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YK 615.9
TOKCWYECKOE JEVMCTBME BEH30/1A (OB30P JIMTEPATYPbI)

LLla6apawnHa J1.B.

OBYH «ExaTepunHOyprekuii MeAUUUHCKNIA = Hay4HbIA LEHTP NPOGUNAKTUKM 1 OXpaHbl 300POBbA
pabouMx NPOMNpeAnpUATUil» GefepanbHOi CRyX6bl N0 HAA30pY B Cdepe 3aluuThl NpaB
noTpebuteneii n 6narononyyus Yenoseka, Ekatepunbypr, Poccus

BeH301 — NpUOPUTETHbIN 3arpsa3HNTENb B KOKCO- 1 HE(DTEXMMUYECKOM NPON3BOACTBAX,
KaHueporeH 1 KaTteropuy, 006MnafatoLnii  BbIPaXKEHHOW  reMaTOTOKCMYHOCTbIO,
MYTareHHoCTbto. [lONHOE WCKMIOYEHME XMMUYECKOro BO3[EACTBMS OeH30na Ha
PaboTaloLLMX OCTAETCS HEeAOCTMXMMbIM B YCNOBUAX COBPEMEHHOIO MPOM3BOACTRA.
AHannM3 MexaHM3MOB TOKCWYHOCTW GEH30Ma aKTyaneH B pamMKax MpOrHO3MpoBaHus
OTAaNeHHbIX NOCNEACTBIIA 9KCNO3ULNN.

Llenb uccnenoBaHua — NPOBECTY CUCTEMHbIA aHANN3 COBPEMEHHbIX OTEYECTBEHHbIX Y
3apYOeXHbIX  HAYYHbIX  IUTEPATYPHbIX  MCTOYHMKOB, MOCBSILUEHHBIX  WU3YYEHMIO
TOKCWUYECKOro eicTBIUA 6eH30na.

Matepuanbl u Metofbl. [poBeaeH 6ubMOrpanyecknii NOMCK B OTEYECTBEHHbIX I
3apy6exKHbix 6aszax fAaHHbix. OTobpaHa 61 peLeH3upyeMas OpWurMHanbHas CTaTbs,
onucbIBatoWas in vitro, in vivo 1 3NMAEMWONOrMYECKMe UCCNeaoBaHns TOKCUYHOCTM
6eHsona.

PesynbTatbl. OCHOBHbIMM  MeXaHM3MaMu  TOKCMYHOCTM  6eH30/Ma  BbICTYNatoT:
OKMC/IUTENbHbIA  CTPECC, TEHOTOKCWUYHOCTb,  SMUIEHETUYECKMe  HapylleHus U
NMMYHOCYnpeccus. YCTaHOBNEHO, YTO AaXe HWU3KME YPOBHW BO3aeicTBMA (<1 MIH™)
BbI3bIBAOT YCTOMYMBbLIE HAPYLIEHWS CO CTOPOHbl CUCTEMbl KPOBW, W3MEHEHWs
MMMYHHOrO CTaTyca, MeTaboIOMHbIE, FEHETUYECKME 1 SNUTEHETUYECKIME CABUTU.

3aknoyeHne. [1poBeAEeHHbI  aHanM3  MOATBEPXAAET  BbICOKYH — GUOMOrMYECKYHO
aKTMBHOCTb 6eH30Ma [laxXe Npu HWU3KOWHTEHCMBHOM XPOHMYECKOM BO3AENCTBUM, YTO
obycnaBnMBaeT  HEOOXOAWMOCTb  pa3paboTKM  COBPEMEHHbIX  MOAXOAOB K
HOPMUPOBAHWIO U MEPOMNPUATHIA MO MUHUMU3ALIMW 1 MTPOQUNAKTHKE ero aQ(OeKToB.

KnioyeBble  cnoBa:  6eH30M,  TOKCWYHOCTb,  MPOW3BOACTBEHHbIE  (HAKTOPbI,
npodeccroHanbHasa aKCnosnLUms, MexaH3mbl TOKCUYHOCTH, BUOMAPKEPbI, 0630p

KOHMAMKT MHTEPECOB. ABTOP 3asBNISieT 06 OTCYTCTBUM KOH(DNKTa MHTEPECOB.
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Benzene is a priority pollutant in coke-chemical and petrochemical industries and is
classified as a Group 1 carcinogen, with well-established hematotoxic, mutagenic, and
carcinogenic effects. In contemporary industrial settings, complete elimination of
benzene exposure remains unfeasible. The analysis of benzene toxicity mechanisms is
relevant for predicting the long-term consequences of exposure.

The purpose of the study - to conduct a systematic analysis of recent Russian and
international scientific literature devoted to the study of the toxic effects of benzene.

Materials and methods. A literature search was conducted in national and international
databases. 61 peer-reviewed original articles describing in vitro, in vivo, and
epidemiological studies on benzene toxicity were selected.

Results. The key mechanisms of benzene toxicity include oxidative stress, genotoxicity,
epigenetic alterations, and immunosuppression. It has been established that even low
levels of exposure (<1 ppm) cause persistent disorders of the hematopoietic system,
changes in immune status, and metabolomic, genetic, and epigenetic shifts.

Keywords: benzene, toxicity, occupational factors, occupational exposure, mechanisms
of toxicity, biomarkers, review
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[IpUOPUTETHBIM ~ 3arPASHUTENIEM B KOKCO- U HEDTEXUMMUYECKOM MPON3BO/CTBE
BbICTynaeT 6eHson [1], asnatowmitca KaHueporeHoM 1 kaTeropun [2], obnagatoLmii
BbIPAXXEHHO reMaTOTOKCUYHOCTBIO U MyTareHHOCTbHo [3].

HECMOTDFI Ha KOMIMJIEKC 3alKuTHbIX Mep, TMNPUHUMAEMbIX Ha MPOMbILLNEHHbIX
NMPeanpuaTnAax, NoJIHOE WCKIr4YeHne XMMU4YeCKoro BO3[eNCTBUA 6eH30M1a 0OCTaeTcs
HEeAOCTMXXNMbIM.

CucTeMaTn3aUmsa AaHHbIX O GUOXMMUYECKMX MYTAX 1 NPOSIBAEHUAX MHTOKCHKALN 3TUM
OPraHNYecKUM 3arpsisHUTENeM HEOBX0AUMA AN Yrny6neHus U pacliMpeHns 3HaHWI O
ero TOKCUYECKMX addekTax, a Takke Ang 601ee TOYHOrO MOHUMAHUS CBSA3WU Mexay
BO3/E/CTBMEM 6EH30M1a W Pas3BUTMEM CEPbE3HbIX MaTOAOMMIA CO CTOPOHbI CUCTEMDI
KPOBM W [pyrux OpraHoB-MULIEHEN. AHANM3 MEeXaHM3MOB TOKCMYHOCTW 6eH30/a
aKTyaneH Takxke B pamKkax paspaboTkin aQOEKTUBHbIX NPOPUNAKTUYECKMX MEP U
NPOrHO3MPOBaHMS OTAANEHHbBIX NOCNEACTBUIA XPOHNYECKON 9KCNO3NLIMN.

Llenb uccnenoBaHua — NpPOBECTY CUCTEMHbIA aHaNN3 COBPEMEHHbIX OTEYECTBEHHbIX Y
3apyOeXHbIX  HAyYHbIX  NUTEPATYPHbIX  WCTOYHMKOB, MOCBALLEHHBIX — U3YYEHMIO
TOKCMYECKOro AECTBUS GEH30NA.

MaTepuanbl # MeToAbl. Bubnnorpaduyeckuniic NOMCK Myb6AMKALMIA Ha PYyCCKOM U
aHrIMIACKOM $3blkax MPOBOAMICS C MCMOMb30BaHeM MexayHapoaHbix (PubMed, Web
of Science, Scopus, Google Scholar) n oTeyecTBeHHbIx (eLibrary, Knbep/leHnHka)
ANEKTPOHHbIX 633 fAaHHbix. CTpaTerus nowucka 6bina HanpaBieHa Ha BbiABAEHME
WccnenoBaHui, COAEPXallnX [aHHble MO TOKCUKOKMHETUKE W TOKCUKOAWHAMUKE
6eH30/1a, NONYYeHHble KaK B 9KCMepPUMEHTaNbHbIX YCnoBuax (in vitro, in vivo), Tak 1 B
XOZe 3MUAEMNONOTUYECKMUX UCCNe0BaHNIA.

[MovckoBble 3anpocbl GOPMUPOBANNCH MYyTEM KOMOWHALMM KHOYEBLIX TEPMUHOB C
ncnonb3oBaHnem 6ynesbix onepatopos «AND» 1 «OR» cnegyrowmm obpasom: (benzene)
AND (toxicity OR health effects) AND (exposure) AND («in vitro» OR «in vivo» OR
«epidemiological studies»). [Tlouck B pycckos3blyHbIX 6a3ax AaHHbIX (eLibrary,
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CyberLeninka) ocywecTBAsncS no  KAOYEBbIM  CNOBaM:  6eH30/, TOKCWUYHOCTS,
MeXaHW3Mbl, MPOMECCHOHANbHAN 3KCNO3NUMS, SKCNEPUMEHT.

OT6Op CcTaTeit MNPOBOAMACH CPeAM OPWIMHANbHbIX WCCNefoBaHUA Ha OCHOBaHMM
HanMuns B HUX MHOOPMALMM O MEXaHM3Max TOKCUMYHOCTY 6eH30Ma, ero MeTabonmsme
BbI3blBaeMbIX 3(MdekTax in vivo W in Vvitro. KpuUTepuem UCKMOYEHUsT ABASNCD
nccnenoBaHus, MPOBefEeHHble TOMbKO C MOMOLLbI METOAOB in Silico, MPenpuHTLI,
0630pbl M OMUCAHWUA EAWNHUYHBIX KIMHUYECKUX CIyY4aeB, HE YYUTbIBANUCh AaHHbIE,
ONMCbIBAKOLLME  XPOHMYECKOE — OTPaBNeHWe  6eH30M10M  (TONbKO — XPOHMYECKOE
npodeccroHanbHoe BO3AEACTBME), a Takxke paboTbl 6e3 yKasaHus [O03MPOBOK W
KOHLEHTpauuin 6eH3ona. onck 6bif OrpaHUyYeH peLeH3UpyeMbIMU OPUTMHANbHBIMY
CTaTbsiMY, OMYy6IMKOBaHHbIMK B cBO60OAHOM aocTyne ¢ 2000 roaa.

Mocne ynaneHus y6aukaToB 6blna NpoBeAeHa ByxaTanHas npoueaypa CKpUHMHIa: Ha
NnepBoM aTane aHanMa3WpoBanMCb 3aroNoBKM W aHHOTaUWW cTaTeid, a 3aTeM
MONHOTEKCTOBbIE  BEPCMM  WCCNEAOBaHMA.  [JOMONHUTENbHO  WM3Y4YeHbl  CMMCKM
NUTepaTypbl OTOOPAHHbIX CTaTeA AN BbISBAEHUS W BK/KOYEHUS B 0630p ApYriX
PeneBaHTHbIX Ny6AMKaLMIA.

N3 157 nybnukauwii, B KOTOPbIX pacCMaTpuBanoCch BO3AECTBME GEH30Ma HA XWBble
CUCTEM, ANt OKOHYATENbHOr0 aHanm3a 6bina oTobpaHa 61 paboTa, HEMOCPEACTBEHHO
NoCBsILLEHHAs BONPOCaM MeTabonn3ma, pacnpefeneHns, saNMMIHaLmn 1 TOKCUYECKAM
NPOSIBNEHNAM 3aEPXKKN 6EH30NA.

PesynbTaTbl. Qu3nKO-XMMHYECKME CBOMCTBA 6EH30/1a U €r0 BbIGPOC B TEXHOIOMUYECKMX
fpoLjeccax.

benson (C¢He) npeactaBnsieT coboit NPOCTEALIMIA apOMaTUYECKWA YrNeBOAOPOS,
KOTOPbIA  LUMPOKO TMPUMEHSETCA B KA4YeCcTBe CbipbA B Pa3/IMYHbIX OTpPacHsx
npoussoacTBa [4] -  xumuyeckoid, HedTerasosoii,  LENMHONO3HO-GYMaXHOI,
NTAKOKPacoYHoiA [5].

[peaenbHo gonycTumas cpegHecmeHHas KoHueHTpauus (MAK) 6eH3ona Ha paboyem
MecTe B 60MbWMHCTBE CTpaH cocTaBnseT ot 0,2 go 1,0 MAH"'. OfHaKo B mocnefHee
BpEMSi B psiie rOCYAapCTB HAbMOAAeTCss TeHAEHUMS K MEPECMOTPY U CHUKEHUIO
YCTQHOB/IEHHbIX HOPMAaTMBOB. TeM He MeHee, psiA MPOM3BOACTB MO-TPEXHEMY
XapaKTepuayeTcs KOHLEHTpauuamu, npesbiwatowymn MAK [6, 7]. B yacTHocTH, Ha
He(TenepepabaTblBAOWMX NPEANPUATUAX  YPOBHM  BO3[EACTBUA  BapbUpYrOT B
LIMPOKOM AmnanasoHe ot <10 Mﬂp,q'1 [10 HECKOJIbKMX COTEH Mﬂpﬂ'1 [8].
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TOKCUKOKMHETHKA 6EH30/1a: MyTH KCO3ULuM, PacripesencHme, MeTabomaM, dKCKpeLms.

BeH30/ nerko npoHWKAeT B OPraHW3m YenoBeka, XOpOLOo abcopbupyscb npu
WHranAaUMoHHOM M NepopanbHOM MOCTYMEHWU, @ TakxKe Yepes KOXY. MHranaumoHHbIN
NyTb ABNAETCH, KaK MPaBWO, OCHOBHbIM MpW MPOMECCHOHANbHOM aKCno3numu. Mpu
KOHLeHTpaumsax 16-60 MAH ' pecnvpaTopHoe MornolleHne 6GeHsona CcocTaBnseT
npumepHo 45-50 % [2].

[Mocne nocTynneHuss B OpraHuaM 6eH30/ pacnpefensietcs no pasfnyHbiM TKaHAM W
opraHaM [9]. Ero MeTa6onnaM OCyLLECTBAAETCA NPEUMYLECTBEHHO B NMEYEHN U B NETKMX
c yyactvem usotdepmenTa CYP2ET umtoxpoma P450 [10] ¢ o6pasosaHuem
BbICOKOPEaKLWOHHbIX COeANHEHMIA, BKITKOYAA ManloHOBbIN anbaern, tt-MykoHanbaerns,
KaTexon v 6eH30xMHoH [11, 12]. YacTb MeTabonMTOB NPOHMKAET B KOCTHbIA Mo3r [13],
roe noa AenMcTBMeM MWENONEepoKCWMAasbl MPOUCXOAMT MX dafibHelllee OoKucleHue ¢
06pa30BaHMEM BELIECTB, 06M1aAatOWMX 3HAYUTENbHBIM TOKCUYECKMM MOTEHLMANOM.
HemeTabon1M3nMpoBaHHbIA  6EH301  BbIBOAMTCA B OCHOBHOM 4epes ferkue C
BblAbIXaeMbIM BO3/lyXOM W B MEHbLLIEN cTeneHn — ¢ MoYoit [4].

TokcuKognHamuka 6eH301a. MexaHn3mbl TOKCUYECKOro AENCTBUA.

OQHOM M3 OCHOBHbIX MULLEHEA TOKCMYHOCTW 6EH30M1a U ero MeTabonnToB ABMAOTCS
remonoatiyeckie cTeonosble knetkn (MCK). KceHo6uoTuk cnocobeH 0KasbiBaTb He
TONbKO MNPAMOE LWMTOTOKCUYECKOE [AeiCTBME, HO M OrnoCpefoBaHHOe — 4epes
HapyleHve MUKPOOKPYXEHMS CTBOJIOBbIX KNETOK. MHOro4ncneHHbIMu
NCCNEA0OBaHMAMM  YCTAHOBNEHO, YTO OEH3071 K ero MNpou3BOAHbIE  UHAYLMPYHOT
nospexaeHue [JHK, xpOMOCOMHbIe abeppaLuni U OKUCIIUTENbHbIA CTPECC, YTO BEAET K
anonTo3y, HapylWeHWo KNeToyHoro uukna [14], a Takke K 9nuUreHeTUYecKUM
namMeHeHuaM [15]. COBOKYMHOCTb 9TUX 9D(HEKTOB CO CTOPOHbI KPOBETBOPHOI CUCTEMBI
3HAYMMO MOBbILIAET PUCK Pa3BUTUA NENKEMUM, NTUMMOM, annacTU4yeckon aHemun u
MUENOAMCTNACTNYECKOro CUHAPOMa [16].

MHOro4YMCNEeHHbIE UCCNEA0BAHUA HEraTUBHbIX 3(D(MeKTOB 6eH30/1a, NPOBefeHHble Ha
PasIMYHbIX MOAENsX, NO3BOAIOT BbIAENIUTb HECKOMbKO KJTHOYEBLIX MEXaHW3MOB €ero
TOKCUYHOCTW:

1) OkucnuTenbHbliA  cTpecc. MeTabonuTbl  6GeH30M1a  CMOCOGHbI  MHAYLMPOBATb
N36bITOYHOE 06pa3oBaHMe akTUBHbIX Gopm kucnopoga (ADK), yTo npuBOAMT K
nospexaennto [AHK, HapylweHuo nepefayn KMeToYHOro CUrHana v KaHUeporeHesy.
BospeicTBre 6eH30/1a acCcoLMMPOBAHO C TMOBbLILIEHWEM YPOBHS MUTOXOH/PUANbHONM
JHK, 4To MOXET 6bITb Kak OTBETOM Ha OKUCAUTENbHbIA cTpece [17], TaK v NpUUnHOiA
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YBESIMYEHNA KOMMYeCTBa ANCOYHKLMOHAbHBIX MUTOXOHAPWIA, KOTOPbIE NMPOAYLMPYIOT
ADK, CTUMYNUPYIOLLME OKUCIUTENBHOE NOBPEXAEHNE KNETOK 1 X rnéens [18]. beHson-
WHOYUMPOBAHHOE YCUNEHWE OKUCMIMTENbHbIX MPOLECCOB MNOAKPENIAETCHA CHUXEHMEM
aKTUBHOCTM  @HTUOKCUAAHTHbIX areHToB [19]. Bo3sgeidicTBue 6eH3ona 1 €ro
METaboNMTOB, B  YaCTHOCTM  OEH30XMHOHA,  COMPSXKEHO C  akTuBaLueil
nposocnanutensHoro ¢aktopa NF-kB, [20, 21]. Xponudyeckas npodecchoHanbHas
OeH30/bHAA  3KCMO3MLMA  BbI3blBAET BO3pAcTaHWe He TOMbKO  KOHLEHTpauum
KCEHOOWMOTMKA M ero NpoaykTOB B KPOBW M B MOYE, HO W MoBbIlleHWe ypoBHeNn ADK u
ManoHoBoro Avanbgernaa (MIA), CHKeHWe rayTaTuoHa ¥ CynepoKcMaAMCMYTasbl
(COQ), nokasaTteneit UIMMYHOrn0GYMHOB [22].

2) T[eHOTOKCWMYHOCTb. CWHEpruaM OKUCIUTENbHOTO CTpecca C  APYrMMU  NyTAMU
TOKCWUYECKOr0 AeiCTBMS 6eH30Ma MPUBOAWUT K NOBpexaeHnaM CTpykTypbl [HK,
OKUCNEHUIO  HYKNeOTWaoB 1 runeppekoMbuHaum  [23].  TpodeccuoHanbHoe
BO3[EACTBME OEH30Ma acCoLMMPOBAHO C yBennuyeHuem nospexaeHnin OHK, n kak
pesynbtat — C BO3pacTaHWem BCTPEYaemMoCTM MUKPOSAep W W3MEHEeHWSIMU B
cybnonynaumax nMaoLmnToB [24].

3) OnureHeTMyeckue HapylleHus. BbeH30n CnocobeH BbI3blBaTb W3MEHEHWS B
MeTunpoBaHun JHK 1 ructoHoB [25-27], 4TO MOXET 6biTb BaXHbIM 3BEHOM B €ro
KaHueporeHesde. TaK, HanpuMmep, W3MeHeHus, HabnloAaeMble Mocne BO3AEACTBUSA
6eH30na (CHWxXeHne metunupoBaHust LINE-T n Alu |, a Takxe runomeTunnpoBaHue
MAGE-T), 06HapyXM1BaOTCA 1 B 3M0KAYECTBEHHbIX KNeTkax [28]. 9kcnosuumsa K 6eH3ony
NPUBOANT K WM3MEHEHMIO 3KCMPECCUM ANUHHbIX Hekoaupytowmx PHK  (Hanpumep,
OBFC2A), 4T0 MHAYLMPYET YMeHbLUeHWe nponudepaumumn KneTok [29].

4) VimmyHocynpeccusi. oaaBneHne remonossa noj AeiACTBMEM 6eH301a W ero
METab0IMTOB BbIPAXAETCH B COKPALLEHMM YACNA LIMPKYIUPYHOLIMX KNETOK UMMYHHON
CUCTEMbI, BKITKOYAs MUENouaHble U IMMOOUIHBIE KNETKU, @ TAKXKE B CHUXKEHUN YPOBHEI
NUMMYHOrI06yNMHOB. oA AencTBMEM BEH30/Ma MOTYT BO3HUKATb M3MEHEHNS B HEefKaX,
YYaCTBYHOLMX B anontose 1 UMMyHHOM oTBeTe [30], CHUXEHME KONMYECcTBA KIETOK
nepudepnyeckoir kposu [31]. CodyeTaHue remMaTOTOKCUYHOCTM, TEHOTOKCUYHOCTU W
AMUrEHETUYECKMX HapyLieHUn Ha (OHe XPOHMYECKOro BOCMNaNeHUs, BbI3BAHHOMO
OKWUCIUTENIbHbIM CTPECCOM, MPUBOAMT K FNY6OKOMY YrHETEHUIO KPOBETBOPEHUSA C
NoJaB/IeHNEM BbIXKMBAEMOCTY CTBOMOBbIX KNETOK 1 MOBbIWEHNIO PUCKa KaHLEpOreHesa
(puc 1) [32-34].
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MeueHs: paspylweHne KNeTok, + KOTHUTHUBHbIX
+ NETOKCMKaLMOHHOM dYHKUWK GYHKLMA
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MenogucnIacTUyYecKui CUHLpPOM

o CI'DP!IHEIIIEP!HDﬁ CUCTEMBI: 3HLI,E¢BJ'IDI'IHTVIFI,
epUdepuryecKan Helponatua

'(auu.epo reHea: OM/1, AMMpoMbl I

PucyHok 1. 06Las cxema TOKCUYECKOro [eicTBrs 6eH30na

Figure 1. General diagram of the toxic effects of benzene

Cuctematnaayms MCCAenoBaHui MEXaHu3MOB TOKCMYHOCTM BO3AENCTBMA 6OeH30na U
accoLUMmpoOBaHHbIX C HUM BUMOMapPKEPOB

[ins HarnagHoro NpecTaBNeHNs JaHHbIe SKCNEPUMEHTANbHbIX U 9MUAEMUONOrMYECKMX
NCCNef0BaHWA, UAMOCTPUPYIOLLNX OCHOBHbIE MEXaHW3Mbl TOKCUYHOCTW 6eH3ona U
acCcoUMMPOBaHHbIe C  HUMKU  BGUOMApKepbl, CUCTEMATW3WpPOBaHbl B  Tabnuue 1.
MpeacTaBneHHas TabnanLa NO3BONSET NMPOBECTU CPABHUTENbHbIA aHann3 aQHeKToB B
3aBMUCKHMOCTM OT MOAENW, A03bl U AAMTENbHOCTM Bo3feiicTBua. Oco6oe BHUMaHWe
yaeneHo 6romMapkepam, UMELMM NOTEHLMANbHYKO AMAarHOCTUYECKYHD LIEHHOCTb AN
OLIEHKM PUCKOB 3[10POBbIO pabounx, Mo BEPratoLLMXCa NPOGECCHOHANbHOM 9KCMO3NLMK
K 6EH307Y.
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Tabnuua 1. 0630p MccneaoBaHMn TOKCUYECKOrO AeACTBIUSA BeH30MA B UCCNEA0BAHUSX In Vitro, in vivo 1 B aNNAEMUONOTUYECKIX
NCCNEe0BaHNAX

Table 1. A review of studies on the toxic effects of benzene in in vitro, in vivo, and epidemiological studies

ABToOp, O6bekT BelecTBo 1 ycnosus 3aperncTpupoBaHHble U3MEHeHUs Buomapkepbl
rof, uccneaoBaHus BO3/enCcTBuSA BO3/eiNCTBuUA
CCbl/Ka
9KCnepuMeHTasbHble UccneaoBaHus in vitro
Giuliano JInHus kneTok | benson, 1072 M=10"° M, 1 nponudepawms, aKTUBHOCTb | AKTUBHOCTb  TEI0OMepasbl,
M. n|yenoseka  LL24|6,241n48y TenomMepasbl (LL24); WHIEKC NPOLECTPYKTUBHOW
COaBT,, népo6nacTbl aKTMBHOCTK,  3KCMmpeccus
(bn6p 1t akcnpeccus MPHK MMT-2 u MMM-3 P
2009 [35] | nérkmx) u A549 MPHK  pemoaenupoBaHus
(anuTenmanbHas TKAHEeN 1 aHrnoreHesa
afleHoKapLuMHOMa
NETKMX)
Zolghadr | Me3eHxumManbHble | [APOXMHOH " N-|| >KM3HECMOCOOHOCTb, aKTWBHOCTb | AKTUBHOCTb anonToasa;
F. W | CTBOJIOBbIE 6eHsoxmHoH — 0,005-0,1 | kacnasbl 3/7; aKkcnpeccus reHoB
COaBT., KNneTku KocTHoro | MM, 6eHson - 0,01-0,5 OCTEOreHHoM
1 akenpecens RUNXZ, KITLG n DKKT, |
2012 [36] | mo3ra MM, 14,64, 244n48y nnddepeHLMpoBKY
akcnpeccnsa JAGT
Chen Y. u | Jluxusg KNeTok | 1,4-6eH30XMHOH, 10 1 20 | | »KM3HECNOCOBHOCTb; 1 anonTos; 1 | 3kcnpeccus  MuKpoPHK,
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COaBT., yenoseka U937, | MKM, 24 4 akcnpeccus Kacnasbl 3/9, | | reHoB 1 6enkoB anonTo3a

2016 [37] | (rucTuoumTapHas akcnpecchs miR-133a

nmm@oma)

Chen Y. u | JInHus KNeTok | 1,4-6eH30xMHOH, 10-40 | | XM3HecnocobHOCTb, | perynaumusa | 3kcnpeccus  MukpoPHK,

COaBT., yenoseka U937, | MKM, 24 4 MPHK » 6enka Bcl-2; 1 anontos; 1| reHoB 1 6e/1KOB anontosa

2017 [38] | (rucTuoumTapHas aKcnpeccus Bax u Caspase-3, miR-34a

nmmadoma)

Liang B. 1 | CD34" TCK [mapoxuHoH, 1, 2,5, 5| ] aKkcnpeccus miR-45Ta, miR-486-5p v | Ikcnpeccuu MUKPOPHK

COaBT,, MKM, 5, 8 1 12 fH. miR-126-3p, 1T akcnpeccust miR-451a u | aupdepeHLpoBKM

2018 [39] miR-486-5p SPUTPONIHbIX
npefwecTBEHHUKOB "
anonTtosa

Chen Y. u | JInHus KneTok | 1,4-6eH30xMHOH, 20 MKM, | T ayTodarus, HakonneHne LC3B, | 9kcnpeccus FeHOB,

COaBT., yenoseka AHH-1| 24y Gochopunnmposarme Bel-2, skcnpeccus | Hekogupytowas  PHK — #

2019 [40] | (numdounTbl) INcRNAVNN3 6enkoB  aytodaruM U
anonrtosa

Guo X. | JInHud KNneTok | 1,4-6eH30xMHOH,  5—40 | nnponTo3 KNeToK, aKTuBalung | 3Kcnpeccud reHoB

COaBT., yenoseka AHH-T | MKM, 121 24 4 curianoHoro nytm  Aim2/Caspl, 1| CMrHanbHoro nyTu

2019 [41] | (B-numdounTsl, akcnpeccnss GSDMD, ceepxakcnpeccus | (Aim2/Caspl), MMMYHHOrO

NMMOPTann30BaH
Hble BMPYCOM

TET2

OTBET@ N METUANPOBAHMSA
AHK
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onwTeitHa-bapp)
Pu Y. u|Jluxus knetok | 1,4-6eH30oxuHoH, 10-80 | | skcnpeccust MPHK 1 6enka PTP4A3, | Skcnpeccus MUKPOPHK
COaBT., yenoBeka K562 | MKM, 24 4 1 ypoBeHb AOK nponudepaunn KNeTok u
2020 [42] | (MuenoreHHas anonTos; nokasaTenu
nekemus) OKMC/IUTENbHOro cTpecca
Zhang H. n | JInxHus kneTok | FmapoxuHoH 10 MkM, 24 | 1 akcnpeccus HOTAIRMT (24 y, 48 v, | 9kcnpeccus reHoB n MPHK
COaBT., YesioBeka TK6 | 4,48 4,72 41 20 Hef. 72 4) n | akcnpeccust HOTAIRMT (20 | AHK-meTunTpaHchepas
2020 [43] | (numdobnacTbl) Hen.);
1 akcnpeccusd MPHK DNMT3b, DNMTT,
DNMT3a, ypoBeHb METWINPOBaHUA
[IHK npomotopa HOTAIRMT (20 Hep.)
Wang T.S. | JInHus KNeTok | 1,4-6eH30XMHOH, 2,5-20 | 1 akcnpeccust miR-222 JKCnpeccuna  OHKOreHHbIX
W coasT., | YenoBeka HL-60 | MKM, 24 y MUKPOPHK
2021 [44] | (p53 null) u TK6
(p53 ankoro TMna)
Cui Y. un|JInHng [MAPOXMHOH, 1-25 MKM, | | Coflep>aHue AMNNI0B, T | JInnunaHbIi npoQub,
COaBT., agunouymTtoB 3T3- |24y BbiCBOOOXAaemble TT; aKcnpeccud reHoB
2022 [45] | LT afmnoreHesa

| akcnpeccus MPHK PPARYy, Plin1, LPL
n LipeZ2 nentuHa, Fasn, M3MeHeHHas
akcnpeccust MPHK Cd36
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OKCrnepUMeHTaNbHbIE UCCAeA0BaHus in Vivo (rpbi3yHbl)

Dere E. n | Kpbicbl Wistar () | beHson, B8/6, 100 mr/kr | B cbiBopoTke: 1 akTuHOCTb JII, ACT, | Buoxumuyecknii  npodunb
COaBT,, M.T., OJHOKPaTHO L® CbIBOPOTKM KpoBU
2009 [46] (Mapkepbl  MOBPEXAEHNS
KNETOK MEYEHM, XETYHbIX
NpOTOKOB, MMUOKapAaa)
Sun R. u|Mbiwm  C3H/He | benson, n/k, 300 mr/kr|| OTHOCWTeNbHass Macca Jflerkux, | ['ematonormyeckue
COaBT., (&) M.T. 1 600 Mr/kr M.T., 1| cCeneseHky; nokasartenu,
2014 |47 a3/peHb, /7 oH. y METab0NIOMHbIA  NPOMUIb
471 basia A B nepudepnyeckoir kposu: | RBC u pog
(meTabonmam XK, AK,
HGB;
OVMOCHHTES
B KM: muenougHas runepnnasws, | | KaTeX0NamuHOB,  CUHTES

APUTPONLHDI pAL; ! L-
aUeTUIKapHUTUH 1 IU3KH, T 1~
KymapoBas# Kucnota, L-TMposuH, L-
(QeHnNanaHuH

B nnasme: ! 5
MMAPOKCUMHIO0NYKCYCHAS KWCOoTa,

TMCTAMWH, N-MEeTUNrUCTaMuH, L-
aLleTUNKAPHUTYH,
NanbMUTOUIKAPHUTHH, T L-TUCTUANH,
NUPPONNAOHKAPOOHOBAsS KUCNOTA

KapHUTWUHA, PEeLMpKynaLus
aMMMaka, ramma-
rMYTamMU0BbIN LKKN)
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Sun R. n|Mblwm  C3H/He | beHson, n/k, 150 Mr/Kr |1 OTHOCWTE/IbHAg Macca CeneseHku | [ematonormyeckme
COaBT,, (&) M.T 1 300 mr/kr m.T., 3| (npwn 300 Mr/Kkr m.T.); nokasaren,
2015 [48] MEc. . DYHKLMOHANbHbIE
B nepudpepuyeckoin kposu: | WBC, oKa3aTeIM M
RBC, PLT, HGB; '
aKcnpeccus
B KM: | numdounaHble TCK, KOE; | | aHTMOHKOreHoB U 6e/koB
akcnpeccnst MPHK Notch1, p53 curHanbHoro nyTn Notch
Wei H. u|Mbliwn  C57BL/6 | BeHson, n/k, 150 Mr/kr| | oTHOCWTenbHas Macca Tumyca, 71 | [emaTtonormyeckume
COaBT,, (&) M.T., 1 pas/geHb, 5| OTHOCUTENbHANA Macca NeyeHu; nokasarenu, naHenb
2015 [49] [IHeii/Hen., 4 Hep. 5 nepudepuieckoli Kpoew: | WEC, ;tﬁizaPZZHXbepéliiii;;Zf
RBC, LYM, HGB, 1 MCV; ' '
anonTosa, pa3BuTHS
B KM: | TCK (kneTku Lin" c-Kit"), | OHKONOrMYECKMX
akcnpeccns miR-342-3p, miR-100-5p, | 3a6oneBaHii
miR-181a-5p 1 miR-196b-5p, 1
akcnpeccnst miR-129b-5p, miR-4514,
miR-34a-5p n miR-144-5p
Sun R. u|Mbiwum  C3H/He | beHson, n/k, 150 mr/kr | B nepudepnyeckon kposu: | WBC, | [ematonornyeckne
COaBT., (&) M.T., 1 pas/meHb, 5| RBC,PLT nHGB; nokasatenu,  3Kcrpeccus
2016 [50] [Heii/Hen., 4 Hep, reHoB TpaHcnopTta XK n B-

B Kknetkax KM: | L-xkapHutuH, 7
akcnpecena  MPHK  Crat,  Acaa?,
Aldh112, Acadvl, Echs1 w» Hadha,

OKMCNEHMS, MapKepb|
OKMCIIMTENbHOr0  CTpecca,
rnokasaTenu
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ypoBeHb 6enkoB Cptla u Crat, Acaa2, | @yHKLMOHMPOBAHMKS
Aldh112, Acadvl, Crot, Echs1 u Hadha; | MuTOXOHAPUI
MOA, A®K wun H,0, | ATO
MeMOPaHHbIN noTeHuUman
MWUTOXOHAPUIA
Sun R. u|Mbiwum  C3H/He | beHson, n/k, 150 mr/kr | B nepudepundeckon kposu: | WBC, | [emaTonornyeckne
COaBT., (&) M.T., 1 pa3/aeHb, 4 Heg. | RBC, HGB, PLT; nokasartenu, MapKepbl
201716 OKMCANTENIbHOTO  CTpecca,
[16] B KM: | nuMdonaHble kneTku, | AT, 1 nzz 2:: ;HbMHﬂ JrJ,HK P
AGK, H,0,, MIA, nospexaenve HK bexa
Liang B. n | Mbiwn C57BL/6J | beHson,  wHr,  1-25| B nepudepuyeckoit kposu: | RBC (&), | FemaTonoruyeckume
COaBT., (&3, Q) MAIH ™, 4/A€Hb, 6 | WBC rnokasaTenu,  aKcnpeccus
2018 [51 Heil/Hen., 14 n 28 aH. _ MUKpPOPHK anontosa u
157) AHel/HeR A B knetkax KM: | akcnpeccusi miR-4514, KneTpquoro A
MiR-486-5p §
Sun R. u|Mbiwum  C57BL/6 | Benson, n/k, 6-150 | B nepudepnyeckoin kposu: | WBC (Bce | FemaTonorndyeckume
COaBT,, () Mr/KF M.T. 1pa3/aeHb, 30 | po3nposkm), RBC 1 RBC (30, 150 Mr/kr | nokasatenu,
2020 [52] [H. M.T.) METabOoNOMHbIA  NpOdub,

B KUWEYHWKE: T aKTUHOOaKTepUM W
xennkobaktepuu (150 Mr/Kr M.T.);

n3aMeHeHne 42 MeTaboNNTOB
MT/KI M.T.)

(150

MWUKPOOUOM
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Pu Y. w»|Mbiwum C57BL/6 | BeHson, n/k, 150 Mmr/kr | B nepudepnyeckoi kposu: | WBC, RBC | Fematonornyeckume
COaBT,, .T., 1 pa3/geHb, 15 aH. oKasartenu; oBe
o (@) VT, 1 pas/aetb, 19 At B KM: | akcnpeccus MPHK un 6enka noxasareii YPOSEH®
2020 [53] 9KCMpeccuu MUKPOPHK
PTP4A3
nponudepaunn  KIetTok u
anonTosa
Yu L. w|Mbiwn  C57BL/6 | Benson, n/k, 150 Mr/Kr | B KOCTHOM MO3re: U3MeHeHue ypoBHA | JIunugHbIi npogub
COaBT., (&) M.T., 1 pa3/peHb, 30 aH. | nunuaos; 1 akcnpeccus Beclind, LC3B, | (ranuepodochonmnmaHblit
2021 [42] PCNA, Ki67, Bax n Caspase-3 N COUHTONUNUAHBIA MyTb;
aKcnpeccus reHoB
aytodaruu, nponudpepawmm
M anonTosa
Cui Y. n|Mbiwn  C5/BL/6 | beHson, nepopanbHo, 1- | | cofepxaHue Xupa; CopepxaHud  xupa B
COaBT., () 100 wmr/kr MT., 6 y opraHusme;  Mopdonorus
B )KMPOBOK  TKaHW: 1T  KpYymMHble .
2022 [45] pas/Hep., 4 Hep. afUnNoLMUTOB;
agnnounTbl (%) U | Menkue agunounTbl eMATONOMYECKIE
(%), | axcnpeccua MPHK PPARy, Cd36, . y
: nokasarenv; NUNUAHBIN
Tcf71 n Zfp43, LPL n Lipe2, nenTtuHa;
npoub nnasmbl;
B nepugepuyeckon kposu: | WBC, NEU | akcrnpeccus reHoB
nLYM: agunoreHesa
B nnaame: | Chol, 1+ HIXK
Elazab Benble kpbichl (3) | beHson, n/k, 1,94 wmr/kr | B nepudepnyeckoii kpoeu: | RBC, HGB, | l'emaTtonornyeckue
M.FA. 1 nokasaTenu;
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COaBT., M.T., 3 AHSA/Hen., /7 Hef. HCT, WBC, LYM, NEU, PLT; OUOXMMUYECKIME
2022 |54 okasare CbIBOPO
154 B cbiBopoTKe: T ACT, ANT, W, JTAN n (nnequH;q::le q)belBMzHTTZTI
oMo, | pepputiH, Fe n OXCC; P '
nokasartenin MeTabonnsma
B KM: | ICK; Xenesa); nokasaTenu
CYMpeccun KpoBETBOPEHNA
FMCTOMATONIOTMYECKE W3MEHEHNA B
B KOCTHOM MO3re
Cesie3eHKe 1 neyeHu
Guo X. u|Mbium C57BL/6J | beHson, n/k, 125 Mr/kr|B  nepudepunyeckoir  kposu: | | [ematonornyeckme
COaBT,, (&) M.T. 5 pas/Hen., 15, 30 u | kneTouHocTb (30 v 45 aHeit) nokasartenu;
2022 [55 45 [IH. MeTaboNOMHbIN  NPOBUb
155] A B KM: | K/IETOYHOCTb, HabyxaHue pog
(MeTabonnam XK)
KNeToK 1 »uposble Kanmn (30 u 45
[HEN)
B nnasme: | XK (15 gHeit) n 1 XK (30 1
45 nHei)
He J. u|Mbiwn CD1 (&) BeHson, n/k, 400 mr/kr | B nepudepnyeckoit kposwu: | WBC, RBC | ['emaTonornyeckne
COaBT., M.T., 1 pas/geHb, 3| unPLT, nokasaTenu,  aKcnpeccus
2024 [56] [HA/HE., 8 Heg. FeHOB  BOCManeHus U
B KM: | uMcno Knetku, 1 Xuposble
MMMYHHOIO OTBETA,
Knetkun; 1 akcnpeccna MPHK reHos ANONT034 <IETOUHOI
Mapk11, Foxol, Bankl, Leftyl, Renl, nbe e;{ OB
P2rx7 v Fgf3, | akcnpeccus Cde42ep2 A PEREMPOBIA
ructonorung KM
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Faulhamm | Kpbicbl Wistar (&, | beHson, nepopanbHo | B nepudepnyeckonn kposu: | WBC, | [emaTonormyeckme
er F. un|9Q) 300 u 1000 mr/kr m.T., | LYM, EQS, 1 MON rnokasaTenu
COaBT,, 14 OH.
2024 [57]
Zhang Y. n | Mbiun  C57BL/6 | beHson,  uHr.,, 1000 | B nepudepuyeckoit kposw: | WBC, RBC | ['ematonornyeckne
COaBT,, (&) Mr/M°, 32 Heg, n HGB; nokasartenu;
2025 [58 HKLMOHabHbIN
58] MbiLwn- B KOCTHOM Mo3re (B6.SJL): | byHku
notenymnan I CK
peumnnueHTbl KOS(Q®ULMEHT XUMeEpPU3Ma KNETOK — |
B6.SJL cnocobHocTb ['CK K caMO0BHOBAEHNIO
AnuaemMnonorniyeckme nccneaosaHus (NpodeccuoHanbHoe BO3AENCTBME)
Hugkuit ypoBeHb BosgelicTamns 6eHsona (<1 maH™)
Moro A.M. | Pa6oTHukm A3C (n | Benson, ~0,045 wmnH" | B Moue: 1 T,T-MyKOHOBasA KUCIOTE; YpoBeHb MEeTabonnToB
W coaBT., | = 60; 144,2 MKr/M°), . 6eHsona B MOYe;
J) ( M) B nepudepnyeckoii kposw: | RBC, HGB,
2015 [59] XPOHUYeCcKoe remMaTonornyeckune
y T NEU, |  aktuBHOCTb  O- .
BO3AeicTBME (CTAX > 6 NoKasaTenu;  aKTUMBHOCTb
aMVHOMEBYMHATAErvapaTasbl;
MEC.) (QEPMEHTOB  reM-CUHTES33;
B PBMC: | akcnpeccua CD86 n CD80 nokasatenm  UMMYHHOrO
OTBETA M BOCMasEHMS
B CbiBOpOTKE: 1 IL-8
Hu D. u|Pa6otHuku A3C (n | benson, ~0,023 wmnH' | B PBMC: 1 akcnpeccus miR-221 YpoBeHb aKcnpeccum
COaBT., =973, 2) (73,0 OHKOreHHbIX MUKPOPHK
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2016 [60] MKI/M3), XpOHUYECKOe
BO3AeiicTBME (CTax > 3
)
Lovreglio | Pa6oTHukmn A3C (n | Benson, ~0,087 wmnn' | B Moue: T T,T-MykoHoBas kucnota, S- | YposeHb MEeTabonnToB
P. ni=31,3) (279,9 MKI/M3), | DeHMMEPKANTYpOBas KUCNOTa; 6eH300a B MOYE;
COaBT., XPOHMYeckoe nokasaTesin MOBpPeXaeHNd
. B PBMC: 1 MOMEHT XBOCTa «KOMETbI,
2016 [61] BO3/eiicTBME (CTax ~14 n penapauun JHK
) | cnocobHoCTb K penapauum
Chen Y. n | Pabothuku (n = |Benson, ~0,82 wMnH" | B nepudepuyeckoit kposu: | WBC, PLT, | Skcnpeccus  MukpoPHK,
COaBT,, 314, &, Q). | (2,64 mr/m3) | NEU; reHoB " 6eKoB,
2017 [38] | nogBepriivecs xpOHWjeCKoe 5 cbiopoTke: 1 MAA, AMTT: 1 8-0HdG CBSI3aHHbIX C anonTo30M
H3KOYPOBHEBOMY | BO3/[ENCTBUE
BO3[ENCTBUIO S)
6eH3ora B PBMC: 1 akcnpeccus miR-34a
Jamebozo | PaboTHuKM beHson, <] MAH", | B PBMC: 1 MetunuposaHve [HK B p74 | 3nureHeTnyeckne
rgi I. ¥ | HEDTEXMMUYECKO | XPOHMYECKOoe ARF v p15 INK4b nokasartenm
COaBT., " BO3JeicTBue (MeTMIMpoBaHue AHK
2018 [62] | NpoMbILLNEHHOCTY FeHOB, No4aBNSHOLLMX
(n=40; 3) ONyX0NeBbIi pocCT)
Liang B. n | PaboTHMKM Benson, 0,006 MAH' W |B  CbIBOPOTKE: 1  MNA3MUHOTeH | YPOBEHb MNasMUHOreHa B
COaBT., HepTexnmmuyecko | 0,035 MAH ', | (KOppenaums ¢ PUCKOM  Pa3BUTUS | CbIBOPOTKE
7 XPOHKNYeckoe
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2018 [63] | NPOMbILNEHHOCTY | BO3AeCTBME (CTax ~T16 | aHOManuii neiKoLnToB)

(n = 532, &, Q)| n)
Chen Y. n | PaboTHukn (n Benson, ~0,82 MaH | B nepudepuueckoil kpoeu: | PLT u | Skcnpeccus FeHOB,
COaBT,, 70; 3, Q). | (2,64 Mr/m3) | LYM; CBA3aHHbIX ayToharum u
2019 [40] | noaBepruwmecy XpOHMYeckoe anonTosa

40] | nonsep POHMA 8 PBMC: 1 skenpeccus INGRNAVNN3

H3KOYPOBHEBOMY | BO3[ENCTBUE

BO3JENCTBUIO

6eH3ona
Guo X. 1 |PaboTHukn (n Benson, ~0,57 wMaH' | B nepudepnyeckoit kposu: | WBC, | Fematonornyeckue
COaBT,, 69; 3, Q). 1(1,82 Mr/m3), | RBC, PLT (y 9); rnokasatenu;  aKkcnpeccus
2019 [41 acrnblnmTenu XPOHUYeckoe reHoB MUMMYHHOIO OTBETA W

“ EaKa st encTBuE B PBMC u- 1 okenpecens Caspl, 4, o v METUAN OB{;HVIFI OHK
A IL1B, TET2 P
Wang J. u | Pa6oTHukn (n benson, ~0,047-0,094 |8 MOYe: ) YPOBHMK S- | YpoBeHb MEeTabonnToB
COaBT.,, 114, &, @), [ man! (0,15-0,3 Mr/m’), | dernnmepkanTypoBOil KNCNOTbI; 6eHs3ona B MOYE;
2021 [64] | nogBeprivecs XPOHUYeCcKoe remMaTonornyeckmne
y B Kposu: | WBC; .

HW3KOYPOBHEBOMY | BO3AE/CTBUE (CTaxX = 2 nokasaTenu, npooub

BO3[ENCTBUIO n) B cbiBopoTKe: 1 1L-9 n MIP1-q, | IL-4, IL- | ULMTOKMHOB

6eHsona 10, IL-15, MCP-1, TNF-a n VEGF
Wang T.S. | Pa6oTHukn (n Benson, ~0,116 MnH ' |B PBMC: 1 akcnpeccud miR-222, | | YpoBeHb aKcnpeccum
n coast,|173;, &, ), 1(0,37 M/ M3),
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2021 [44] | nopBepriwmxcs XPOHKMYeckoe CNOCOBHOCTb K penapaumnn OHK OHKOreHHbIX MUKPOPHK
BO3/ENCTBUIO BO3/eNCTBKE
6eHsona
Mendes PaboTHukn A3C (n | Benson, ~0,01 MAH' |B ModYe: 1 NpoOAyKTbl HEnonHoro | MeTabonomHblii  npodunb
MPR. n|=324, Q) (31,8 mkr/m ), | pacnaga 6enKoB, nnunapl n | (6enKkoBbliA  MeTaboNN3Mm,
COaBT., XPOHWYecKoe METaboMnTbl  NIUNUOHOTO  OBMEHa, | IMMUAHLIN TpaHcnopT,
2022 [65] BO3AeicTBMe (cTax > 3 | honmeBas K1CNOTa 1 ee NPOU3BOAHbIE, | METAB0MN3M XUPHbIX
MEC.) [IFOKYPOHWA TECTOCTEPOHA, 1- | Kucnor, Gonaros,
METUINHO3UH, ! (QeHunnanaHun- | CTeponaHbIX FOPMOHOB,
rMAPOKCUNPOSIUH KENYHbIX KNCNOT)
Polyong Pa6oTHMKM A3C (n | Benson, ~0,5 M (~1,6 | B Moye: 1 T,T-MyKOHOBas KUCIOTE; Mpodunb aKcnpeccum
C.P. n|=543) MI/M3),  XPOHMYECKOE 5 6eNKoB,  CBSI3aHHbIX  C
y B nepudepnyeckoin kposu: 1 MON,;
COaBT., BO3/eNCTBME (cTax noaaepXaHvem
2024 [66] ~2,597T) B CbIBOPOTKE: | 3KCMPECCUS GENKOB | CTABUNLHOCTU  TeHOMa,
HBSTL, NSMCET, PCSK4 n ZNF658 perynsumnen TpaHCKpunuum;
rnokasaTenu 6enoi Kpoeu
CpeaHmit ypoBeHb Bo3aeiicTaus 6eHsona (1-10 Man )
Lan Q. wu | PaboTHuKM Benson, 1-10 mMnH ' u|B nepudepuyeckoil kposi: | WBC | FemaTonornyeckue
COaBT., 06YBHOIA >10 MAH', xpoHnyeckoe | (CD4*-T-kneTku, COOTHOLLEHWE | noKasaTenu
2004 [67] | npombiLneHHocTH | Bo3aeiicTaue (~6 n) CD4*/CD8* u B-knetkm), PLT, | HGB
(n=250;3, Q) (=10 ManT");
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| KOE
Kirkeleit J. | Pa6oTHukn (n = |Benson, 0,15 MAH ', |B MOYe M B KpOBM: 1 KOHLEHTpaLus | YpOBEHb 6eH30Ma
n coasT, | 10; ), | KpaTKOCpoYHoe 6eH30na (6eH301 B BO3Ayxe paboueit
2006 [68] | obCcnyxMBatOWMX | NpodeccuoHanbHoe 30HbI KOPPEenupoBas C KOHLEeHTpaLmen
rpysoBble BO3[eNCTBME 6eH30Ma B KPOBM M MO4Ye Moche
LINCTEPHD| C CMEHbI)
CbIPON HEDTbIO
Uzma N. 1 | PaboTHukmn A3C (n | beHson, 0,118-0,527 | B MOY€e: 1 KOHUEHTPaLWsA 6eH30N4a, YpoBeHb 6eH30/3;
COaBT., = 428; 3) MIH ", XPOHWYecKoe nokasaresnm
2010 [22] Bo3deicTBe (2 rp.: B KpOBM: 1 KOHUEHTPaUWS Gersona, 1 OKWUCIUTENbHOrO  CTPECCa,
akcnpeccuna MPHK pb3;
ctax <10 n (n=282), NMMYHHOrO 0TBETa;
ctax >10 n (n=146)) B cbiBOpoTKe: 1 A®K, MIA, | |aKcnpeccus [EeHOB,
rnytatnod, COJ, 1gG1, IgG2, CD4 u | nofaBAstoLMx OnyxoneBble
CD4/CDS§; KNeTKu
Li K. 1| PaboTHuKM Benson, 1-10 wmnH’,|B PBMC: 1 Bapuauus uncna Konwit B | Bapuauus umcna Konwii B
COaBT., 06yBHOW XPOHMYecKoe HECKOMbKMX XPOMOCOMax, T YPOBEHb | XpOMOCOMaX, YPOBEHb
2014 [69] | npoMbilwneHHocTy | BosaeitcTsme (3 rp.: <1-7 | MPHK NOTCH1 (B 3aBMCMMOCTW OT | 9KCMPEccuu MPHK,
(n=33;4, Q) n; 7-12 n,12-24 n) ANUTENbHOCTY BO3AENCTBUA 6EH30M1a | CBA3AHHbIX C FOMEOCTa30M
TKaHel
Chen Y. n|PaboTHukn (n =|beHson, ~1,09 MAH | B nepudepuyeckoit kposu: | PLT; [[emartonoruyeckme
COaBT,, 50; 3), 1 (3,50 Mr/M3), nokasartenu; YpoBeHb
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2016 [37] | nogBepriumnxcs XPOHMYeckoe B PBMC: 1 akcnpeccus kacnasbl-9 W | sKCrnpeccum — reHoB ¥
BO3/JEMCTBUIO BO3/eicTBue kacnasbl-3; | akcnpeccus miR-133a MUKPOPHK perynaumnm
6eH3ora anomnoTosa

Rothman | PabotHukn (n = | benson, MeAnaHHoe | B nnasme: 1 MeTabonuTbl 6eH3ona | YpoBeHb MEeTabonnToB

N. n|33; 3, Q), | sHayeHve 20  wmnH', | (beHon u Avonenokcua Bensona), | | 6eHsona; MeTaBONOMHbIi

COaBT., noABeprimnecs XPOHWYeCcKoe METWOHWMH,  JIMHOMEBas  KUCNOTa, | TPOQUIIb (MeTabonn3m

2021 [70] | Bo3geitcTBUIO BO3[eNCTBIE TaypWH, UWTO3WMH, TUMWH, 1 UMCTUH, | IUNWUAOB,
6eH30na 12,13-3noKcunnHoneBas, 12,13- | neiiynHa/n3onenumHa,

3MOKCK-9-anKoKCHIMHONEHOBAS, AMWHOKUCIIOTHbIA  06MEH,
rMAPOKCUMN30OMACsHaSA KWUCIOTbI, | SHEpPreTU4eckui

nupyBaT, MeTaboNnTbl KapHUTUHOBOIO | METab0sIn3M,

yenHoka M Metabonmama XK, | KGPHUTUHOBBIA YENHOK 1 B-
KeToNeiuuH,  MeTuIManoHanbierns, | OKucneHume KUPHBIX
[e30Kcnpnbo3a, chuHrosunH-1-gocdar, | KMCnor)
CcQuHraHuH-1-pocoart

Bbicokui ypoBeHb Bo3geiicTans 6eH3ona >20 MiH'

Vermeulen | PaboTHMKM Benson, >30 MM, | B cbiBopoTke: | (PF)4 u (CTAP)-II| [pOTEOMHbII npodunb
R. n | 06yBHOM XpOHMYecKoe (6enkm CBepTbIBaHKSA
COaBT., MPOMbILUNEHHOCTI | BO3[EACTBME KPOBW 1 BOCManeHus)
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2005711 [(n=10;d, Q)

Emara PaboTHukn A3C (n | beHson, < 25 MAH ', | B nnaame: | OAC, aktmsHocTb [Tl | lNokasaTtenw

AM.u =15, 3) XPOHMYeckoe aputpoumntos, COJl, Kkartanasbl ¥ | aHTMOKCMOAHTHOrO CTaTyca
COaBT., BO3/eiCcTBIeE rnyTaTmoHa, T MJA

2008 [19]

MpuM.: 1 — yBeJMYeHWe/NoBbIWEHNE, | — CHWKeHne/ymeHblweHne; 8-0HAG - 8-okcu-2-gesokcuryaHosud; Chol =  o6buwiui
xonectepuH; CTAP-IIl — nentua Ill, akTUBUPYHOWMIA CORANHUTENBHYIO TKaHb; PBMC — MOHOHYK/IeapHble KIeTKK nepudepmnyeckon
kpoi;, PF-4 - aktop TpombounToB 4; AK - amuHokucnoTbl, AJIT -  anaHWHaMumHoTpaHcohepasda, ACT -
acnapTataMuHoTpaHcdepasa; AT® — ageHosuHTpudocdat, APK - akTusHble dopmbl kucnopoaa;, 'CK — remonoatuyeckume
cTBOMOBbIE KneTku; ['TIM — rnyTatnoHnepokenaasa; XK — xupHbie kucnotbl; KM = KocTHbIA Mo3r; KOE - KonoHMeobpasytoLias
eanrunua; A - nakratgeruporenasa; TI = Tpurnunuepunasl; IO - wenoynas dpocoartasda; MAA - manoHoBbin ananbaerna, HOKK
— HeaTepudUUMPOBaHHbIE XMUpHble KucnoTbl, AMO - asputponoatnH, OXCC - obuias xenesocss3biBatollas CMOCOBGHOCTb
cbiBopoTkyM, RBC - asputpountbl, HGB - remorno6un; HCT - rematokput, WBC - neitkountsl; LYM - numaountsl; NEU -
HerTpodunbl; MON - moHouutbl; EOS — so03nHodunbl; PLT = Tpom6ouutsl; MCV - cpeaHuii o6bem 3sputpounTa;B/6 -
BHYTPUOPIOWWHHO; N/K = NOAKOXHO; UHT. — UHIanSUMOHHO.
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3aknoyeHne.  [IpoBeAEeHHbIN  aHanM3  HayYHbIX  SKCMNEepUMEHTASIbHbIX W
ANNAEMUONOTUYECKMX AaHHbIX MOATBEPXAAET BbLICOKYK) OWMOMOrMYECKYD aKTUBHOCTb
6eH30Ma faxe Npu HU3KWUX YPOBHAX BO3AENCTBUS, YTO 06YCNaBAMBAET MHAYLMPYEMbIE
UM TOKCUYecKme apdeKTbl.

3HAYMTENIbHOE  KONMMYECTBO  M3YYEHHbIX  3MUAEMWUONOTUMYECKUX  UCCNEA0BaHUI
CKOHLEHTPMPOBAHO Ha U3Y4eHUM TOKCUYHOCTY BEH30M1a B KOHLEHTpaLnsx MeHee T mnH™,
YTO 3a4aCTYIO AAXe HUKE YCTaHOBAEHHOrO 3HaueHns MK, Mpu 9ToM, y NoABeprimnXCs
BO3[EACTBUIO OEH30Ma PabOTHUKOB PErUCTPUPYETCA LUMPOKWIA CMEKTP YCTOMYMBbLIX
HapYLLEHW A COCTOSIHMSA OpraHn3ma, 0COOEHHO CO CTOPOHbI CUMCTEMbl KPOBW, @ TaKXe
COBMMM  MOKa3aTeNel  WMMYHHOR  CUCTEMbI, METab0/IOMHble, T[eHeTUYeckue W
AMUreHeTNYeCKMe NSMEHeHUS.

CucTemaTn3auma NnpoaHann3MpoBaHHbIX AaHHbIX JEMOHCTPUPYET, YTO BEH30N AeACTBYET
Kak $BHbIA KaHLEporeH, 3amyckas Kackaj MOMeKyNspHbIX COBbITUA, KOTOpble B
COBOKYMHOCTW CO3AatoT YCNOBKS ANS NOBPEXAEHUS KNETOK W NOCNEAYIOWEro pasBuTmMs
OHKOOrNYecKnx 3aboneBaHuit.

BbisiBNEHNE CTOWKWUX GUOXMMWYECKUX, TEHETUYECKMX M SMUrEHETUYECKUX CABUIOB Mpu
HW3KOWHTEHCMBHOM  XPOHWYECKOM  BO3AENCTBMM  0OYCNaBnAMBAeT  HEOOXOAUMOCTb
PaspaboTky  COBPEMEHHbIX NOAXOAOB K HOPMUPOBAHMIO W MEPONpUATUIA MO
MUHUMU3ALMKM 1 NPODUNAKTUKE 9QDEKTOB BO3AEHCTBHS.

Cnucok nuTepaTypsl:

1. Substance Priority List. Agency for Toxic Substances and Disease Registry, ATSDR
[Internet]. Atlanta. 2022. Available from: https://www.atsdr.cdc.gov/index.html

2. IARC Monographs on the Identification of Carcinogenic Hazards to Humans. Benzene.
Lyon: International Agency for Research on Cancer; 2018. (IARC Monographs, No. 120).
ISBN: 978-92-832-0158-8. Available from: https://publications.iarc.who.int/Book-And-
Report-Series/larc-Monographs-On-The-ldentification-Of-Carcinogenic-Hazards-To-
Humans/Benzene-2018

3. Wu C.C,, Blount J.R., Haimbaugh A., Heldman S., Shields J.N., Baker T.R. Evaluating
Phenotypic and Transcriptomic Responses Induced by Low-Level VOCs in Zebrafish:
Benzene as an Example. Toxics. 2022; 10 (7): 351.

4. National Center for Biotechnology Information. Benzene [Internet]. Bethesda (MD):
National Library of Medicine (US). Available from:

2TOCT P 58415-2019. HALIOHATNbHbI CTAHAAPT POCCUIACKOM OEAEPALIN. BEH30/

HEQTEXUMUYECKINIA. Texnuueckue yenosus ([ata seegenus 2019-09-01)
252



[IpodunakTnyeckad TOKCUKOI0rus 253

https://pubchem.ncbi.nlm.nih.gov/compound/Benzene#section=Pharmacology-and-
Biochemistry

5. Harrison R., Delgado Saborit J.M., Dor F., Henderson R. Benzene. In: WHO Guidelines
for Indoor Air Quality: Selected Pollutants. Geneva: World Health Organization; 2010. 1.
Available from: https://www.ncbi.nlm.nih.gov/books/NBK138708/

6. Weisel C.P. Benzene exposure: An overview of monitoring methods and their findings.
Chemico-Biological Interactions. 2010; 184 (1-2): 58-66.

7. Wang L., Zhou Y., Liang Y., Wong 0., Armstrong T.W., Schnatter A.R., et al. Benzene
exposure in the shoemaking industry in China, a literature survey, 1978-2004. Regulatory
Toxicology and Pharmacology. 2006; 46 (2): 149-156.

8. Williams P.R., Panko J.M., Unice K, Brown J.L., Paustenbach D.J. Occupational
exposures associated with petroleum-derived products containing trace levels of benzene.
Journal of Occupational and Environmental Hygiene. 2008; 5 (9): 565-574.

9. Bagarello V., lovino M; Tusa G. Factors affecting measu-rement of the near-saturated
soil hydraulic conductivity. Soil Science Society of America Journal. 2000; 64: 1203-
1210.

10. El Batsh M.M., Zakaria S.S., Gaballah H.H. Protective effects of alpha-lipoic acid
against benzene induced toxicity in experimental rats. European Review for Medical and
Pharmacological Sciences. 2015; 19 (14): 2717-24.

11. Arnold S.M., Angerer J., Boogaard P.J., Hughes M.F., O'Lone R.B., Robison S.H., et al.
The use of biomonitoring data in exposure and human health risk assessment: benzene
case study. Critical Reviews in Toxicology. 2013; 43 (2): 119-153.

12. Snyder R. Leukemia and Benzene. International Journal of Environmental Research
and Public Health. 2012; 9 (8): 2875-1893.

13. Ross D., Siegel D., Schattenberg D.G., Sun X.M., Moran J.L. Cell-specific activation
and detoxification of benzene metabolites in mouse and human bone marrow:
identification of target cells and a potential role for modulation of apoptosis in benzene
toxicity. Environmental Health Perspectives. 1996; 104 (6): 1177-1182.

14.Sun R, Xu K., JiS,PuY, YulL,VYinL, etal Toxicity in hematopoietic stem cells from
bone marrow and peripheral blood in mice after benzene exposure: Single-cell
transcriptome sequencing analysis. Ecotoxicol Environ Saf. 2021; 207: 111490.

15. Mozzoni P., Poli D., Pinelli S., Tagliaferri S., Corradi M., Cavallo D., et al. Benzene
Exposure and MicroRNAs Expression: In Vitro, In Vivo and Human Findings. Int J Environ
Res Public Health. 2023; 20 (3): 1920.

16. Sun R., Zhang J., Wei H., Meng X., Ding Q., Sun F., et al. Acetyl- | -carnitine partially
prevents benzene-induced hematotoxicity and oxidative stress in C3H/He mice.
Environmental Toxicology and Pharmacology. 2017; 51: 108-113.

253



[IpodunakTnyeckad TOKCUKOI0rus 254

17. Shen M., Zhang L., Bonner M.R,, Liu C., Li G., Vermeulen R., et al. Association between
mitochondrial DNA copy number, blood cell counts, and occupational benzene exposure.
Environmental and Molecular Mutagenesis. 2008; 49 (6): 453-457.

18. Carugno M., Pesatori A.C., Dioni L., Hoxha M., Bollati V., Benedetta A, et al. Increased
Mitochondrial DNA Copy Number in Occupations Associated with Low-Dose Benzene
Exposure. Environ Health Perspect. 2012; 120 (2): 210-215.

19. Emara A.M., EI-Bahrawy H.A. Green Tea Attenuates Benzene-Induced Oxidative Stress
in Pump Workers. Journal of Immunotoxicology. 2008; 5 (1): 69-80.

20. Fenga C., Gangemi S., Giambo F., Tsitsimpikou C., Golokhvast K., Tsatsakis A., et al.
Low-dose occupational exposure to benzene and signal transduction pathways involved in
the regulation of cellular response to oxidative stress. Life Sciences. 2016; 147: 67-70.

21. Stokes S.E., Winn L.M. NF-kB Signaling Is Increased in HD3 Cells Following Exposure
to 1,4-Benzoquinone: Role of Reactive Oxygen Species and p38-MAPK a. Toxicological
Sciences. 2013; 137 (2): 303-310.

22. Uzma N., Kumar B.S., Hazari M.A.H. Exposure to benzene induces oxidative stress,
alters the immune response and expression of p53 in gasoline filling workers. American
Journal of Industrial Medicine. 2010; 53 (12): 1264-1270.

23. Barreto G.E., Madureira D., Capani F., Aon-Bertolino L., Saraceno E., Alvarez-Giraldez
L.D. The role of catechols and free radicals in benzene toxicity: An oxidative DNA damage
pathway. Environmental and Molecular Mutagenesis. 2009; 50 (9): 771-780.

24. Soares K., Giardini I., Vieira P., Geraldino B.R., Bellomo A., Alves J.A,, et al. Gasoline-
station workers in Brazil: Benzene exposure; Genotoxic and immunotoxic effects. Mutation
Research/Genetic Toxicology and Environmental Mutagenesis. 2021; 865: 503322.

25. Spatari G., Allegra A., Carrieri M., Pioggia G., Gangemi S. Epigenetic Effects of
Benzene in Hematologic Neoplasms: The Altered Gene Expression. Cancers. 2021; 13
(10): 2392.

26. Ren J., Cui J., Luo M,, Liu H., Hao P., Wang X., et al. The prevalence and persistence
of aberrant promoter DNA methylation in benzene-exposed Chinese workers. PLoS ONE.
2019; 14 (8): €0220500.

27. Fustinoni S., Rossella F., Polledri E., Bollati V., Campo L., Byun H.M,, et al. Global DNA
methylation and low-level exposure to benzene. La Medicina del lavoro. 2012; 103 (2): 84-
95.

28. Bollati V., Baccarelli A., Hou L., Bonzini M., Fustinoni S., Cavallo D., et al. Changes in
DNA Methylation Patterns in Subjects Exposed to Low-Dose Benzene. Cancer Research.
2007; 67 (3): 876-880.

254



[IpodunakTnyeckad TOKCUKOI0rus 255

29. Sun P, Wang J., Guo X, Chen Y., Xing C., Gao A. Benzene and its metabolite
decreases cell proliferation via LncRNA-OBFC2A-mediated anti-proliferation effect
involving NOTCH1 and KLF15. Oncotarget. 2017; 8 (25): 40857-40871.

30. Huang Z., Wang H., Huang H., Xia L., Chen C., Qiu X,, et al. iTRAQ-based proteomic
profiling of human serum reveals down-regulation of platelet basic protein and
apolipoprotein B100 in patients with hematotoxicity induced by chronic occupational
benzene exposure. Toxicology. 2012; 291 (1-3): 56-64.

31. Qu Q. Shore REE, Li G, Jin X,, Lung C.C., Cohen B.S,, et al. Hematological changes
among Chinese workers with a broad range of benzene exposures. American Journal of
Industrial Medicine. 2002; 42 (4): 275-285.

32. Guo H., Ahn S., Zhang L. Benzene-associated immunosuppression and chronic
inflammation in humans: a systematic review. Occupational and Environmental Medicine.
2020; 78 (5): 377-384.

33. Glass D.C., Gray C.N., Jolley D.J., Gibbons C., Sim M.R., Fritschi L., et al. Leukemia
Risk Associated With Low-Level Benzene Exposure. Epidemiology. 2003; 14 (5): 569-577.
34. Rushton L., Schnatter AR, Tang G., Glass D.C. Acute myeloid and chronic lymphoid
leukaemias and exposure to low-level benzene among petroleum workers. British Journal
of Cancer. 2013; 110 (3): 783-787.

35. Giuliano M., Stellavato A., Cammarota M., Lamberti M., Miraglia N., Sannolo N. et al.
Effects of low concentrations of benzene on human lung cells in vitro. Toxicol Lett. 2009;
188 (2): 130-136.

36. Zolghadr F., Sadeghizadeh M., Amirizadeh N., Hosseinkhani S., Nazem S. How
benzene and its metabolites affect human marrow derived mesenchymal stem cells.
Toxicol Lett. 2012; 214 (2): 145-53.

37. Chen Y., Sun P., Bai W., Gao A. MiR-133a regarded as a potential biomarker for
benzene toxicity through targeting Caspase-9 to inhibit apoptosis induced by benzene
metabolite (1,4-Benzoquinone). Sci Total Environ. 2016; 571: 883-891.

38. Chen Y., Sun P., Guo X., Gao A. MiR-34a, a promising novel biomarker for benzene
toxicity, is involved in cell apoptosis triggered by 1,4-benzoquinone through targeting Bcl-
2. Environ Pollut. 2017; 221: 256-265.

39. Liang B., ChenY., Yuan W., Qin F., Zhang Q., Deng N. et al. Down-regulation of miRNA-
457a and miRNA-486-5p involved in benzene-induced inhibition on erythroid cell
differentiation in vitro and in vivo. Arch Toxicol. 2018; 92 (1): 259-272.

40. Chen Y., Zhang W., Guo X., Ren J., Gao A. IncRNAVNN3 mediated benzene-induced
hematotoxicity through promoting autophagy and apoptosis. Ecotoxicol Environ Saf. 2019;
185:109672.

255



[IpodunakTnyeckad TOKCUKOI0rus 256

41. Guo X., Zhong W., Chen Y., Zhang W., Ren J., Gao A. Benzene metabolites trigger
pyroptosis and contribute to haematotoxicity via TET2 directly regulating the Aim2/CaspT
pathway. EBioMedicine. 2019; 47: 578-589.

42. PuY.,SunF.,Sun R, ManZ, Ji S, Xu K. et al. PTP4A3, A Novel Target Gene of HIF-
Talpha, Participates in Benzene-Induced Cell Proliferation Inhibition and Apoptosis through
PI3K/AKT Pathway. Int J Environ Res Public Health. 2020; 17 (3): 910.

43. Zhang H., Yuan Q., Pan Z, Ling X., Tan Q., Wu M. et al. Up-regulation of DNMT3b
contributes to HOTAIRM1 silencing via DNA hypermethylation in cells transformed by
long-term exposure to hydroquinone and workers exposed to benzene. Toxicol Lett. 2020;
322:12-19.

44. Wang T.S., Tian W., Fang Y., Guo K.R,, Li A.Q.,, Sun Y. et al. Changes in miR-222
expression, DNA repair capacity, and MDM2-p53 axis in association with low-dose
benzene genotoxicity and hematotoxicity. Sci Total Environ. 2021; 765: 142740.

45. Cui Y, Mo Z, Ji P, Zhong J., Li Z, Li D. et al. Benzene Exposure Leads to
Lipodystrophy and Alters Endocrine Activity In Vivoand In Vitro. Front Endocrinol
(Lausanne). 2022; 13: 937281.

46. Dere E., Ari F. Effect of Benzene on liver functions in rats (Rattus norvegicus). Environ
Monit Assess. 2009; 154 (1-4): 23-7.

47. Sun R., Zhang J., Yin L., Pu Y. Investigation into variation of endogenous metabolites
in bone marrow cells and plasma in C3H/He mice exposed to benzene. Int J Mol Sci.
2014; 15 (3): 4994-5010.

48. SunR., Zhang J., Xiong M., Wei H., Tan K, Yin L. et al. Altered Expression of Genes in
Signaling Pathways Regulating Proliferation of Hematopoietic Stem and Progenitor Cells
in Mice with Subchronic Benzene Exposure. Int J Environ Res Public Health. 2015; 12 (8):
9298-313.

49. Wei H., Zhang J., Tan K., Sun R,, Yin L., Pu Y. Benzene-Induced Aberrant miRNA
Expression Profile in Hematopoietic Progenitor Cells in C57BL/6 Mice. Int J Mol Sci. 2015;
16 (11): 27058-71.

50. Sun R, Cao M., Zhang J., Yang W., Wei H., Meng X. et al. Benzene Exposure Alters
Expression of Enzymes Involved in Fatty Acid B-Oxidation in Male C3H/He Mice. Int J
Environ Res Public Health. 2016; 13 (11): 1068.

51. Liang B., Chen'Y., Yuan W., Qin F., Zhang Q., Deng N. et al. Down-regulation of miRNA-
457a and miRNA-486-5p involved in benzene-induced inhibition on erythroid cell
differentiation in vitro and in vivo. Arch Toxicol. 2018; 92 (1): 259-272.

52. Sun R, Xu K., JiS,,PuY., Man Z., Ji J. et al. Benzene exposure induces gut microbiota
dysbiosis and metabolic disorder in mice. Sci Total Environ. 2020; 705: 135879.

256



[IpodunakTnyeckad TOKCUKOI0rus 257

53. Yu L, Sun R, Xu K., Pu Y., Huang J., Liu M. et al. Lipidomic analysis reveals
disturbances in glycerophospholipid and sphingolipid metabolic pathways in benzene-
exposed mice. Toxicol Res (Camb). 2021; 10 (4): 706-718.

54. Elazab M.F.A., Elbaiomy A.E.A., Ahmed M.S., Alsharif K.F., Dahran N., Elmahallawy
E.K. et al. Ameliorative Effects of Bovine Lactoferrin on Benzene-Induced Hematotoxicity
in Albino Rats. Front Vet Sci. 2022; 9: 907580.

55. Guo X, Zhang L., Wang J., Zhang W., Ren J., Chen Y. et al. Plasma metabolomics
study reveals the critical metabolic signatures for benzene-induced hematotoxicity. JCI
Insight. 2022; 7 (2): 154999,

56. He J., Peng C., Yang X, Li P, Bai J.,, Jia Q. et al. Identification of critical genes
associated with oxidative stress pathways in benzene-induced hematotoxicity. Heliyon.
2024; 10 (15): e35427.

57. Faulhammer F., van Ravenzwaay B., Schnatter A.R., Rooseboom M., Kamp H., Flick B.
et al. The short-term toxicity and metabolome of Benzene. Toxicol Lett. 2024; 400: 58-70.
58. Zhang Y., Zhou J., Zhao J., Cheng X., Xing C. Chronic benzene exposure impairs the
self-renewal capacity of HSPCs in C57BL/6 mice. Toxicol Res (Camb). 2025; 14 (1):
tfaf021.

59. Moro A.M., Brucker N. Chardo M.F., Sauer E. et al. Early hematological and
immunological alterations in gasoline station attendants exposed to benzene. Environ
Res. 2015; 137: 349-356.

60. HuD., Peng X., Liu Y., Zhang W., Peng X., Tang H. et al. Qverexpression of miR-221 in
peripheral blood lymphocytes in petrol station attendants: A population based cross-
sectional study in southern China. Chemosphere. 2016; 149: 8-13.

61. Lovreglio P., Doria D., Fracasso M.E., Barbieri A., Sabatini L., Drago I. et al. DNA
damage and repair capacity in workers exposed to low concentrations of benzene. Environ
Mol Mutagen. 2016; 57 (2): 151-8.

62. Jamebozorgi 1., Majidizadeh T., Pouryagoub G., Mahjoubi F. Aberrant DNA
Methylation of Two Tumor Suppressor Genes, p14ARF and p15INK4b, after Chronic
Occupational Exposure to Low Level of Benzene. Int J Occup Environ Med. 2018; 9 (3):
145-151.

63. Liang B., Zhong Y., Chen K., Zeng L., Li G., Zheng J. et al.. Serum plasminogen as a
potential biomarker for the effects of low-dose benzene exposure. Toxicology. 2018 Dec
1,410:59-64. doi: 10.1016/j.tox.2018.09.004. Epub 2018 Sep 10. Erratum in: Toxicology.
2019; 415:70.

64. Wang J., Guo X, Chen Y., Zhang W., Ren J., Gao A. Association between benzene
exposure, serum levels of cytokines and hematological measures in Chinese workers: A
cross-sectional study. Ecotoxicol Environ Saf. 2021; 207: 111562.

257



[IpodunakTnyeckad TOKCUKOI0rus 258

65. Mendes M.P.R,, Paiva M.J.N., Costa-Amaral 1.C., Carvalho L.V.B., Figueiredo V.0,
Gongalves E.S. et al. Metabolomic Study of Urine from Workers Exposed to Low
Concentrations of Benzene by UHPLC-ESI-QToF-MS Reveals Potential Biomarkers
Associated with Oxidative Stress and Genotoxicity. Metabolites. 2022; 12 (10): 978.

66. Polyong C.P., Roytrakul S., Sirivarasai J., Yingratanasuk T., Thetkathuek A. Novel
Serum Proteomes Expressed from Benzene Exposure Among Gasoline Station Attendants.
Biomark Insights. 2024; 19: 11772719241259604.

67. Lan Q. Zhang L., Li G., Vermeulen R., Weinberg R.S., Dosemeci M., Rappaport S.M. et
al. Hematotoxicity in workers exposed to low levels of benzene. Science. 2004, 306
(5702): 1774-1776.

68. Kirkeleit J., Riise T., Bratveit M., Pekari K., Mikkola J., Moen B.E. Biological monitoring
of benzene exposure during maintenance work in crude oil cargo tanks. Chem Biol
Interact. 2006; 164 (1-2): 60-7.

69. LiK,JingY.,YangC, LiuS., Zhao Y., He X. et al. Increased leukemia-associated gene
expression in benzene-exposed workers. Sci Rep. 2014; 4: 5369.

70. Rothman N., Vermeulen R., Zhang L, Hu W, Yin S., Rappaport S.M. et al
Metabolome-wide association study of occupational exposure to benzene.
Carcinogenesis. 2021; 42 (11): 1326-1336.

71. Vermeulen R., Lan Q., Zhang L., Gunn L., McCarthy D., Woodbury R.L. et al. Decreased
levels of CXC-chemokines in serum of benzene-exposed workers identified by array-based
proteomics. Proc Natl Acad Sci U S A. 2005; 102 (47): 17041-6.

References:

1. Substance Priority List. Agency for Toxic Substances and Disease Registry, ATSDR
[Internet]. Atlanta. 2022. Available from: https://www.atsdr.cdc.gov/index.html

2. IARC Monographs on the Identification of Carcinogenic Hazards to Humans. Benzene.
Lyon: International Agency for Research on Cancer; 2018. (IARC Monographs, No. 120).
ISBN: 978-92-832-0158-8. Available from: https://publications.iarc.who.int/Book-And-
Report-Series/larc-Monographs-On-The-ldentification-Of-Carcinogenic-Hazards-To-
Humans/Benzene-2018

3. Wu C.C,, Blount J.R., Haimbaugh A., Heldman S., Shields J.N., Baker T.R. Evaluating
Phenotypic and Transcriptomic Responses Induced by Low-Level VOCs in Zebrafish:
Benzene as an Example. Toxics. 2022; 10 (7): 351.

4. National Center for Biotechnology Information. Benzene [Internet]. Bethesda (MD):
National Library of Medicine (US). Available from:
https://pubchem.ncbi.nim.nih.gov/compound/Benzene#section=Pharmacology-and-
Biochemistry

258



[IpodunakTnyeckad TOKCUKOI0rus 259

5. Harrison R., Delgado Saborit J.M., Dor F., Henderson R. Benzene. In: WHO Guidelines
for Indoor Air Quality: Selected Pollutants. Geneva: World Health Organization; 2010. 1.
Available from: https://www.ncbi.nlm.nih.gov/books/NBK138708/

6. Weisel C.P. Benzene exposure: An overview of monitoring methods and their findings.
Chemico-Biological Interactions. 2010; 184 (1-2): 58-66.

7. Wang L., Zhou Y., Liang Y., Wong 0., Armstrong T.W., Schnatter A.R., et al. Benzene
exposure in the shoemaking industry in China, a literature survey, 1978-2004. Regulatory
Toxicology and Pharmacology. 2006; 46 (2): 149-156.

8. Williams P.R., Panko J.M., Unice K, Brown J.L., Paustenbach D.J. Occupational
exposures associated with petroleum-derived products containing trace levels of benzene.
Journal of Occupational and Environmental Hygiene. 2008; 5 (9): 565-574.

9. Bagarello V., lovino M; Tusa G. Factors affecting measu-rement of the near-saturated
soil hydraulic conductivity. Soil Science Society of America Journal. 2000; 64: 1203-
1210.

10. El Batsh M.M., Zakaria S.S., Gaballah H.H. Protective effects of alpha-lipoic acid
against benzene induced toxicity in experimental rats. European Review for Medical and
Pharmacological Sciences. 2015; 19 (14): 2717-24.

11. Arnold S.M., Angerer J., Boogaard P.J., Hughes M.F., O'Lone R.B., Robison S.H., et al.
The use of biomonitoring data in exposure and human health risk assessment: benzene
case study. Critical Reviews in Toxicology. 2013; 43 (2): 119-153.

12. Snyder R. Leukemia and Benzene. International Journal of Environmental Research
and Public Health. 2012; 9 (8): 2875-1893.

13. Ross D., Siegel D., Schattenberg D.G., Sun X.M., Moran J.L. Cell-specific activation
and detoxification of benzene metabolites in mouse and human bone marrow:
identification of target cells and a potential role for modulation of apoptosis in benzene
toxicity. Environmental Health Perspectives. 1996; 104 (6): 1177-1182.

14. Sun R, Xu K, JiS,PuY, YulL, YinL, etal Toxicity in hematopoietic stem cells from
bone marrow and peripheral blood in mice after benzene exposure: Single-cell
transcriptome sequencing analysis. Ecotoxicol Environ Saf. 2021; 207: 111490.

15. Mozzoni P., Poli D., Pinelli S., Tagliaferri S., Corradi M., Cavallo D., et al. Benzene
Exposure and MicroRNAs Expression: In Vitro, In Vivo and Human Findings. Int J Environ
Res Public Health. 2023; 20 (3): 1920.

16. Sun R., Zhang J., Wei H., Meng X., Ding Q., Sun F., et al. Acetyl- | -carnitine partially
prevents benzene-induced hematotoxicity and oxidative stress in C3H/He mice.
Environmental Toxicology and Pharmacology. 2017; 51: 108-113.

259



[IpodunakTnyeckad TOKCUKOI0rus 260

17. Shen M., Zhang L., Bonner M.R,, Liu C., Li G., Vermeulen R., et al. Association between
mitochondrial DNA copy number, blood cell counts, and occupational benzene exposure.
Environmental and Molecular Mutagenesis. 2008; 49 (6): 453-457.

18. Carugno M., Pesatori A.C., Dioni L., Hoxha M., Bollati V., Benedetta A, et al. Increased
Mitochondrial DNA Copy Number in Occupations Associated with Low-Dose Benzene
Exposure. Environ Health Perspect. 2012; 120 (2): 210-215.

19. Emara A.M., EI-Bahrawy H.A. Green Tea Attenuates Benzene-Induced Oxidative Stress
in Pump Workers. Journal of Immunotoxicology. 2008; 5 (1): 69-80.

20. Fenga C., Gangemi S., Giambo F., Tsitsimpikou C., Golokhvast K., Tsatsakis A., et al.
Low-dose occupational exposure to benzene and signal transduction pathways involved in
the regulation of cellular response to oxidative stress. Life Sciences. 2016; 147: 67-70.

21. Stokes S.E., Winn L.M. NF-kB Signaling Is Increased in HD3 Cells Following Exposure
to 1,4-Benzoquinone: Role of Reactive Oxygen Species and p38-MAPK a. Toxicological
Sciences. 2013; 137 (2): 303-310.

22. Uzma N., Kumar B.S., Hazari M.A.H. Exposure to benzene induces oxidative stress,
alters the immune response and expression of p53 in gasoline filling workers. American
Journal of Industrial Medicine. 2010; 53 (12): 1264-1270.

23. Barreto G.E., Madureira D., Capani F., Aon-Bertolino L., Saraceno E., Alvarez-Giraldez
L.D. The role of catechols and free radicals in benzene toxicity: An oxidative DNA damage
pathway. Environmental and Molecular Mutagenesis. 2009; 50 (9): 771-780.

24. Soares K., Giardini I., Vieira P., Geraldino B.R., Bellomo A., Alves J.A,, et al. Gasoline-
station workers in Brazil: Benzene exposure; Genotoxic and immunotoxic effects. Mutation
Research/Genetic Toxicology and Environmental Mutagenesis. 2021; 865: 503322.

25. Spatari G., Allegra A., Carrieri M., Pioggia G., Gangemi S. Epigenetic Effects of
Benzene in Hematologic Neoplasms: The Altered Gene Expression. Cancers. 2021; 13
(10): 2392.

26. Ren J., Cui J., Luo M,, Liu H., Hao P., Wang X., et al. The prevalence and persistence
of aberrant promoter DNA methylation in benzene-exposed Chinese workers. PLoS ONE.
2019; 14 (8): €0220500.

27. Fustinoni S., Rossella F., Polledri E., Bollati V., Campo L., Byun H.M., et al. Global DNA
methylation and low-level exposure to benzene. La Medicina del lavoro. 2012; 103 (2): 84-
95.

28. Bollati V., Baccarelli A., Hou L., Bonzini M., Fustinoni S., Cavallo D., et al. Changes in
DNA Methylation Patterns in Subjects Exposed to Low-Dose Benzene. Cancer Research.
2007; 67 (3): 876-880.

260



[IpodunakTnyeckad TOKCUKOI0rus 261

29. Sun P, Wang J., Guo X., Chen Y., Xing C., Gao A. Benzene and its metabolite
decreases cell proliferation via LncRNA-OBFC2A-mediated anti-proliferation effect
involving NOTCH1 and KLF15. Oncotarget. 2017; 8 (25): 40857-40871.

30. Huang Z., Wang H., Huang H., Xia L., Chen C., Qiu X,, et al. iTRAQ-based proteomic
profiling of human serum reveals down-regulation of platelet basic protein and
apolipoprotein B100 in patients with hematotoxicity induced by chronic occupational
benzene exposure. Toxicology. 2012; 291 (1-3): 56-64.

31. Qu Q. Shore REE, Li G, Jin X,, Lung C.C., Cohen B.S,, et al. Hematological changes
among Chinese workers with a broad range of benzene exposures. American Journal of
Industrial Medicine. 2002; 42 (4): 275-285.

32. Guo H., Ahn S., Zhang L. Benzene-associated immunosuppression and chronic
inflammation in humans: a systematic review. Occupational and Environmental Medicine.
2020; 78 (5): 377-384.

33. Glass D.C., Gray C.N., Jolley D.J., Gibbons C., Sim M.R., Fritschi L., et al. Leukemia
Risk Associated With Low-Level Benzene Exposure. Epidemiology. 2003; 14 (5): 569-577.
34. Rushton L., Schnatter AR, Tang G., Glass D.C. Acute myeloid and chronic lymphoid
leukaemias and exposure to low-level benzene among petroleum workers. British Journal
of Cancer. 2013; 110 (3): 783-787.

35. Giuliano M., Stellavato A., Cammarota M., Lamberti M., Miraglia N., Sannolo N. et al.
Effects of low concentrations of benzene on human lung cells in vitro. Toxicol Lett. 2009;
188 (2): 130-136.

36. Zolghadr F., Sadeghizadeh M., Amirizadeh N., Hosseinkhani S., Nazem S. How
benzene and its metabolites affect human marrow derived mesenchymal stem cells.
Toxicol Lett. 2012; 214 (2): 145-53.

37. Chen Y., Sun P., Bai W., Gao A. MiR-133a regarded as a potential biomarker for
benzene toxicity through targeting Caspase-9 to inhibit apoptosis induced by benzene
metabolite (1,4-Benzoquinone). Sci Total Environ. 2016; 571: 883-891.

38. Chen Y., Sun P., Guo X., Gao A. MiR-34a, a promising novel biomarker for benzene
toxicity, is involved in cell apoptosis triggered by 1,4-benzoquinone through targeting Bcl-
2. Environ Pollut. 2017; 221: 256-265.

39. Liang B., ChenY., Yuan W., Qin F., Zhang Q., Deng N. et al. Down-regulation of miRNA-
457a and miRNA-486-5p involved in benzene-induced inhibition on erythroid cell
differentiation in vitro and in vivo. Arch Toxicol. 2018; 92 (1): 259-272.

40. Chen Y., Zhang W., Guo X., Ren J., Gao A. IncRNAVNN3 mediated benzene-induced
hematotoxicity through promoting autophagy and apoptosis. Ecotoxicol Environ Saf. 2019;
185:109672.

261



[IpodunakTnyeckad TOKCUKOI0rus 262

41. Guo X., Zhong W., Chen Y., Zhang W., Ren J., Gao A. Benzene metabolites trigger
pyroptosis and contribute to haematotoxicity via TET2 directly regulating the Aim2/CaspT
pathway. EBioMedicine. 2019; 47: 578-589.

42. PuY.,SunF.,Sun R, ManZ, Ji S, Xu K. et al. PTP4A3, A Novel Target Gene of HIF-
Talpha, Participates in Benzene-Induced Cell Proliferation Inhibition and Apoptosis through
PI3K/AKT Pathway. Int J Environ Res Public Health. 2020; 17 (3): 910.

43. Zhang H., Yuan Q., Pan Z, Ling X., Tan Q., Wu M. et al. Up-regulation of DNMT3b
contributes to HOTAIRM1 silencing via DNA hypermethylation in cells transformed by
long-term exposure to hydroquinone and workers exposed to benzene. Toxicol Lett. 2020;
322:12-19.

44. Wang T.S., Tian W., Fang Y., Guo K.R,, Li A.Q.,, Sun Y. et al. Changes in miR-222
expression, DNA repair capacity, and MDM2-p53 axis in association with low-dose
benzene genotoxicity and hematotoxicity. Sci Total Environ. 2021; 765: 142740.

45. Cui Y, Mo Z, Ji P, Zhong J., Li Z, Li D. et al. Benzene Exposure Leads to
Lipodystrophy and Alters Endocrine Activity In Vivoand In Vitro. Front Endocrinol
(Lausanne). 2022; 13: 937281.

46. Dere E., Ari F. Effect of Benzene on liver functions in rats (Rattus norvegicus). Environ
Monit Assess. 2009; 154 (1-4): 23-7.

47. Sun R., Zhang J., Yin L., Pu Y. Investigation into variation of endogenous metabolites
in bone marrow cells and plasma in C3H/He mice exposed to benzene. Int J Mol Sci.
2014; 15 (3): 4994-5010.

48. SunR., Zhang J., Xiong M., Wei H., Tan K, Yin L. et al. Altered Expression of Genes in
Signaling Pathways Regulating Proliferation of Hematopoietic Stem and Progenitor Cells
in Mice with Subchronic Benzene Exposure. Int J Environ Res Public Health. 2015; 12 (8):
9298-313.

49. Wei H., Zhang J., Tan K., Sun R,, Yin L., Pu Y. Benzene-Induced Aberrant miRNA
Expression Profile in Hematopoietic Progenitor Cells in C57BL/6 Mice. Int J Mol Sci. 2015,
16 (11): 27058-71.

50. Sun R, Cao M,, Zhang J., Yang W., Wei H., Meng X. et al. Benzene Exposure Alters
Expression of Enzymes Involved in Fatty Acid B-Oxidation in Male C3H/He Mice. Int J
Environ Res Public Health. 2016; 13 (11): 1068.

51. Liang B., Chen'Y., Yuan W., Qin F., Zhang Q., Deng N. et al. Down-regulation of miRNA-
457a and miRNA-486-5p involved in benzene-induced inhibition on erythroid cell
differentiation in vitro and in vivo. Arch Toxicol. 2018; 92 (1): 259-272.

52. Sun R, Xu K., JiS,,PuY., Man Z., Ji J. et al. Benzene exposure induces gut microbiota
dysbiosis and metabolic disorder in mice. Sci Total Environ. 2020; 705: 135879.

262



[IpodunakTnyeckad TOKCUKOI0rus 263

53. Yu L, Sun R, Xu K., Pu Y., Huang J., Liu M. et al. Lipidomic analysis reveals
disturbances in glycerophospholipid and sphingolipid metabolic pathways in benzene-
exposed mice. Toxicol Res (Camb). 2021; 10 (4): 706-718.

54. Elazab M.F.A., Elbaiomy A.E.A., Ahmed M.S., Alsharif K.F., Dahran N., Elmahallawy
E.K. et al. Ameliorative Effects of Bovine Lactoferrin on Benzene-Induced Hematotoxicity
in Albino Rats. Front Vet Sci. 2022; 9: 907580.

55. Guo X, Zhang L., Wang J., Zhang W., Ren J., Chen Y. et al. Plasma metabolomics
study reveals the critical metabolic signatures for benzene-induced hematotoxicity. JCI
Insight. 2022; 7 (2): 154999,

56. He J., Peng C., Yang X, Li P, Bai J.,, Jia Q. et al. Identification of critical genes
associated with oxidative stress pathways in benzene-induced hematotoxicity. Heliyon.
2024; 10 (15): e35427.

57. Faulhammer F., van Ravenzwaay B., Schnatter A.R., Rooseboom M., Kamp H., Flick B.
et al. The short-term toxicity and metabolome of Benzene. Toxicol Lett. 2024; 400: 58-70.
58. Zhang Y., Zhou J., Zhao J., Cheng X., Xing C. Chronic benzene exposure impairs the
self-renewal capacity of HSPCs in C57BL/6 mice. Toxicol Res (Camb). 2025; 14 (1):
tfaf021.

59. Moro A.M., Brucker N., Chardo M.F., Sauer E. et al. Early hematological and
immunological alterations in gasoline station attendants exposed to benzene. Environ
Res. 2015; 137: 349-356.

60. HuD., Peng X., Liu Y., Zhang W., Peng X., Tang H. et al. Qverexpression of miR-221 in
peripheral blood lymphocytes in petrol station attendants: A population based cross-
sectional study in southern China. Chemosphere. 2016; 149: 8-13.

61. Lovreglio P., Doria D., Fracasso M.E., Barbieri A., Sabatini L., Drago |. et al. DNA
damage and repair capacity in workers exposed to low concentrations of benzene. Environ
Mol Mutagen. 2016; 57 (2): 151-8.

62. Jamebozorgi 1., Majidizadeh T., Pouryagoub G., Mahjoubi F. Aberrant DNA
Methylation of Two Tumor Suppressor Genes, p14ARF and p15INK4b, after Chronic
Occupational Exposure to Low Level of Benzene. Int J Occup Environ Med. 2018; 9 (3):
145-151.

63. Liang B., Zhong Y., Chen K., Zeng L., Li G., Zheng J. et al.. Serum plasminogen as a
potential biomarker for the effects of low-dose benzene exposure. Toxicology. 2018 Dec
1,410:59-64. doi: 10.1016/j.tox.2018.09.004. Epub 2018 Sep 10. Erratum in: Toxicology.
2019; 415:70.

64. Wang J., Guo X, Chen Y., Zhang W., Ren J., Gao A. Association between benzene
exposure, serum levels of cytokines and hematological measures in Chinese workers: A
cross-sectional study. Ecotoxicol Environ Saf. 2021; 207: 111562.

263



[IpodunakTnyeckad TOKCUKOI0rus 264

65. Mendes M.P.R,, Paiva M.J.N., Costa-Amaral 1.C., Carvalho L.V.B., Figueiredo V.0,
Gongalves E.S. et al. Metabolomic Study of Urine from Workers Exposed to Low
Concentrations of Benzene by UHPLC-ESI-QToF-MS Reveals Potential Biomarkers
Associated with Oxidative Stress and Genotoxicity. Metabolites. 2022; 12 (10): 978.

66. Polyong C.P., Roytrakul S., Sirivarasai J., Yingratanasuk T., Thetkathuek A. Novel
Serum Proteomes Expressed from Benzene Exposure Among Gasoline Station Attendants.
Biomark Insights. 2024; 19: 11772719241259604.

67. Lan Q. Zhang L., Li G., Vermeulen R., Weinberg R.S., Dosemeci M., Rappaport S.M. et
al. Hematotoxicity in workers exposed to low levels of benzene. Science. 2004, 306
(5702): 1774-1776.

68. Kirkeleit J., Riise T., Bratveit M., Pekari K., Mikkola J., Moen B.E. Biological monitoring
of benzene exposure during maintenance work in crude oil cargo tanks. Chem Biol
Interact. 2006; 164 (1-2): 60-7.

69. LiK,JingY.,YangC, LiuS., Zhao Y., He X. et al. Increased leukemia-associated gene
expression in benzene-exposed workers. Sci Rep. 2014; 4: 5369.

70. Rothman N., Vermeulen R., Zhang L, Hu W, Yin S., Rappaport S.M. et al
Metabolome-wide association study of occupational exposure to benzene.
Carcinogenesis. 2021; 42 (11): 1326-1336.

71. Vermeulen R., Lan Q., Zhang L., Gunn L., McCarthy D., Woodbury R.L. et al. Decreased
levels of CXC-chemokines in serum of benzene-exposed workers identified by array-based
proteomics. Proc Natl Acad Sci U S A. 2005; 102 (47): 17041-6.

Moctynuna/Received: 03.10.2025

MpuHdaTa B neyatb/Accepted: 07.11.2025

264



