MeauIuHa TPyAQ U IPOMBIIIAEHHAS 9KoAoTHs — 2022; 62(2)

OpI/II'I/IHaAbeIe CTaTbU

OPNIMMHANDbLHDIE CTATbDN

DOI: https://doi.org/10.31089/1026-9428-2022-62-2-72-90

YAK 613.6.02

© Koaaexrus aBTopos, 2022

Bapuuos B.A."?, Ymakos 1B

TOKCHKOAOTHSI AYHHOHN NBIAH B acCIeKTe BO3MOXXHOH NPOPEeCCHOHAABHOH HAaTOAOTHH
KOCMOHABTOB — YYaCTHHKOB 3KCIIEAHIINH Ha AyHy

'QT'BY «Hayuno-kaunHMYecKkuit jeHTp TOKCcHKoAOrHy uMenn akapemuka C.H. ToankoBa ®epepasbHOTO MeAHKO-OHOAOTHIECKOTO
areHTCTBa>, Bexrepesa ya., 1, Canxr-Ilerep6ypr, 192019;

*Pr'OY BO «CeBepo-3anapHbiil FOCYyAAPCTBEHHBIN MEAULIMHCKAN YHUBepcuTeT uMenn V1.V, MeunnkoBa» Munucrepcrsa
3apaBooxpanenus Poccuiickoit Qepeparuy, ITuckapesckuit mp-T, 47, Cankr-Ilerepbypr, 195067;

3QI'BY «TocypapcrBenHsiit Hayunsli nentp Poccurickoit Pepepanun — DepeparbHbI MEAUNMHCKII 6HOPHU3NIECKUI LIEHTP UMEHH
AW. Bypuazsaa» ®MBA Poccun, XKusonuchas ya., 46, Mocksa, 123182

BBepenne. AyHHas IbIAD IPEACTaBASIET HOBBIM AAS OTEUECTBEHHOHN KOCMHYECKON MEAHIIMHbI IIOTEHIIMAABHO ONACHBIH (ak-
TOP, C KOTOPBIM HEM30€XXHO CTOAKHYTCSI KOCMOHABTBI — YYaCTHHKH AYHHBIX 9KCIIEAULHI IIPU OCYLIECTBAEHHU CBOEH IpPO-
deccroHaAbHOM AEATEABHOCTH. AKTYaAbHBIM SBASETCS BCECTOPOHHEe U3y4eHUe TOKCUYHOCTHU M OIIACHOCTH AYHHOM IIbIAH, eé
KAAaCCHUKAIKS B KauecTBe POoeCCHOHAABHOTO BPeAHOTO ¥ (MAH) OMACHOTO IIPOU3BOACTBEHHOTO PaKTOPa, XAPAKTEPUCTHKA
U OIIeHKA BEPOSATHOCTH Pa3BUTHA IMPO(ECCHOHAABHOM ITATOAOTHH IIPU OCTPOM, IIOAOCTPOM M XPOHHYECKOM BO3AEHCTBHU.
Pemmenvie 9THX 32724 IIO3BOAUT 06OCHOBATh COOTBETCTBYIONINE Ae4eOHO-IPOPUAAKTHIECKIE MEPOIIPHATHS, OCYLIeCTBACHHE
KOTOPBIX HEOOXOAUMO KaK B YCAOBUSIX AYHHBIX 9KCIIEAULIMH, TAK U IIOCAE BO3BPAILLEHHS U3 HHX.

ITeAp HCCAEAOBAaHMSI — HA OCHOBE BCECTOPOHHEIO QaHAAM3A COBPEMEHHBIX IIPEACTABACHHUI O OHOAOrHIecKuX 3dpPeKTax u
TOKCHYHOCTH AyHHOTO IPYHTa OLIEHUTh BO3MOXKHOCTb Pa3BUTHS Y KOCMOHABTOB IPOECCHOHAABHO 00YCAOBACHHbIX 3a60Ae-
BAaHHI, CBSI3aHHBIX C ACHCTBHEM AYHHOH IIBIAU.

Marepuaasl 1 MeTOABL. B paboTe 06061meHbI OTedecTBeHHbIE U 3apyOeXKHbIE AUTEPATYPHbIE AAHHBIE O TOKCHKOAOTUH AyH-
HOJ IIBIAY, BKAKOYasI OOLIYIO TOKCHYHOCTD, TyABMOHOTOKCHYHOCTD, MECTHOE PasApaKarolee AeFICTBHE, CIIelu$pUIeCKIe BUABL
TOKCUYHOCTH, OMOAOCTYIHOCTD U KMHETHKY YaCTHUL] AyHHOM IIBIAM B OpraHusMe. [IpoaHaAM3HpOBAHbI IPOPIATOAOTHYECKHE
ACIeKTHl TOKCUKOAOTHH AYHHOM IIBIAH.

Pe3yaprarbl. BbIABUHYTO IPEAIIOAOKEHHE O PAHXXUPOBAHHOCTU OPraHOB-MUILIEHeH, KOTOpble HanboAee Ys3BUMBI KaK B IIAQHe
PasBUTHS OAVDKAMIINX TOCACACTBHI KOHTAKTA C AHHO IIbIABIO, TaK M B OTHOIIEHHUH OTCTABAEHHBIX I10 BPEMEHH U OTAAAEHHBIX
HIOCAEACTBHH Takoro Bo3peicTBus. I1o uToram aHaAM3a AUTEpaTyPHBIX AAHHBIX O TOKCHKOAOTHM AYHHOM ITBIAM CAEAQHO IIPeA-
BapUTEABHOE 3aKAIOYEHHE O TOM, YTO Ka4eCTBe BO3MOXKHbIX OAIDKANIINX U OTCTaBACHHBIX 9QPEKTOB CAYIAHOIO HAM CBEPX-
HOPMATHUBHOT'O BO3AEHCTBHS AYHHOH IIBIAM MOTYT PacCMaTpPUBAaThCS aAACPTHYECKUe PeaKIUH, Pa3ApKeHHe IAa3, CAUSUCTBIX
HOCOTAOTKH, ABIXaTE€ABHDIX ITyTel, HapylIeH!s BHEIHETO ABIXaHMUS, yMCTBEHHOM U PUIHIECKON pabOTOCIIOCOOHOCTH, & TAKXKE
CHIDKEHHE PaAMOPe3UCTeHTHOCTH OpraHu3Ma. B kavecTBe moTeHIMaAbHOM OTAQAEHHOM ATOAOTUHM, CBA3AHHOM C AefiCTBUEM
AYHHOU IIBIAM Ha OPTaHU3M KOCMOHABTOB — YYACTHHUKOB AYHHBIX 9KCIIEAUIIHIL, MOT'YT PAaCCMATPHBAaThCsl GUOPO3HBIE H3MEHe-
HUSI B A€TKHUX, [IHEBMOKOHNO03, CHAUKOCHANKATO3, AETOYHOI KaHIIepOTeHe3 1 HelpOAeTeHepaTUBHbIe 3a00AeBaHIs. MexaHH3MbI
U 3aKOHOMEPHOCTH Pa3BUTHUS AOAIOCPOYHBIX TOCACACTBHI BO3ACHCTBUS AYHHOH IIBIAM HA OPTaHM3M HYXXAAIOTCS B U3y4eHHUH.
BoiBoab1. Hccaedosanus no mokcuxoA020-2UsUeHUHECKOMY HOPMUPOBAHII0 QOANCHbL AEHKAMb 8 0CHOBE PA3PABOMKY KoMNAEKCA Ca-
HUMAPHO-2ULUEHUMECKUX U AeHeOHO-NPOPUAGKIMUHECKUX MEPORPUSINULL N0 00echeueHuio 6e30nacHOCMU Y4aCHHUK08 FKCneduyuu
Ha AyHy npu KOHMAKmax ¢ Aynoil nvLAb1o. Mo no3e0AUm YCmarosums OAs AyHHoil nbiau 0guyuarbHbiii cmamyc spedno2o u(uu)
01ACH020 NPOU3BOOCINBEHHO20 XUMUHECK020 $aKMOpa, a makice onpedeAums u KAACCUPUYUPOBAMY 06YCAOBAEHHbIE KOHMAKMAMU
C AYHHOIL NbIAI0 NPOPecCUOHALbHBIE 3A00AE6AHUS.
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Beepenne. HecmoTps Ha TO, 4TO M3yyeHHEM 6uoAsoruye-  ITMOHHBIX areHTCTB! 0 MAAHAX IO MCCACAOBAHHIO Aynpr B XXI
CKHX 9QPeKTOB AYHHOTO IPYHTA HAYaAl 3aHUMAThCsI Ooree  Beke 3asBaeHo B CIIIA, EBpomeiickoM cotose, Poccuiickoit
IOAYBeKa Ha3aA, HHTepec K 9TOMY Bompocy 3ameTHO Bo3poc B Deseparmu, KHP, Muaun, fnoxnu. B Hanbosee amOurinos-

PsIA€ CTpaH B IIOCACAHHE ACCATHACTHI. ITo AAHHBIM I/IH(l)OpMa- 1 https://ru.Wikipedia.Org/Wiki/I/ICCAeAOBaHI/Ie_AyHbI
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HBIX [IPOTPaMMaX [MAAHUPYIOTCS IMAOTHPYeMbIe IIOAETBI, BbI-
CaAKa SKCITEAMIIHI U CO3AaHMe OOMTaeMbIX AYHHBIX 0a3 AAS
IIPOAOAKHTEABHOTO TpeObIBaHuUs YeAoBeka Ha AyHe. Boabmioe
BHUMaHHe B YKa3aHHBIX IPOrPAMMAX YACASIETCSI OOeCIIeueHIIO
TOKCHUKOAOTHYECKOM 6e30MacHOCTU Y4YaCTHUKOB SKCIIEAUIIHI
IPH MX KOHTAKTaX C AYHHOM ITBIABIO. /AYHHASI ITHIAD ITPEACTaB-
ASIeT HOBDII AASL OTeYeCTBEHHON KOCMUYEeCKOM MEAHIIUHEI I10-
TEHI[HAABHO OTIACHBIH $aKTOP, C KOTOPHIM HEHU30€KHO CTOA-
KHYTCSI KOCMOHABTH — YYaCTHUKHU AYHHBIX 9KCIIEAULIUE IIPH
OCYIIeCTBAGHHH CBOEH NPO(eCCHOHAABHOM ACATEABHOCTH. B
PsAe IMyOAMKALHIl 0OpalaeTcsi BAUMAHUE Ha PUCKY AASL 3A0-
POBbS YIACTHHKOB 9KCIIEAMIIUH Ha AyHY, KOTOpble MOTYT
OBITH MHUIIUMPOBAHBI KOHTAKTAMH C IIbIABIO, AOIIOAHHTEABHO
K PaAMALMOHHOMY M APYTUM BeAYIIMM IPO(eCCHOHAABHBIM
puckam [1-3].

Y Aynp1 Her aTMOocepbl, O3TOMY €€ II0YBa NOCTOSH-
HO 6OMOAPAMPYETCS MUKPOMETEOPHTAMU U 3apsDKEHHBIMU
qacTunaMu. B pesyabTare aTOro AyHHbI rpyHT (peroaut),
3epHa KOTOPOTO AHMIIEHbI OKCHAHON IAEHKH, CTAaHOBHTCS
9AEKTPOCTATHYECKH 3apSDKEHHBIM U IIPHOOpeTaeT HeXapak-
TepHBIe AASL 3eMHBIX YCAOBMH apresuBHble cBoricTBa. Io cBu-
AETEABCTBY aMEPHKAHCKMX aCTPOHABTOB, BO BPeMs MUCCHH
«AIIOAAOHA>» OHH BHOCHAM AYHHYIO ITBIAD B CITyCKaeMble MO-
AyAM Ha cBoux cKaanapax [4]. Acrponasr Harrison Schmitt
(«AmoaroH-175) OmHCaA PeaKIIHIo Ha BABIXAHUE BO3AYXA, 3a-
IPA3HEHHOTO MeABYAIIeH IIBIABIO IIOCAe CHATHSA CKagaHApPa,
KOTOPYIO OH Ha3BaA «AYHHas CEHHAs AMXOPaAKa» — 4MXa-
HHe, CAe3suecs raasa u 60ab B ropae [S]. Apyrue acrpo-
HABTHI TaK)Ke XKAAOBAAMCh HA CA€30TOYHBOCTD, IIepIIeHHe B
ropAe, KalleAb ¥ 9aCTOe YMXaHHe M3-3d BABIXQHHUS IBIAH, KO-
TOpas IPUANIIAAQ K HX cKadaHapam [6]. Peroant nmen sarmax
IIOPOXa, TAPH M CTPEASHBIX IIHCTOHOB, YTO TAKXKe BBIBIBAAO
OAOPUMETpHYeCKHi AUCKOMOPT y acTponasToB. Ilocae mpo-
HUKHOBEHHMS B aTMOCPePy KOMAHAHBIX MOAYACH, HECMOTpS Ha
HCIIOAb30BaHUE IIBIACCOCOB M YACTYI0 CMeHY QUABTPOB CH-
CTEeMBI BEHTHASIIUH, YACTHYKH ITHIAM AAUTEAbHOE BpeMs Ha-
XOAMAHCD B Hell, MEAACHHO OCEAAs U 3arpsI3HS, TeM CaMbIM,
BHYTpeHHHe IIOBEPXHOCTH. Bce 3T0 3aMeTHO 0CAOXKHAAO Aes-
TeABHOCTD ACTPOHABTOB M CTAAO IIPUYUHOM KAA0D IOCAE BO3-
Bpamenus Ha 3emaro [1].

CaepyeT OTMETHTD, U4TO B IKCHEAUIUSX IPOTPAMMBbI
«An0AA0H> B IIepHOA ¢ 1969 1o 1972 IT. MMeA MeCTO OTHO-
CHTEABHO HEIIPOAOAXKHTEABHBIH PeaAbHBIN KOHTAKT HeOOAD-
IOTO YKCAA Alopeit (BCETO B AYHHDBIX X KOMAHAHDBIX MOAYASIX
HaXOAUAHUCDH 18 acTpOHaBTOB, 13 HuX 12 paboTaAu Ha MOBepx-
HOCTU AyHBI) C AYHHOM TIBIABIO. DTO TIPEAOTIPEACAUAO PETH-
CTPALIMIO TOABKO OAVDKAMIINX TIOCACACTBUN TaKUX BO3AEH-
CTBHI, B OCHOBHOM CBSI3aHHBIX C AAAPTHYECKHMH PeaKIUAMU
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Y MECTHBIM Pa3ApaKaomuM AericTsueM. IIpu peryaspHbix pa-
60Tax Ha IIOBEPXHOCTH /AYHbI 1 IIPeOBIBAHNY YEAOBEKA B YCAO-
BUSIX AYHHBIX 6a3 BO3MOXKHBI MHOTOKPaTHBIe 1 O0Aee IPOAOA-
XKHUTEAbHbIE KOHTAKTBI, 4TO IOBBIIIAET BEPOSTHOCTD Pa3BUTHA
OTCTaBAEHHBIX U OTAAAEHHBIX IOCACACTBHI ACHCTBHA AYHHOM
IIBIAM Ha OPTaHM3M. JTO OIIpeAeAsieT HeOOXOANMOCTD pellle-
HHsI KOMIIAEKCA OPTaHHU3AIJMOHHBIX, TEXHMYECKUX 1 MEAUKO-
GHOAOTHYECKHX 3aA24 110 IIPEAYTIPEXAEHHIO BO3MOXHOM IIPO-
{eccHOHaABHO 00YCAOBAEHHON IIATOAOTHH Y CHIDKEHHUIO PU-
CKOB AASI BAOPOBbS YYACTHUKOB 9KCIIEAUIIHH, O0YCAOBAEHHBIX
AeFICTBYEM Ha HUX AYHHOM IbIAM. CpeAr MeANKO-OHOAOTHYe-
CKHX 33AQ4 aKTyaAbHBIM SBASETCS BCECTOPOHHee M3ydeHue
TOKCHYHOCTH M OIIACHOCTH AYHHOM IIBIAH, TOKCHKOAOTO-TUTH-
eHHUYecKoe HOPMUPOBaHMe U KAacCUPUKALUA e€ B KauecTBe
Npo$eCcCHOHAABHOTO BPEAHOTO u(uAn) omacHoro IIPOM3BOA-
CTBEHHOTO (aKTOpa, XapaKTePUCTUKA U OIeHKA BEPOSTHO-
CTH pa3BUTHUS NPOPeCCHOHAABHOM MATOAOTHH, BbI3bIBAEMOM
e€ OCTpPBIM, IOAOCTPHIM M XPOHUYECKUM BO3AeicTBreM. Pe-
LIEHVE 3THX 33Aa4 II03BOAUT 000CHOBATh COOTBETCTBYIOLINE
AeveOHO-TIPOPUAAKTHYECKHE MEPOIIPHUSTHS, OCYIIeCTBACHHE
KOTOPBIX BO3MOXHO U HEOOXOANMO KaK B YCAOBHUSIX AYHHBIX
9KCIEAUIIMH, TaK U TOCAE BO3BPAIlleHHUs U3 HUX.

ITean MccaepOBaHMS — HA OCHOBE BCECTOPOHHETO aHa-
AM32a COBPEMEHHBIX IIPEACTABACHUH O 6rororuyeckux adpdek-
TaX U TOKCHYHOCTU AYHHOTO I'PYHTA OLeHUTb BO3MOXXHOCTb
PasBHUTHUSI Y KOCMOHABTOB IPO(ECCHOHAABHO 00YCAOBAEHHBIX
3a060AeBaHUI, CBSI3AHHBIX C ACHCTBHEM AYHHOM IIBIAH.

Kparkas xapakrepHCTHKa COCTaBa H pH3HKO-XHMMHYe-
CKHMX CBOWCTB AYHHOTO I'pyHTa. Bepxuuii cao#t AyHbI 10-
KPBIT PETOATOM — PBIXABIM 00AOMOYHO-IIBIAEBBIM MATEPH-
AAOM, TOAIIIMHA KOTOPOIO B GOABIIMHCTBE M3yYEHHDBIX MECT
K0Ae6aAaCh OT HECKOABKHX CAHTHMETPOB AO AECSATKA METPOB
u 6oaee [7]. YacTurpr peroAmTa B CpepAHeM HMEIOT pasMep OT
45 A0 100 MuxpoMeTpoB [3], 4TO CONOCTABAMO € TOAIMHOM
4eAOBeueckoro Boaoca. IIser peroanuTa nmpeumyIecTBeHHO
TEeMHO-CepbIil, HHOTAA YTOABHO-YEPHEIH, ¥ 00Aee KPYIHBIX
YaCTHI} C 3epKAABHBIM 6AeCKOM. IIpH MUKPOCKOIHUY LIBETO-
Bas raMMa 6oAee pazHOOOpas3Ha. PerOAMT A€rKO CAMIAeTCs
B OTAGAbHBIE PBIXAble KOMKHM, IIPH ITOMEIeHUH B BOAY IIpaK-
THyecky He cMaumBaetcs [8]. MccaepoBanus CTPYKTYpPHI U
MHMHEPAABHOTO COCTaBa AYHHOTO TPYHTa IIOKa3bIBAIOT, 9TO
OH COCTOUT U3 0OAOMKOB M3BePKEHHBIX [IOPOA, MIHEPAAOB,
CTeKAQ, OPEKYHil yAQPHO-B3PHIBHOTO MPOUCXOKAEHIS, YHHU-
KaAbHBIX AASL AYHBI arTAIOTHHATOB M KAACTEPOB PaCIAABACH-
Heix acTuy [9]. B uncao MMHEpaAOB, BCTPEYAOIIUXCS B AYH-
HOM I'PYHTe, BOIIAK MarMaTH4eCKye TOPHbIe IIOPOABI rab6po
U HOPHT, a TaKXe TKEAbIEe PYAHBIE METAAABI, CPEAH KOTO-
PbIX €CTh HABMEHHT (THTAHMCTBIM KeAC3HSAK ), OAMBUH, aBTUT

Tabaura
Xumuueckuit coctas (%) AynHoro peroaura [10]
Mopckne paiionsl Marepuxosbie paiioHbI
«Ayna-20»
Anemenrtsi (okmCAbY) «AyHa-16» «Anoaron-15>» (ropHbrit paiion Mex- «Anoaron-17>»
(Mope Uzo6uanst) (Mope Aosxaeit) Ay Mopem U3zo6uans u (Tasp-Antpos)
Mopem Kpusucos)

SiO, 42,95 45,0 44,2 48,5

TiO, N 2,54 0,32 0,95

ALO; 13,88 8,9 19,1 17,2

FeO 20,17 22,21 6,91 11,4

MgO 6,05 9,08 13,37 8,94

CaO 10,8 10,27 13,3 11,6

Na,0 0,23 0,28 0,48 0,40

K,0 0,16 0,03 0,47 0,25
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U CHAMKATHBIE TIOPOABL. AASL PETOANTA KaK AYHHBIX MOpeH,
TaK M MaTepUKOB XapaKTepHO IIPUCYTCTBHIE YACTHI] METAAAU-
YeCKOTO JKeAe3a, OH OYeHb CYXOM II0 CPaBHEHMIO C 3eMHBIM
rpyrroM [8]. UTo KacaeTcst XMMUYeCKOTrO COCTaBa AYHHOTO
peroAuTa, To oH Ha 99% COCTOMT M3 KHCAOPOAQ, KpEMHH,
AAIOMUHUS, KAABLIYS, KeAe3a, MarHus ¥ TuTaHa. M3 ocrasme-
rocst 1% 60oAbIIast 9acTh IPUXOAUTCS Ha MapraHely, KaAuit, Ha-
Tpuit, pocdop, cepy u xpom. B koamdectse or 0,1% a0 0,02%
IIPUCYTCTBYIOT TakKe LIUPKOHUI, Oapuil, HUKeAb, UTTPHI U
CTPOHIMIL. B ellé MeHbIINX KOAUYeCTBAX OOHAPY KeHbI BaHA-
AMIL, HUOOUH, KOOAABT, MEAD, PYOUAUIL, YTAEPOA B APYTHE XU-
MIdeckue aaeMenTHI [ 10].

Byayun pocraBAeHHBIME AdXKe M3 OAHOTO paiioHa AyHbI,
00pasLibl AYHHOTO IPYHTA MOT'YT HMETb 3aMeTHbIe PA3AUUIS B
CBOéM cocrase. TeM He MeHee, [10 pe3yAbTaTaM aHAAM3a 00pa3-
IIOB, AOCTABACHHBIX Ha 3eMAIO II0 IPOTPaMMaM « ATIOAOH> K
«AyHa», emé B 1970-e IT. ObIAU YCTaHOBAEHBI OIIPEACACHHBIE
3aKOHOMEPHOCTH XMMUYECKOTO COCTaBa U CTPYKTYPhl Pero-
AWTa M3 MOPCKAX M MaTepPUKOBBIX paitoHoB [10]. B Tabaune
IPHBEAEHDI AAHHBIE O COACPKAHMH B HUX OKMCAOB OCHOBHBIX
IIOPOAOODPA3YIONINX SAEMEHTOB.

B xonre 1990-x IT. HCCAGAOBAHMS 0OPA3IIOB AYHHOTO
IPyHTa OBIAM BHITOAHEHBI Ha HOBOM IIOKOAEHHU 9AEKTPOH-
HBIX MUKPOCKOIIOB C aKIJeHTOM Ha CaMyl0 TOHKYIO ¢ppaKIuIO
peroanta — MeHee 74 MukpoH [11]. MimenHo B Heit yAaA0ch
OTKPHITH CBbIIIE CTa HOBBIX AASL AYHBI $a3 MUKPOHHOTO pas-
Mepa, 3 KOTOphIX boAee 40 paHblile He BCTPEYAAHCD HA 3eM-
Ae B IIPUPOAHBIX YCAOBHAX. HaAuyne MOKpHITHS 3THX CTPYK-
TYp TOHKMMU CTEKASHHBIMHU IAEHKAMH, XapaKTePHbIMK AAS
YaCTHI] AYHHOTO PErOAMTA, CBUAETEABCTBOBAAO O COXPAaHHO-
cri 06pa3oBaHHbIX HA AyHe MUHEpPAABHBIX (a3 B YCAOBHSX
3emHOi1 armocepsi [ 7, 11]. Takum 06pa3oM, B AyHHOI! IIBIAK
MOXHO HAalTH CA€ABI IPAKTHYECKU BCeX SAEMEHTOB B ITpeae-
Aax ot ypoBHs ppb a0 yposust ppm. ObpamaeT Ha ce6st BHU-
MaH{e HaAMYMe HaHOPa3MepHbIX (a3 MOAHOCTHIO BOCCTAHOB-
AGHHOTO METAAAMYECKOTO XeAe3a (HaHOPA3HOE keaes0), He
COAEPKAIErocs B 3eMHBIX MUHeparax [12].

B meaoM AYHHBIN PEeroAMT COAEPXHUT OKOAO 20% IbiAu
(amamerp <20 mxm) 1o Macce u 1-2% MeAKOit 1 OYeHb MeA-
koit mpiam (<3 mMxm) [13]. ViMeHHO TbiAeBas COCTABASHOIAS
AYHHOTO PeTOAUTA SIBASIETCS] HaOOAee OMOAOTHYECKH 3HAYU-
MO}, [I03TOMY B AAABHEHIIEM MBI OYAeM, B OCHOBHOM, IIOAB30-
BaThCS TEPMHUHOM «AyHHasl IbIAb>. HecMoTps Ha Heopuru-
AABHBIN XapaKTep 3TOTO TEPMMHA, OH IHPOKO HCIIOAb3YeTCS
B HAy4HOIH AUTEpaType U SIBASETCS O0Aee IIOAXOASIIUM AAS
OIMCaHHUS TOKCHKOAOTHYECKUX HCCACAOBAHMIL, YeM TePMUHBI
«AYHHBIH TPYHT>» UAU <AYHHBIHA PETOAUT>.

buosornueckne 3 PeKTbl H TOKCHKOAOTHS AYHHOM
mbian. O6mas TokcnanocTs. CBepeHUst 06 00mielt TOKCHY-
HOCTH AyHHOTO PeroAuta us Mopckoro («AyHa-16») u ma-
TepukoBoro («AyHa-20>) pailoHOB AyHBI AETAABHO OIHCA-
HBI B paboTax, BoimoAHeHHbIX B CoBeTckoM Corose 1moa, pyko-
BoacToM B.B. Kycrosa u B.W. beaxuna, pesyasTarst KOTOpBIX
OIy6AUKOBAHSBI B nepuop ¢ xoHna 70-x mo xoHer 80-x ropoB
npomaoro Beka [ 8, 14, 15]. B aTux nccaepAOBaHHAX OlleHUBa-
A 3QPeKTH OAHOKPATHOTO BO3ACHCTBYSA AYHHOM IIBIAM IIPH
PasAMMHBIX (BHYTPUBEHHOM, BHYTPHKEAYAOUHOM, BHYTpH-
OPIOMKMHHOM, HHTPATPaXeaAbHOM) ITyTSX BBEACHHS B Opra-
HU3M MEAKUX AA00PaTOPHBIX JKMBOTHBIX — MBIIIE U KPBIC.
Hauboaee HHTepeCHBI pe3yABTATHI HCCAEAOBAHHIT HA KPBICAX C
HHTpATpaxeaAbHbIM BBEACHHEM UM AYHHOH ITHIAM U3 MOPCKO-
IO ¥ MaTepHKOBOTO paiioHos AyHst [8]. XoTs MeTop0AOTHS
3THUX MCCACAOBAHMII B IIOCACAYIOIEM OIleHUBAAACh KPUTHYE-
CKH U3-3a $aKTOpa MHTPATPAXEAADHOH HHCTHAASIIMH GOADb-
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mux koamdects (SO mr) meiau [2, 16], MBI cuuTaeMm ux yHu-
KAABHBIMH 1 YPEe3BIYANHO BAKHBIMH B [IAAHE OLIEHKU PACIIH-
PEHHOI1 OCTPOI TOKCHYHOCTHU AYHHOIA IIBIAK C AAUTEABHOCTBIO
HabAIoAeHHS 32 XuBOTHBIME 180 cyTOK mocae Bospeictsus. K
TOMY K€, B OTAMYHE OT AMEPHKAHCKHX HCCAEAOBATeACH, HX CO-
BETCKHE KOAAETH PACTIOAATAAH OYeHb OTPAHMIEHHBIMU PECYp-
CaMU OPMTUHAABHOI AYHHO TIbIAM, He IO3BOASBIIUMH TPO-
BOAUTD MHTAASILIMOHHbIE AW HEOAHOKPATHBIE BO3ACHCTBHL.

I[IpoBeAEHHbIE TOKCUKOAOTHYECKHE HCCAEAOBAHMUS TIOKA-
3aAM, 4TO OAHOKPATHOE MHTPATPaXeaAbHOE BBeACHHE KPbIcaM
50 Mr cycrieHsu# 0601X 06pa3LoB (MaTepHKOBOrO U MOPCKO-
r0) AYHHOIi TIbIAH HE BBISHIBAAO THOEAH KHBOTHBIX U AQ)Ke
He IPUBOAMAO K 3aMETHBIM MPOSBAEHHAM 06I[eTOKCHIeCKO-
TO AGHCTBHS 10 KPUTEPHSAM 06I[Ero COCTOSHUS, TIOBEACHYe-
CKOJ1 aKTUBHOCTH, BHEIIHETO AbIXaHHS. B mepBbie HepeAn mo-
cAe BBeAeHHS 0601X 06Pa3IIOB AYHHOU IIBIAU B KPOBH Y KPBIC
OBIAU BBIABACHDI U3MEHEHUs HEKOTOPBIX IeMATOAOTHYECKHX
¥ 6MOXMMUYECKUX TTOKa3aTeAel, YKa3bIBAIOIIIe Ha CAA6O BbI-
paxeHHOe 06meToKCHIECKOe AeficTBHe. Boaee 3HaunMmbie 3-
MeHeHHS], 3aTParuBaoIIUe MPOsSBAEHHS 06mell TOKCHIHOCTH
(yBeAneHHe YaCTOTBI ABIXaHHS, U3MEHEHHUe er0 PUTMA, CHHU-
JeHHUe OTPeOACHUS KHCAOPOAR, IPU3HAKA MUKPOLMTAPHOM
TUIIOXPOMHOM AHEMHH), PA3BUBAAUCH B GOA€e TIO3AHKE CPOKH
— 0T 3-X A0 6 MecsiLeB 8] U SABASAMCD XapaKTepHBIMU AAS
PaHHEro neproAa $OPMUPOBAHUS CHAUKOTHYECKUX U3MeHe-
Huit B Aérkux [17].

IyasmonOTOKCHIHOCTD. Han6oAee BbpakeHHbIE H3Me-
HEHHS TIOCAE OAHOKPATHOTO MHTPaTPaXeaAbHOTO BBEACHHS
CyCcreH3Hi 0601X 00Pa3Lj0B AYHHOI [IBIAY ObIAU BBISIBAEHBI CO
croponsl AéTkux [8]. ITpeskae BCero, OLleHMBAAOCH BAHSHHE
AYHHOI TIBIAU Ha CTPYKTYPHO-(YHKIMOHAABHOE COCTOSTHUE
AABBEOASPHBIX MAKPO(AroB, TOCKOABKY OHH SBASIOTCS OAHOM
M3 TIePBbIX AUHUM 3aMUTHI OT BABIXAEMbIX TBEPABIX YaCTHL.
DarouyTO3 MBIAEBbIX YACTHUL] 3aHMMAET LIeHTPAABHOE MECTO
B MaTOTeHe3e MHeBMOKOHMO30B U B MEXaHU3MaX CAMOOYHITe-
HU AéTKHX OT mbiak [17]. C Apyroit cTopoHsl, Makpodary,
HAXOASIMECS B AAbBEOASPHBIX OTAEAAX AETKHX, COCTABASIOT
OAHY M3 TIOCAEAHUX AMHUI 3aIIUTHI OT BABIXaeMbIX YaCTHI]
nepea X NONAaAAHUEM B KPOBOTOK. B Teuenme 3-mecsuno-
r0 HabAIOACHHS IOCAE MHTPATPAXeaABHOTO BBEACHHS AYHHOM
TbIAM 06HAPY>KEHbI N3MEHEHHs! AAbBEOASPHBIX MaKpoQaros,
¢aronuTUpOBaBMKUX YacTULbL. Makpogary, mpu ymepeHHO
BBIPOXXEHHOI TUOEAH, B LIeAOM COXPaHSAU aronUTHpPYIO-
L[y} aKTHBHOCTb, 06€CIeIMBAIOINYI0 AOCTATOYHBIN YPOBEHb
OUMIeHNUs PECTIMPATOPHBIX OTAEAOB AETKHX OT BBeASHHBIX Ya-
cruy. Yepes 6 Mecs1eB B aAbBEOAAX AETKUX YaCTUILIBI [IBIAK He
obHapyxusaaucs [8].

Yro KacaeTcs CTPyKTYPHBIX U3MEHEeHH B AETKUX, Yepe3 3
MecsIIa IOCAe MHTPATPaXeaAbHOTO BBEACHHUS CYCIIeH3Uil 060-
X 06pa3L0B AYHHO! NIBIAM OTMEYAAU YBeAMYEHUE TOAIUHBL
a3POreMaTHYecKOro 6apbepa, B CTPYKType 6a3aAbHOTO CAOS
KOTOPOTO BBISBASAOCH 3HATUTEABHOE KOAUYECTBO TPOIIOKOA-
AQreHOBBIX U KOAAATEHOBBIX UOPHAA, COCTABASIOMIX MOPO-
AOTHYECKYI0 OCHOBY Pa3BHBAIOIIErOCs B 30HE a3pOreMarude-
ckoro 6apbepa MHEBMOKOHHO3a. B aTH xe cpoku Habamopa-
A0Ch 6AOKMpOBaHUe TePMHHAABHOTO 3BeHa AUMATUIECKOi
KAIMAASIPHOR CeTU AETKHX, IPUBOAMBIIEE K GOPMHUPOBAHUIO
IePUBACKYASPHOI U IEPHOPOHXMAABHO PEeTHKYAOTUCTHOLH-
TAPHOM TKaHHU C GOABIIMM KOAMYECTBOM HMMYHOKOMIIETEHT-
HBIX KACTOK, 9TO SBASAOCH IPU3HAKOM Pa3BHBAIOMIENCS BOC-
TNIAAUTEABHOM peakIjuH aAAepTHYEcKOro xapakTepa. Yepes 6
MecsIIleB IIOCAE HHTPATPAXeaAbHOTO BBEACHHS AYHHOI IBIAU
B AGTKMX MMeAa MECTO KAPTHHA Pa3BUTHS THEBMOKOHHMO32
KAETOYHO-NPOAM(EPATUBHOTO THIA C AUPPY3HbIM HepUBa-
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CKYASIPHBIM ¥ [IEPHOPOHXHUAABHBIM GUOPO30M AETOYHOM TKA-
Hu. VccaepyeMbiM 06pasiiaM AyHHOU IbIAK 6BbIAQ IIPUCYINA
yMepeHHast pUOPOreHHas! aKTUBHOCT, CYILIeCTBEHHO MEHb-
1asi, 4eM y AMOKCHAA KpeMHHs. BeposiTHo, 1o aToit mpuuu-
He Y JKUBOTHBIX He OTMEYaAOCh SIBHBIX IIPU3HAKOB AeUIUTA
KHCAOPOAQ, XPOHHUYECKON IMIIOKCUY M YCHACHHS 06pasoBa-
HIISL 9HAOTEHHOTO OKCHAQ YTAEPOAR, YTO GBIAO XapaKTEPHO B
KOHTPOABHOI TPYIIIIe XXUBOTHBIX C 60A€e BbIPAsKEHHBIM (-
OPO3HBIM IPOLIECCOM TTOCAE HHTPATPAXEAABHOTO BBeAeHHs SO
MI' AMOKCHAA KpeMHus [8].

CaeayeT OTMETHTB, 9TO AyHHBII IPYHT U3 MOPCKOTO paii-
OHa, B KOTOPOM IpeobAaparn 6a3aabTsl, 06AaAaA OOABIIEH
6HOAOTHYECKOH AKTUBHOCTBIO, YeM U3 MATEPHKOBOIO, Gora-
TOro aAtoMocuAnkaTamu. Emre B koHIe 80-X roAOB IIPOIIAO-
ro BeKa 9TO CBSI3BIBAAU C TeM, YTO B 0OPa3Iiax U3 MOPCKOTO
paitoHa AyHBI COAEPXAA0Ch 3 pa3a 6OAbIITe HAHOPA3MEPHOTO
CyIeprapaMarHuTHOro xeaesa [8]. B 6oaee mosannx paborax
[18, 19] 6p1a0 MOKA3aHO, YTO MPUCYTCTBHE B AYyHHOM IPYH-
Te METaAAMYECKOTO jKeAe3a B HaHodase (np-Fe) mpuBoanao K
3HAYUTEABHOMY YBEAMYEHHIO PEAKIIHOHHOM CIOCOOHOCTH, a
IIBIAb M3 MOPCKHX PAilOHOB AYHHO! IOBEPXHOCTH IIPOSIBASIAQ
GOABIIYI0 PEAKTHBHOCTD, YeM IIbIAb M3 BbICOKOTOPHbIX PETH-
OHOB, AQXe KOTAQ 00Pa3Iibl IMEAU OAMHAKOBOE COAEPIKAHMe
MeTaAANIeCKOro JxeAe3a. C yIEéTOM TOTo, 4TO METAAAUYIECKOe
JKeAe30 B HaHO(a3e IIPEHMyLeCTBEHHO AOKAAU3YETCSI I10 Kpa-
SIM IIBIA€BBIX YACTHL], OHO CYUTAETCS OCHOBHDBIM M3 MHOXECTBA
XUMHYECKHIX PAKTOPOB, OLPEACASIOLIIX TOKCHIHOCTD AYHHOM
meiam [19].

3a py6exoM GOABIIMHCTBO 9KCIIEPHMEHTAABHBIX HCCAE-
AOBAHUIT AETOYHOM TOKCHYHOCTHU AYHHO IIbIAU BBIIIOAHEHO C
HCIIOAB30BAHHEM U3MEABYEHHBIX 3eMHBIX aHAAOTOB AYHHOTO
IPYHTA, KOTOpbIE TAKXKe HA3BIBAIOT UMUTATOPAMH HAH CHMY-
AATOpaMH AYHHO 1b1AH [ 16, 2023 ]. Takux MMHTAaTOpOB Ha-
cumtbiBaercs 6oaee 20 [7]. Hamboaee yacto ucnoabsosarn
CAEAYIOIe CTAHAAPTHbIE MIMUTATOPBI AYHHOM mbIAK: [SC-1A
(Johnson Space Center 1, CILIA); MLS-2 (Minnesota Lunar
Simulant 2, CILIA); FJS-2 (Fuji Japanese Simulant, Slnouus);
CLRS (Chinese Lunar Regolith Simulant, KHP). Cpeanuit Au-
aMeTp YaCTHI] IMUTATOPOB COCTABASIET 86 MKM, 4TO OAM3KO K
CpeAHeMy pa3Mepy MUKPOYACTHI] PETOAMTA C MECT IIOCAAKU
«ArnoasoHa-14». Boaee Meakre $ppakiuu MOTYT OBITH IO-
AydeHbI IIpH IPOCEUBAHNY UMUTATOPOB Yepe3 CUTA AU IPU
AOIIOAHUTEABHOM H3MeAbdeHHH. CAeAyeT OTMETHTb, YTO
HAaMOOABIIYIO [IOTEHIIUAABHYIO OLIACHOCTb AASL KOCMOHABTOB
MOXKET IPEACTABASITH BABIXAHHE MUKPOHHON U CYyOMUKDPOH-
HOM (QPAKIIMil AYHHOM IIBIAH, TOCKOABKY YACTHIfbI Pa3MEPOM
5-10 MKM OCaXAQIOTCS M MOTYT HAKAIAMBATHCS B CPEAHHUX
U HIDKHHX OTA€AAX TPaxeOOpOHXHAABHOTO AepeBa, a boaee
MeAKHe JacTHIbI pasmepoM 0,5-5 MKM IIPOHHUKAIOT B aAbBe-
oAbl 24, 25].

B 11eAOM yCTaHOBAEHO, YTO UMUTATOPBI AYHHOI ITBIAU MO-
T'yT BBI3BIBATH YMEPEHHYIO [JATOTOKCHYHOCTD MAKPOParos u
H3MEHSITh MOPPOAOTHIO KAeTOK. Tak, BO3AEIICTBIE arTAITH-
HHEpoBaHHOTO nMuTaTopa JSC-1A mpuBeAO K 3HAYNTEABHOMY
CHIDKEHHUIO SKU3HECIIOCOOHOCTH AAbBEOASPHBIX MAKPODAroB,
OHH HMeAU NEHHCTYI0 $OopMy, KOTOpasi O4eHb HAIOMUHAAL
IIPH3HAKU CHAUKO32 YeAOBEKA H 9KCIIEPHMEHTAABHOTO MOAE-
AMPOBAHHS IIOBPEXACHHUS AETKUX AUOKCHAOM KPEMHHS Y Ad-
6OpaTOpHBIX XUBOTHBIX [26]. B nccaepoBaHMAX KuTAMCKIX
yuénbIx [ 16] mokasaHo, 4TO OAHOKPATHOE HHTPATPaXeaAbHOE
BBEACHHE KPBICAM MMUTATOPOB AYHHOU IIBIAM IIPUBOAHAO K
AO303aBHCHMbIM H3MEHEHHSIM GHOMAPKEPOB IIOPAKEHHUSI AET-
kux. CpaBHeHHe CTeIleH! BHIPKEHHOCTH TAKUX M3MEHEHHUIT
Pe3yAbTaTaMH, [IOAYYEHHBIMU [IPH HEOAHOKPATHOM HHTPATpa-
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XeaAbHOM BBEACHHH CYCIIEH3UI KAK OPUIMHAABHBIX 00pasLioB
AYHHO [IBIAH, TaK U €€ umuTaTopos [ 20, 21, 27], moxer cBu-
AETEeAbCTBOBATb O XPOHOKOHIJEHTPAIIMOHHOM XapaKTepe Aé-
FOYHOH TOKCHYHOCTH. CAeAyeT OTMETHTD, 4YTO OpUTHHAABHEIE
00pasLibl AYHHOI IIBIAY, AOCTABACHHBIE Ha 3eMAI0 MUCCHSME
«AmnoAsoH-15, -16 1 -17>, IPOU3BOAUAHU B XUAKOM CyCIIeH-
3HH 3HAYUTEABHO GOAbIIIE KOHIIEHTPALMH THAPOKCHABHOTO
PaAMKaAa, 4eM 3eMHble MMUTATOphl, Takue Kak JSC-1A u mu-
HepaAbHbIA KBapy [ 18, 19].

KoneuHo, HanboAbIINI HHTEpEC IPEACTABASIOT JKCIIe-
PUMEHTSHI C HHTAASIMOHHBIM BBeACHHEM OPUIMHAABHBIX 06-
PaslioB AYHHOM IIbIAM. Pe3yAbTaThl TaKUX MCCAGAOBAHUI (58
An omy6aukosansl B CIITA B mocAepHee peCSTHAETHE B PSAE
o6crosTeapnsix pabor [28-31]. Tak B paborax [29, 30] uc-
CAEAOBaAM TIPOAOAKHTEABHOE MHTAASIIMOHHOE BO3AeiicTBHe
Ha KPbIC IIMPOKOTO AMATIA30HA KOHIIEHTPAIMi NbIAeBOH CO-
CTaBASIOILIEH AYHHOTO IPYHTA, COOPAHHOIO BO BpeMs MUCCHU
«ATIOAAOH- 14>, pH pexXKMax 9KCIIO3UIUH, MOAEAHPYIOIIUX
YCAOBUSI IIPOAOASKUTEABHOI PabOThI veroBeka Ha Ayne. OpHO-
BPEMEHHO OIIeHHBAAM TOKCHYHOCTD ABYX XOPOIIO U3y4eHHBIX
9TAaAOHHBIX 3eMHBIX BUAOB mbiau — Ti0, u SiO,. Buomap-
KepaMu 3QPeKTOB AETOYHON TOKCHYHOCTH M IIUTOTOKCHY-
HOCTH SIBASIAUCH TIOKa3aT€AH COCTaBa GPOHXOAABBEOASPHOM
AQBKHOM XKHAKOCTH, & TakKe 0OOCHOBaHHbIE ABTOPAMH Ie-
MaTOAOTHYeCKHe, OHOXUMUIECKIe X THCTOMOP(OTOrudecKe
HOKa3aTeAu. BhIAM yCTaHOBAGHBI 3aBUCHMBbIE OT KOHI[EHTpa-
MM U3MeHeHHs Makpodaros, HeNTPOPUAOB, AUMPOLUTOB
B AQBOXKHOM XKHAKOCTH, 00Irero 6eaka u psaa GpepMeHTOB B
KPOBH, a TaKKe THCTOMOPOAOTHIECKHX IIPU3HAKOB, BKAIOYAS
BOCIIAA€HUE, YTOALIEHHE IIePeropoAKH, GuOPO3 U rpaHyAeMbI
B AGTKHX, KOTOPbIE PErHCTPHPOBAAKCH IPU HAOAIOACHHH 34
JKUBOTHBIMH Ha IPOTSDKEHMH 2,5 MecsleB MOCAe OKOHYAHHS
4-HeAeABHOTO MHTAASIIMOHHOTO BO3ACHCTBHA B KOHIIEHTpa-
1usix Ha yposHe 21 Mr/m’ u Boimre. Tawke OBIA yCTaHOBAEH
MaKCHMAABHBIA YPOBeHb KOHIeHTpanuil mpiau (6,8 mr/m),
IIpU KOTOPOM He BBUIIBASIAMICh HEOAQrOIPHATHBIE H3MEHEHIL
6uomapkepos y kpsic [30].

B 1jeaom, oreHMBast pe3yAbTaThI SKCIIePUMEHTAABHBIX HC-
CAeAOBAHUI AETOYHON TOKCHMYHOCTH IIPH MHTPaTpaxeaAb-
HOM H MHTAASIJIOHHOM BBEACHHU OPHMIMHAABHBIX 00pa3IjoB
AYHHOM IIbIAU U €€ 3eMHBIX MIMMTaTOPOB, MOXKHO 3aKAIOYHTD,
YTO B OIBITAX HA MBIIIAX M KPBICAX AYHHAS IIBIAb ITPOSBASAQ
GOABIIYIO AETOYHYIO TOKCHIHOCTD, 4eM Ti0,, HO MeHBbIIyIO,
geM SiO,. ITpu maaHMpOBaHHU OYAYIIUX SKCIIEPHMEHTAAD-
HBIX MCCAGAOBAHMI psip U3 HUX (TOKCHKOAOTO-THIMeHHYe-
CKOe HOPMMpPOBaHHUE, OIPeACACHHE XapaKTepa BO3MOXHOMN
POdeCcCHOHAABHO 06YCAOBACHHOM MATOAOTHH) HEOOXOAU-
MO IIPOBOAMTS C HCIIOAB30BAHIEM OPUTMHAABHBIX 0OPA3IOB,
AOCTaBACHHBIX U3 PAHOHOB IPEAIOAATAEMOTO Pa3MeleHHs]
AyHHOI 6a3bl 1 MeCT IpOBeAeHHUs PaboT. B nccaepoBanmsix,
KACAIOIUXCS IPeNMYIeCTBEHHO IIPUKAAAHBIX BOIIPOCOB 00e-
CIleueHUs 0€30IIACHOCTH M Ae4eOHO-TIPOPUAAKTHIECKHX Me-
POTIPUATHI, 11eAeCO00PA3HO HCIIOAB30BATh UMUTATOPHI AYH-
HOM IIBIAM, AAEKBAaTHbIE T€OAOTHH U MUHEPAAOTHH MeCTa pa-
60T Ha AyHe.

Kapanorokcrmanocts. B pa6ore [32] nsysarocn Bansue
umuTaTopa AyHHO# meian CLDS-i (kuraitckuit anasor JSC-
1A) Ha ceppeutyio dyHKimIO U KappAnodubpos. B axcrepu-
MeHTaX Ha KPBICaX YCTAaHOBAEHO, UTO 3-HeAeAbHOe HHTPATpa-
xeaabHOe BBepeHHe CLDS-i A0303aBUCHMO YBEAHMYUBAAO H3-
meHenus OKI' i1 IpUBOAMAO K POCTY CHIBOPOTOYHBIX BOCIIA-
AUTEeABHBIX PpaKkTOPOB. Takoke M3MEHHAACH SKCIIPECCHs TeHOB
1 6eAKOB, CBSI3aHHBIX C PUOPO3OM B TKAHAX MuoKapad. Ta-
K1M 00pa3oM, Bo3pelcTBIe UMUTaTOpa AYHHOM mbiau CLDS-i
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OpI/II'I/IHaAbeIe CTaTbU

BBI3bIBAAO CHCTEMHbIE BOCIIAAUTEAbHbIE PeaKIIUH, BAMIIONUe
Ha BEreTaTUBHYIO QYHKIIUIO U IPHBOAAIIKE K BOCIIAAUTEAD-
HOMY $HOPO3y MHOKapAQ.

MecTHoe pazapakaromee peiictBHe. O HAANYUY BbIpa-
SKEHHOT'O MECTHOTO Pa3APAKAIONIero ACHCTBUS AyHHOM Ibl-
AU Ha CAM3MCTbIE TAA3, HOCOTAOTKH U BEPXHHUX AbIXaTeAbHBIX
IyTell CBUAETEABCTBYIOT 5KaAOODbI aCTPOHABTOB IIPOIPaMMbI
«AIoAAOH>, IPUBeAEHHbIE BbIlIe. B psiae caydaes pasapake-
HUe ABIXAaTEABHBIX ITyTell OGHIAO HACTOABKO CHABHBIM, YTO 3a-
CTaBASIAO ACTPOHABTOB IPMHUMATh OTXaPKUBAONIHE CPEACTBA
emé B ycAoBUAX akcreautuu’. B pabore [33] npeacraBaenst
Pe3yAbTaThl HCCAGAOBAHMI MECTHOTO Pa3APAXAIOIIEro Aei-
CTBH M TAQ3HOH TOKCHYHOCTH AYHHOM ITBIAH, AOCTaBACHHOM
ACTPOHABTAMH IKCIIEAUIIMU « ATIOAAOH-14>. TecTol in vitro n
in vivo IIOKa3aAH, YTO HCCAEAOBAHHBIE 0OPA3LIBI AYHHOU IIbIAU
He BBI3BIBAIOT 3HAYHTEABHOT'O pasApaxkeHus raas. [Tbiab 6biaa
KAACCHQUIMPOBAHA KAK 00AAAAIOIIAS YMePEHHBIMU Pa3Apa-
KaromuMu csoiictBamu. Ilo MHeHMIO aBTOpPOB, 3TO O3HaYaeT,
YTO CIIEIIMAABHBIX Mep 3aIIUThI OT MOIAAAHHS €€ B rAa3a He
TpebyeTcs, OAHAKO [PH HHAMBHUAYAABHBIX PEAKIIUSIX MOXET
BO3HHKHYTb HEOOXOAUMOCTb B HCIIOAB30BAaHHU IIOAHOCTBIO
3amUIEHHBIX 0YKOB. BoAee BOCHPHMUMYMBBIMU K pasapaxa-
OIIEMY ACFICTBUIO AYHHOIT IIBIAM MOT'YT OBITH TaKKe II0AB30-
BaTeAM KOHTAKTHBIX AMH3.

BroAOCTYIHOCTD M KHHETHKA YaCTHI| AYHHOH IBIAY B
opraHu3Me. YCTaHOBAEHNE 3aKOHOMEPHOCTEH OHOKHHETH-
KU YaCTHUIL] AYHHOH IIBIAH ITIOCA€ MX IIOCTYTIACHHS B OPraHU3M
MHTAA[ITMOHHBIM IIyTEM SBASETCS BECbMa CAOXKHOM 3apader,
Tpebyromeit MHOrogakTopHOro aHaAusa. Kunermaeckue xa-
PAKTEPHCTUKYL, IIOAyIeHHbIE B 3eMHBIX AAOOPATOPHBIX yCAOBU-
SIX, MOTYT OBITH CYIIECTBEHHO MOAMQPHUIIPOBAHBI B YCAOBHSX
MHKpOTpaBUTaluH. TeM He MeHee, aHAAM3UPYS UMEIOIIHecs
AQHHbIE, MOXXHO C(OPMYAHPOBATh HEKOTOpPBIe 0606IIe NS O
Cyabbe HHFAaAMpPYeMBIX YACTHL] AYHHOM IIBIAH.

IIpu ABIXaHMH BO3AYXOM, 3arpsi3HEHHBIM YaCTHIIAMH,
YCTaHABAMBAETCS OTHOCHUTEABHO PaBHOBECHOE COCTOSHHUE
MEXAY MX KOHLIEHTPAIIMAMH B ABIXaTE€AbHOM 00DbéMe ASTKUX
U B OKpY>Karoleit arMocdepe. boabIras 4acTh HHIAaAMpyeMbIX
JACTHI] BHIABIXAETCS], MEHbIIAS 0CAXKAAETCA B PA3AUYHBIX OT-
A€AAX BEpPXHUX ABIXATEABHBIX ITyTel, TPaxe0OpOHXUAABHOTO
AepeBa U B ATOYHBIX aAbBeoAaX. OcaXASHHBIE B ASTKHX Ya-
CTHIbI MOTYT 3aXBaThIBaThCS MAKPOaraMu, YAAASITHCI MYKO-
LIUAHAPHBIM IIyTEM H/HAY [OABEPIaThCS PA3ANYHBIM TPAHC-
HOPTHBIM IIPOLjeccaM, BKAIOYAs IlepepaclipeAeAeHHe YacTHI]
U3 SIHUTEANS B UHTEPCTHITUI [34]. ITepememenue vacTur B
KPOBOTOK, BEAET K UX IOCACAYIONeMY HAKOIAEHHIO BO BTO-
PUYHBIX OPraHaX, a IlepeMelleHre B IepUOPOHXUAABHBIE ANM-
¢aTuyeckre y3Abl — K IIOPTAAbHOMY TPAHCIIOPTY U BbIBeAe-
HHIO B )KEAYAOYHO-KHUIIEYHBIH TPAKT C BO3MOXHOH 9HTepore-
Harmdeckoi qupkyasnueit. ITpu aTom, Kak 61OAOCTYIIHOCTD,
TaK M KMHETHKA YaCTHUI] B OPTaHU3Me 3aBUCUT OT UX XUMHUYe-
CKOTO COCTaBa, CTPYKTYpPhI U pazMepoB. Ecan AAd KMHETHKH
JaCTHIL, MUKPOMETPOBOTO pa3Mepa CyIecTByeT OIpeAeAeH-
HOe TIOHUMAHHe, 10 KpaliHeil Mepe, B 3eMHBIX YCAOBMSX, TO
IpOLecChl KUHETUKY HAHOYACTHUIL] HAXOAATCS B CTAAUH PYHAQ-
MEHTaABHOTO u3ydeHus. B pabore [35] moxazansr PpasAMdnsL
B OMOKHMHETHKEe BABIXaeMbIX HAHO- U MUKPOYACTHI] C TOUKH
3peHM OIeHKH UX TOKCHYHOCTU M NOTEHIJMAABHBIX PHUCKOB.
B psae nccaepoBaHME YCTaHOBAGHO, YTO HAHOPa3MepHbIe Ya-
CTHUIIBI He TOABKO 9QPeKTUBHO OTKAAABIBAIOTCSA B HOCOBOH,
TPaxeO0OPOHXUAABHON U AABBEOASPHOM 00AACTSX, HO TAKXKe

? O630p MO MaTepuaAaM OTKPHITON HHOCTPAHHOM IeYaTH, OINy-
6amKoBaHHOM A0 1 mionst 1971 roaa. ITporpamma «Amoason>. 4. 2.
T'OHTU-1.1971:423-S.
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TPAHCIOPTUPYIOTCA U IIEPEPACTIPEAEASIOTCS MEXAY Pa3AHy-
HBIMH OpPTaHaMH KaK 3a CYET S9HAOLMTO3a, TAK U 3a CYET He-
SHAOILIMTOTHYECKIX MeXaHUu3MOoB [ 36-40].

CAOXHOCTb H3y4eHHUsI IIPOLeCCOB OMOKUHETHKY AYHHOMN
IIBIAM CBSI3aHA U C €€ MHOTOKOMIIOHEHTHBIM COCTaBOM, BO
MHOTOM YHHKAABHOM AASL PasAMYHbIX obaacreit Aynsl Tax,
3AEKTPOHHOMHKPOCKOIIMYECKUE HCCACAOBAHMA ITOKA3BIBAIOT,
4TO 0COOEHHOCTH OUOKMHETHKY U OUOAOTUYECKON aKTUBHO-
CTH 00pasIj0B AYHHOI IIBIAM MOTYT OBITb 00YCAOBAEHbI HAAU-
4HeM B HUX OOABIIOTO KOAMYeCTBA HAHOPa3MEpPHBIX YaCTHI],
«IPUANIIIAX> K IOBEPXHOCTH HOAee KPYIHbIX IBIAHHOK
[41]. Bpemst HaX0XXACHHUS B IOAOCTSX AABBEOA MUKPOUACTHL
AYHHOH IbIAU ¥ HAaHOPa3MepHbIX YACTHUL], KOTOpbIe aBTOPHI
XapaKTEPU30BAAU KAK «CATEAAHMTBI», OBIAO PA3AUYHBIM Y
00pasLjoB IBIAH, AOCTABACHHBIX M3 MOPCKOTO M MaTepUKO-
BOro parioHoB AyHbL Hepes CyTKu IocAe HHTPATPAXeaAbHO-
IO BBEACHMSA CYCIIeH3UH AYHHOM IIbIAM B IIOAOCTSX aAbBEOA
KPBIC OBIAM BUAHBI YACTHI[BI AYHHOTO TPYHTa M3 MOPCKOTO
pafioHa C MHOXECTBOM <« CaTEAAHTOB> Ha IIOBEPXHOCTH H CO
3HAYUTEABHO MEHBIINM KOAMYECTBOM «CAaTEAAUTOB> Ha IIO-
BepPXHOCTH YaCTHI] U3 MaTepHKOBOTO paiioHa. Yepes HepeAro
YJaCTHUIIBI AYHHOTO T'PYHTA B aAbBEOAAX HECAU yXKe eAUHHY-
HBIE «CATEAAUTDI», & Yepe3 TPH HeAEAU YaCTHIIBI OOHAPYKU-
BAAUCb B MHTEPCTULMAABHON TKAHH LPAKTHYECKH 0e3 «ca-
TeAAuTOB>» [41]. DT HaBAIOAEHHSA MOTYT KOCBEHHO CBHAC-
TEAbCTBOBATb O PAa3AUYHON CKOPOCTH IIPOIIeCCOB TPAHCIIOPTA
HAHO- U MUKPOYACTHI], TIONABIIUX B A€TKHE, HO MeXaHHU3MbI
AQHHOTO SBACHUSA HYXXAAIOTCS B M3y4eHHH.

OaHOI1 113 BO3MOXXHBIX IPHYHH AAUTEABHOH 3aA€PKKH ar-
TAIOTMHMPOBAHHBIX YACTHUIL] AYHHOM TIBIAU B AETKHX SBASIETCA
HX BBICOKasl IIOPO3HOCTD, BBI3BAHHAS IIPOIlecCaMU KOCMIYe-
CKOTO BbIBETPUBAHMS, UTO IPUBOAUT K YBEAMYEHHMIO IIAOIAAK
IIOBEPXHOCTH YaCTHI] U 3aMEAASHHUIO HX ITOTAOIIeHUS MAKpPO-
daramu [34]. C Apyroit CTOPOHBL, 3TO CO3AAET YCAOBHS, KOTAQ
HaKOIIAeHHe MaKpO$aros, MOBPEXKASHHbIX H30BITOYHON reHe-
panueil akTUBHBIX pOPM KHCAOPOAA YACTHIL[AMM C 60ABIION
ITAOIIIAABIO TOBEPXHOCTHU MOXET IIPEIsITCTBOBATb OYMILEHUIO
Aérkux. BeaepcTBrE HU3KOM PacTBOPMMOCTH BpeMs IpeOsl-
BaHUS YaCTHI] OAUBUHA AMAMETPOM 1 MKM B A€TKUX YeAOBeKa
OLI€HHMBAeTCs IIPUMEPHO B 24 ropa, a YaCTHIIBI pa3MepOM AO
10 MKM MOT'YT HMeTb BpeMs IpeObIBaHIs H0AbIIee, YeM CPeA-
HSIS1 TPOAOAKMTEABHOCTD XKU3HH YeAoBeka [3].

Croenuduyeckune BHAbI TOKCHYHOCTH. [ Ipy aHaAm3e An-
TepaTypbl Mbl He BCTPETHAU CIIelIMaAbHbIe SKCIIepUMEeHTAAD-
Hble PabOTHI 110 OLleHKe aAAEPTHU3UPYIOLIErO AEHCTBHS AYH-
Ho¥ mbiau. CBeAeHHUS O TaKOH aKTHBHOCTHU OCHOBBIBAIOTCS
Ha HaOAIOACHISIX 32 ACTPOHABTAMY, YYACTBOBABIINMH B IIPO-
rpaMMe «AToAAOH>» [Sﬁ) B pa6ore [ﬁ YKa3bIBaeTCSl, UTO AASL
IIPEAOTBpAIleH s AAAePTUYECKUX PeaKIIMH, BbI3BAHHBIX Aefl-
CTBHEM IIBIAH, ACTPOHABTHI AaXKe OBIAU BBIHY>KAEHDI CIIaTh B
maeMax. CAydau pa3sBUTHS CTOMKOMN aAAepPTHIECKOM peaKIuy
C 203UHOUANEl OBIAN OTMeYeHBI U B 3eMHBIX YCAOBHSIX IIO-
CA@ PACIAKOBKU CKaQaHAPOB aCTPOHABTOB, 3arpsA3HEHHbIX
AyHHO¥ TbIABIO [42]. TakKe B AOCTYIIHOI AMTepaType HaM
He BCTPEYAAUCH CTlellHaAbHbIe SKCIIePUMEHTaAbHbIE HCCACAO-
BaHM1 UMMYHOTOKCUYHOCTH AYHHOM IIBIAM, TIOMHMO Y>Ke ITpHU-
BeAEHHDIX AQHHBIX O PeaKIiAX MMMYHOKOMIIETEHTHBIX KAETOK
IIPY HCCAEAOBAaHHMHU ob1men 1 Aéro4HoM TokcudHOCTH. He Haii-
AEHBI Pa0OTBI 110 1leACHAIIPABACHHOMY HCCAEAOBAHHIO BAHS-
HMA AYHHOM TIBIAM Ha PeNPOAYKTUBHYIO $yHKIMIO. Bosmox-
HO, 9TO CBSI3aHO C TeM, YTO AASl PEIPOAYKTHBHOMN QYHKIIUH
YYACTHHKOB AYHHbIX 9KCIIEAHIINI OOAee 3HAYMMBIMU PaKTO-
PaMH SABASIIOTCS paAMAlIMOHHBIM, CTPeCCOBbI U MUKPOTpaBH-
TAaIlMOHHbIN. TeM He MeHee, BEPOSTHOCTb PEIpOAYKTUBHOM
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TOKCHYHOCTU AYHHOU ITBIAM HEeAb3SI HCKAIOYATh, TaK KaK HMe-
I0TCST HAOAIOAGHHSI O TOM, YTO Y KPBIC, IIOABEPIIIHXCS HHIa-
ASIIMOHHOMY BO3AEHCTBHUIO YAaCTHI], aHAAOTUYHDBIX MMUTATO-
paM AYHHO¥ IIbIAK, B CIEPMATO30UAAX Pa3BHBAAMCH My TallUH
¥ pparmentarmu saeproit AHK [43].

Yro Kacaercs BO3MOXKHBIX OTAAAEHHBIX I10CAEACTBHM
BOBACHCTBHS AYHHOM MbIAM (COMATHYECKHX M HACAEAYEMBIX),
KOTOpbIE TAKKe OTHOCATCA K CIelPUIeCKIM BHAAM TOKCH-
4ecKoro AeiicTBus (TEHOTOKCHYECKHUe, IOTEHLMAABHbIE MY-
TareHHble U KaHIlePOTeHHbIe CBOJCTBA), TO TAKUE HCCACAO-
BaHWSA 32 py0exXOM HaXOASTCS Ha CTAAMH (PYHAAMEHTAABHbBIX
u3bIcKaHuHA. OHM IPOBOASITCS C MCIIOAB30BAHMEM MMHUTATO-
POB AYHHOH IIBIAM. DTH MCCAGAOBAHMS MHTEPECHBI C TOUKH
3peHus], MpexAe BCero, TAKMX MAAO U3yUeHHBIX aCTIeKTOB BO3-
MOXHOTO AOATOCPOYHOTO BO3AEHCTBUS MHTAASIIMK AYHHOMN
IBIAM Ha 3A0POBbE YeAOBeKa, KaK Pa3BUTHE KaHIlepOTeHe3a U
HellpoAereHePaTHUBHbIX 3a00AeBaHHUIL.

B pa6orax [44, 3] nokasano, 410 M36bITOUHAS reHepaLKs
MUKPOYACTHIIAMHI UIMHTATOPOB AYHHOH ITBIAM THAPOKCHABHO-
IO PaAMKAAQ M ADYTHX aKTUBHBIX pOPM KHCAOPOAQ, IIPUBOAS-
mad x nospexaernsaM AHK, MmoxxeT acconumposarbcs Kak ¢
KPaTKOCPOYHbBIMH, TaK M C AOATOCPOYHBIMH HOCAEACTBUAMU
BO3AEHCTBUA Ha SACPHBIA M MUTOXOHAPHAABHBIA I'€HOMBIL.
Myrauuu B saeproit AHK MoryT mpuBecTs k rubeAn KAeTKu
HAW MHUIJMAPOBATD IIPOLIECCHl 3A0KAYECTBEHHOTO MepepoX-
Aerus. [IpuaéM aTH MeXaHU3MbI He SBASIOTCS B3aMMOUCKAIO-
YAIOIIMMH, TaK KK MOTHOAI0IIe KACTKM MOT'YT IIepeAaBaTh
CHTHAABI COCEAHHM KAETKAM, CIIOCOOCTBYS U alONTO3Y U Ae-
AGHHIO KAETOK [ 45, 46]. B cAy4ae OKMCAUTEABHBIX TOBPEXAL-
HUH 1 HETIOAHOTIEHHOH pemnaparyy MuToxoHApHasbHoit AHK
MHULUAPYIOTCS. HeHpOAETeHepaTHBHbIe IIpoweccsl [47, 48].

B ompbiTax ¢ Bo3paeHCTBHEM MMHTATOpPAa AYHHOTO I'PYHTA
JSC-1A Ha KyAbTYpBI STUTeAHAABHBIX KAeTOK (AS49) xap-
IIMHOMBI AETKOTO YeAOBeKa U BHIAGACHHBIX M3 HefpobaacTo-
MBI Mblmel HeftpoHaabHbIX KAeToK (PCAD, TDCAD) 6biaa
II0KA3aHa ero CIIOCOOHOCTD BBI3BIBATH IHOEAb KACTOK U IIO-
spexperne AHK [49]. Unrepecno ormeruts, uto JSC-1A
HCIIBITBIBAACS B TPeX CTPYKTYPHBIX COCTOSHMAX: HaTHBHOM
(MOAYY€HHDI OT MOCTABIIKKA); IPOCESHHOM A0 <63 MKM C
HCIIOAb30BAaHHMEM AATYHHOTO CUTA; CBEXKEU3MEABYEHHOM AO
<7 mxm. IlokasaHo, 4T0O cBexXen3MeAbdEHHbIE QPAKITMH UMU-
Tatopa JSC-1A 06aapaau 6oaee BRIPOKEHHBIME LIUTOTOKCHYE-
cKkuMH 3 PexTaMH, deM HcXoAHbIe Pppakiuu. OpHAKO KX crIo-
COOHOCTb T€HepPUPOBATH THAPOKCHABHBIIA PAAUKAA U APYTHE
aKTHBHbIe GOPMBI KHCAOPOAA B BOAHBIX CyCIIeH3USX He KOp-
peAMpOBaAa C BbIABAGHHBIMH ITUTOTOKCHIECKMMHU MAM T€HO-
TOKCHYeCKUMH 3P PekTamu. Kpome TOro, TUTOTOKCHIHOCTD
JSC-1A He xoppeArpoBaAa ¢ HAKOIIACHHEM OOHAPYIKIBAEMBIX
nospexpernit AHK. Takum o6pasom, mospeskaerne AHK He
00513aTeABHO SIBASIETCSI KPUTHYECKUM KOMIIOHEHTOM LIUTOTOK-
CHYHOCTH IPH ACMCTBUU IMUTATOPA AyHHOU 1biAM JSC-1A Ha
KAETKH in vitro.

AOBOABHO HEOXXHMAAHHBIM PEe3yABTATOM ITHUX HCCAEAO-
BAHMMI OBIAO TO, YTO SMTUTEAHAABHBIE KAETKH AETKOTO OKa3a-
AVICh MeHee YYBCTBHTEABHBIMH K IIOBPEKACHHUIO CBEKEMOAO-
TbiM JSC-1A, 4eM HellpoHaAbHbIe KAeTKH [49]. YkasbiBaeT An
3TO pasAMuMe Ha 6OAee CHAbHBIE AHTHOKCHAAHTHbIE 3aILUT-
Hble MEXaHM3MbI B KATKAX AETKHX, UeM B HefpOHax, TpebyeT
AOTIOAHUTEABHBIX HcCAepOBaHH!. OAHAKO 0COOYIO aKTyaAb-
HOCTb TIOAYYEeHHbIE AQHHBIE IPUOOPETAIOT C YIETOM pPe3yAb-
TAaTOB MCCAEAOBAHHI MHTPAHA3AABHOTO M MHIAASIIOHHOTO
BO3AEHCTBUS MMHUTATOPOB AYHHOM IIbIAHM, CBUAETEAbCTBYIO-
IUX O TOM, 4TO HauboAee Meakue yactuupl (<0,1 MKM) Mo-
TyT TPAHCIOPTHPOBATHCS MO CEHCOPHBIM aKCOHAM O0OHS-
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TEABHOTO HepBa KphIC B TOAOBHOI Mo3r [38, 50, 51]. Tlpu-
MepHO 20% HaHOpPa3MePHBIX YACTHUL], OTAOKHBIINXCS Ha 000-
HSTEABHO 00AACTH CAUBHCTOM 000OAOUKM HOCOTAOTKH KPBIC,
CII0COOHBI TePeMelaThCsl B 0OOHATEABHYIO AYKOBHIY TOAOB-
HOT'O MO3Ia, KOTOPast MOXKET 00eCIIeInTD IOPTAA AASL UX IIPO-
HUKHOBEHHS B LIeHTPAAbHYIO HepBHyH0 cucremy [38]. Bos-
AEICTBHE Ha MbIIIell HaHOPa3MepPHBIX YACTHI], COCTOSIIUX U3
TiO,, KOTOPBIH SABASETCS OAHHM M3 OCHOBHBIX KOMIIOHEHTOB
UMMTATOPOB AYHHOM IIbIAM, TAK)XKe COIPOBOXKAAAOCH TPAHC-
NOPTHPOBKOI 9THX HAHOPa3MepHbIX YacTuy B Moar [52]. B
pabore [53] ycTaHOBA€HO, 4TO UMHTATOP AYHHOTO PETOAH-
Ta JSC-1A 06AapaA OIpeAeACHHBIM HeHpOTOKCHIECKHIM II0-
TEHIJHAAOM, BBI3bIBAsl yBEAMYEHHE CBS3BIBAHHUS TAyTaMara C
HePBHBIM OKOHYAHKEM M H3MEHSA TeM CaMbIM BHEKAETOYHbIN
rOMeOCTa3 TAyTaMaTa B FOAOBHOM Moare Kpbic. [ToxasaHo Tak-
e, YTO B TOAOBHOM MO3T€ MBbIIIeH, TOABEPIIIMXCS HHTAAS-
LIHOHHOMY BO3AEHCTBHIO CYOMUKPOHHbIX ¥ HAHOPa3MepHbIX
4acTHI], Pa3BUBAAOCH HeHpOHAAbHOE BOCIIAACHUE, BKAIOYAS
HOBBIIEHHYIO 9KCIPECCUI0 BOCIAAUTEAbHBIX IIMTOKMHOB IL-
la, TNFa u NF«B [54].

IToxa HeM3BECTHO HACKOABKO TAYOOKO B MOS3I UeAOBeKa
MOTYT IIPOHUKHYTh HAHOYACTHIIbI, BAbIXaeMble C AYHHOI! IIbl-
ABIO, ¥ K KAaKMM MOCAGACTBHUSAM AASL 3AOPOBbsl, KOTHUTHBHBIX
yHKIMIT 1 pabOTOCIIOCOOHOCTH 3TO MOXeT IpuBecTh. TeM
He MeHee, yXe CefJac Pe3yAbTaThl HPOBOAMMBIX $pyHAAMEH-
TAABHBIX HCCAGAOBAHHI O3BOASIOT PACIIMPHUTD IIPEACTABAL-
HMS, CAOKMBIINECS B KOHIIe IIPOIIAOTO BeKa O IpeuMyle-
CTBEHHO AETOYHOM XapaKTepe TOKCUYHOCTH AYHHOM IbIAH.
Emé opnuM nposBAeHHEM TOKCHYHOCTH AYHHOM ITBIAM MO-
XKeT OBITb eé COCOOGHOCTD MOAUQHIIUPOBATH OHOAOTUECKITE
3¢ $peKTbI BHEIIHETO 0OAyYeHIs], BBICTYIIAS B POAH PAAHOMO-
MuMeTHKa. [J0CKOABKY B OCHOBE OBPEXAQAIOMEro AeHCTBHSA
Ha KATKHM M X SACPHBIH aNlapar KaK YacTHI] AyHHOH IIbIAH,
TaK ¥ HOHU3UPYIOLIErO H3AYYEHHUS AKAT OOIIIHe MeXaHU3MbI,
CBSA3aHHbIE C THIIEPIPOAYKITHeH TMAPOKCUABHOTO PApUKAAQ
¥l APYTHX aKTUBHBIX OPM KHCAOPOAR [2, 44, 55], Heabast uc-
KAIOYaTh BO3MOXXHOCTH CHHEPIUYeCKHX 9QPeKTOB ITHX Pak-
TOPOB, a TaKXKe CHIKEHHUS PAAHOPE3UCTEHTHOCTU OPTaHHU3-
Ma II0CA€ CBePXHOPMATUBHOM MHKOPIIOPAIJMU AYHHOH IIBIAM.

IIpodmaTrorornyeckne aCeKThl TOKCHKOAOTHH AyH-
HO# mbIAH. OTHOCHUTEABHO HEHPOAOAKUTEABHBIH KOHTAKT
OrpaHMYEHHOIO YHCAA ACTPOHABTOB C AYHHOH IIBIABIO, 3aHe-
CEHHOI B BO3AYIIHYIO CpeAy 0OUTaeMBIX MOAYA€eTt Ha cKadaH-
APax U IIOBEPXHOCTSIX 000PYAOBAHIS, OTCYTCTBHE KOTOPTHDIX
1 HeBO3MOXXHOCTb JIIMAEMHOAOTNIECKUX HAOAIOACHHUI He Ad-
IOT IIOKA apT'yMEHTOB 00 OTAQAEHHOM M XPOHHYECKOH IIpo-
$eccroHaAbHOM IATOAOTHH, BHI3BAHHOM IIPOAOAKUTEABHBIM
UAU HEOAHOKPAaTHBIM BO3AEHCTBHEM 3TOro ¢akropa. Xapak-
Tep OCTpPOM IMpo¢ecCHOHAAPHOM MATOAOTHH IIPH CAYYAHHOM
H(Emn) CBEPXHOPMATUBHOM BO3AEHICTBHH AYHHOI IIbIAK 60-
Aee OUEBHAEH, HO BCe PaBHO TpeOyeT AOKa3aTeAbHOI 0asbl.
BcaeacTBre BHE3eMHOTO IIPOMCXOXKAEHHSA M HEAOCTATOYHOMN
U3Y4eHHOCTH AYHHAs IbIAb MAM AYHHBINA TPYHT OQHUIIAABHO
He OTHOCATCS K IIPO¢eCCHOHAABHBIM BPEAHBIM K (1AK) Omac-
HBIM TIPOU3BOACTBeHHbIM (akropam. o psaay popmarbabIX
HPUYHH U Ipodeccus KOCMOHABTA ellé He MOAYYHAA OPUITU-
aapHOro craryca. TeM He MeHee, B CAyYae OCyIleCTBACHUS
AYHHBIX 9KCIIEAMIIHIT C IIPOAOAKUTEABHBIM NPeObIBAHIEM KOC-
MOHABTOB Ha /\yHe 3HAYMMOCTb GaKTOPa AYHHOM ITbIAH He Bbl-
3bIBaeT COMHEHHUH KaK AASl YCAOBHI MX XU3HEACATEAbHOCTH,
TaK U AASL MEAUIIUHBI TPYAQ.

AHaAu3 IPUBEASHHBIX B HACTOSIIEM 0030pe AQHHBIX O
TOKCHUKOAOTHUH AYHHOM IIBIAM CBHAETEAbCTBYeT O TOM, 4TO
IIPU [AAHUPOBAHUM ¥ OPTAHH3AIUU PAbOT Ha MOBEPXHOCTH
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OpI/II'I/IHaAbeIe CTaTbU

AyHBI, CO3AQHHE AYHHBIX 623 AASL AOATOCPOYHOTIO IpeObIBa-
HILSL TaM YeAOBEKA HEOHXOANMO IIPEATIPUHUMATD BCE MEPBI 11O
CHIDKEHHIO CTelleHH KOHTAKTa [IEPCOHAAA C AYHHOU MbIAbI0. C
3TON 1]eABI0 AOAXKHBI OBITh Pa3pabOTaHbI COOTBETCTBYIOLIUE
TeXHHYeCKUe CPEACTBA BEHTHASIINHI U OIUCTKH BO3AYXA, CPeA-
CTBA KOHTPOAS IMCTOTHI BO3AYXA, CPEACTBA KOAACKTHBHOM U
HHAMBHAYaAbHO 3amuThL. OIepesxaiolUMi TEMIIAMH 110 OT-
HOIIEHHIO K Pa3pabOTKe TEXHUIECKHUX CPEACTB ObecIedeH s
006HTAEMOCTH 1 6€30IaCHOCTH IIEPCOHAAA AOAXKHO OBITH IIPO-
BEAEHO TOKCHKOAOTO-THTHeHNYeCKOe HOPMHUPOBAHHE AYHHON
TIbIAH AASL SKHABIX U TIPOU3BOACTBEHHBIX (paboudas 30Ha) To-
Memenuit. Ha aToM aTarte, B COOTBETCTBHE C PyKOBOASIIIME
AOKYMEHTaMH II0 CAHUTAPHO-THIHEHHNYECKOMY HOPMUPOBa-
HHIO®, [IPOU3BOACTBEHHBIN XUMIYECKHI $aKTOP KAacCHPH-
LIUpYyeTCs B Ka4ecTBe MPO(ecCHOHAABHOTO BPEAHOTO 1 (MAK)
OIIACHOTO, YCTAHABAMBAETCS KAACC OTTACHOCTH, IIPOM3BOAUTCS
BKAIOUEHHE €ro B TPYIIBI BeIeCTB, 00AAQIOIINX aAAepTeH-
HBIM, pUOPOTeHHbIM, KAHI|ePOreHHBIM ACHCTBHEM.

B Hacrosiiee BpeMs, ¢ y46TOM UMEFOLIUXCS AAHHBIX 06 06-
el 1 crreluuIecKkoi TOKCHIHOCTH AYHHOM IIBIAH, €€ MOXKHO
TpeABApUTEABHO PACCMATPUBATh KaK BPeAHDIi u(1AM) omac-
HBIIl IPOM3BOACTBEHHBII XUMIYECKHi PaKTOP, a 3a00AeBa-
HUS YIaCTHUKOB 9KCIIEAUIINIL, KOTOpble MOTYT OBITH BbI3Ba-
HBI AyHHOJ IIBIABIO, IIPEABAPHTEABHO KAACCUPUIIUPYIOTCS KK
npodeccuoHaAbHbIe 3a60AeBaHMs pasped 1 «3aboreBaHms
(ocTpble OTpaBA€HHS, X [IOCACACTBHS, XpOHUYECKHe HHTOK-
CHKALjuH), CBSA3AHHbIE C BO3AEHCTBHEM NPOHM3BOACTBEHHBIX
XuMHUYeckux gaxropos Ilepedns 3a60AeBaHuU, CBI3AHHBIX
C BOBAICTBUEM BPEAHDIX H(HMAH) OTACHBIX IPOHM3BOACTBEH-
HbIX paxTopos*. He caeayer 3a0bIBaTh U 0 Ge30IaCHBIX YCAO-
BUSIX TPYAQ APYIOTO [IEPCOHAAQ, KOTOPBIL GYAET 3aAefCTBO-
BaH B ICCAEAOBATEABCKHX U IPOU3BOACTBEHHO-TEXHOAOTHYE-
CKHX IPOLIeCCaX MO 0OPAIIEHHIO C AYHHBIM FPYHTOM B 3eMHBIX
YCAOBHSIX.

3akarouenme. B ces3u ¢ nepexodom omeuecmsennoii npo-
2pammbt 0c60eHUs AyHbL HeAOBEKOM K CMAOUL Pearu3ayuu, He-
00x00UMO peuterue KOMNAEKCA OP2AHUSAYUOHHO-MEXHUHECKUX
u meduko-6uorozuteckux 3adau no obecneuenuto 0e30nAcH020
npebvieanus u padomvl KOCMOHABMO8 HA 0KOAOAYHHOU 0pOU-
me u Ha nosepxrocmu Aynol. Koneunoim pesyromamom peute-
HUS IMuUX 3a0a4 56A5emcs npedynpexcoerie 803MONHON chey-
upuueckoti npoPeccuoHarbHoll NAMOAOUL U CHUNKEHUE PUCKOB
045 300posbs yuacmuukos sxcneduyuti. Cyos no onvimy AynHwix
MucCuii npozpammol < AnorA0H>, OMHOCUMEALHO HENPOOOAXNCU-
MeAbHbIT KOHMAKM ACMPOHABIMOB C AYHHOT NbLAbIO NPUB0JUA,
6 OCHOBHOM, K AAAEP2UHECKUMU PEAKYUIM U KAUHUHECKUM NpO-
SBACHUSM MECHIHO20 Pa30parcaruyezo Oelicmaus nblAlu HA CAU-
3UCHIble 2Aa3, HOCOZAOMKL, BEPXHUX U CPEOHUX 0MDeA08 mpa-
xeobpouxuarvrozo depesa. Ilpu muozokpamuvix u 6oree npo-
Q0AHCUMEALHBIX KOHMAKMAX C AYHHOTL NbIALIO 8 YCAOBUSX OAU-
MeAbHO20 npebblanuu HeAoseKa Ha AyHe 803MONCHO pa3sumue
0MCMABAEHHDIX U OMOAAEHHDIX NOCAEOCMBUL, XapaKmep Komo-
POIX BbIX00UM 30 PAMKU CAOHCUBLUUXCS NPedCaBAEHUT 0 npe-
UMYUECIBEHHO AE204HDIX NPOSBACHUIX MOKCUMHOCHIU AYHHOT
oAU,

3 CanurapHsie npasuaa 1 Hopmsl CanlInH 1.2.3685-21 «Turue-
HIYeCKUe HOPMATHBBI M TPeOOBaHMUs K 06ecredeHrI0 He30IacHOCTH
u(uan) 6e3BPeAHOCTH AAS YeAOBeKa $aKTOPOB CpeAbl OGUTAHMUA>,
YTBEepXXACHHbIE 1 BBEACHHBIE B ACHICTBHE [IOCTAHOBAeHHeM [AaBHOTO
rOCYAApCTBEHHOTO CaHUTapHOro Bpada Poccuiickoit Pepepanuu oT
28 auBapa 2021 1. N2 2.

* TIpuaoxxeHue K npukasy MUHMCTEPCTBA 3APaBOOXPAHEHHS 1 CO-
naAbHOro passuTus Poccuiickon Pepepanuu ot 27 anpeas 2012 1.
N 417m.
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AHaau3 aumepamyproix 0AHHDIX N0 PASAUHBIM ACHEK-
mam GuorozuHeckoz0 Oelicmeus u MoKCUMHOCHU, KAK opuau-
HAAbHBIX 00pA31408 AYHHOLL NbIAU, MAK U €€ UMUMAMOPOs, He
1n0380As€M HA OAHHOM IMAne KOHKPEMUSUPOBAMY nepeyeHt
NpogeccuoHarbHbiX 3a00Ae8aHULl, 00YCAOBAEHHDIX KOHMAKIOM
¢ Aynnoil nviavio. Tem He MeHee, HA OCHOBAHU NPOBEDEHH020 Me-
0pemuHecKoz0 AHAAU3A, MOXCHO CHOPMYAUPOBAMD CAeDYIOU4lLE
0000ujerus, KACAOUUECS TMOKCUMHOCHIU AYHHOTL NbLAU OAS HEAO-
8eka, u 8axcHble OAs MeOUKO-OUOLOZUECKUX ACneKmOoB obechete-
HUs 6e30nACHOCU Y4acmHUK08 OY0yuyux akcneduyuii Ha Aymy:

1. Pesysvmamvl dKCHepUMEHMAAbHOIX  UCCAEO08AHUT
CBUOEMEALCBYIOM, 4IN0 6 3EMHBIX YCAOBUSX AYHHAS NbIAb HE
NposBASEm BbipaNeHH020 00ujemoKcuseckozo delicmeus Ha
0p2aHUSM MEAKUX AAOOPAMOPHBIX HUBOMHLIX NPU PASHbIX
nymsx nocmynienus. Ilpu moxcukor020-zuzueHUHecKom
HOPMUPOBAHUL  AYHHOLL NblAU 8 68030yXe 00UMAEMbLX
Kocmuneckux 00vekmos cAedyem OpueHmuposamucs, npexcoe
6ce20, Ha Ouomapkepvt IPpexma u buomapiepot IKCNO3UYUL,
xapakmepusynoujue AE204Hy0 MOKCUdHOCMY U delicmsue HAa
YEHMPANbHYI0 HEPBHYIO CUCHIEMY, 8 IOM HUCAE HA N0BedeHHecK e
(koenumusnote) $ynxyuu.

2. AHaAius cospemennbix npedcmasAeHuil 0 GuoLOUHecKUX
Ippexmax u MOKCUKOAOUU AYHHO20 2PYHMA NO3B0ASEM
8b108UHYMb NPednoAOICEHUE 00 0npedeAeHHOTL PAHIKUPOBAHHOCTIU
0p2anos-muuiereti, Komopvie HauboAee YI36UMbL KAK 6 NAAHE
passumus OAUNATMUX nocAedcmeuii KoHmaKkma ¢ AyHHoi
NbLALI), MAK U 6 OMHOULEHUU OMCIMABAEHHBIX N0 BPEMEHU U
omoarénHvix nocredcmsuti maxozo 8030eticmesus.

3. Opzanom-muienvio nepeozo yposHs npu UH2AASYUU
AYHHOIL NbLAU S8ASIOMCS Aé2Kue. MeAKue uacmuypt nviau, nonadas
8 Aé2Kuie 0ace npu 00HOKPAMHOLL UH2aASYULY, 6Y0ym 0cmasamocs
mam 6 meuenue OAUMeAbHO20 Nepuoda epemeni, npedonpedeAss
BUIPANEHHOC OAUNCATIUUX U BEPOSMHOCL BO3MONCHBIX
dorzocpounvix (omcmasentoix u omdarénmoix) nocredcmeuil
0as 30oposvs. Hanopasmeprvle wacmuybl 8vi3visaoom 6osee
BLIPANEHHYI0 BOCHAAUMEALHYIO PEAKYUIO 8 AEKUX HCUBOMHBIX,
1o cpasmenuto ¢ mukpouacmuyamu. Ha yposne meopemuueciozo
AHAAU3A N0CAD0BAMEALHOCIb PA3BUMUS HEHEAAMEALHBIX
peakyuii co CMOpoHvl MpPaxeobpOHXUAALHO2O0 Oepesd U
Aéekux moiem Ovimy caedyrouyeii: mecmuoe pasdpaxenue —
80CnaAeHue, OMEK — HAPYUIEHUE NPOXOOUMOCTIU ObLXATNEAbHDLX
nymeii — cmpyKmypHo-@YHKYUOHALbHbIE USMEHEHUS 1O MUNY
Pubpo3a, nHEBMOKOHUO3A, CUAUKOCUAUKAMO3A U XPOHUHECKOT
06cmpyKmusHoil 60Ae3HU AEKUX — UHUYUUPOBAHUE NPOYECCO8
Kauyepozenesa — pax Aézkozo.

4. Ilposodumvie 8 nocieduee decamuremue 3a pybexrcom
Pyndamenmarvtole UCCAD0BAHUS 110360AIIOM PACCMAMPUBANTL
20A08HOT M032 6 KA4eCMBe OP2AHA-MULLEHY BIOPO2ZO YPOBHS
npu unearsyuu Ayunoii notau. ITocaedosamervrocmo
passumus HexceramervHolx peakyuii co cmoponsl IIHC npu
npodoancumervHom 8030eiicreuL AYHHOL NblAU MOdNem Obimb
cAedytoueil: KOZHUMUBHbLE HAPYULEHUS. U CHUNCEHUE YMCINBEHHOT
pabomocnocobrocmu 68 Oauxcaiiwuti nepuod — CcocmosHus,
cx0XcUe C CUHOPOMOM XPOHUHECKOT YCMAAOCMY 6 0MMOAAeHHbL
nepuod — eiipodezenepamusHuie 3a60Ae6anus 6 0A20CpOUHOI
nepcnexmuse.

S. HUmeromcs edunuunvie pabomus nociednux Aem,
ceudemercmeyoujue 0 00303a8UCUMOM KAPOUOMOKCUHECKOM
apPexme npu npodosnumesbHom 8030eliCIBUL UMUMAMOPO8
AYHHOIL nbiAU 8 IKCnepumenme. B cayuae nodmeepiudenus dannvix
0 PubposHbIx UMEHeHUSX muokapda npu modesuposanuu
UHZAASYUU OPUUHAALHBIX 00pa3y08 AYHHOT NuiAu, cepdye
MOJEm pACCMAMpUsamscs 6 Kauecmee OpeaHd-mulieHu
mpemve20 yposHS.
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6. Bausuue AyHHOT NblAU HA PenpodyKMUBHYI0 cucmemy
U UMMYHHBLTL CIMAMYC OP2AHUMA, BKAIOHAS B0CHPUUMHUBOCITL
K UHPEKYUOHHVIM U BUPYCHBIM 3A00A€BAHUIM 8 OMOALEHHDIT
nepuod, te uccaedosaro.

7. He 8visicHeHbl MEXAHUSMbL U 3KOHOMEPHOCU PA3BUMUS
OMCMABACHHDIX U OMOAAEHHDIX NOCAEOCMBULL 0OHOKPAMHO20,
nepuooduuecKozo U HenpepuieHoz0 NPoOOAKUMEALHOZO
8030elicmBuUs AYHHOIL NbIAU HA OP2aHU3M, He paspabomatl
Memodbt Guor0zuHecKoil 003UMEMPUL UH2AASYUU AYHHOLL NbIAU U
Memodvl OYeHKY PUucKo8 8030eiicmBus AYHHOIL nbiAu Ha 300poBbe
4eA0BeKd.

8. He svis6AeHblL Xapakmep u 3aKOHOMEPHOCII PA3BUMUS
IPPeros couemantozo 8030€liCmeus Ha 0P2aHU3M AYHHOT NblAL
¢ paduayuonnbim u Opyzumu HebrazONpUIMHBIMU $akmopamu
npogeccuonarbHoli desmervbHocmu Kocmonasmos Ha Ayme.
IIpaxmuuecku HU4e20 He U3BECHIHO O BO3MONKHOM BKAAJE 8
MOKCUMHOCD AYHHOU NbIAU COOePHAUUXCS 6 Hell AemyHux
opzanuteckux coeduHeHul.

B yerom, no umozam anarusa Aumepamypuolx 0aHHbIX 0
MOKCUKOAOZUYU AYHHOTL NbIAU MOXKHO cleAdmb npedsapumett-
HOE 3aKAIOHEHUE O MOM, 4O KA4ECIMBe 803MONHbIX OAUNCALI-
WX U OMCMABAEHHDIX IPPEKMO8 CAYHATIHOZ0 UAU CBEPXHOP-
MAMUBHO20 8030€liCMBUS AYHHOTL NblAU CAedyem paccmampu-
8amb arrepaudeckKue peakyuu, pasopaienue 2Aa3, CAUSUCHIBIX
HOCO2AOMK U, DbIXAMEALHbIX NYyMieil, HAPYUIEHUS BHeHe20 JbiXa-
HUSL, YMCMBEHHOT U Pu3UHecKoil pabomocnocobHocmu, a maxie

Original articles

CHIDKeHUe paduopesucmenmuocmu opeanusma. B xauecmee no-
meHyUaILHOl 0MIAAEHHOI NAMOA0ZUL, CBS3aHHOIL ¢ DelicmBuem
AYHHOTL NbLAU HA 0P2AHU3M KOCMOHABINO8 — YHACMHUKOB AYH-
HbLX IKCneduyutl, MO2YM PaACCMAMpUBAMbCS PUOPO3HbLIE UIMEHE-
HUS 8 AE2KUX, NHEBMOKOHUO3, CUAUKOCUAUKAM 03, AE204HOI KAH-
yepozeres u Hetipodezenepamusnsie 3a60esanus. Mexanusmol u
3AKOHOMEPHOCIU Pa3UMus JoA20CPOUHbIX NOCAEICBULL 803-
Oeticmeus AYHHOLL NbIAU HA OP2AHUIM HYHOAIMCS 8 USYHEHUL.

Pesyrvmampr meopemuueckozo anaiuza dantvix o mok-
CUMHOCIU AYHHOIL NbLAU CBUOeMeAbCBYIOM 0 Heobxodumocmu
nposedenuss GyHIAMEHMALHOIX U NPUKAAOHBIX UCCAE00BAHUIL
10 YCMAHOBAEHUIO DEMEPMUHUPOBAHHO20 UAU CHOXACIUHECKO20
XAPAKMEPOS NPUHUHHO-CACOCNBEHHBIX CBI3€il BLIUEYKAZAHHBIX
3aboAesanui ¢ deiicreuem AYHHOT NbLAU HA Opeanusm. Imo no-
360Aum 8 OyOyujem, npu pearusayuy ome4ecmeeHHol AYHHOT
npozpammol, npudamo AYHHOU NbIAUL OPUYUAALHBIT CTAMYC
8pedno20 u(uAu) onacrozo npou3sodCMBeHH020 XUMULECK020
Ppakmopa, a maxie onpedesums u Kraccuduyuposams 00y-
CAOBAEHHDIE KOHMAKMAMU C AYHHOTL NblAbI0 NpoPeccuoHabHble
3aboaesanus. CoomeemcmeenHo, uccredosanus no onpedeseruro
NpogeccuoHarbHoll namorozuu d0ANHCHbL Oblmy MecHbim 00pasom
Y8A3aHbL C MOKCUKOAO20-2UUEHUMECKUM HOPMUPOBAHUEM, pa3pa-
GOMKOTi KOMNAEKCA CAHUMAPHO-SUZUEHUMECKUX U AeuebHO-npo-
Purakmuneckux meponpusmuii no obecneuenuio besonacHocmu
YHACMHUK08 IKcneduyuu Ha AyHy npu KoHmakmax ¢ AyHHOiL
NoLABIO.
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Introduction. Lunar dust is a new potentially dangerous factor to Russian space medicine, which astronauts participating
in lunar expeditions will inevitably face when carrying out their professional activities. Therefore, a comprehensive study
of the toxicity and danger of lunar dust, its classification as an occupational harmful and(or) dangerous production factor,
characterization, and assessment of the likelihood of developing occupational pathology in acute, subacute, and chronic
exposure are relevant. Furthermore, the solution of these tasks will make it possible to justify the appropriate therapeutic
and preventive measures, the implementation of which is necessary both in the conditions of lunar expeditions and after
returning from them.

The study aims to evaluate the possibility of developing professionally caused diseases associated with the action of lunar
dust in astronauts based on a comprehensive analysis of modern ideas about the biological effects and toxicity of lunar dust.
Materials and methods. Scientists have summarized the data of domestic and foreign literature on the tox-icology of lunar
dust, including general toxicity, pulmonary toxicity, local irritant effect, specific types of toxicity, bioavailability, and kinetics
of lunar dust particles in the body. In addition, the authors analyzed the professional pathological aspects of the toxicology
of lunar dust.

Results. The researchers put forward an assumption about the ranking of target organs that are most vul-nerable in terms
of the development of the immediate consequences of contact with lunar dust and con-cerning the delayed and long-term
implications of such exposure. Based on the results of the analysis of literature data on the toxicology of lunar dust, the
authors made a preliminary conclusion that as possible immediate and left effects of accidental and excess exposure to lunar
dust, scientists consider allergic reactions, irritation of the eyes, mucous membranes of the nasopharynx, respiratory tract,
respiratory disorders, mental and physical performance, as well as a decrease in radioresistance of the body. As a potential
long-term pathology associated with the impact of lunar dust on the body of astronauts par-ticipating in lunar expeditions,
scientists propose to consider fibrous changes in the lungs, pneumoconiosis, silcosilicatosis, pulmonary carcinogenesis, and
neurodegenerative diseases. In addition, it is necessary to study the mechanisms and patterns of long-term eftects of exposure
to lunar dust on the body.

Conclusions. Research on toxicological and hygienic rationing should be the basis for developing a set of sanitary and clean and
therapeutic, and preventive measures to ensure the safety of participants of the expedition to the Moon in contact with lunar dust. In
addition, it is possible to establish the official status of a harmful and(or) dangerous production chemical factor for lunar dust and
identify and classify occupational diseases caused by contact with lunar dust.
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lung fibrosis; pneumoconiosis; cancer; neurodegenerative diseases; review
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Introduction. Although scientists began studying the
biological effects of lunar soil more than half a century ago,
interest in this issue has increased markedly in some countries
in recent decades. According to news agencies', the United
States, the European Union, the Russian Federation, China,
India, and Japan have announced plans to explore the Moon
in the XXI century. The most ambitious programs include:
crewed flights, the landing of expeditions, the creation of
habitable lunar bases for an extended stay of a person on the
Moon. In these programs, scientists pay attention to ensuring
the toxicological safety of expedition participants during
their contact with lunar dust. Lunar dust is a potentially new

! https://ru.wikipedia.org/wiki/VccaepoBarue AyHsi
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dangerous factor to Russian space medicine, which astronauts
participating in moon expeditions will inevitably face when
carrying out their professional activities. Some publications
draw attention to the health risks of participants of trips to
the Moon, which may have contact with dust in addition to
radiation and other leading occupational hazards [1-3].
The Moon has no atmosphere, so micrometeorites and
charged particles constantly bombarded its soil. As a result,
the lunar soil (regolith) becomes electrostatically charged
and acquires adhesive properties not characteristic of
terrestrial conditions because the lunar soil grains do not
have an oxide film. According to the testimony of American
astronauts, during the Apollo missions, they introduced
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lunar dust into the descent modules on their spacesuits [4].
Astronaut Harrison Schmitt (Apollo-17) described the
reaction to inhaling air polluted with the minor dust after
removing the spacesuit, which he called "lunar hay fever" —
sneezing, watery eyes and sore throat [S]. Other astronauts
also complained of tearfulness, sore throat, coughing, and
frequent sneezing due to inhaling dust that stuck to their
spacesuits [6]. In addition, the regolith had the smell of
gunpowder, burning, and spent pistons, which also caused
odorimetric discomfort for astronauts. After the command
modules entered the atmosphere, despite the use of vacuum
cleaners and the frequent change of filters of the ventilation
system, dust particles remained in it for a long time, slowly
settling and polluting, thereby, the internal surfaces. It
significantly complicated the astronauts' activities and caused
complaints after returning to Earth [1].

We noted that in the expeditions of the Apollo program
in the period from 1969 to 1972, there was a relatively short
actual contact of a small number of people (there were 18
astronauts in total in the lunar and command modules, 12
of them worked on the surface of the Moon) with lunar
dust. This fact predetermined the registration of only the
immediate consequences of such effects, mainly related
to allergic reactions and local irritant effects. With regular
work on the surface of the Moon and a person staying in
the conditions of lunar bases, multiple and more prolonged
contacts are possible, which increases the likelihood of the
development of delayed and long-term consequences of the
action of lunar dust on the body. It determines the need to
solve a complex of organizational, technical, and biomedical
tasks to prevent possible professionally caused pathology
and reduce the health risks of the expedition participants
caused by the effect of lunar dust on them. Among the
biomedical functions, a comprehensive study of the toxicity
and danger of lunar dust, toxicological and hygienic rationin
and classification of it as an occupational harmful and(or§
dangerous production factor, characterization and assessment
of the likelihood of the development of occupational
pathology caused by its acute, subacute, and chronic exposure
is relevant. The solution of these tasks will make it possible to
justify the appropriate therapeutic and preventive measures,
the implementation of which is possible and necessary both
in the conditions of lunar expeditions and after returning
from them.

The study aims to evaluate the possibility of developing
professionally caused diseases associated with the action of
lunar dust in astronauts based on a comprehensive analysis

The chemical composition (%) of the lunar regolith [10]
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of modern ideas about the biological effects and toxicity of
lunar soil.

Brief description of the composition and
physicochemical properties of the lunar soil. Regolith
covered the upper layer of the Moon, a loose debris-dust
material, the thickness of which in most of the studied
places ranged from a few centimeters to a dozen meters or
more [7]. Regolith particles have an average size of 45 to
100 micrometers [3], which is comparable to the thickness
of human hair. The color of the regolith is mainly dark gray,
sometimes coal-black, in larger particles with a mirror sheen.
Under microscopy, the color gamut is more diverse. Regolith
easily sticks together into separate loose lumps, and regolith
practically does not get wet in water [8]. Studies of the
structure and mineral composition of the lunar soil show
that it consists of fragments of igneous rocks, minerals, glass,
breccias of shock-explosive origin, agglutinates unique to the
Moon, and clusters of molten particles [9]. The minerals
found in the lunar soil include igneous rocks gabbro and
norite and heavy ore metals, among which there are ilmenite
(titanium ironstone), olivine, augite, and silicate rocks.
There are metallic iron particles in the regolith of both lunar
seas and continents, and regolith is very dry compared to
the Earth's soil [8]. The chemical composition of the lunar
regolith consists of 99% oxygen, silicon, aluminum, calcium,
iron, magnesium, and titanium. Most of the remaining 1%
is manganese, potassium, sodium, phosphorus, sulfur, and
chromium. Zirconium, barium, nickel, yttrium, and strontium
are also present from 0.1% to 0.02%. Vanadium, niobium,
cobalt, copper, rubidium, carbon, and other chemical
elements were found in even smaller quantities [10].

The samples of lunar soil can have noticeable differences
in their composition even if they are from the same area of the
Moon. In the 1970s, researchers established certain patterns
of the chemical composition and structure of regolith from
marine and mainland areas based on the results of the analysis
of samples delivered to Earth under the Apollo and Moon
programs [10].

The table shows data on the content of oxides of the main
rock-forming elements in them.

At the end of the 1990s, scientists have carried out
studies of lunar soil samples on a new generation of electron
microscopes with an emphasis on the thinnest fraction of
regolith — less than 74 microns [11]. In it, scientists have
discovered over a hundred micron-sized phases new to the
Moon, of which scientists have not met more than forty
phases on Earth in natural conditions. Furthermore, the

Table

Marine areas Mainland areas
"Moon-20"
Elements (oxides) "Moon-16" "Apollo-15" (glountam(l)lussreglofn "Apollo-17"
(Sea of Abundance) (Sea of Rains) Ale’tween the Sea o (Tavr-Litrov)
undance and the
Sea of Crises)
SiO, 42.95 45.0 44.2 48.5
TiO, 5.5 2.54 0.32 0.95
AL O, 13.88 8.9 19.1 17.2
FeO 20.17 22.21 6.91 114
MgO 6.05 9.08 13.37 8.94
CaO 10.8 10.27 13.3 11.6
Na,O 0.23 0.28 0.48 0.40
K,0 0.16 0.03 0.47 0.25
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presence of coating of these structures with thin glass films
characteristic of lunar regolith particles testified to preserving
the mineral phases formed on the Moon in the conditions
of the Earth's atmosphere [7, 11]. Thus, the researchers
can find traces of almost all elements ranging from the ppb
level to the ppm level in the lunar dust. It is necessary to pay
attention to nanoscale phases of completely reduced metallic
iron (nanophase iron), which is not contained in terrestrial
minerals [12].

In general, the lunar regolith contains about 20% of
dust (diameter <20 microns) by mass and 1-2% of fine and
minimal dust (<3 microns) [13]. The dust component of
the lunar regolith is the most biologically significant, so in
the future, we will mainly use the term "lunar dust." Despite
the unofficial nature of this term, researchers widely use it in
the scientific literature, and it is more suitable for describing
toxicological studies than the terms "lunar soil” or "lunar
regolith."

Biological effects and toxicology of lunar dust.
General toxicity. Information about the known toxicity
of lunar regolith from the marine ("Moon-16") and
mainland ("Moon-20") regions of the Moon VV. Kustov
and VI. Belkin are described in detail in their works. The
results of the pieces had been published in the Soviet
Union from the late 70s to the late 80s of the last century
[8, 14, 15]. These studies evaluated the effects of a single
exposure to lunar dust in various (intravenous, intragastric,
intraperitoneal, intratracheal) routes of administration into
the body of small laboratory animals — mice and rats. The
most interesting are the results of studies on rats with the
intratracheal injection of lunar dust from the marine and
mainland regions of the Moon [8]. The researchers critically
evaluated the methodology due to intratracheal instillation
of large amounts (50 mg) of dust [2, 16]. We consider them
unique and extremely important in assessing the extended
acute toxicity of lunar dust with a duration of observation of
animals 180 days after exposure. In addition, unlike American
researchers, their Soviet colleagues had minimal resources of
the original lunar dust, which did not allow for inhalation or
repeated exposure.

Toxicological studies have shown that a single intratracheal
injection of S0 mg of suspension of both samples (mainland
and marine) of lunar dust to rats did not cause the death of
animals and did not even lead to noticeable manifestations
of general toxic effects according to the criteria of general
condition, behavioral activity, external respiration. In the
first weeks after introducing both samples of moon dust in
the blood of rats, the scientists have identified changes in
some hematological and biochemical parameters indicating
a weakly expressed general toxic effect. More significant
changes affecting the manifestations of general toxicity (an
increase in respiratory rate, a change in its rhythm, a decrease
in oxygen consumption, signs of microcytic hypochromic
anemia% developed at a later date — from 3 to 6 months [8].
They were characteristic of the early formation of siliotic
changes in the lungs [17].

Pulmonary toxicity. The researchers have identified
the most pronounced changes after a single intratracheal
injection of suspensions of both lunar dust samples from the
lungs [8]. First of all, they evaluated the influence of lunar
dust on alveolar macrophages' structural and functional
state since they are one of the first lines of defense against
inhaled solid particles. Furthermore, phagocytosis of dust
particles occupies a central place in the pathogenesis of
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pneumoconiosis and the mechanisms of self-purification of
the lungs from dust [17]. On the other hand, macrophages
located in the alveolar parts of the lungs constitute one of
the last lines of defense against inhaled particles before they
enter the bloodstream. For three months of observations after
the intratracheal introduction of lunar dust, the scientists
have discovered changes in alveolar macrophages that
phagocytized particles. Macrophages with moderate death
generally retained phagocytic activity, providing a sufficient
level of purification of the respiratory parts of the lungs from
the injected particles. After six months, no dust particles in
the lung alveoli [8].

As for structural changes in the lungs, three months
after the intratracheal introduction of suspensions of both
lunar dust samples, the researchers noted an increase in the
thickness of the aerogematic barrier, they revealed in the
structure of the basal layer of which a significant quantity of
tropocollagen and collagen fibrils, forming the morphological
basis of pneumoconiosis developing in the aerogematic
barrier zone. At the same time, they observed the blocking
of the terminal link of the lymphatic capillary network of
the lungs, which led to the formation of perivascular and
peribronchial reticulohistiocytic tissue with a large number
of immunocompetent cells, which was a sign of a developing
inflammatory reaction of an allergic nature. 6 months after
the intratracheal administration of moon dust in the lungs,
there was a picture of the development of pneumoconiosis
of the cell-proliferative type with diffuse perivascular and
peribronchial fibrosis of the lung tissue. The studied samples
of lunar dust had moderate fibrogenic activity, significantly
less than silicon dioxide. For this reason, there were no
apparent signs of oxygen deficiency, chronic hypoxia, and
increased formation of endogenous carbon monoxide in
animals, which was typical in the control group of animals
with a more pronounced fibrous process after intratracheal
administration of S0 mg of silicon dioxide [8].

We note that the lunar soil from the marine area, in which
basalts predominated, had more biological activity than the
mainland, rich in aluminosilicates. Back in the late 80s of the
last century, scientists believed that samples from the marine
region of the Moon contained three times more nanoscale
superparamagnetic iron [8]. In later works [18, 19], the
researchers showed that the presence of metallic iron in
the nanophase (np-Fe) in the lunar soil led to a significant
increase in reactivity, and dust from the marine areas of
the lunar surface showed greater reactivity than dust from
high-altitude regions, even when the samples had the exact
content of metallic iron. Considering that metallic iron in the
nanophase is mainly localized at the edges of dust particles,
scientists believe this is the main of many chemical factors
determining the toxicity of lunar dust [19].

Abroad, the researchers carried out the most experimental
works on the pulmonary toxicity of lunar dust using ground-
up terrestrial analogs of lunar soil, which scientists also called
imitators or simulators of lunar dust [16, 20-23]. There are
more than 20 such simulators [7]. They used the following
standard lunar dust simulators: JSC-1A (Johnson Space
Center 1, USA); MLS-2 (Minnesota Lunar Simulant 2,
USA); FJS-2 (Fuji Japanese Simulant, Japan); CLRS (Chinese
Lunar Regolith Simulant, China). The average diameter of the
simulator particles is 86 microns, which is close to the average
size of regolith microparticles from the "Apollo-14" landing
sites. The researchers receive smaller fractions by sieving
simulators or by additional grinding. The greatest potential
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danger for astronauts is inhaling micron and submicron bits
of lunar dust since particles of 5-10 microns in size. The
particles are deposited and accumulate in the middle and
lower sections of the tracheobronchial tree, and smaller
par]ticles of 0.5~ microns in size penetrate the alveoli [24,
25].

In general, scientists established that moon dust simulators
could cause moderate cytotoxicity of macrophages and
change cell morphology. Thus, exposure to the agglutinated
JSC-1A simulator led to a significant decrease in the viability
of alveolar macrophages, and they had a foamy shape that
closely resembled signs of human silicosis and experimental
modeling of lung damage by silicon dioxide in laboratory
animals [26]. Chinese scientists [ 16] showed in their works
that a single intratracheal administration of moon dust
imitators to rats led to dose-dependent changes in biomarkers
of lung damage. A comparison of the severity of such
changes with the results obtained with repeated intratracheal
administration of suspensions of both original samples of
lunar dust and its imitators [20, 21, 27] may indicate the
chronoconcentration nature of pulmonary toxicity. The actual
lunar dust samples delivered to Earth by the Apollo-15, -16,
and -17 missions produced significantly higher hydroxyl
radical concentrations in a liquid suspension than terrestrial
simulators such as JSC-1A and mineral quartz [18, 19].

Of course, experiments with the inhalation introduction
of original samples of lunar dust are of the most significant
interest. The USA published the results of such studies in
the last decade in some extensive papers [28-31]. Thus, in
the works [29, 30], scientists investigated the prolonged
inhalation effect on rats of a comprehensive concentration
range of the dust component of the lunar soil collected
during the "Apollo-14" mission under exposure modes
that simulate the conditions of long-term human work on
the Moon. At the same time, the researchers evaluated the
toxicity of two well-studied reference terrestrial dust species,
TiO, and SiO,. Biomarkers of the effects of pulmonary
toxicity and cytotoxicity were indicators of the composition
of bronchoalveolar lavage fluid, as well as hematological,
biochemical, and histomorphological indicators substantiated
by the authors. Scientists have established concentration-
dependent changes of macrophages, neutrophils, lymphocytes
in lavage fluid, total protein, and some enzymes in the blood,
as well as histomorphological signs, including inflammation,
thickening of the septum, fibrosis, and granulomas in the
lungs, which researchers recorded during observation of
animals for 2.5 months after the end of 4-week inhalation
exposure at concentrations of 21 mg/m3 and higher. They
also established the maximum level of dust concentrations
(6.8 mg/m?), at which no adverse changes in biomarker’s
rats [30].

In general, evaluating the results of experimental studies
of pulmonary toxicity with intratracheal and inhalation
administration of original samples of lunar dust and its
terrestrial simulators, scientists concluded that in experiments
on mice and rats, lunar dust showed more significant
pulmonary toxicity than TiO, but less than SiO,. Therefore,
when planning future experimental studies, a number of them
(toxicological and hygienic rationing, determination of the
nature of a possible professionally conditioned pathology),
scientists recommend using original samples delivered from
the areas of the proposed location lunar base and work
sites. In studies concerning mainly applied issues of safety
and therapeutic and preventive measures, it is advisable to
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use simulators of lunar dust, adequate to the geology and
mineralogy of the place of work on the Moon.
Cardiotoxicity. In work [32], scientists studied the
influence of the lunar dust simulator CLDS-i (the Chinese
equivalent of JSC-1A) on cardiac function and cardio
fibrosis. In experiments on rats, the researchers found
that a 3-week intratracheal introduction of CLDS-i dose-
dependent increased ECG changes and led to an increase
in serum inflammatory factors. The expression of genes and
proteins associated with fibrosis in myocardial tissues also has
changed. Thus, exposure to the CLDS-i lunar dust simulator
caused systemic inflammatory reactions affecting autonomic
function and leading to inflammatory myocardial fibrosis.
Local irritant effect. The astronauts of the Apollo
program testified to the presence of a pronounced local
irritating impact of lunar dust on the mucous membrane of
the eyes, nasopharynx, and upper respiratory tract. In some
cases, the irritation of the respiratory tract was so intense
that it forced the astronauts to take expectorants even in
the conditions of the expedition. The paper [33] presents
the results of studies of the local irritant effect and ocular
toxicity of lunar dust delivered by the astronauts of the
Apollo 14 expedition. In vitro and in vivo tests have shown
that the studied lunar dust samples do not cause significant
eye irritation. However, the scientists classified the dust
as having moderate irritating properties. According to the
authors, this means that astronauts can do without special
protection measures against getting lunar dust in their eyes.
However, it may be necessary to use fully protected glasses
with individual reactions. In addition, contact lens users may
also be more susceptible to the irritating effects of lunar dust.
Bioavailability and kinetics of lunar dust particles
in the body. Establishing the laws of the biokinetics of
lunar dust particles after they enter the body by inhalation
is a complicated task that requires multifactorial analysis.
Nevertheless, it is possible to modify the kinetic characteristics
obtained in terrestrial laboratories under microgravity
conditions. Nevertheless, it is possible to formulate some
generalizations about the fate of inhaled lunar dust particles
by analyzing the available data.
When breathing air contaminated with particles, there is
a relatively equilibrium state between their concentrations
in the respiratory volume of the lungs and the surrounding
atmosphere. Macrophages can capture particles deposited
in the lungs. It is possible to remove these particles
using the mucociliary way or other transport processes,
including redistributing particles from the epithelium to
the interstitium [34]. The movement of particles into the
bloodstream leads to their subsequent accumulation in
secondary organs. The action into the peribronchial lymph
nodes leads to portal transport and excretion into the
gastrointestinal tract with possible enterohepatic circulation.
At the same time, both the bioavailability and kinetics of
particles in the body depend on their chemical composition,
structure, and size. There is a specific understanding of the
kinetics of micrometersized particles, at least in terrestrial
conditions. The processes of the kinetics of nanoparticles
are at the stage of the fundamental study. The work [35]
shows differences in the biokinetics of inhaled nano- and
microparticles in assessing their toxicity and potential risks.
In several studies, scientists have found that nanoscale

* Areviewbased on the materials of the open foreign press published
before June 1, 1971. The Apollo Program. Part 2. GONTI-1. 1971: t
423-5.
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particles enter the nasal, tracheobronchial, and alveolar
regions and penetrate various organs due to non-endocytic
mechanisms [36-40].

There is a close connection between the complexity of
studying the processes of biokinetics of lunar dust and its
multi-component composition, which is mainly unique for
various regions of the Moon. The scientists have identified
during electron microscopic studies that the features
of the biokinetics and biological activity of lunar dust
samples may be due to the presence of a large number of
nanoscale particles "adhering” to the surface of larger dust
particles [41]. The time spent in the cavities of the alveoli
of microparticles of lunar dust and nanoscale particles,
which the authors characterized as "satellites," was different
for dust samples delivered from the marine and mainland
regions of the Moon. A day after the intratracheal injection
of the suspension of lunar dust in the cavities of the alveoli
of rats, the researchers found the particles of lunar soil from
the marine area with many "satellites” on the surface and with
a significantly smaller number of "satellites" on the surface
of particles from the mainland area. After a week, the lunar
soil particles in the alveoli carried single "satellites." After
three weeks, scientists found the interstitial tissue particles
with practically no "satellites” [41]. These observations may
indirectly indicate a different rate of transfer of nano- and
microparticles trapped in the lungs. But it is necessary to
study the mechanism of this phenomenon.

One of the possible reasons for the long delay of
agglutinated lunar dust particles in the lungs is their high
porosity caused by the processes of cosmic weathering, which
leads to an increase in the surface area of the particles and a
slowdown in their absorption by macrophages [34]. On the
other hand, this creates conditions when the accumulation
of macrophages damaged by excessive generation of reactive
oxygen species by particles with a large surface area can
interfere with lung cleansing. Due to the low solubility, the
residence time of olivine particles with a diameter of 1 micron
in human lungs the researchers estimate at about 24 years,
and particles up to 10 microns in size may have a residence
time longer than the average human lifespan [3].

Specific types of toxicity. When analyzing the literature,
we did not find any extraordinary experimental work to assess
the allergenic effect of lunar dust. The scientists based this
information about such activity on observations of astronauts
who participated in the Apollo program [S]. The work [1]
indicates that astronauts slept in helmets to prevent allergic
reactions caused by the action of dust. Scientists have
noted cases of developing a persistent allergic response
with eosinophilia in terrestrial conditions after unpackin
astronauts' spacesuits contaminated with lunar dust [42].
Also, in the available literature, we have not encountered
special experimental studies of the immunotoxicity of lunar
dust, in addition to the data already given on the reactions of
immunocompetent cells in the study of general and pulmonary
toxicity. We have not found works on the purposeful study
of the influence of lunar dust on reproductive function.
Perhaps this is since radiation, stress, and microgravity
are more significant factors for the reproductive part of
participants in lunar expeditions. Nevertheless, we do not
exclude the possibility of reproductive toxicity of lunar
dust. There are observations that rats that have experienced
inhalation exposure to particles similar to lunar dust imitators
have mutations and fragmentation of nuclear DNA [43] in
spermatozoa.
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As for the possible long-term consequences of exposure
to lunar dust (somatic and inherited), which also relate
to specific types of toxic effects (genotoxic, potential
mutagenic, and carcinogenic properties), such studies
abroad are at the stage of fundamental research. Researchers
conduct such studies using lunar dust simulators. These
studies are interesting from the point of view of such poorly
studied aspects of the possible long-term effects of moon
dust inhalation on human health as the development of
carcinogenesis and neurodegenerative diseases.

Works show [3, 44] that scientists associated excessive
generation of hydroxyl radical and other reactive oxygen
species by microparticles of lunar dust imitators, leading to
DNA damage, with both short-term and long-term effects
on the nuclear mitochondrial genomes. Mutations in nuclear
DNA can lead to cell death or initiate the processes of
malignant degeneration. Moreover, these mechanisms are not
mutually exclusive since dying cells can transmit signals to
neighboring cells, contributing to apoptosis and cell division
(45, 46]. In the case of oxidative damage and incomplete
repair of mitochondrial DNA, neurodegenerative processes
are initiated [47, 48].

In experiments with the effect of the lunar soil simulator
JSC-1A on cultures of epithelial cells (AS49) of human
lung carcinoma and neuronal cells isolated from mouse
neuroblastoma (PCAD, TDCAD), scientists showed
its ability to cause cell death and DNA damage [49].
Interestingly, researchers tested the JSC-1A in three structural
states: native (obtained from the supplier); sieved to <63
microns using a brass sieve; freshly ground to <7 microns.
The newly honed fractions of the JSC-1A simulator had
more pronounced cytotoxic effects than the initial fractions.
However, their ability to generate hydroxyl radical and other
reactive oxygen species in aqueous suspensions did not
correlate with the detected cytotoxic or genotoxic effects. In
addition, the cytotoxicity of JSC-1A did not correlate with
the accumulation of detectable DNA damage. Thus, DNA
damage is not necessarily a critical component of cytotoxicity
when the lunar dust simulator JSC-1A acts on cells in vitro.

A rather unexpected result of these studies was that
lung epithelial cells were less sensitive to damage by freshly
ground JSC-1A than neuronal cells [49]. This difference
indicates more robust antioxidant defense mechanisms
in lung cells than neurons require additional research.
However, the data obtained are particularly relevant, taking
into account the results of studies of the intranasal and
inhalation effects of moon dust simulators, indicating that
the smallest particles (<0.1 microns) particles fall on sensory
axons of the olfactory nerve of rats to the brain [38, 50, 51].
Approximately 20% of nanoscale particles deposited on the
olfactory region of the nasopharyngeal mucosa of rats can
move into the brain's olfactory bulb, which can provide a
portal for their penetration into the central nervous system
[38]. The exposure of mice to nanoscale particles consisting
of TiO,, which is one of the main components of lunar dust
simulators, was also accompanied by the transportation of
these nanoscale particles to the brain [52]. Work shows [53]
that the lunar regolith simulator JSC-1A had a particular
neurotoxic potential, causing an increase in the binding of
glutamate to the nerve terminal and thereby changing the
extracellular homeostasis of glutamate in the brain of rats.
The researchers also note that it is possible to develop
neuronal inflammation in the brains of mice exposed to
inhaled submicron and nanoscale particles. Scientists do not
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rule out an increased expression of inflammatory cytokines
IL-1a, TNFa, and NFkB [54].

We do not yet know how deeply nanoparticles inhaled
with lunar dust can penetrate the human brain and
what consequences for health, cognitive functions, and
performance this can lead. Nevertheless, the results of the
conducted fundamental research allow us to expand the ideas
formed at the end of the last century about the predominantly
pulmonary nature of the toxicity of lunar dust. Another
manifestation of the toxicity of lunar dust may be its ability
to modify the biological effects of external radiation, acting
as a radiomimetic. The general mechanisms associated
with the hyperproduction of hydroxyl radical and other
reactive oxygen species [2, 44, 55] underlie the damaging
effects on cells, nuclear apparatus, lunar dust particles, and
ionizing radiation. It is impossible to exclude the possibility
of a synergistic effect of these factors and a decrease in the
radioresistance of the body after the excess incorporation of
lunar dust.

Occupational pathologic aspects of the toxicology of
lunar dust. The relatively short-term contact of a limited
number of astronauts with lunar dust brought into the
air environment of the habitable modules on spacesuits
and equipment surfaces, the absence of cohort, and the
impossibility of epidemiological observations do not yet give
arguments about remote and chronic occupational pathology
caused by prolonged or repeated exposure to this factor. The
nature of acute occupational pathology with accidental or
excessive exposure to lunar dust is more pronounced but
still requires an evidence base. Due to extraterrestrial origin
and insufficient knowledge, scientists cannot attribute lunar
dust or lunar soil to occupational harmful and(or) dangerous
production factors. For some legal reasons, the profession of
an astronaut cannot yet acquire official status. Nevertheless,
in the case of lunar expeditions with an extended stay of
astronauts on the Moon, the significance of the lunar dust
factor is beyond doubt both for their living conditions and
occupational health.

The analysis of the data on the toxicology of lunar dust
presented in this review indicates that when planning and
organizing work on the surface of the Moon, creating lunar
bases for a long-term stay of a person there, it is necessary
to take all measures to reduce the degree of contact of
personnel with lunar dust. For this purpose, specialists should
develop appropriate technical means of ventilation and air
purification, means of air purity control, means of collective
and individual protection. Ahead of the development of
technological means to ensure the habitability and safety
of personnel, it is necessary to carry out toxicological and
hygienic rationing of lunar dust for residential and industrial
(working area) premises. At this stage, under the guidelines
on sanitary and hygienic rationing®, specialists should classify
the production chemical factor as professionally harmful
and(or) dangerous. It is also necessary to establish a hazard
class, to include it in groups of substances with allergenic,
fibrogenic, carcinogenic effects.

Currently, taking into account the available data on the
general and specific toxicity of lunar dust, it is possible to
preliminarily consider lunar dust as a harmful and(or)

3 Sanitary rules and norms of SanPiN 1.2.3685-21 "Hygienic
standards and requirements for ensuring the safety and (or)
harmlessness of environmental factors for humans’, approved
and put into effect by Resolution No. 2 of the Chief State Sanitary
Doctor of the Russian Federation dated January 28, 2021.
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dangerous production chemical factor. Specialists can
preclassify the diseases of expedition participants caused by
lunar dust as occupational diseases of section 1, "Diseases
(acute poisoning, their consequences, chronic intoxication)
associated with exposure to production chemical factors”
of the List of illnesses associated with exposure to harmful
and(or) hazardous production factors*. We should not forget
about the safe working conditions of other personnel who
will participate in research and production and technical
processes for the treatment of lunar soil in terrestrial
conditions.

Conclusion. In connection with the transition of the
national program of human exploration of the Moon to the
stage of implementation, it is necessary to solve a complex of
organizational, technical, and biomedical tasks to ensure the safe
stay and work of astronauts in lunar orbit and on the surface of
the Moon.

The result of solving these tasks is the prevention of possible
specific occupational pathology and reduction of health risks for
the expedition participants. Judging by the experience of the lunar
missions of the Apollo program, the relatively short contact of
astronauts with lunar dust led mainly to allergic reactions and
clinical manifestations of the irritating local effect of dust on the
mucous membranes of the eyes, nasopharynx, upper and middle
tracheobronchial tree.

With repeated and more prolonged contacts with lunar dust
in conditions of an extended stay of a person on the Moon, it
is possible to develop delayed and long-term consequences,
the nature of which goes beyond the established ideas about
mainly pulmonary manifestations of the toxicity of lunar dust.
Unfortunately, the analysis of literature data on various aspects of
biological action and toxicity, both original samples of lunar dust
and its simulators, do not allow to specify the list of occupational
diseases caused by contact with lunar dust.

Nevertheless, based on the theoretical analysis carried out, it is
possible to formulate the following gener-alizations concerning the
toxicity of lunar dust to humans, and essential for the biomedical
aspects of ensuring the safety of participants in future expeditions
to the Moon:

1. The results of experimental studies indicate that in terres-
trial conditions, lunar dust does not show a pronounced general
toxic effect on the body of small laboratory animals with differ-
ent routes of entry. When toxicological and hygienic rationing of
lunar dust in the air of inhabited space objects, it is necessary to
focus primarily on biomarkers of the effect and biomarkers of ex-
posure that characterize pulmonary toxicity and impact on the
central nervous system, including behavioral (cognitive) functions.

2. The analysis of modern ideas about the biological effects
and toxicology of the lunar soil allows us to put forward an as-
sumption about a specific ranking of target organs that are most
vulnerable both in terms of the development of the immediate
consequences of contact with lunar dust and to the delayed and
long-term implications of such exposure.

3. The lungs are the target organ of the first level when inhal-
ing lunar dust. Fine dust particles entering the lungs, even with
a single inhalation, will remain there for an extended period, de-
termining the severity of the immediate and the likelihood of pos-
sible long-term (delayed and long-term) health consequences. Na-
noscale particles cause a more pronounced inflammatory reaction
in animals’ lungs than microparticles. At the level of theoretical
analysis, the sequence of development of undesirable reactions

* Appendix to the Order of the Ministry of Health and Social
Development of the Russian Federation No. 417n dated April 27,
2012.
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from the tracheobronchial tree and lungs may be as follows: local

irritation — inflammation, edema — violation of the patency
of the respiratory tract — structural and functional changes in
the type of fibrosis, pneumoconiosis, silicosilicatosis, and chronic
obstructive pulmonary disease — initiation of carcinogenesis pro-
cesses — lung cancer.

4. Fundamental research conducted abroad in the last de-
cade allows us to consider the brain as a second-level target organ
for the inhalation of lunar dust. The sequence of development of
adverse reactions from the central nervous system with prolonged
exposure to lunar dust may be as follows: cognitive impairment
and decreased mental performance soon — conditions similar to
chronic fatigue syndrome in the long term — neurodegenerative
diseases in a long time.

S. Recent single works indicate a dose-dependent cardiotoxic
effect with prolonged exposure to lunar dust simulators in the ex-
periment. In case of confirmation of the data on fibrotic changes
of the myocardium during the simulation of inhalation of the
original samples of lunar dust, we can consider the heart as a
target organ of the third level.

6. Experts have not investigated the effect of lunar dust on
the reproductive system and the body's immune status, including
susceptibility to infectious and viral diseases in the long term.

7. Scientists have not found out the mechanisms and pat-
terns of development of delayed and long-term consequences of
a single, periodic and continuous prolonged exposure to lunar
dust on the body. Also, researchers have not developed biological
dosimetry methods of inhalation of lunar dust and methods for
assessing the risks of exposure to lunar dust on human health.

8. Experts have not identified the nature and regularities of
the development of combined effects on the body of lunar dust
with radiation and other adverse factors of professional activity of

astronauts on the Moon. In addition, practically, we know noth-
ing about the possible contribution of volatile organic compounds
in the lunar dust to toxicity.

In general, based on the results of the analysis of the literature
data on the toxicology of lunar dust, we can make a preliminary
conclusion that as possible immediate and delayed effects of
accidental and excessive exposure to lunar dust, scientists
can consider allergic reactions, irritation of the eyes, mucous
membranes of the nasopharynx, respiratory tract, respiratory
disorders, mental and physical performance, as well as a decrease
in radioresistance of the body. Fibrotic changes in the lungs,
preumoconiosis, silico-silicatosis, pulmonary carcinogenesis, and
neurodegenerative diseases experts consider as a potential long-
term pathology associated with the effect of lunar dust on the
body of astronauts participating in lunar expeditions. Therefore,
studying the mechanisms and patterns of long-term effects of
exposure to lunar dust on the body is necessary.

The results of the theoretical analysis of data on the toxicity
of lunar dust indicate the need for fundamental and applied
research to establish deterministic or stochastic patterns of cause-
and-effect relationships of the above diseases with the effect of
lunar dust on the body. Furthermore, it will make it possible
in the future, during the implementation of the national lunar
program, to give lunar dust the official status of a harmful
and(or) dangerous production chemical factor and identify
and classify occupational diseases caused by contact with lunar
dust. Accordingly, scientists should link in a close way studies on
the definition of occupational pathology with toxicological and
hygienic rationing, the development of a set of sanitary and clean,
and therapeutic and preventive measures to ensure the safety of
participants of the expedition to the Moon in contact with lunar
dust.
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