [31], rimokcuy-
HUI HaOpsIK JIEreHb, YPAKEHHS IIKIPH, MEUIHKH
Ta iH. [41, 44]. ¥V nonan 30 % BUMaAKiB y XBO-
pPHUX 3 IOMIPHOIO Ta TSXKKOIO (POPMOIO OTPYEHHS
CO po3BUBAETHCS YPAKEHHS CEPLIEBO-CYIUHHOI
cuctemu. bumbm Bucoki piBai HbCO acomwiro-
IOTBCSL SIK 3 TOCTPHUM, TaK 13 BIATEPMIHOBaAHUM
PO3BUTKOM TOKCHYHOI KapJioMionarii, apuTmii
abo iHQapkry wmiokapaa [47-53]. Bucoxuii
piserb HbCO B kpoBi Moxe OyTH 1HIUKAaTOpPOM
3HaYHOTO  PHU3UKY PO3BUTKY 1H(GAPKTY SK Y
rOCTPUIA MEpiojl OTPYEHHS, TaK 1y BIITEPMIHO-
BaHui. Big3zHadyeHo, 1o Maike moJIOBHHA TaIli-
€HTIB 3 oTpyeHHsIMU CO Manu 3HUKEHY (yHK-
II}0 JIIBOTO NUTyHOYKA Ta MiABUIICHHS PIBHSI B
KPOBI1 Kap/l10BaCKyJISIPHUX MapKepiB (TPOIOHIHY
Ta iH.) [48, 53]. 3MeHIlIeHHs TOCTaYaHHs KUCHIO
Ta CKOpOYYBAJIbHOI 3JaTHOCTI MiIOKapja MpH
orpyeHH1 CO uyacTile npu3BosATh 10 1H(PAPKTY
MiOKap/ia B MAIlIEHTIB, AKI CTPaXAAr0Th Ha 1IlIe-
MiyHy xBopoOy cepus [50, 51]. Lle cnpuun-
Hst0Th BUcOKi piBHI HbCO, sKki miaBHILYIOTH

CLINICAL TOXICOLOGY

VKPATHCBKUIA )KYPHAJT CYYACHUX TTPOBJIEM TOKCHUKOJIOTTT /
UKRAINIAN JOURNAL OF MODERN PROBLEMS OF TOXICOLOGY 1/2025

hippocampal atrophy. The thalamus and cau-
date nucleus may also be affected, appearing
as hyper intense foci on MRI. In very severe
cases of CO poisoning, other structures that
are more resistant to ischaemia, such as the
brainstem and cerebellum, are affected.
Delayed post hypoxic leukoencephalopathy
may develop over days to weeks, sometimes
after prolonged cardiac arrest or shock [35,
38, 39]. A late imaging finding on MRI is dif-
fuse brain atrophy due to neuronal necrosis
and apoptosis. These changes are seen in
patients with and without long-term neu-
rocognitive deficits. In more severe poison-
ing, these changes can occur in the subcorti-
cal white matter, corpus callosum, internal
and external capsules. They are very long-
lasting. Thus, in a long-term study of 129
miners who suffered acute CO poisoning
after a large-scale mine accident, after 33
years in 72.0 % of cases, MRI revealed foci
of cerebral atrophy and lacunar infarctions.
The structure of delayed pathology among
patients who have suffered severe forms of
CO poisoning, which can develop immediate-
ly after recovery or be delayed for 1-2
months, includes not only hypoxic cerebral
edema and hypoxic encephalopathy or
leukoencephalopathy with persistent neuro-
logical deficit, but also cardiac dysfunction,
myocardial infarction and acute systemic cir-
culatory failure, as well as muscle damage
with rhabdomyolysis and myoglobinuria with
acute kidney injury [31], hypoxic pulmonary
edema, skin, liver damage, etc. [41, 44]. In
more than 30% of cases, patients with moder-
ate and severe CO poisoning develop damage
to the cardiovascular system. Higher levels of
HbCO are associated with both acute and
delayed development of toxic cardiomyopa-
thy, arrhythmia or myocardial infarction [47-
53]. High HbCO levels in the blood can be an
indicator of a significant risk of developing a
heart attack both in the acute period of poi-
soning and in the delayed period. It has been
noted that almost half of patients with CO
poisoning had reduced left ventricular func-
tion and increased levels of cardiovascular
markers in the blood (troponin, etc.) [48, 53].
Reduced oxygen supply and myocardial con-
tractility in CO poisoning often lead to
myocardial infarction in patients with
ischaemic heart disease [50-51]. This is




KJITHIYHA TOKCHKOJIOI'ISA

PHU3HMK apTepiaibHOTO Ta BEHO3HOTO TPOMOO3Y.
Kpim Toro, rmobanbpHa eHaoTeniaabHa TuchyHK-
1is1, copmoBana miy BrutuBoM CO, Ta mocHiIeHE
YTBOPEHHS BIJBbHUX paJWKalliB 301IBIIYIOTH
KOpPOHapHY Ba30KOHCTPHKIIIIO [32-34].
ITizBuiene TpOMOOYTBOPEHHS MPH OTPYEHHI
CO, iiMoBipHO, BiAOYBa€eTbCs HE JHILIE uepes3
36iJ’II>HI€HH}I arperaiii TpoMOOIIMTIB, a ¥ Yepe3
yTBOpEHHS (iOPUHOTECH3B SI3aHOTO TEeMy Ta
30UTBIICHHST KUIBKOCTI BUIBHOIUPKYIIOKOYOTO
remy. Kpim Toro, CO 30ibIIIy€e eKCIpecito 1HIy-
ubenbHoi NO-CHHTa3H, sKa OMOCEPEIKOBYE
NO-iHgyKOBaHE TOIIKODKCHHS MioKapaa Iif
qac imemii-penepdysii, a Takok depe3 iHTiIOy-
BaHHS OKHUCHOTO (hOCHOPUITIOBAHHS Ta MPSIMOTO
3B s3yBanHs CO 3 remom Hb, Mgb ta Cygb, siki
MaroTh B KapJiOMIOIUTaxX Ta IHIIUX TKAHUHAX Y
30-60 pa3iB OinbmTy criopimHeHicTh A0 CO, HiX
1o kucHto [10]. L1i pakTopn BUKIMKAIOTH Ceplie-
BY TUCQYHKIIIIO Ta 1H(1)apKT MiOKap/ia He JIHIIC y
xBopux 3 IXC, ame i HaBiTH 3a BIJCYTHOCTI
KOPOHAPHOT XBOp06PI [48-53], uomy cripusie
CO-inaykoBaHe MITOXOHJpialbHE MPUTHIUYCHHS
Ta po3BUTOK pe3epByapy CO B remomporeiHax
kapmaiomionuTiB (Mgb, Cygb) [10]. IIpu otpy-
eani CO Bucoki piBHi HbCO Takox minBu-
IIyIOTh PU3HK PO3BUTKY apuTMmii. i hopmysan-
HIO CIIPUSIOTH PEMOJICNIIOBAHHS MioKap/a, GyHK-
I[IOHAJIbHI Ta YIBTPACTPYKTYPHI MOPYIICHHS, Y
TOMY YHCJII CHTHAJIBHUX TIepesad 1 IMiIBUIIICHHS
excrpecii iHxymmoensHoi NO-cunaTaszu [10, 30,
34]. Po3BUTOK apuTMii TaKOX CIPUUYUHSE 3HU-
KeHHs 1ocTynmHOCTI AT® Ta po3BUTOK €HEPro-
z[e(biuHTy, 110 MTPU3BOIUTH 10 HiI[BI/IHIeHHH ayT-
IMBOCTI MIO(IUTAMEHTIB 10 KaNbLiiO Ta PIBHS
BHYTPIIIHBOKIITHHHOTO KAJIbIii0, & TaKoX J0
(dbopMyBaHHS TinepapeHepriyHoro crany [5, 10,
33]. Otxe, y nonax 60 % XBOpHX 3 OTPYEHHSIM
CO na EKT cnocrtepiraerscst mopyuieHHsI pero-
aspu3anii Ta mnomoBxkeHHs iHTepBamy QT.
[TpoaputmiuyauM € 1 30ibiIeHHsT piBHI NO Ta
MI3HBOTO KOMITOHEHTA BHYTPIIIHEOTO HATPI€BO-
ro kaHainy kapmionuTiB (NaV 1.5). IlokasaHo,
IO Ba)/TMBE 3HAYCHHS B MPOTPECYBAHHI 1aTo-
JIOTIYHOTO TPOLECY Ta PO3BUTKY BIATEPMIHOBA-
HUX HEBPOJOTIYHUX, KApAIOJOTIYHUX Ta IHIIUX
ycknagHenb npu otpyeHHsX CO BigBOAMTHCS
(bopMyBaHHIO MPOOKCHJAHTHUX Ta IMYHOINATO-
JIOTIYHUX TIPOIIECIB.

3a KiTbKa THIB 200 THYKHIB TICIIS OIy>KaHHS
BiZ rocTporo orpyeHHs: CO y CTpyKTypi BiaTep-
MIHOBAHOI TATOJIOTII MOPST 3 HEBPOJIOTIYHIUMH
Ta KapHiadbHUMHU MOPYLICHHSMH CLIO Piflie
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caused by high levels of HbCO, which
increase the risk of arterial and venous throm-
bosis. In addition, global endothelial dysfunc-
tion formed under the influence of CO and
increased formation of free radicals increase
coronary vasoconstriction [32—34]. Increased
thrombus formation in CO poisoning is likely
to occur not only through increased platelet
aggregation, but also through the formation
of fibrinogen-bound heme and an increase in
the amount of free circulating heme. In addi-
tion, CO increases the expression of inducible
NO synthase, which mediates NO-induced
myocardial injury during ischemia-reperfu-
sion, and through inhibition of oxidative
phosphorylation and direct binding of CO to
the heme of Hb, Mgb, and Cygb, which have
a 30-60-fold greater affinity for CO than for
oxygen in cardiomyocytes and other tissues
[10]. These factors cause cardiac dysfunction
and myocardial infarction not only in patients
with CHD, but also in the absence of coro-
nary disease [48—53], which is facilitated by
CO-induced mitochondrial inhibition and the
development of a CO reservoir in cardiomy-
ocyte haemoproteins (Mgb, Cygb) [10]. In
CO poisoning, high levels of HbCO also
increase the risk of arrhythmia. Its formation
is promoted by myocardial remodelling,
functional and ultrastructural disorders,
including signal transduction and increased
expression of inducible NO synthase [10, 30,
34]. The development of arrhythmia also
causes a decrease in ATP availability and the
development of energy deficiency, which
leads to an increase in the sensitivity of
myofilaments to calcium and the level of
intracellular calcium, as well as the develop-
ment of a hyperadrenergic state [5, 10, 33].
Thus, in more than 60 % of patients with CO
poisoning, ECG shows impaired repolariza-
tion and prolongation of the QT interval. An
increase in the level of NO and the late com-
ponent of the internal sodium channel of car-
diocytes (NaV 1.5) is also proarrhythmic. It
has been shown that the formation of prooxi-
dant and immunopathological processes
plays an important role in the progression of
the pathological process and the development
of delayed neurological, cardiac and other
complications in CO poisoning.

Within a few days or weeks after recovery
from acute CO poisoning, in the structure of
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PO3BUBAIOTHCS ypPAXKEHHS IIKIPU: 1HTEHCHBHA
rinepemisi, AepMaTuT, 1HO1 3 SBJISIOTHCS ITyXH-
pi, "acTimie Ha KIHLIBKAX, a TAKOXK ypaKaroTbCs
M’SI34 Y BUIISAI paOIoOMI0ITi3y 3 HAAMIPHUM piB-
HEM KpeaTHHKIHa3H B KPOB1, MIOTJIOOIHYPI€IO Ta
HUpKOBOIO HepocrtarHicTio [10, 31], a Takox
MOILIKO/PKEHHS Ta AMcyHKIs nedinku [44]. Le
ICTOTHO YCKJIAQJHIO€ TMepedir 1HTOKCHUKAIIi,
HEPIJAKO MPU3BOISIUU JI0 JICTAIIbHUX HACIIAKIB.

Takum umHOM, oTpyeHHa CO BkIrOUa€E
roctpy ¢asy KIIHIYHUX MpOSIBIB 3 JETKOIO,
CEpeIHbOI0, TKKOIO Ta ONMCKAaBUYHOKO (op-
MOIO Hepe61ry Ta azy PO3BHTKY BmTeleHOBa-
HOI IaroJyiorii MO3KY, Cepls, M s31B Ta IHIIUX
OpraHiB, sIKl PO3BUBAIOTHCS BHACIIIIOK B3a€EMOII]
CO 3 remoM Hb y mupkysno0unx eputponuTax
Ta Ha JUISTHKaX remy crenu@iuHuX 3a1130BMic-
HuX remorpoteiniB (Ngb, Mgb Cygb Ta in.).
BinrepmiHoBaHa HEBpOJIOTrivHA, KapaiajnbHa
NATOJIOT1s Ta yPAKEHHS 1HILINX OPTraHiB XapaKTe-
PU3YIOTbCS JTOBrOTPUBAIMM, 1HOII Oararopiy-
HuM nepedirom. Otpyennio CO B ymoBax BiiiHU
NpUTAMAaHHUN YaCTIIIUNA PO3BUTOK CEPEHIX 1
TSOKKUX (hopM nepediry, HoB’ s3aHuii HMOBIPHO 3
MO€THAHOI0 TOKCUYHOMO Jie€r0 CO Ta 1HIIMX npo-
JIYKTIB TOpiHHSA (IlaHiAaMu, (ocreHom, Ta iH.),
SK1 YTBOPIOIOTbCS MPH TOPIHHI CHUHTETUYHUX
MarepiaiiB, 0 TaKOXK CYNPOBOIXKYIOTbCS OIMi-
KaMH, (QI3UYHUMH TpaBMaMH, MEPEOXOIOIKEH-
HSIM Ta CTPECOM.

3arajabHi Ta cTpareriyHi NPUHUUIM JiKY-
BaHHA rocrpux orpyennb CO.

[lepenycimM HEOOX1AHO 3yIMHUTH YTBOPCHHS 1
HagxomxkeHHs: CO Ta mpoBITPUTH HpI/IMuueHH;I
VYcix moTepnuinx eBakyloBaTH 3 IPUMILICHHS Ha
CBIXKE MOBITPs. 3al€XKHO B TSHKKOCTI CTaHY,
KJIIHIYHOT KapTUHU Ta HAsSBHOCTI XPOHIYHOI
COMAaTHUYHOI MAaToJIOoTii TPOBOAUTHCS BIAMOBIIHA
CUMITOMAaTUYHA Tepamisi, CKEpOBaHAa Ha KOPEK-
IO MOpYLIeHb (QYHKIT KUTTEBO Ba)XJIMBHUX
OpraHiB Ta cucTeM. SIKIIO ypakeHWil 3Haxo-
JUTHCS TIPU CBIOMOCTI, HOTO HEOOX1THO TIOKJIa-
CTU Ha CHHHY, 3a0e3neyuTu Oe3nepepBHUI
JIOCTYN CBIXKOro NoBiTps abo nomauy O, yepes
MacKy Ta 3amoOirTé MepeoxoyIoKEHHI0. 3a Bij-
CYTHOCTI CBIJIOMOCTI Ta IuXaHHs Ha QoHi 30epe-
YKEHOI MyJibcallli IEHTpaJIbHUX apTepiil HeoOXi -
HO PO3MOYMHATH LITY4YHY BEHTWJISLIIO JIETEHb
(ILIBJI) 3 migBuiienum BMictoM O,.

Kucenp — 11e npenapar rpynu aHTUTINIOKCaH-
TiB. BiH cunbHUi OKUCITIOBaY 1 HEOOX1THUH elie-
MEHT y MeTabO0JIIYHUX MEPETBOPEHHSIX BYIJIEBO-
JiB, OUIKIB 1 KUPIB B €HEPreTUYHHUIA MaTepia
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delayed pathology, along with neurological
and cardiac disorders, skin lesions develop
somewhat less frequently: intense hyper-
aemia, dermatitis, sometimes blisters appear,
more often on the extremities, and muscles
are also affected in the form of rhabdomyol-
ysis with excessive levels of creatine kinase
in the blood, myoglobinuria and renal failure
[10, 31], as well as liver damage and dys-
function [44]. This significantly complicates
the course of intoxication, often leading to
fatal consequences.

Thus, CO poisoning includes an acute
phase of clinical manifestations with mild,
moderate, severe and fulminant forms of the
course and a phase of development of
delayed pathology of the brain, heart, mus-
cles and other organs, which develop as a
result of the interaction of CO with the heme
of Hb in circulating erythrocytes and on the
heme sites of specific iron-containing
haemoproteins (Ngb, Mgb, Cygb, etc.).
Delayed neurological, cardiac pathology and
damage to other organs are characterized by
a long-term, sometimes multi-year course.
CO poisoning in war conditions is character-
ized by a more frequent development of
moderate and severe forms of the course,
probably associated with the combined toxic
effect of CO and other combustion products
(cyanides, phosgene, etc.), which are formed
during the combustion of synthetic materials,
which are also accompanied by burns, phys-
ical injuries, hypothermia and stress.

General and strategic principles of
acute CO poisoning treatment. First of all,
it is necessary to stop the formation and flow
of CO and ventilate the room. All victims
should be evacuated from the room to fresh
air. Depending on the severity of the condi-
tion, clinical picture and the presence of
chronic somatic pathology, appropriate
symptomatic therapy is carried out, aimed at
correcting dysfunctions of vital organs and
systems. If the victim is conscious, he should
be placed on his back, ensure continuous
access of fresh air or O, supply through a
mask and prevent hypothermia. In the
absence of consciousness and breathing
against the background of preserved pulsa-
tion of the central arteries, it is necessary to
start artificial lung ventilation (ALV) with an
increased O, content.




KJITHIYHA TOKCHKOJIOI'ISA

JUTSE 320€3MeYeHHS KUTTEMISIIbHOCTI. B opramis-
Mi O, mudyHIyEe Yepe3 albBEOIIPHO-KAUIAPHY
MeMOpaHy B KpoB, 3’ennyrounch 3 Hb epurpo-
IIUTIB Ta TeMOM (DEPMEHTIB TUXAJTHLHOTO JIAHIIIO-
ra, yTBOPIOIOYH OKCUTEMOIJIO0iH 1 4aCTKOBO PO3-
YHHSIOYUCH Y Tu1a3mi. Ha 11iit 3maTHoCTI TpyHTY-
€TbCcsl aHTUAOTHA it O, MpHU MPOBEIEHH] ceaH-
CiB HOPMOOApUYHOI Ta TimepOApUIHOT OKCHUTE-
Harii (I'bO). Ilepiox HaniBposmaxy HbCO cra-
HOBHUTH!
— 320 XBWIHH, SKIO MOTEPIUIAN AWXAE MOBIT-
pAM;
— 80 xBwmmH nipu BauxanHi 100 %-ro O,;
— 24 xBunuau nipy BauxanHi O, B Oapokamepi 3a

TUCKY 2,5-3 aTtm.

Hatie(ekTHBHIIITM METOIOM KOPEKIIii T1MOK-
cii B KTiHIYHUX ymoBax npu orpyeHHI CO TSIK-
Koro crymeHsi BBaxaroTh I'bO Ta excrpakopmo-
payibHy MeMOpaHHY OKCHreHauiIo (EKMO), K1
TMPHCKOPIOIOTH  MBHAKICTE mucouiamii HbCO,
M ATPUMYIOTE ONTHMATBHHIA apTepiabHui THCK
1 ra3000MiH, HocTaBisiiouH O, y TKAaHHHH HABITh
Yy pasi roctporo pecmpaTopHoro TUCTPEC-CUH-
JIpOMY BHACIIZOK iHTaJsIiiHOT TpaBmu [38, 39,
43, 55] CDOTOTepaHUI TaKOXK MOCUIIIOE B KPOBO-
tomi auconiamiro CO B remi [5, 10].

Hop;m 3 OKCHICHOTEpAIi€io HEeoOXixHO
HEeraifHO BUKOHATH KaTeTepu3allito nepudepuy-
HOT BeHHM Ta 1H(Y3110 T1a3MO3aMiHHUX PO3YHHIB
(piziomoriuamii po3unH, po3unHu PiHrepa, mak-
TacoJTy Ta iH.). 3a MoTpeOu IHOTPOITHOI MiATPUM-
KM HEOOXiTHO 3acTocyBaTu iH(]y3it0 H00yTami-
Hy, nodaminy abo aapenaminy. [Ipu HasBHOCTI
cymoM abo TICHXOTPOITHOTO 36yZ[)KCHH}I TTCITST
TMOMEPEIHBOTO BBEICHHS aTPOMIHY Cymbhary
CIIiJ BHKOPHCTOBYBATH BHYTPIUIHHOBECHHE CTPY-
MUHHE BBeZIcHHs cibazony (10-20 mr), TiomeH-
Tay Hatpiro (1 Mr/kr macu Tina). Hamn mocmin-
’KeHHS XBopHX 3 oTpyeHHsAM CO B yMOBax BiifHH
MOKa3aJIy, 110 SKOMOTa paHillle CIiJl 3aCTOCOBY-
BaTW aHTHUTIMOKCAHTH Ta aHTUOKCUAAHTH, 0CO0-
JIMBO Ti, SIKI MICTSTh CYKIIMHAT, a TAKOXK peamoOe-
pu, uTo(dIaBiy, MEKCHJIOT, BitamiH C, anb(ba-
JIOEBY KUCTIOTY Ta iH.), IO MAIOTh aHTUTIIOK-
CHYHI, AHTHOKCHIAHTHI Ta LUTONPOTEKTOPHI
BJIACTHUBOCTI.

3a HasBHOCTI alu30iy, JII0Y0I0 PEYOBUHOIO
sKoro € miareraroic (1-BiHUIMITIA3001-N), SKHHA
npuckoproe mucormiamito HbCO ta remiB dep-
MEHTIB, BapTO HOro 3acTOCOBYBaTH BKE€ Ha
JOTOCIITATbHOMY eTami. AIM301 — 1€ KOM-
IUIEKCHA CIONyKa, KA BHUKOPUCTOBYETHCS IS
npodinakTUKU Ta JiKyBaHHA oTpyeHb CO Ta
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Oxygen is a drug from the group of anti-
hypoxants. It is a strong oxidant and a neces-
sary element in the metabolic transforma-
tions of carbohydrates, proteins and fats into
energy material to ensure life. In the body, O,
diffuses through the alveolar-capillary mem-
brane into the blood, combining with Hb of
erythrocytes and heme of respiratory chain
enzymes, forming oxyhemoglobin and par-
tially dissolving in plasma. This ability is the
basis for the antidote effect of O, during nor-
mobaric and hyperbaric oxygenation (HBO)
sessions. The half-life of HbCO is:

— 320 minutes if the victim is breathing air;

— 0 minutes when inhaling 100 % O,;

— 24 minutes when inhaling O, in a pressure
chamber at a pressure of 2.5-3 atm.

HBO and extracorporeal membrane oxy-
genation (ECMO) are considered the most
effective methods of hypoxia correction in
clinical settings for severe CO poisoning, as
they accelerate the rate of HbCO dissocia-
tion, maintain optimal blood pressure and
gas exchange, delivering O, to the tissues
even in the case of acute respiratory distress
syndrome due to inhalation injury [38, 39,
43, 55]. Phototherapy also enhances the dis-
sociation of CO into heme in the bloodstream
[5, 10].

Along with oxygen therapy, it is necessary
to immediately perform peripheral vein
catheterization and infusion of plasma-sub-
stituting solutions (saline, Ringer’s solution,
lactasol solution, etc.). If inotropic support is
needed, infusion of dobutamine, dopamine,
or adrenaline should be used. In the presence
of convulsions or psychotropic excitement,
after preliminary administration of atropine
sulphate, intravenous jet administration of
sibazone (10-20 mg), sodium thiopental (1
mg/kg body weight) should be used. Our
studies of patients with CO poisoning in war
conditions have shown that antihypoxants
and antioxidants should be used as early as
possible, especially those containing succi-
nate, as well as reamberin, cytoflavin, mexi-
dol, vitamin C, alpha-lipoic acid, etc.), which
have antihypoxic, antioxidant, and cytopro-
tective properties.

On the availability of acysol, the active
ingredient of which is Zinc bis(1-vinylimida-
zole-N) diacetate, which accelerates the dis-
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IHIIUMU  TIPOJYKTaMH TE€PMOOKUCIIOBAIbHOI
JNECTPYKIli SK Ha JOroCHiTaIbHOMY, TaK 1 Ha
rOCHiTaJIbHOMY €Tanax HaJaHHd MEeIUYHOI
JIOTIOMOT'H. AILIM30J]1 YCYBa€ MOPYIIEHHS B3aEMO-
Iii Mk CyOOMMHUIIMU T€MY, 3MEHIIIYE CIIOPij-
HeHicTe Hb 10 CO, npurHiuyioo4u yTBOpEHHS
HbCO, npuckoproe BuseneHHs: CO 3 opraHizmy,
OJTHOYACHO I1JIBUIIY€E CIIOPIAHEHICTh KUCHIO JI0
Hb. Aumzon 3acToCOBYIOTH SIK MOXKHA paHilie
HE3AJIKHO BiJI TSOKKOCTI CTaHy MOCTPaXKIAIKX.
Horo BBOASTH BHYTPIIIHBOM SI30BO B /1031 60 M
(1 M1 6 % po3uuny). [loBropHEe BUKOpUCTAHHS
60 Mr pgomyckaerbcs uepe3 1 TroauHy.
MaxkcumanbHa 1000Ba J103a JIJIs I0POCIIOro CTa-
HOBUTH 480 wmr. Ilin yac moxex y OyAauHKax
OTPYEHHS CO B pe3ynbrari FOleHﬂ CHUHTETUY-
HUX 1 IJJACTUYHUX Mac 3a3BUYail CyNpPOBOIKY-
€ThCSI OTPYEHHSIM L1aHITaMu. ToMy MpOMOHY-
€THCSI B SIKOCTI QHTHAOTY TAKOX BUKOPUCTOBY-
BaTH T'1IpOKCUKOOaIaMiH 3 aCKOpPOIHOBOIO KHC-
JIOTO0, K1 30UIBIIYIOTh IIBUIKICTH NEPETBO-
penns CO na CO, [5, 10].

Mo:xI1BO, y HAOIMKY1 POKU PO3MOYHETHCS
KJIIHIYHE BHUNPOOYBAaHHS MONEpPEAHHKA TIAPO-
KCcUKoOamaMiHy — KOOlHamimy, SIKMil BUSIBUBCS
Ol1bII €(EeKTUBHUM 3a TOCTPOTrO OTPYEHHS
muient cipkosoauem (H,S,) — aGcomtotHo cxo-
JKHM 32 MEXaHI3MOM TOKCHYHOI Aii — 3 IlaHiga-
mu ta CO [54].

[Topsin 13 HOpMmamizalier0 ra3oo0OMiHy Ta
AHTHIOTIB Ha OCHOBI T1APOKCHUKOOATaAMIiHy
(BiTaminy B,) 1 iioro nonepeanuka Ko0iHaMiTy
OCTaHHIM YacOM IIHUPOKO PO3POOISIOTHCS TIpe-
naparu Juist papmaxosoriunoi ceksectpauii CO
13 remy Hb 1 remonporeiniB Tkanun (Ngb, Mgb,
Cygb). CO B3aemogie 3 Hb nuisixom quHaMivyHOT
piBHOBaru, B sikii Moiekynu CO mBUIKO aco-
[IIOIOTh Ta JHWCOLIIOIOTh Ha JUISTHKAX TeMy.
®dapmanestnunnil normuHay CO, NpUCYTHIN Y
KpoBOOOiry, Moxke cinykutu noruHadem CO,
akuil cexBectpye CO, mepur HDK BIH 3MOXKe
3HOBY 3B’si3at Hb abo BuiiTu 3 mupkysnsumii,
100 OTPYiTH HABKOJMINIHI TKaHWHU. B ocranHi
POKH po3po0IIeH] 1/1eajbHl BIACTUBOCTI edek-
TUBHHUX aHTUAOTIB g nmormuHanaga CO. Boun
3J1aTHI 1O BUCOKOL CHOpl,Z[HeHOCTl no CO, 3axu-
IAKOTh TeMOMPOTEIHOBI MIlICHI B OpraHi3Mi Ta
NpUCKOPIOOTh 3BUIbHEHHS CO 3 0610J0T14HOT
TkanuHu [10]. BaxnuBo, 110 MOMMHAY MOBU-
HEH BUSIBJSITH CEJIEKTUBHICTH /10 CO MOPIBHAHO
3 IHIIMMHU JBOATOMHUMH MOJIEKYJIaMH, 30KpeMa
O,, KU1 € y BETUKIM KUIBKOCTI B IUPKYJIALIL Ta
B IHIIOMY BHUIIAQJKy KOHKYypyBaB Ou 3a 3B'si3y-
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sociation of HbCO and hemes of enzymes, it
should be used at the prehospital stage.
Acysol is a complex compound used for the
prevention and treatment of poisoning with
CO and other products of thermal oxidative
destruction both at the prehospital and hospi-
tal stages of medical care. Acysol eliminates
the disruption of the interaction between
heme subunits, reduces the affinity of Hb for
CO, inhibiting the formation of HbCO,
accelerates the elimination of CO from the
body, while simultaneously increasing the
affinity of oxygen for Hb. Acysol is used as
early as possible, regardless of the severity of
the victim’s condition. It is administered
intramuscularly at a dose of 60 mg (1 ml of
6% solution). Repeated use of 60 mg is
allowed after 1 hour. The maximum daily
dose for an adult is 480 mg. During house-
hold fires, CO poisoning resulting from
burning synthetic and plastic materials is
usually accompanied by cyanide poisoning.
Therefore, it is also proposed to use hydrox-
ycobalamin with ascorbic acid as an antidote,
which increase the rate of CO conversion to
CO, [5, 10].

Hopefully in the next few years, a clinical
trial of the hydroxycobalamin precursor,
cobinamide, will begin. Cobinamide has
been shown to be more effective in acute
hydrogen sulphide (H,S,) poisoning in mice,
with a mechanism of toxicity very similar to
that of cyanide and CO [54].

Along with the normalization of gas
exchange and antidotes based on hydroxy-
cobalamin (vitamin B;,) and its precursor
cobinamide, recently, drugs for pharmacolog-
ical sequestration of CO from the heme of Hb
and tissue haemoproteins (Ngb, Mgb, Cygb)
have been widely developed. CO interacts
with Hb through a dynamic equilibrium in
which CO molecules rapidly associate and
dissociate at heme sites. A pharmaceutical
CO scavenger present in the bloodstream can
serve as a CO scavenger that sequesters CO
before it can re-bind Hb or exit the circulation
to poison surrounding tissues. In recent years,
ideal properties of effective antidotes for CO
absorption have been developed. They are
capable of high affinity for CO, protect
haemoprotein targets in the body, and acceler-
ate the release of CO from biological tissue
[10]. Importantly, the scavenger must exhibit
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BaHHSI TomTMHada. HaiOumbim epeKTHBHUMH
BUSIBWINCS TOTTIMHAY] HA OCHOBI TeMOIPOTETHIB
[10, 21].

Dent M.R. et al [10] Briepre mpogeMoHCTpY-
BaJgu e()EeKTHBHICTh (HhapMaIleBTUYHOTO TOTJIH-
Hada CO B jikyBaHHI rocTporo orpyeHHs: CO Ha
MoJen MuTer. J{s miaTBepIKeHHS KOHIICTIIT
CKOHCTPYHOBaHMH BapiaHT HEUPOMIOOIHY
monuan (Ngb-H64Q-CCC) BHKOpPHCTOBYBaBCS
sk BucokoadiHHMi mormuHadu CO Ha OCHOBI
remonpoteiny. Ha Bimminy Big Hb i Mb, Hatus-
HUii Ngb MICTUTH 6-KOOpAMHATHUW TeM, B
akomy auctanpHuii His64 Oe3mocepeanbo
3B’SI3y€THCS 3 TeMOBUM 3aimizoM. 3amina His64
Ha HekoopauHamiiHui 3amumok GIn (H64Q)
NPU3BOAUTE [0 I SITHKOOPAWHATHOTO TeMy 3
MiKOMOJISIpHOTO criopigHeHicTio 10 CO — xoedi-
mient gucomiamnii CO (Kd,CO) = 2,6 M 1
Mmaike B 10 000 pa3iB BHUIIOI CIIOPITHEHICTIO
mono CO nopiBHSHO 3 O,.

VY monensx Ha mummax Ngb-H64Q-CCC edek-
tuBHO nonHae CO 3 epUTPOIHTIB, MOCIAOTIOE
CO-3anexHe iHTIOyBaHHS nor 1 301mBIIyE
BIDKMBAaHHS Ta TEeMOAMHAMIUHI pe3yJlbTaTH
roctporo orpyenns CO. YV meranbHiii Moxern
orpyenrst CO My Ha INTYYHIH BEHTHIALI
nereHiB, ski migaasamucs BBy 30 000 ppm
CO mportsiroMm 4 XBWIMH, 3a3HAU OpauKapmii,
TIMOTEH31i Ta CMEpPTi, AKIIO iX HE JIKyBaTH 1M
normuHadeM [19-21]. JlikyBaHHS OIXHOPA30BOIO
no3ot0 3amizoBMicHoro Ngb-H64Q-CCC morre-
pemxano TeMOAUHAMIYHMNA KOJamlc 1 3HAYHO
MOKpAIyBalo BW)KUBAHHS IMOPIBHSIHO 3 KOHT-
ponbHUMHU TBapuHaMmu. [lomimmenHs ¢izionoriy-
HHUX PEe3yJbTaTiB CyHNpOBOKYBAJIOCS MPUCKOpe-
HnM BuBezIeHHSAM CO 3 KpOBOOOIry Ta 3HIKCH-
HSIM piBHS JIaKTary. HI/IpKyJ'IIOIO‘-II/II/I Ngb-H64Q-
CCC y mna3wmi OyB moBHicTi0O HacnaeHuM CO J10
KIHIIS 1Hys3ii, 0 BIAMOBIAE IIBIAKIH KIHSTHII
HOro momuMHaHHA. Y TOAAIBLIOMY JOCHIKEeHHI
CIIOCTEPIrasiocst MOKPALIeHHS JUXaHHS B MiOKap-
ni otpyenux CO wmwuiiel, ski orpumyBami Ngb-
H64Q-CCC, nopiBHSHO 3 KOHTPOJIBEHUMU TBapH-
Hamu. KpimM Toro, 130;160BaH1 MITOXOHAPIT, TTiITa-
Hi BBy CO in vitro, MoKa3aiad BUIILY aKTHB-
Hicth LHOI" micis 06pooxu Ngb-H64Q-CCC [10,
19, 21]. JoxmiHi4HI IOCHIKEHHS AHTUAOTY
OynM yCIIIMMH Ha NIypax Ta CBUHAX. € Hamid,
0 B HAHOIVDKYI POKH TIeH BI/ICOKoe(beKTI/IBHI/IP“I
(hapMaKOTTOTiYHMI Tpenapar mpoiine KIiHiYHi
BUMPOOYBAHHS 1 HA JTIOASX.

[pyHTyIOUKCh Ha 0araro00iLAIOYHX PE3yib-
Tarax MiATBEPIKCHHsS] KOHIICMINT JIiKyBaHHS
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selectivity for CO over other diatomic mole-
cules, particularly O,, which is abundant in
the circulation and would otherwise compete
for scavenger binding. The most effective
scavengers have been haemoprotein-based
scavengers [10, 21].

Dent M.R. et al. [10] first demonstrated the
efficacy of a pharmaceutical CO scavenger in
the treatment of acute CO poisoning in a
mouse model. For proof of concept, an engi-
neered variant of human neuroglobin (Ngb-
H64Q-CCC) was used as a high-affinity
haemoprotein-based CO scavenger. Unlike Hb
and Mb, native Ngb contains a 6-coordinate
heme in which the distal His64 binds directly
to the heme iron. Replacement of His64 by a
non-coordinating residue GIn (H64Q) results
in a 5-coordinate heme with picomolar affinity
for CO — CO dissociation coefficient (Kd,CO)
= 2.6 pM and an almost 10,000-fold higher
affinity for CO compared to O,.

In mouse models, Ngb-H64Q-CCC effec-
tively scavenges CO from erythrocytes,
attenuates CO-dependent inhibition of CcO,
and increases survival and hemodynamic
outcomes of acute CO poisoning. In a lethal
CO poisoning model, ventilated mice
exposed to 30,000 ppm CO for 4 minutes
experienced bradycardia, hypotension, and
death if not treated with this scavenger [19—
21]. Treatment with a single dose of iron-
containing Ngb-H64Q-CCC prevented
hemodynamic collapse and significantly
improved survival compared with control
animals. The improvement in physiological
outcomes was accompanied by accelerated
CO clearance from the circulation and
decreased lactate levels. Circulating Ngb-
H64Q-CCC in plasma was fully saturated
with CO by the end of the infusion, consis-
tent with its rapid kinetics of absorption. In a
subsequent study, improved respiration was
observed in the myocardium of CO-poisoned
mice treated with Ngb-H64Q-CCC com-
pared with control animals. In addition, iso-
lated mitochondria exposed to CO in vitro
showed higher CcO activity after treatment
with Ngb-H64Q-CCC [10, 19, 21]. Preclinical
studies of the antidote were successful in rats
and pigs. It is hoped that this highly effective
pharmacological agent will undergo clinical
trials in humans in the coming years.

Based on promising proof-of-concept
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orpyerb CO imxenepuum Ngb [5, 10, 19-21],
aBTOPU JOCIHIIWJIM 1HIINI TEMOMPOTEiHM, SKI
OUIBLI JOCTYIHI Y BEJIMKUX KIJIBKOCTSAX, 8 TAKOXK
BUSBIISIIOTH €PEKTUBHICTD SIK ar€HTH MOITIMHAH-
H1 CO. byno 3acrocoBaHo AB1 cTparterii, sKi
cTabuni3yoTh R-cTaH remy BHCOKOI cropijHe-
HOCTI, BUKopuctoBytoun Hb 3 epurponuris
JIIO/IMHU, YIIAKOBAaHUX JIOHOPCHKUMH €PUTPOLHU-
TaMy 3 BUYEPIIAaHUM TEPMIHOM MPUAATHOCTI 31
3HI)KEHUM BMICTOM JieiikonuTiB. Criovyarky 2,3-
mudocdorminepar, SKAA cTabLI3ye HU3bKOA-
¢innuit T-cran, Oy Bunanenuit 3 Hb (StHb).
[To-npyre, Cys93 cybonunuui -Hb Bctynus y
peakuito 3 N-etmimaneimizom (NEM-Hb), 1106
HE00OpOTHO 3adiKcyBaTH OUIOK Y KOH(popMarlii
R-ctany. Xoua crnopigHEHICTh 3B’sI3yBaHHS
StHb 1 NEM-Hb CO € nowmipnoto, o0Ouasa
monudikoBani Buau Hb moxpamnmim BuxuBa-
HICTh TaKoOI0 X Mipoto, sk 1 Ngb-H64Q-CCC y
Til camiil netanbHid Mozeni orpyeHHs: CO npu
noniOHux no3ax. Ha Bigminy Bim Ngb-H64Q-
CCC, nuuie nBi TpeTuHu caiTiB remy B StHb 1
NEM-Hb 3B’ s3ytots CO mijx yac iHdy3ii. Pemra
CaliTIB TeMy MOXYTb BUIBHO 3B’s3yBaTuU Ta
noctaBiatd O,, 10, MOXIJIHMBO, 3a0€3MEUYUThH
JOJAaTKOBY (papmaneBTHUHY €(eKTUBHICTD [21].

KpiM mornmHauiB Ha OCHOBI I'€MOIPOTEIHIB
pO3po0IieH] MOITMHAYl Ha OCHOBI MaJIMX MOJIe-
Kya [57, 58]. SIBHOIO miepeBaroro 1piOHOMOJIEKY-
nspaux noruHavie CO € iXHIA Manuid po3Mip,
110 J03BOJIsIE BUKOPUCTOBYBATH MEHIII JIO3H Ta
Iy )Ke MIBUJKUN HUPKOBUU KJIIPEHC.
Po3pobnennii Ta oxapakTrepu3oBaHUU HaOIp
BOJIOPO3YMHHHUX NOP(IPUHIB JEMOHCTPYIOTh
Oararoo0Oimsaroui BiactuBocTi nortuHaHug CO.
VY 1mux HU3BKOMOJIEKYIIPHUX MMOTIMHAYIB J1Ba [3-
nukioaekcTpuHoBux (CD) Kbl KOBaJIEHTHO
3’€/IHaH1 JIIHKEPHOIO YaCTUHOIO, SIKa KOOPAUHYE
metan. ['igpodoOHi sapa kbl CD nepexpu-
BalOTh 3B’SI3aHUU 3aJ1130M Me303aMIlEHUN Mop-
¢ipun (FeTPPS), Toni sik ninkep 6e3mnocepeHbo
KOOPJIMHYETBCS 3 METAJIEBUM LIEHTPOM [S58].

B ymoBax BiitHM nipu pyiHYyBaHHI 31 3aliMaH-
HAM Oy/iBellb OJHOYACHE OTPYEHHS YaTHUM
razoM (CO) 1 1iaHICTUM BOJHEM € OCHOBHOIO
MPUYUHOIO CMEPTHOCTI I1J] Yac MOKexXi. ABTOpH
[49] NOBIAOMIISIIOTH TPO BUHAX1J 1H EKIIAHOTO
aHTUIO0TY IPOTH noeaHaHoro orpyeHHs CO Ta
mianigamMu (CN7). Po3unH MICTUTh YOTHPHU CIIO-
ayku: 3ami30 (1) nopgipun (Felll TPPS, F), nBa
qumepu MeTuil-B-uukinonekctpuny (CD), 3’en-
HaHl mipuguHoM (Py3CD, P) rta iminazonom
(Im3CD, I), a takox BigHOBHUK (Na, S, Oy, S).
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results for the treatment of CO poisoning
with engineered Ngb [5, 10, 19-21], the
authors investigated other haemoproteins
that are more readily available in large quan-
tities and also show efficacy as CO scav-
engers. Two strategies were employed to sta-
bilize the high-affinity R-state heme using
Hb from human erythrocytes packed with
expired donor erythrocytes with reduced
leukocyte content. First, 2,3-diphosphoglyc-
erate, which stabilizes the low-affinity T-
state, was removed from Hb (StHb). Second,
Cys93 of the B-Hb subunit reacted with N-
ethylmaleimide (NEM-Hb) to irreversibly
lock the protein in the R-state conformation.
Although the binding affinity of StHb and
NEM-Hb for CO is moderate, both modified
Hb species improved survival to the same
extent as Ngb-H64Q-CCC in the same lethal
CO poisoning model at similar doses. In con-
trast to Ngb-H64Q-CCC, only two-thirds of
the heme sites in StHb and NEM-Hb bind
CO during infusion. The remaining heme
sites are free to bind and deliver O,, poten-
tially providing additional pharmaceutical
efficacy [21].

In addition to haemoprotein-based scav-
engers, small molecule scavengers have been
developed [57, 58]. A clear advantage of
small molecule CO scavengers is their small
size, which allows for lower doses and very
rapid renal clearance. A set of water-soluble
porphyrins has been developed and charac-
terized, showing promising CO scavenging
properties. In these low molecular weight
scavengers, two B-cyclodextrin (CD) rings
are covalently linked by a metal-coordinating
linker moiety. The hydrophobic cores of the
CD ring overlap the iron-bound meso-substi-
tuted porphyrin (FeTPPS), while the linker is
directly coordinated to the metal centre [58].

In wartime, when buildings are destroyed
and burning, simultaneous poisoning by car-
bon monoxide (CO) and hydrogen cyanide is
the main cause of death during a fire. The
authors [49] report the invention of an
injectable antidote against combined CO and
cyanide (CN") poisoning. The solution con-
tains four compounds: iron (III) porphyrin
(Felll TPPS, F), two dimers of methyl-f-
cyclodextrin (CD) linked by pyridine
(Py3CD, P) and imidazole (Im3CD, I), and a
reducing agent (Na, S, Oy4, S). When these
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Koy wi criomyku po3HsiOTh y (isionoriaro-
MY PO34MHIi, BIH MICTHTb JIBl CHHTETUYHI MOJENI
remy, Bktodaroun komruieke F 3 P (hemoCD-P)
i me ogud F 3 I (hemoCD-I). O6uzaBa B craHi
Fe'?, HemoCD-P € cTabinbHumu y CBOEMY cTaHi
Fe'? i saxommorors CO MiIHile, Hi)K HAaTUBHI
reMornpoTeinu, Toai sik hemoCD-I nerko okwuc-
JOEThCA 10 cBoro crany Fe™, mo6 ouwmmmaru
CN- micns #WOro HaIXOIKEHHS B KPOBOOOIL
3wmimanuit po3unH (hemoCD-Twins) mpoxeMoH-
CTPYBaB 4YyJOBY 3aXHCHY JiI0 MPOTH TOCTPOTO
noenHanoro orpyeHHss CO ta CN y mwuien
(~85 % BmwxuBanocTti npotu 0 % KoHTpoOIO). Y
MOJIeNTi 3 BUKOpPUCTaHHAM InypiB BmuB CO i
CN- npu3BOIUB 10 3HAYHOTO 3HM)KEHHS YaCTOTH
CEpIIEBUX CKOPOUEHb 1 apTepiabHOTO THCKY, SKi
Oynu BiHOBIIEH] 3a qormomMoror hemoCD-Twins
y 3B’s3Ky 31 3HWkeHHsAM piBHI CO 1 CN- y
KpoBi. PapMaKOKIHETUYHI JaH1 BUSBHIU IIBU/I-
ke BuBeneHHs hemoCD-Twins i3 ceuero 3 mepio-
JoM HariBBUBeneHHs [59]. Po3pobnenwuii ukiio-
JNEeKCTPUH-1HKANCYIhOBAaHUNW  TOPQIPUHOBHIA
koMiuieke, 3B’s3ye CO B 100 pa3ziB OUIBIIOO
cnopignenictio, HiX Hb. Tomy BiH mMoxe OyTu
BUKOPUCTAHWHA SIK TOTCHIIHHUN aHTHIOT TIPH
orpyenHi CO.

Po3po6iieni Bucokoe(heKTHBHI (hapMaKoIo-
TiYHI MpenapaTu-aHTUAOTH Ha OCHOBI T€MOIIPO-
TeiniB (imkeHepHux Ngb i Hb) Ta manux mone-
Kyl TPOXOASTh OCTaHHI eTamu JOKITIHIYHUX
BUNpoOyBaHb, aje NaloTh HAJII0 Ha IXHE BIPO-
Ba[UKEHHS y KIIHIYHUX BUIPOOYBaHHSIX.
Crpareris mikyBaHHS TOCTpux oTpyeHb CO
noTpedye MOJANBIION0 BIOCKOHATICHHS.

BucHoBkn

1. OTpyeHHS YaHUM Ta30M € HAMMOIINPEHi-
UM cepel] IHTOKCHUKAIiil TOKCUYHUMH Ta3aMu,
1€ OJTHA 3 OCHOBHHX MOOYTOBUX MIPUYHMH 1HBAII-
HOCTI Ta CMEPTHOCTI, 0COOJIMBO B YMOBaxX BiiHH
gepes 3pOCTaHHs MOKEK Y 3pyHHOBAHHX KHUTIO-
BUX OyIMHKaX 1 MPOMHUCIIOBHUX Oy/iBIISIX Ta BUMY-
IIeHE BHUKOPUCTAHHS HACENICHHSM MpPUIIAIITOBA-
HUX 3aCO01B /I OCBITIICHHS, OOITPIBY 1 IPUTOTY-
BaHH: ixi. OcoOnmuBicTio rocTporo orpyeHHst CO
y HO€,I[HaHHi 3 IHIIUMHU TIPOMYKTaMH TOPIHHS B
YMOBaxX BIHHH € NEPEBAKAHHS THKINX (HOPM
IHTOKCHKALLii, IO CYMPOBOKYETECSA OIIKAMH,
MOTITPABMOIO, CTPECOM Ta MEPEOXOTOKEHHSIM.

2. [Tatodizionoris TokcnyaHoi aii CO y moHa
300-400 paziB Oinmblna 3a KUCEHb OOYMOBIICHA
CTIOPIHEHICTIO IO TEMY €PUTPOIIMTIB, 301IbIIIe-
HOTO a)iHHICTIO 10 TeMy MITOXOHIPIii 1 TKAaHWH-
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compounds are dissolved in saline, it con-
tains two synthetic models of heme, includ-
ing a complex of F with P (hemoCD-P) and
another F with I (hemoCD-I). Both in the
Fe*? state, HemoCD-P is stable in its Fe™
state and scavenges CO more strongly than
native haemoproteins, whereas hemoCD-I is
readily oxidized to its Fe™ state to scavenge
CN- after it enters the circulation. The mixed
solution (hemoCD-Twins) demonstrated
excellent protective effects against acute
combined CO and CN poisoning in mice
(~85 % survival vs. 0 % control). In a rat
model, exposure to CO and CN- resulted in
significant decreases in heart rate and blood
pressure, which were restored by hemoCD-
Twins due to the reduction in blood CO and
CN- levels. Pharmacokinetic data revealed
rapid urinary excretion of hemoCD-Twins
with a half-life [59]. The developed
cyclodextrin-encapsulated porphyrin com-
plex binds CO with 100 times greater affinity
than Hb. Therefore, it can be used as a poten-
tial antidote for CO poisoning.

The developed highly effective pharmaco-
logical antidotes based on haemoproteins
(engineered Ngb and Hb) and small mole-
cules are in the final stages of preclinical
testing, but they give hope for their imple-
mentation in clinical trials. The treatment
strategy for acute CO poisoning requires fur-
ther improvement.

Conclusions

1. Carbon monoxide poisoning is the most
common among toxic gas intoxications, it is
one of the main domestic causes of disability
and mortality, especially in wartime due to
the increase in fires in destroyed residential
and industrial buildings and the forced use by
the population of adapted means for lighting,
heating and cooking. A feature of acute CO
poisoning in combination with other com-
bustion products in wartime is the predomi-
nance of severe forms of intoxication,
accompanied by burns, poly-trauma, stress
and hypothermia.

2. The pathophysiology of the toxic effect
of CO, which is more than 300—400 times
greater than oxygen, is due to its affinity for
erythrocyte heme, increased affinity for
mitochondrial heme and tissue haemopro-
teins (neuroglobin, myoglobin, cytoglobin,
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HUX FeMOIPOTETHIB (HEHPOrT00iHy, MiOITI00IHY,
nuTOro0IHy Ta iH.). BoHa Takox moB’s3aHa 3
Mepepo3no/1IIIOM JIOKaTi3allii e1eKTPOHIB y MOp-
GipUHOBIA IJIONIMHI T€MY Ta YTBOPEHHSIM
HbCO. Bracninok yrBopennss HbCO rem eput-
POIMTIB BTpavya€e 3aTHICTh MEPEHOCUTH Ta Bij-
JaBaTH KUCEHb TKaHUHAM. OJIHOYACHO Yy TKaHU-
Hax (opmyerbesi pesepByap CO, BiaOyBaeThCs
301IBIIEHHS KUIBKOCTI BUIBHOTO FeMy Ta 3ajii3a.
[le npu3BOoaAUTH A0 (hOPMYBaHHS CYIUHHOI, TKa-
HUHHOI TIOKCIT 3 PO3BUTKOM MITOXOH/IpiajabHOL
nucyHKIii, eHeproaediuTy, MPOOKCUIAHT-
HUX, 3alaJIbHUX Ta IMyHOIATOJIOTTYHUX IPOLIe-
ciB, akTuBaumii amomnrto3y 1 QepomnTo3y, L0
CIpHsi€ PO3BUTKOBI BIATEPMIHOBAHOI IOMIOP-
raHHOI MMaTOJIOTIi.

3. BiarepmiHoBaHa MaToOJOTisl MO3KY, CEpld,
piame — M’s131B 3 MiOIIO0IHYpi€l0 Ta 3 Gopmy-
BaHHSIM HHUPKOBOI HEJAOCTATHOCTI, 3 YPaXEHHSIM
OpOHXO-JIETE€HEBOT CUCTEMHU, HIKIPH, noripmeH-
HAM 30py Ta CIlyXy (DOPMYETBCSl B TCPMiH Bij
KUIBKOX JIHIB 710 1-2 MiCSIIiB HIOM TTiCIIs O/y>KaH-
Hs Big roctporo orpyenHs CO. TepMinu Ta TsK-
KICTh PO3BUTKY 3aJIeXkKaThb BlJ] TPUBAJIOCTI KOH-
TaKkTy 3 MiABHILIEHOI0 KoHIeHTpauiero CO B
MOBITP1, TEPMiHIB HaJIaHHS MEANYHOI IOTIOMOTH,
BIKY, HAasBHOCTI CYITyTHbOI HAToOJIOT1i, BUpaXe-
HOCTI MPOOKCHJIAHTHUX 3alaJIbHUX IMYHOIATO-
JIOTIYHUX Ta 1HIIUX JI€CTPYKTUBHUX MPOILIECIB.

4. CyuacHa tepanis orpyeHb CO BKIIOUae
HOpMaJIi3alio ra3o00MiHYy, CUMIITOMAaTHYHY
Tepario 31 3aCTOCYBaHHSM aHTHUOKCHIAHTIB,
LUTOIPOTEKTOPIB Ta KOPTUKOCTEPOiNiB. Y mep-
CIEKTHUBI CTpATeris JIIKyBaHHS MOX€E IPyHTyBa-
THCS Ha 3aCTOCYyBaHHI aHTHUJIOTIB-IIOTIMHAYIB
(ckaBenxepiB CO) 3 BUKOpHCTaHHSAM (hapma-
LEBTUYHUX TMpenapariB-NorIMHaYiB Ha OCHOBI
reMONPOTETHIB: 1HKEHEPHOTO PEKOMOIHAHTHOTO
JIXOACBKOTO Heﬁporno6iHy, akuid mae B 500-
10000 pa3lB 61nbmy, HIXK KHCEHb, cnopmHeHwa
3 CO, 1 mpenapariB Ha OCHOBI JIFOACHKOTO
remoryiobiny Ta normmmHadiB CO Ha OCHOBI
MaJMX MOJIEKYJ: HU3bKOMOJEKYISIPHUX BOJIO-
po3unHHUX nopdipunis (remo C/I-P). Ha xanp,
(bapMakoJIOTrivHI IpernapaTru Ha OCHOBI T€éMOIPO-
TEIHIB 1 MaJIMX MOJIEKYJI IlepedyBatoTh BCE 111 Ha
eranax JOKJIHIYHHUX JOCHIJKEHb, aje iXHS
BHUCOKAa €()EKTHUBHICTh [A€ HA/AII0 Ha LIBUJKE
BIIPOBA/KEHHS B KJIIHIYHY MPAKTHUKY.

Konguaikr inTepeciB. ABTOpH 3asBISAIOTH
PO BIJICYTHICTh KOH(IIKTY 1HTEpPECIB.
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etc.). It is also associated with the redistribu-
tion of electron localization in the porphyrin
plane of heme and the formation of HbCO, as
a result of which the heme of erythrocytes
loses its ability to carry and give oxygen to
tissues. At the same time, a CO reservoir is
formed in the tissues, and the amount of free
heme and iron increases. This leads to the
formation of vascular and tissue hypoxia
with the development of mitochondrial dys-
function, energy deficiency, prooxidant,
inflammatory and immunopathological
processes, activation of apoptosis and ferrop-
tosis, which contributes to the development
of delayed multi-organ pathology.

3. Delayed pathology of the brain, heart,
and less often of the muscles with myoglobin-
uria and the formation of renal failure, with
damage to the bronchopulmonary system,
skin, and impaired vision and hearing develops
within a period of several days to 1-2 months,
as if after recovery from acute CO poisoning.
The timing and severity of development
depend on the duration of contact with an
increased concentration of CO in the air, the
timing of medical care, age, the presence of
concomitant pathology, the severity of pro-oxi-
dant inflammatory immunopathological and
other destructive processes.

4. Modern therapy of CO poisoning
includes normalization of gas exchange,
symptomatic therapy with the use of antioxi-
dants, cytoprotectors and corticosteroids. In
the future, the treatment strategy may be
based on the use of antidotes-absorbers (CO
scavengers) using pharmaceutical prepara-
tions-absorbers based on haemoproteins:
engineered recombinant human neuroglobin,
which has 500-10,000 times greater affinity
for CO than oxygen, and preparations based
on human haemoglobin and CO scavengers
based on small molecules: low-molecular
water-soluble porphyrins (hemo SD-P).
Unfortunately, pharmacological preparations
based on haemoproteins and small molecules
are still at the stage of preclinical research,
but their high efficiency gives hope for rapid
implementation in clinical practice.
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