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Beeodenue. Jlnumenvhoe so3deiicmeue subpayuy Ha OpeaHu3M 4en08eKa 16AAEMcs PaKmopom pucka pazeumus npogheccUuoHanbHbiX 3a004e6aHULL U KOMOPOUD-
HbIX COCMOSIHULL, 00YCA08AUBAIOUUX NPeNCcOe 6Ce20 NAMOA0SUK) HEPBHOLL CUCIEMbL, d MAKICe OP2AHO8 JHCeNYOOHHO-KUUEHHO20 MPAKMA, ONOPHO-08U2AMENbHO20
annapama u cepdeuno-cocyoucmoii cucmemst. [lamocenemuueckue acnekmot 6030elicmeus 6UbPayUU Ha MONEKYASAPHOM YPOBHE OCMAIOMCs HeOOCMamoYHO
UBYHEHHBIMU U MPeOYIom NOUCKA A0CKBAMHbBIX ONbIMHbIX MOOeAell Ha HCUBOMHBIX. B 0030pe onucanbl SKkcnepumeHmansHbie MemoouKy usyueHus 6UOPayUoHHOU
oonesnu. Ilposedén nouck aumepamypul 6 6azax dannvix MedLine, PubMed, Web of Science, Scopus, Google Scholar, CyberLeninka u PUHII. Pe3yrvmamol
9KCNEPUMEHMANbHBIX UCCAeA0B8AHUI OMAUMAMCS U3-30 PA3HULbI 8 HACMOMAX U OAUMEAbHOCIU 8UOPAUUOHHO20 8030€licM8Us.

Canumapno-eueuenuueckas xapaxmepucmuxa pabowux mecm yeaedooviearouyux npeonpusmuii Kyzoacca. [Ipugedens: dannvie 00 ypogHsIX N10KANbHOU U 00uU4ell
subpayuu Ha pabovux Mecmax npoxo04UKa N003eMHO20, 20PHOPAOOHe20 OHUCHHO20 3a005, MAUUHUCIA 20PHOBLIEMOYHBIX MAUIUH.

DKrcnepumenmaasioe modeauposanue 10Ka1bHol u obuel eubpayuu. Onucansl SKCnepUMeHmanbHole MemoouKly 8UOPAyUOHHO0 8030elicmeus Ha aabopa-
MOPHBIX KPbIC, Mblulell U KPOAUKOS8 HA N0KAAbHOM U 0bujem yposHsx. [Ipedcmasnentvie sxcnepumenmanbHole MoOeAU MAKCUMAALHO NPUOAUNCEHb K PEaNbHbIM
BUOPALUOHHBIM 8030eliCmBUAM 6 ycao8usax npouszeoocmea. [lokaszano, ymo eubpayus na wacmomax om 4 Iy evi3bi6aem usmeHenus 6 cCMpyKmype u QyHKyusx
nepughepuuecKux cocyoos u Hepeos, a makice 2UNOKCUHECKUEe NOBPENCOeHUS. 8 MO32e, cepile, NOUKAX, NeYeHU U CKeACMHbIX MblUILAX.

3akarouenue. Dxcnepumenmansioe Modeaupoganue UOPAUUOHHOU 00Ne3HU NO360AAEM UYHAMb OP2AHOCHeYUPUHeCKUe MONCKYAAPHbIE MEXAHUIMbL NOBPENC-
daroueeo 8UOPAUUOHHO20 8030€UCMEUS HA OP2AHU3M U pa3padamoleams IQpexmusHsvie npouiaKkmuyeckue u aevedHbie Meponpusimusl.
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Introduction. Long-term vibration exposure to the human body is a risk factor for the development of occupational diseases and comorbid conditions causing,
first of all, the pathology of the nervous system, as well as the cardiovascular, gastrointestinal tract and musculoskeletal systems. Pathogenetic aspects of
vibration exposure at the molecular level remain open and require the search for adequate experimental animal models. The review describes experimental
methods for studying vibration disease. A literature search was conducted in the databases MedLine, PubMed, Web of Science, Scopus, Google Scholar,
CyberLeninka and RSCI. The results of experimental studies differ due to the difference in frequencies and duration of vibration exposure.

Sanitary and hygienic characteristics of workplaces of coal-mining enterprises in Kuzbass. Data are given at the levels of local and whole-body vibration at the
workplaces of an underground sinker, a stope miner, and a mining machine operator.

Experimental modelling of local and whole-body vibration. Experimental methods of vibration exposure to laboratory rats, mice and rabbits at the local and
whole-body levels are described. The presented experimental models are as close as possible to real vibration effects in production conditions. Vibration at
[frequencies above 4 Hz has been shown to cause changes in the structure and functions of peripheral vessels and nerves, along with hypoxic damage of the brain,
heart, kidneys, liver, and skeletal muscles.

Conclusion. Experimental modelling of vibration disease makes it possible to study the organ-specific molecular mechanisms of damaging vibration exposure
to the body and develop effective preventive and therapeutic measures.
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BBenenne

B crpyktype mpodeccrmoHanbHBIX 3a00JIeBaHU Cpeau pa-
OOTHUKOB YIJIeq100bIBAIOIIC MPOMBILIIEHHOCTH OMHO U3 Bely-
11X MECT 3aHUMaeT BubpalmoHHas 6oe3Hb (Bb) [1—4].

JmuTtenpHass BUOpalvs SBISIETCS XPOHMYECKHUM CTPECCOop-
HBIM (PaKTOpPOM, KOTOPBI BBI3bIBACT HAPYILIEHUS] KaK Ha Heii-
pPOTYMOpaJIbHOM, TaK M Ha MOJICKYJISIPHO-KJIETOYHOM YPOBHE,
00yCJIOBIMBas TTATOJOTUYECKHUE TTPOIIECCHl B OpraHax M TKaHSX
[1, 5-9]. KnuHUKO-3NTUAEMUOIOTMYECKUE TaHHbIE CBUIETEb-
CTBYIOT O TOM, YTO JUIUTEIbHOE BUOPAIIMOHHOE BO3ICHCTBHE
Ha OpraHM3M 4YeJIOBeKa SIBJISIETCSI OMHUMM M3 BeIylIUX (hakTo-
POB pHCKa Pa3BUTHUS TATOJIOTUM HEPBHOMW, CepIeTHO-COCYIM-
CTOIl CUCTEM, TTOYEK, OPTaHOB KEIYIOUYHO-KHUIIEYHOTO TpaKTa
U oropHo-aBurarejabHoro anmapara [10—17]. HeomHokpaTHO
OBLJIO TOATBEPKICHO WMHTUOMpYIOIIEe BO3ICICTBUE BUOpAIIKA
Ha ToKa3aTeju KJIETOYHOTO MMMYHUTETa, aKTUBHOCTb (hepMEH-
TOB aHTUOKCUIAHTHOM cucTtemsl [ 18—20]. BonblnHCTBO Ucce-
JIOBAaHUI TTOCBAIICHO M3YYCHUIO ITOBPEKIAIOIIETO BO3ICHCTBUS
BUOpaLuy Ha nepudepuuecKylo U LIEHTPAJIbHYIO HEPBHYIO CH-
CTeMy: BBISBIIEHBI TATOJIOTMUYECKHEe W3MEHEHMs B MO3XKeuKe,
CTBOJIOBBIX CTPYKTypaxX M TUIIOTaJaMyce, a TakKXke MapKep Io-
BpexXIeHUs LieHTpaabHOU HepBHO cucTeMbl (LIHC) — nmoBbiie-
HUE aKTMBHOCTU Hepocem@uiecKoil eHojla3bl B CHBIBOPOTKE
KpoBu [1, 21]. OgHaKO Majio U3BECTHO O MOJIEKYJISIPHBIX MeXa-
Hu3Max BB ¢ y4érom aumHaAMUKU pa3BUTHsI IaTOJOTMYECKOTO
npoliecca M OpraHOCTICIU(UIHOCTH.

B HacTosiiiee Bpemst 60blI0e BHUMaHUE YIOEISIETCS MOJe-
JINPOBAHUIO B DKCIIEpUMEHTe TpodeccoHaTbHO 00YCIOBIEH-
HBIX 3200JIEBaHUI, YTO TTO3BOJISET JIy4Ille U3YIUTh pa3INIHbIC
3BEHbsl UX MaTOreHe3a, OCOOCHHO Ha PaHHUX CPOKaX pa3BUTHUS
maroyioruu |5, 22—25]. Bc€ 310 MpuBeno K HEOOXOAUMOCTH TTO-
HMCKa 9KCIEPUMEHTATbHBIX MOJEeH ISl M3y4eHUsT OpraHocIe-
IUGUISCKUX MOJIEKYJIIPHBIX MEXaHU3MOB BUOPAIIMOHHOTO BO3-
IEWCTBUST HA OPraHU3M C 1IeJIbI0 0OOCHOBAHUS M pa3pabOTKU
METOJIOB, MO3BOJISIOLINX O0BEKTUBHO MPOrHO3MPOBATh TEUCHUE
Bb, adbdextrBHO MpoBoAUTh NMpoduIakTUIECKue U jedyeOHbIe
MEpOITPUSITHSI.

CaHuTapHO-THTHEHHYECKAs XapaKTePHCTHKA PA0oInx
MecT yrJenoobiBaonmx npeanpusaruii Kysoacca

B yroabHoit mpombiuieHHocTr Ky3bacca oTmevyaeTcst Hau-
0oJiee BBICOKUI YPOBEHb IMTPODECCUOHATBHOIN U TPOU3BOJICTBEH-
HO 00YCJIOBJICHHOI 3a00J1eBa¢MOCTH 10 CPAaBHEHUIO C IPYTUMU
pernoHamu Poccuiickoit @enepaniu. CoBpeMEHHbBIE YCIOBUS
Tpyna paboTalolMX Ha YIJIeHOOBIBAIONIUX TPEANPUITHSIX Xa-
PaKTepU3yIOTCS HEOIArOMPUSITHBIM MUKPOKINMATOM, BBICOKOIT
3aMbUIEHHOCTbIO, MHTEHCUBHBIM IIIyMOM W BUOpallueii, 4acTto
MPEBHIIAIOITUMY TUTUEHYECKe HOpMaTUBHI [26, 27]. B 3aBu-
CHMOCTHU OT UCITOJIb3YeMBbIX MAIIMH U MEXaHU3MOB Ha pabOTHU-
KOB MOXET BO3[Ie/iCTBOBATh JJOKaTbHasl BUOpALIUs, IepeaaBaeMast
Ha pyKU TIpY yIepKaHUM UHCTPYMEHTA, WIM 00IIast BUOpaus —
¢ nepenayveii e€é BceMy TeJly YeJloBeKa 4yepes IoJi, cuaeHbe [28].
TIpu 5TOM TUTHEHMYECKYIO OILIEHKY IPOM3BOACTBEHHOW BHOpa-
LMY MIPOBOMSIT IO SKBUBAJICHTHOMY YPOBHIO BUOPOYCKOPEHUS C
YU4E€TOM BpeMEeHM BUOpaLlMOHHOro Bo3ueicTBusi. CorjacHo ca-
HUTApHBIM HOpMaM*, mpenesbHO A0IycTUMbIi ypoBeHb (IT1Y)

* CaulluH 2.2.4.3359-16 «CaHWTapHO-3MUIEMUOIIOTHUECKIE TPE-
6oBaHMsI K (pu3nueckuM (hakTopamM Ha pabOUMX MecTax». YTBEPXKIECHBI
MocTaHoBJIeHUeM [JTaBHOTO rocy1apcTBEHHOTO CAaHUTapHOTO Bpaya Poc-
cuiickoit demeparm ot 21.06.2016 T. Ne 81.

IUTS JIOKQJIbHOM BUOpAllMM yCTaHOBJIEH Ha ypoBHe 126 nb, mis
o6mreit — ot 80 mo 115 1b B 3aBUCHMMOCTH OT KaTeTOPUU pabOUMX
mecT. Ipesbimenue ITJ1Y nokanbHo# BuOpanuu Ha 12 nb, 00-
meit — Ha 26 n1b Ha pabounx Mecrax He momyckaercs [29].

I'MrueHUYecKUMU HMCCIeTOBAaHUSIMU TTOATBEPKIACHO, YTO
pabOTHUKHU YTOJbHBIX 1IaXT tora Kysdacca B TeueHHME MHOTMX
JIET TOJABEPTAIOTCSI BO3ACHCTBUIO BPEIHBIX (DAKTOPOB ITPOU3-
BOJICTBEHHOM Cpeabl: OXJaXIaloIlero MUKPOKIMMAaTa, BbI-
COKOM 3ambUIEHHOCTU BO3lyXa 3a00$51, MHTEHCUBHOIO IIIyMa,
JIOKaJIbHOM M oOmIeil Bubpaunu, (pyHKIMOHAIBHOTO TIepeHa-
npskeHus [14, 29, 30]. B 3aBUCMMOCTH OT TEXHOJIOTUYECKOTO
Mpollecca BBIEMKH YIJIS BBIIEISIOT CIenyrole mpodeccro-
HaJIbHBIE TPYTIIBI IIAXTEPOB, MOIBEPTAIOIINXCS BUOPAIIMOHHO-
MY BO3IEHCTBUIO: MPOXOMYUK, TOPHOPAOOUMIA OYMCTHOTO 3a-
6os (I'PO3), mammHuUCT ropHOoBBIeMOYHBIX MamiuH (MI'BM),
Boautesb benA3a, Bogutenp cnienmanbHbiXx MamnH (KAMA3J,
KpA3, YA3, HEDA3, TA3, MA3), MammHuUCT OyJbao3epa
(tabm. 1).

l'opHopabGoune oYMCTHOrO 3a00s (MPOXOMYMK TOI3EMHBII,
I'PO3, MI'BM) BBITTOJTHSIOT KOMILJIEKC pabOT MO OUMCTHOM BbI-
€MKe YIJII ¥ TIPOXOJKE TOPHBIX BBIPAOOTOK: YOOPKY, IOTPY3KY,
JIOCTaBKY TOPHOM MaccChl Pa3jIMYHBIMU CMOCO0AMU; IOCTaBKY,
MOHTaX M JIEMOHTaXX TOPHOTO 000PYIOBAHUS BPYYHYIO M MeXa-
HU3UPOBAHHBIM CIIOCOOOM; YIIpaBJICHUE CEKLIMSIMU KPEITH, Kpe-
IJICHUE W PEMOHT TOPHBIX BEIPAOOTOK M COTPSIKEHUI; OypeHre
mrmypos [30, 31].

DKBMBAJICHTHbIE YPOBHU BUOpaLMyU [Jid TOPHOPaOOUYUX
o4urcTHOro 32004 [31]:

* IS TIPOXOMYMKA TOA3EMHOTO TIPU OYPOB3PBIBHOM CITIOCOOE
BbleMKHU yriid — 119—121 nb pu [1AY 112 nb (npeBbiiieHue

Ta6nuua 1 / Table 1
Pacnpenesienue maxrépos ¢ BUOPAIUOHHOI 00/I€3HbIO
no npodeccusam (mo padore SImmukosoii A.B., 2021,
B MOAU(UKALIUM ABTOPOB)

Distribution of miners with vibration disease by professions (Based
on the work of Yamshchikova A.V., 2021, modified by the authors)

Jlnua ¢ BuOpaunonHoi
Ipodeccus maxrépa 0one3Hblo, %
Miner profession % cases with vibration
disease

IMpoxomuuk moa3emusiii / Underground sinker 25
T'opHopabounii ourcTHOTO 326041 / Stope miner 17
ManHUCT TOPHOBBIEMOUYHBIX MAIIMH 13
Mining machine operator

Bonurens benA3a / BelAZ driver 10

MammnHuct 6ynbao3epa / Bulldozer operator

Bomutens cneumanbHbix MammH (KAMAS3,
KpA3, YA3, HEDA3, I'A3, MA3)

Special vehicle driver (KAMAZ, KrAZ, UAZ,
NEFAZ, GAZ, MAZ)

MammHucT 0ypoBOil yCTaHOBKU 5
Drilling rig operator

MammHucT 3KckaBatopa / Excavator driver

[pyrue (MalllMHUCT 2JIEKTPOBO3a 12

MOJI3EMHBII, JIEKTPOIM3HUK, KPETIMIIBIIMK)

Others (underground electric locomotive driver,
electrolysis worker, timberman)
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Taonuuma 2 / Table 2

JleiicTBUe JIOKAJIbHO BUOPALMHU HA CHCTEMbI OPFAHOB HA TKAHEBOM M MOJIEKYJISIPDHOM YPOBHE
Effect of local vibration on organ systems and at the molecular level

Cucrema oprano BuOpamyonnoe Bo3zeiicTeie D dexr Ceblika
Organ system Exposure to vibration Effect Reference
DOupokpuHHag  Mpimm (xBoct): 14 'y, 3 pa3a B ieHb 110 4 MuH [loBbIIIeHNE YPOBHS CTPECCOPHBIX TOPMOHOB [8, 41]
cucTemMa Mice (tail): 14 Hz, 3 times per day for 4 minutes Increase in stress hormone levels
Endocrine system g ppicpr: ot 5 10 30 T 110 4 4 B eHb, 3 Mec
Rats: from 5 Hz to 30 Hz for 4 hours per day,
3 months
Iepudepuueckas Kproicol (xBoct): 62,5 win 250 I, TToBelillIeHME YYBCTBUTEIBHOCTA HEPBHBIX BOJIOKOH K [9, 35]
HepBHast 1o 3—4 4 B JieHb, 3 ceaHca 3JIEKTPUYECKOM CTUMYJISIIIMU W TETUIOBOMY BO3ICHCTBUIO 32 CUET
cucremMa Rats (tail): 62.5 Hz or 250 Hz, YMEHBUIEHUS TOJIIUHBI MUETUHA. AKTUBALMS SKCIIPECCUU TEHOB
Peripheral 3—4 hours per day, 3 sessions unHTtepneiikuHa IL- 1 u dpakTopa Hekposa omyxonu (TNF)-a

nervous system

Kpoicsr (xBocT): 62,5; 125 wnm 250 I,
44 B ieHb, 10 ceaHcoB

Rats (tail): 62.5 Hz, 125 Hz or 250 Hz, 4 hours
per day, 10 sessions

B HEPBHBIX BOJIOKHAX M yBeJnueHUe KoHueHTpauuu IL-13

B CBIBOPOTKE KPOBU

Increasing the sensitivity of nerve fibers to electrical stimulation and
thermal effects due to a decrease in the thickness of myelin. Activation

of gene expression of interleukin IL-1f and tumor necrosis factor (TNF)-a
in nerve fibers and an increase in the concentration of IL-1f in blood serum

CHIXeHMe KOJTMYeCTBAa HEPBHBIX BOJIOKOH U KOJIMYECTBa
MHTOXOHIPUIA B HElipoHaX. AKTUBAIMsI 00pa30BaHMsST aKTUBHBIX
¢opM KucI0poaa MUTOXOHAPUSIMU

Decrease in the number of nerve fibers and the number of mitochondria
in neurons. Activation of the formation of reactive oxygen species by
mitochondria

91

CepnedHo- KpbIchI (XBOCT): OCTpoe BUOpAILIMOHHOE [ToBbIlIeHHAsI BA3OKOHCTPUKIIMS M YTOJIIICHUE TIepUDEepUIeCKIX [42]
cocyaucTast BoszeiicTBre yactoroit 60 ' B TeueHue 44 aprepuid
cucrema Rats (tail): acute 60 Hz vibration exposure Increased vasoconstriction and thickening of the peripheral arteries
Cardiovascular for 4 hours
system Kpwicsr (xBoct): 250 I't1, 4 9 B neHb, YMeHbllIeHre pa3Mepa IMpocBeTa U YBEJIMUYEHHUE TOJIIITMHBI [34, 37]
10 ceancoB MEIUaTbHOTO CJI0sI XBOCTOBOI apTepuu. Takoe peMoieanpoBaHue
Rats (tail): 250 Hz, 4 hours per day, 10 sessions ~ COCYIOB COITPOBOXIAJIOCH YBEJIMYCHUEM YPOBHS IL-6
U aKTUBaLMEeil CBOOOIHOPAANKAIBHBIX ITPOLIECCOB
A decrease in the lumen size and an increase in the thickness
of the medial layer of the caudal artery. Such vascular remodeling
was accompanied by increasing IL-6 level and activating free radical
processes
CkeneTHas Kpeica (3amHs1st KoHeuyHOCTb): 60—80 I, CHUXeHMe HOLIMIIETITUBHOTO MOPOra B UKPOHOXKHOM MBbIIIILIe [43]
MBI 15 mm 60 MuH, 2 ceaHca (MozIesIb BOCIIpou3-  Reduction of the nociceptive threshold in the gastrocnemius muscle
Skeletal muscle BOIMT BUOPAIIMOHHBIN CUHIPOM Y pabouux,
HCTIOJIB3YIOIIMX DJIEKTPOMHCTPYMEHT)
Rat (hind limb): 60—80 Hz, 15 min or 60 min,
2 sessions (model reproduces vibration syndrome
in power tool workers)
Kpbichl (3amHs1st KoHeuyHOCTb): 60—80 I, ['unepasre3nst MKPOHOXXHO MBILILBI, KOTOPasi COMPOBOXIAETCS [38]
15 MmuH, 1 ceaHc (MoIeb BOCIIPOU3BOIUT CHIDKEHUEM DKCIIPECCUM KaTUeBbIX KAHAJIOB ¢ HAIIPSDKEHUEM
BUOPALIMOHHBIN CUHIPOM y paboumXx, B Holuuentopax (Kv) — Kv4.3
HCTIONIB3YIOLLMX 3JIEKTPOUHCTPYMEHT) Hyperalgesia of the gastrocnemius muscle, accompanied by a decrease in the
Rats (hind limb): 60—80 Hz, 15 min, 1 session  expression of potassium channels with tension in nociceptors (Kv) — Kv4.3
i(r)r(l)cl)(\fi/e(l)rrfgrrs(;duces vibration syndrome in power VYBenuueHue ypoBHsi 1L-33 B UKpOHOXKXHOI MBIIIILE Yepe3 24 4 [44]
ocjie BUOPaIlMOHHOTO BO3ICCTBUS
Increasing I1L-33 level in the gastrocnemius muscle 24 hours after
vibration exposure
Muoxkapna, Kpbicer: 27—30 I't mo 90 MuH eXenHeBHO, Pe3koe ycuiieHue notpedaeHust KUCI0poaa BO BCEX U3YYEHHbIX [33]
MOYKHU, TIeYeHb, 7 CeaHCOB (MOAEIUPOBAIM C MIOMOIIBIO TKaHsIX. U3MeHeHUsI DHePreTMYeCcKoro 0oMeHa HOCSIT
JIMMGbOIIUATHI JIOKQJIbHOTO 3JIEKTPOAMHAMUYECKOTO TKaHeCcTeIMMUUHBIN XapaKTep: B Cep/lie, TOYKax 1 MeYeHn
Myocardium, TreHepaTopa, yCTaHABJIMBAEMOTO B IPABOM JIOMUHUPYeT akTUBHOCTb FAD-0oKcunasHoro nepen
kidneys, liver, noapebepbe abNOMUHATLHOM 001acT) NAD-oKcuIa3HbIM IyTEM OKUCIEHUsI, HO HanboJjiee BEIPaXKEHHO
lymphocytes Rats: 27—30 Hz for 90 minutes daily, 7 sessions. B cepaLe 1 nnoykax. [lokasaresiu s3HepreTu4ecKoro oOMeHa noyku

It was modeled using a local electrodynamic
generator installed in the right hypochondrium
of the abdominal region

U TIEYEHU CBUIETEIBCTBYIOT O Pa3BUTUU
BHOPALIMOHHO-0IOCPEI0BaHHOI TKaHEBOI rumnokcuu I cramuu.

B cepnaue nokaszarenn HU3KOM COMPSIKEHHOCTU OKUCIUTEIbHOTO
dochopunrpoBanus cBUAETENBCTBYIOT O 11 cTamm
OMO3HEPreTUYECKOii TUITOKCUU, YTO MOATBEPKIAET HAUOObLIYIO
YYBCTBUTEILHOCTH JAHHOTO OpPTaHa K BUOPAITMOHHOMY BO3/IEHICTBUIO
A sharp increase in oxygen consumption in all studied tissues.

Changes in energy metabolism are tissue-specific: in the heart, kidneys
and liver, the activity of the FAD-oxidase pathway dominates over the
NAD-oxidase pathway, but it is most pronounced in the heart and
kidneys. Indices of the energy metabolism of the kidney and liver indicate
to the development of vibration-mediated tissue hypoxia of stage 1.

In the heart, indices of low conjugacy of oxidative phosphorylation
indicate the II stage of bioenergetic hypoxia, which confirms the greatest
sensitivity of this organ to vibration exposure
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Ta6nuuma 3 / Table 3

JeiicTBre 00MIeii BAOPAIMM HA CHCTEMBI OPTAaHOB HA TKAHEBOM M MOJIEKYJISIPHOM YPOBHE

Effect of whole-body vibration on organ systems and at the molecular level

Cucrema opranos BuGpaumnonxoe Bo3zeiicTaue Dddekr Ceblika
Organ system Exposure to vibration Effect Reference
Hepsnas Kpricsl: ocHoBHast yactota 40 I, M3meHeHue psijia moKasaTesieit 31eKTposHIedanorpaMmmMbl — [5]
cucTemMa BubpoyckopeHue 138 n1b (cooTBeTCTBYeT B MMHAMUKE BUOPALIMOHHOTO BO3AEHCTBUS (C 1-r0 110 4-1i Mecsiir)
Nervous system PEaJIbHOMY BUOPALIMOHHOMY BO3IEHCTBHMIO HAapacTaloT UG Qy3HbIE ITaTOJOTMIYECKHME U3MEHEH S B TOJIOBHOM
B YCJIOBUSIX TIPOU3BOJICTBA), 4 U B ICHb, Mo3re (yBeJIMueHUe MeIJICHHOBOJTHOBOY aKTUBHOCTH) M JIOKATTbHbIE
S mHeit B Hepemo, 15 nHeit, 1; 2; 4 mec KOPKOBO-IM3HIIe(DaTbHbIe HapyIIeHUsT (YBEJIMUEHME JTaTeHTHOCTH
Rats: the main frequency is 40 Hz, vibration ~ 3pUTEJIbHBIX BEI3BAHHBIX TOTEHIIMAIOB)
acceleration is 138 dB (corresponds to the real Change in a number of electroencephalographic indices — diffuse pathological
vibration effect in production conditions), changes in the brain (an increase in slow-wave activity) and local cortical-
4 hours per day, 5 days per week, 15 days, diencephalic disorders (an increase in the latency of visual evoked potentials)
1, 2, 4 months increase in the dynamics of vibration exposure (from 1** month to the 4" month)
Kpuicer: 40 ', exxemneBHO 5 pa3 B Hemenmto  OCcHOBHOIM 1moka3aTenb noBpexaeHus LIHC B mocTKOHTaKTHOM [3]
1Mo 4 4 B cyTKH, 60 THEii. nepuosie BUOPALIMOHHOTO BO3ACCTBUSI — CHUXKEHKE OOLIEero yucia
HUccnenosanust Ha 30-¢, 60-e u 120-e cyTKM  HEHPOHOB 1 KOJMYECTBA ACTPOIJINU, YTO MOKET CBUACTEIbCTBOBATh
ITOCTKOHTAKTHOTO Mepruoia 0 HEOOPaTUMOCTH TTOBPEXICHUSI HEPBHOM TKaHU. [leMUeTMHU3a1usI
Rats: 40 Hz, daily 5 times a week aKCOHaJIbHBIX OKOHYaHUH NepuGepruIecKoil HEpBHOI CUCTEMbI, YTO
for 4 hours a day, 60 days. Studies on the 30", TPUBEJIO K HAPYIIEHUIO ITepefauyl HEPBHBIX UMITYJILCOB
60™ and 120™ days of the post-contact period 110 apchepeHTHBIM TPOBOASIIUM TYTSIM
The main indicator of the damage to the in the post-contact period of vibration
exposure is a decrease in the total number of neurons and the amount of
astroglia, which may indicate to the irreversibility of the damage to the nervous
tissue. Demyelination of axonal endings of the peripheral nervous system,
which led to impaired transmission of nerve impulses along afferent pathways
Kpeichr: 8 wm 15 ', 30 MUH B CyTKH, AKTHBaLNSI HEMPOMMMYHHBIX KJIETOK B 3aIHEM POTe MOSICHUYHOTO [45]
7 nHeit OT/es1a MO3BOHOYHMKA
Rats: 8 Hz or 15 Hz, 30 minutes per day, 7 days  Activation of neuroimmune cells in the dorsal horn of the lumbar spine
Kpsicer: 15 I', 30 MuH B cyTKH, 7 THEK 3HauyuTeIbHAs aKTUBALIMS 9KCIIPECCUM TEHOB HEHPOTPpO(hUUIECKUX [46]
Rats: 15 Hz, 30 min per day, 7 days dakTopoB BDNF (Brain-derived neurotrophic factor)
1 NGF (Nerve growth factor) u yBennyeHue ypoBHS 3TUX (paKTOPOB
B4 1 10 pa3 cOOTBETCTBEHHO B MIEHHBIX MEKITO3BOHOYHBIX TUCKAX
Significant activation of gene expression of neurotrophic factors BDNF
(Brain-derived neurotrophic factor) and NGF (Nerve growth factor)
and an increase in the level of these factors by 4 and 10 times, respectively,
in the cervical intervertebral discs
Mpimu: 45 ', 30 MUH B CYTKH, JlereHepaliysi MEXITO3BOHOYHBIX TMCKOB, KOTOpasi ObL1a 00yCI0BIeHA [47]
5 mHeli B Henemo, B TeueHue 4; 8 Hell 3HAYUTEJbHOI 9KcTpeccueit 1L-1f u metamtonporennas (MMP3,
Mice: 45 Hz, 30 minutes per day, MMP13 u ADAMTSS) B TKaHU MEXKITO3BOHOUHBIX IMCKOB
5 days per week, for 4, 8 weeks Degeneration of intervertebral discs, which was caused by significant
expression of IL-1 and metalloproteinases (MMP3, MMP13
and ADAMTS)) in the intervertebral disc tissue
CepnaeuHo- Kponuku: 8 u 44 I'i, 60 MUH B IeHb, ITokazanbl Mopdonornyeckre U3MEHEHUsT B MUOKape: TUCTpOodust [6, 32]
cocynucTas B TeueHue 7; 21; 56 cyT (63 BEIXOTHBIX) KapIMOMHUOLIUTOB, YMEHBILIEHNE KalTWJUISIPHON CETH, CIla3M apTepuroJl,
cucremMa Rabbits: 8 Hz and 44 Hz, 60 minutes a day, YBEJINYECHUE MEXKKIIETOYHOTO U MEXKITYyYKOBOTO oTéKa, IMocTereHHoe
Cardiovascular ~ for 7, 21, 56 days (seven days a week) pacuimpeHue o4aroB KpOBOU3TUSIHUS U HEKpo3a. Pa3Burtue
system OMO2HEPreTUUECKOM r'MIMOKCUN — U3MEHEeHUe (DYHKIIMOHATbHOMI

AKTUBHOCTU MUTOXOHAPUI MUOKApAa, B YaCTHOCTU TOPMOXKEHUE
NAD-3aBrcrMOro 3BeHa 1bIXaTeJIbHO Lienu

There are shown morphological changes in the myocardium: cardiomyocyte
dystrophy, a decrease in the capillary network, arteriolar spasm, an increase
in intercellular and interstitial edema, a gradual expansion of hemorrhage
and necrosis foci. The development of bioenergetic hypoxia is a change

in the functional activity of the myocardial mitochondria, in particular,
inhibition of the NAD-dependent link of the respiratory chain

B cpenHeM Ha 6—8 1bB), Ipu MexaHU3MPOBAaHHOM CIIOCO0E
128—131 ab npu IIAY 126 n1b (npesbiiienue Ha 2—5 1b);
BO3IEWCTBUE JOKaabHOM BuOpamuu — 30—50% pabouero

DKCnepuMEHTAIbHOE MOIeTMPOBAHHE JIOKATbHOI
U 001Ieii BUOpanuii

BpEMEHU;

* mast TPO3 — 127—129 nb nipu I11Y 126 n1b (JrokanbHast BU-
Opauusi);

» mig MI'BM noxkansHast Bubpamust — 127—134 nb npu T11Y
126 nb; obmas Bubpanmss — 112—115 nb npu ITAY 109 ab.
Hapsny ¢ npesbiiienuem [V nokanbHoil 1 0611eit BUbpa-

11K otMeuaercs rpebiiienue 1Y npou3BoaCTBEHHOIO LIyMa.
B nenom npesbiienue I11Y nokanbHOI U oOLIei BUOpaluu B
COYETAaHWU C JOMOJHUTEILHBIM BO3IEHCTBUEM JIPYTUX BPEIHBIX
(hakTOpOB MPOU3BOACTBEHHOU cpefbl (MbLIb, IIYM, TSIXKECTh
TPYIOBOIO Mpoliecca, OXIaKAAOIUI MUKPOKIUMAT) SIBJISIETCS
YCJIOBUEM Pa3BUTHSI TTPOGhECCUOHAIBHOM MaToJIOrun y paboTaro-
IMX B YTOJbHON MTPOMBILIIJIEHHOCTH.

MonenupoBaHue podhecCUOHAIbHO 00YCIOBIEHHBIX 3a00-
JIEBAaHMI1 B 9KCIIEPMMEHTE ITO3BOJISIET JIyYIlle M3YIUTh Pa3IMyHbIe
3BEHbSI X ITATOT€HE3a, OCOOEHHO Ha PaHHMUX CPOKAX Pa3sBUTHS
marojiorud. B HacTosiiee BpeMsl CYILIECTBYIOT pa3inYHble IKC-
NnepuMeHTaNIbHbIe Moneau BB, ¢ ToMOIIIbI0 KOTOPHIX IMMOKA3aHbI
noBpexnaomue 3(pdekTel BUOpauny Ha (QYHKIMOHAILHOM,
MOPdOJOTMYECKOM U KJIETOYHOM YPOBHSIX |3, 5, 6, 32—35]. Bax-
HO, UTO TTOBPEXKICHMS, BBISIBJICHHBIC MPHY BUOPAIIMOHHOM BO3-
NEHUCTBUU Y XXKUBOTHBIX, COINIACYIOTCS B ONPENEIEHHON CTEIIEH!
C U3MEHEHUsIMU, HabIogaeMbIMU Y padbounx ¢ Bb.

[Toka3aHo, 4TO BUOpPALIMOHHOE BO3IEHCTBHE BOCIPUHU-
MaeTcsl MeXaHOPELENTOpaMy KOXM, KOTOPbIE 3aTeM IepenaioT
CHUTHAJ B MO3T. Pa3InyHbie THITBI MEXaHOPELETITOPOB 00JIafaioT
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crneurbuIeckoil YyBCTBUTEIbHOCTBIO K PA3HBIM YacTOTaM BU-
opauuu. [Ipum aTOM (DuU3MOIOrMYECKNEe WU TTOBPEXKIAIOIINE
3 dexThl BUOpALMK HA OPraHU3M 3aBUCIT OT pa3Mepa, Beca U
O3Bl 9KCIIEPUMEHTATBHOTO JXMBOTHOTO, & TAKXKe OT YaCTOTHI 1
MecTa BUOPALIMOHHOTO Bo3aeicTBusd |8, 36]. BoisaBiieHsl nuama-
30HbI YaCTOT BUOPALIMOHHOTO BO3AEHCTBUSI HA Pa3Hble YUaCTKU
TeJa 4YesioBeKa M JIabopaTOPHOM KPBICHI, KOTOPHIE COCTABIISIIOT
COOTBETCTBEHHO:
* s xuBoTa — oT 4 110 8 't (1o Bubpoyckopenuto 95 nb) u ot
27 no 29 I'u (1o Bubpoyckopenuto B cpenHem 105 nb);
* 14 TpyaHoil kieTku — oT 5 no 10 I'u (mo BUGpoycKOpeHUIO
96 n1b) u ot 225 1o 230 I'u;
* s rosoBbl — oT 20 1o 30 I'x (mo Bubpoyckopenuto 105 nb) u
ot 75 no 80 I'r (mo BubpoyckopeHuto 115 nb).
[pencraBieHHbIe YPOBHU BUOPAIIUN KOPPEIUPYIOT C peab-
HBIM BUOpAIIMOHHBIM BO3[CHCTBIEM B YCIIOBUSIX TTIPOM3BOICTBA.

K HacrosiieMy BpeMeHU pa3paboTaHbl 9KCIepUMEHTATbHbIE
MOJEI BUOPAIIMOHHOTO BO3ICHCTBUS Ha KPBIC, MBIIIIE 1 KPO-
JIMKOB KaK Ha JIOKaJbHOM YPOBHE (CITMHA, XBOCT, 3aJHUE KOHEY-
HoctH) [9, 35, 37—39], Tak u Ha ob1iem ypoBHe |3, 5, 6, 16, 32].
Jnamna3oH 4acToThl BUOpaumu coctaBiseT oT 4 mo 80 ', Bpemst
BUOPALIMOHHOTO BO3AEHMCTBUS — OT 15 MUH 110 4 4 B CYyTKM Ha
npotsokenuu 5; 7; 21 gHs win 6; 16 u 6osee Henenb. JeiicTBue
JIOKAJIbHOM BUOPALIU BOCITPOU3BOISIT C IIOMOIIBIO 3JIEKTpOMAr-
HutHoro 1eiikepa V408 ¢ ycunutenem PA100e (Ling Dynamic
Systems, Royston, UK) [9, 35] 1u6o Ha crienimansHOM BUOpaIu-
OHHOM cToJjie ¢ reHeparopom Bubpaumu (U56001 3B Scientific
Vibration Generator, Hamburg, Germany) [36]. [leiicTBue o61Ieit
BUOpALIMM Ha OPTaHM3M MOICIHUPYIOT C MTOMOIIBI0 MOAUDUIIN-
poBaHHoro BubpocreHga BOAC-10a |3, 5] uau npoMbIUIEHHON
ycraHoBku YB 70/200 (MammMHOCTpOUTENIBHOE OObEeIMHEHNUE
«Masik», Kupos) [32, 33, 40].

Oo630pHas cTatbs

Ha skcnepuMeHTaIbHBIX MOJIEJISIX TTOKa3aHO, YTO BUOpAIIU-
OHHOE BO3JICICTBUE Ha 4acToTax oT 4 ['1 BhI3bIBACT U3MEHEHUS
B CTPYKTYpe U (DYHKUMSIX TTeprudepruiIecKux cCoCyaoB U HEPBOB,
a Take B MO3re, cepjlle, MeyeH! U CKeJeTHBIX MbIlax [3, 5, 9,
32, 33, 35, 38]. MexaHU3MBI IOBPEKIAIOIIECTO ACCTBUS JTOKAIb-
HOI 1 0011eil BUOpalMy Ha CUCTeMbI OPTaHOB M Ha MOJIEKYJISp-
HOM YpPOBHE MpeJCcTaBieHbl B Tab. 2 u 3.

3akiouyeHune

TakuMm o6Gpa3oM, TMpelncTaBleHHbIe B 0030pe dKCIIepUMeEH-
TaJIbHBIE MOJIENIU JIOKATBHOM M 00IIIeil BUOpAIM MaKCUMAaTbHO
MPUOIMXKEHBI K peaIbHbIM BUOPALIMOHHBIM BO3AEMCTBUSIM B yC-
JIOBUSIX TIPOM3BOJICTBA U TIO3BOJISTIOT M3y4YaTh Pa3IMUHbIE 3BEHbSI
naroreHe3a Bb kak Ha TKaHeBOM, Tak M Ha MOJIEKYJISIPHOM YPOB-
He. B 11e10M BUGpalIMOHHOE BO3IEHCTBUE TPUBOIUT K U3MEHE-
HUIO HEPOryMOpaTbHOU perymsiiuu, hyHKIIMOHATBHBIX MTOKa-
3aTesieil LIeHTPaJIbHOM M nepudepruieckKoil HEPBHOM CHUCTEMBI,
Pa3BUTHIO TKAHEBOU IMITOKCUHY Y TTOBPEKIEHUIO KJIETOK PAa3IAd-
HbIX opraHoB. MoznenupoBanue Bb B axcriepumenTe mo3posser
M3yyaTb OpraHocneludUYHOCTb MOJIEKYJSIPHBIX MEXaHU3MOB
MOBPEKIAIONIETO BO3IEUCTBUSI BUOPAIIMU HAa OPTaHU3M U pa3-
pabaTsiBaTh 2 (PEKTUBHBIE METONIBI paHHe# nuarHoctuku BB, a
TaKKe JICUeOHBIX 1 MPOGUIAKTUIECKUX MEPOTIPUSITHIA.

B mepcrnekTriBe Ha OCHOBE TIOJYYEHHBIX B JKCIIEPUMEHTE
JNAHHBIX BO3MOXHO MPOBENEHUE MCCIEIOBAHUI MO U3YYEHUIO
TeHEeTUYEeCKOU MpepacioioKeHHOCTH K 3a0oJieBaHUsIM, 00-
YCJIOBIIEHHBIM BpPEIHBIMU TTPOU3BONCTBEHHBIMU (hAKTOpaMHU, C
onpezesieHMEM TeHOB, OTBETCTBEHHBIX 3a PeaklMI0 OpraHu3Ma
Ha BUOpPAIIMOHHOE BO3ECTBME, YTO TO3BOJIUT OCYIIECTBISTH
MepcOHNGULIIMPOBAHHBIN MOIXOM K JEUEHUIO W MPOdUIaKTUKE
BUOpaALIMOHHOI 00JIE3HMU.
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