OB30PHbIE 1 OBLLETEOPETUHECKME CTATbW Mopdonorus. 2006

© A.C. AspynuH, JI.K. IMapumHz, A.b. A6onuH, 2006
VIK 611.71:612.67

A.C. Aspynun, JI.K. Ilapuwun v A.b. Aboaun

B3AUMOCB$13b MOP®ODYHKLUOHAJIbHbIX UBMEHEHUMN
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Poccuiickuii Hay9YHO-MCCIeI0BATeIbCKUIT NHCTUTYT TpaBMaTooruu u oproreauu uM. P.P. Bpenena, Cankr-IletepOypr;
Kadenapa conpotunieHus MatepuaynoB (3aB. — npod. b.E. MensHukoB) CankT-IleTepOyprckoro rocynapcTBeHHOTO
MOJUTEXHUYECKOTO YHUBEPCHUTETA

ABTOPbI BbIZENUAN ABE TPYMMbl YPOBHEWN MEpapXmM4eckor opraHnsaumm ckeneta. MNepsas (MOAEKyNAapHbIA, HAAMONEKYNSPHbIV U
TKaHeBbIN), XapakTepn3yeTcs 3aB1CMbIM OT BO3pacTa U3MEHEHNEM CBSA3EN U TEOMETPUM KOJIIAareHOBbIX BOJIOKOH, OTK/IOHEHNEM
OpVEHTALMM 1 B3aNMOAENCTBUS MEXAY KOMMAreHOM U MUHepanamu, yBEMHEHNEM KPUCTANANYHOCTY 1 pa3MepOoB NOCNEAHUX,
NPUBOASLLME K TMNEPMUHEPANN3aLMN MaTpuKca. B pesynbTarte BbITECHSIOTCS BOAHAA U OpraHnyeckas Gpakuum 1 yMeHbLIaloTCs
MEXMOEKYNSAPHbIE MPOCTPAHCTBA, YTO NPUBOAUT K CHUXEHUIO BENNYMHBI AedOopMaLmnii MaTpnkca nog, BIMSHUEM MEXaHNYECKNX
Harpy3ok. Ha cnenytoLimx 3 ypoBHSIX (CTPYKTYPHO-PYHKLMOHANbHBINA, OpraHoobpasyoLLmx CTPYKTYP, OpraHHbIi) afianTuBHbIE NPO-
Lecchl 0b6ecneymBatoT yBennyeHne aebopmaumii nytem npmpocta 06bema CUCTEMbI NOSIOCTEN (KaHaI0B OCTEOHOB U KOCTHOMO3-
roBOI NONOCTM Anacdur3a AJIMHHLIX TPYBUaTLIX KOCTEN). TV M3MEHEHUS CBA3aHbI C TEM, YTO KJIETKM KOCTHOW TKaHW UMEIOT HUXHUI
1 BEPXHWIA Nopor BocnpuaTus aedopmalmii u nyTeM MOLENMPOBaHWS/PEMOLENMPOBAHNS 06ECNEYNBAIOT MUrPALIMIO BHEKNETOY-
HOr0 MaTpUKCa B HanpaeneHUK, OrpaHNYEHHOM STVMK Nnoporamu. I3aMeHeHre reoMeTpum KOCTW, NPUBOASLLEE K MOTEPE KOCTHOM
MacChbl, BbI3BaHO TaKXe 3aBMCMMbIM OT BO3PACTa YBENIMYEHNEM HUXHEMO NOPOra YyBCTBUTENBHOCTU K MEXaHWUHECKUM CUrHaNam u
CHUXEHNEM (PYHKLMOHANBHOW aKTUBHOCTM MbIlwL, MpodunakTrka aTMx caBMroB TpebyeT pa3paboTku HOBLIX NMAaTOreHeTUHeckn
060CHOBAHHBIX MyTEW MeANKaMEHTO3HOM Tepanuu, B TOM Yyncne: 1) CHUXEHNS MUHEPanM3aumm KOCTHOM TKaHW C MOMOLLBIO pery-
NSTOPOB OCTEOLMTAPHOrO HACOCa NS 0BECNEHEHNS NPEVNMYLLIECTBEHHOIO BhIMbIBaHUS Ca2t 13 KOCTHOM TKaHW; 2) CHXEHUS no-

pora nHnumnaunn 3NeKTpn4ecknx nMnynbCcoB, BO3HNKAOLWNX B OCTeOLI,VITapHOVI CeTn nNpun MexaHn4eckmnx ,u,edaopmau,mx.

KnioueBble cnoea: KoCTb, cTapeHue, noteps KOCTHOW TKaHu, NaTtoreHes, I'IpOd)M}'IaKTMKa.

Ilocne 25-neTHero Bo3pacTa U y KEHIIUH, U Y MYyX-
YMH HAYMHAETCS MOTeps KOCTHOM MacChl CO CpeaHen
CKOPOCThIO 0KOJIO 1% B rof M YCKOPEHHEM Y KEHILIHUH B
nepuol IOTepU PENpPOAYKTUBHOU (PYHKUMU (B TeUeHUE
mepBbix 5—7 jet) 10 2—3% [9]. [1pu CHUKEHUU KOCTHOI
Macchl IO YPOBHS, COOTBETCTBYIOIIETO BBICOKOMY PHUCKY
nepesioMa, — 3TO COCTOSIHME paccMaTpUBaeTCs Kak OC-
TEONOPO3, SIBISIONINICI «0e3MOJBHOI 00JIE3HbIO» U
pa3BUBAIOIINICS OECCHMNTOMHO OO MOMEHTA Hapylle-
HUS LEJIOCTHOCTH KocTeil [21].

B CIIIA exeromHo IO 3TOil MPUYMHE ITPOUCXOAUT
700 000 mepenoMoB Mo3BOHOUHMKA, 110 250 000 — 1eii-
K1 Oeapa W AMCTAIbHOTO OTHeNa Jy4yeBOW KOCTU U
300 000 — B mpyrux 4yacTsix ckejieTa. B Mupe KonuuecTBo
OOJIBHBIX C MepeoMaMH 1IeKu Oeapa MOCTOSHHO YBEJIU-
YMBaeTCsl U, COIJIAaCHO pacyeTam, Bo3pacteT ¢ 1,7 MJIH B
1990 r. no 6,3 miH B 2050 r. IIpu atom okomo 20% Tmo-
CTpaJaBIIMX YMUPAIOT B TeueHue nepsoro roaa [20].

IMaToreHe3 morepu KOCTHOI Macchl O HACTOSIILIETO
BPEMEHM M3YYeH He MOJHOCThIO. C OHOI CTOPOHBI, 3TO
BBI3BAHO BBICOKOU CJIOXXHOCTBIO MEPapXUUECKOl MHOTO-
YPOBHEBOI1 OpraHu3allMu CKeJieTa, C APYroi, MeToauye-
CKUMHU TPYIHOCTSIMU, TaK KaK B OCTEOJIOTUM B LIEJIOM U
B LIMTOOMOJIOTUM KOCTH, B YAaCTHOCTH, WCITOJb3YIOTCS
MPEVMYILECTBEHHO arpeCcCMBHbIE METOJbI UCCIENOBAHMS
[25]. DTO oOrpaHMYMBaET BO3MOXHOCTb MHOTOJIETHUX
M3YyYeHUI AMHAMHUKKA (OPMUPOBAHUS, TMOCTEIIEHHO Ha-
pacTamIlX CTPYKTYPHO-(GYHKIIMOHATBHBIX M3MEHEHUI

U OLEHKY WX COOTBETCTBUSI PETYISITOPHO-MeTabonue-
CKUM CIOBUTaM, IMPOUCXOISIINM B OpraHU3Me TIpU cTape-
Huu. Tem He MeHee, B HAcTosIIee BpeMsi HAKOTLUIEH Or-
POMHBI MacCUB NaHHBIX, XapaKTepU3YIOIIUX 3aBUCH-
MbI€ OT BO3pacTa CTPYKTypHblE M3MEHEHMSI Ha pa3HbIX
YPOBHSIX OPraHU3allMM KOCTHBIX CTPYKTYP.

Llens mpencraBieHHON pabOThl — Ha OCHOBaHUU
aHajM3a COOCTBEHHOIO MaTepuaia U JaHHbBIX APYTUX HUC-
cienoBaTesiell OLIEHUTb XapakTep B3aMMOCBSI3M Mopdo-
(byHKIIMOHALHBIX U3MEHEHU, BOBHUKAIOIIUX TIPU CTa-
PEHMM Ha Pa3HbIX YPOBHSIX MEpapXUUYeCKOi opraHu3a-
LIMM KOCTU KaK OpraHa.

1. Mexanorpancaykius. CoriacHO JOMUHUPYIOLLIEH
B COBPEMEHHOI OCTEOJIOTMU MapaaurMe, MyckKoBbIM (hak-
TOPOM, PErJaMEeHTUPYIOLIMM aKTMBAlIMIO U MPOCTPaH-
CTBEHHOE paclpejesieHne Yy4JyacTKOB MOJeaupoBa-
HYs/peMoieTupoBaHua! B KOCTHOI TKaHW, SBISeTCS
U3MEHEHUEe MEXaHWYEeCKUX HaNpsDKeHUi, a TyMopalib-
Hble (TOPMOHBI, IIMTOKUHBI U P.) U CTPYKTYPHBIE pery-
JISITOPBI (BHEKJIETOUHBIN MaTpUKC) cayXat hOHOM, OIl-
penesisiiolMM 0COOEHHOCTU B3aMMOCBSI3aHHOTO (hyHK-
LIMOHMPOBAaHMUsSI KOCTHBIX KJIeToK [2, 16, 30, 31]. Mexa-
HUYECKUE HAMpPSDKEHUsT MEHSIIOTCS B pe3ysbTaTe exe-
JMIHEBHBIX MHOTOKPATHO TOBTOPSIOUIUXCS COKpalleHU
MBbIIIL, O0ECNeynBalOLIUX IBMXKEHUE OPTaHOB CKeJyeTa
(PUTHIHBIX pPHIYATOB) TMPOTUB cwJ rpaButaumu. I[Ipo-
1leCC MEXaHOTPAHCAYKIIMU HMMEET CJeayIollle OCHOB-
Hble 3Tansbl [39]:

IMonenuposanne — npouecc (hU3MONOTMUECKO MEPECTPOIKM KOCTHON TKAHU, B PE3yjbTaTe KOTOPOIO M3MEHSETCS FeOMeT-
puyeckasi XxapakTepucTHUKa KOCTeii; peMoleIMpOBaHe — IMPOLIECC Pe30pOLMU—CUHTE3a KOCTHOW TKaHU, B LIEJIOM HE MPUBOISLINI

K U3MeHeHUo (OpMBI U pa3MepoB KOCTH Kak opraHa [29].
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— 1peoOpa3oBaHME MEXaHMYECKMX HampsoKe-
HUi/nedopMalvii B JOKaJbHbIE MEXaHUYECKHUE CHUTHa-
JIbl, UHULIMMPYIOLIME OTBET KOCTHBIX KJIETOK;

— TPaHCOYKIMS MEXaHUYECKUX CUTHAJIOB B OMOXM-
MMUYECKUE C aKTHUBAIMed pa3IMIHbIX MeTabOoIMYeCKUX
nyTeil B mpeaenax MeMOpaHbl KJIETOK U IIUTOCKEJIeTa;

— Tepenavya CUTHAJIOB «KJIETKA K KJIETKe» OT KJIETOK
JaTyuka (OCTEOUUThl U KJIETKUM MOTPAHUYHOTO CJI0s) K
KJIeTKaM MCTOJHUTEIBHOTO 3ieMeHTa (0cTe001acThl UK
OCTEOKJIACThI), B TOM YMCJIE TTyTeM WHUIMALIUY SJIEKTPH-
YeCKMX MMITYJIbCOB M PACIPOCTPAHEHUSI X IO OTPOCT-
KaM KJIETOK;

— OTBET MCIIOJIHUTEJIBHOTO 3jieMeHTa ((popMHpOBa-
HUE WU paccacblBaHUE KOCTHOM TKaHM), 00ecreurBao-
LI HEOOXOOUMBIE apXUTEKTYpHBIE TTPeoOpa3oBaHUsI.

Ha mepBbIX OByX 3Tamax WHMIIMAIMS Mpolecca Me-
XaHOTPAHCAYKIIMU PETJIAMEHTUPYETCSI:

— MEXaHWYeCKMMHU CBOWMCTBAMU BHEKJIETOUHOTO MaT-
pUKca, OMNpenesIiolMMU BEJIUMUYUHY ero aecdopmaiuu
MpU PacTSDKEHUU WJIW CXKATUU,

— TMOPOTrOM YYBCTBUTEJIIBHOCTH KJIETOK K nedopma-
LIMM BHEKJIETOYHOTO MaTpuKca TOJ BIUSHUEM MeEXaHM-
YeCKMX Harpysok;

— XapaKTepoM M BEJIMYMHON MeXaHMYECKUX Harpy-
30K Ha OpraHbI CKeJeTa.

MexaHuuyeckue CBOMCTBA KOCTU SIBJISIIOTCSI Pe3YJIbTH-
pytolieii MeXxaHMYeCKMX XapaKTepUCTUK KaXKJIOro YPOBHSI
ee MepapxXuiyecku OpraHM30BaHHOU CTPYKTyphI [27].

2. MHoroypoBHeBasi uepapxudyeckasi OpraHu3anuu Ko-
cTeil M MX MeXaHWYecKhe cBoiicTBa. B Hacrosiee Bpemst
BBIICJSIIOT 7 CTPYKTYPHBIX YPOBHEW OpraHM3aluyd Koc-
Teit [2, 16, 23, 24, 42]: 1) MOJeKyIAPHBIA; 2) HaIMOJE-
KyJSpHBIE — OObEOAWHEHME OPTaHUYEeCKUX MOJIEKY1T B
HaIMOJIEKYJISIPHbIE KOMILJIEKChI C BKJIIOUEHUEM B UX CO-
CTaB MUHEPAJIOB; 3) TKAHEBBIII — OOBEAUHEHNE HAIMO-
JIEKYJISIPHBIX KOMIIJIEKCOB B KOCTHBIE TKAHEBBIE CTPYKTY-
pHl (peTuky1o¢uOpo3Hasa U IUIaCTUHYATas KOCTHBIE TKa-
HU); 4) CTPYKTYpHO-(YHKLIMOHAIBHBIH — OOBeNMHEHUE
KOCTHBIX TIACTUHOK B OCTEOHBI M TpabeKysbl (Moayoc-
TEOHHKI); 5) OpraHooOpa3yIINX CTPYKTYP — OObECIMHE-
HUE OCTEOHOB U TMOJYOCTEOHOB B KOPTHMKAIbHBIN ClIOM
(KOMITaKTHOE BEIECTBO) M T'y0YaToe BEIIECTBO; 6) op-
TraHHBII — OObEAMHEHUE TyOUaTOro BELIECTBA U KOPTU-
KaJIbHOTO CJIOSI B KOCTh KaK OpraH; 7) cynepopraHHblii —
00BbeAMHEHNE KOCTEH B €IMHBIII KOMIUIEKC (CKEJIeT).

XapakTep U3MEHEHUI B KOCTHOW TKaHW MpU CTa-
PEHUH TT03BOJISIET OOBEAMHUTDL 3TU YPOBHU B JIBE TPYII-
nbl. B mepBylo BXoasT 3 HavyaJbHBIX YPOBHS, TAE U3Me-
HEeHMEe MeXaHUYECKUX CBOMCTB MPEMMYIIECTBEHHO CBSI-
3aHO C YJIBTPACTPYKTYPHBIMM TPeoOpa30BaHUSIMK BHE-
KJIeTOYHOTO MaTpukca [4, 23—25, 42], B ToM 4ucie ¢
YBEJIMYCHUEM TOJIM MUHEPaJTbHOTO KOMIIOHEHTa U CO-
OTBETCTBEHHOTO CHUXXEHHWSI BOAHOW M OpraHWYecKoit
dbpakumii [23, 24, 32, 36—38], a TakKe yMEHbIIEHUEM
MEXMOJIEKYISIPHBIX IMMPOCTPAHCTB M TOJIOCTEM KaHalb-
neBoit cuctemsbl [35, 41]. Ha ciaeayromux Tpex ypoBHSX
M3MEHEHUEe MeXaHUYeCKUX CBOWCTB CBsI3aHO, HAa000-
pOT, C TIPEeMMYIIIECTBEHHbIM yBEJIMYEHUEM oObemMa CHU-
CTEMBbI TOJIOCTE!, B TOM YMCJIe KaHaJOB OCTEOHOB W
KOCTHOMO3TOBOTO KaHaJla JIMHHBIX TPyOUaThIX KOCTEi
[23, 24, 27, 32, 40].

PaccmoTpum GoJjiee ETaIbHO MPOUCXOISIINE U3ME-
HEHUSI U MEXaHU3MBbl, OMpeNesIonue X BOZHUKHOBE-
HUE B 3THX JOBYX TPYIIIIAX.

3. I/ISMeHEHl/lﬂ, NpoUCxXoadlue B KOCTH HA MOJIEKY-
JIAPHOM, HAIMOJIEKYJSIPHOM M CTPYKTYPHOM YPOBHSX MpH
cTapeHHd opraHusaMma. [Ipu cTapeHUU BBISBIISIETCST U3Me-
HEeHUe CBs3ell M B3aMMOPACITOJIOXEHUST KOJJIAar€éHOBBIX
(GuOpWIT ¥ BOJIOKOH, a TaKKe OTKIOHCHUE B3aUMOIEH-
CTBUSI MEXIy KOJUlareHOM W MuHepaiamu [42]. DTu
CABUTH BO3HUKAIOT TIPU PEMOACTMPOBAHUM KaK (DyHK-
LML BO3pacTa M CBSI3aHBI, B TOM YKCIIE, C 00pa30BaHUEM
HeepMEHTATUBHBIX TMEPEKPECTHBIX CHIMBOK KoJlTareHa
B mepuoa (HOPMUPOBAHUS OCTEOWIA, HapyIIarOIINX
CTPYKTYPY MOJIEKYJI, OTPAHUYMBAIOLIUX MEXKMOJIEKYISIP-
HBIE TTPOCTPAHCTBA W COOTBETCTBEHHO MEHSIOIINX YJIbT-
pPaACTpYKTYpy KOCTHOM TKaHU. B KaxkmoM 1MKie pemome-
JIMPOBAHUS 10Js1 MOAUGUIIMPOBAHHBIX MOJIEKYJI He3Ha-
YUTEJIbHA, HO TI0 Mepe CTapeHUs M3MEHEHUST HaKarliv-
BalOTCsI, TIOCTENEHHO YyXyAlllasi MeXaHW4YecKue CBOMCTBa
KOCTHOM TKaHU. IlocieqHue MOCTUTAIOT KPUTUIECKOTO
YPOBHS MPpY Hamuuy HapymeHuid B 30% u Gosee Molte-
KyJI KojuiareHa [41].

B yuacTkax pemomenupoBaHUs K TpaHcdopMaluu
VABTPACTPYKTYPhl OCTEOM 1A MPUBOAUT TakXKe U3MEHEHUE
CIIEKTpa CUHTE3UPYEMBIX OCTEO0IaCTaMU MOJIEKYJ, BO3-
HUKAIoIllee TOA BIUSHUEM BO3PACTHBIX PEryJsTOPHO-
MeTabonuyeckux caBuroB [4]. Tak, Hampumep, U3MEHSI-
ercss akcnpeccust octeobnacramu MPHK  konnarena
I Tuna, ocTeonoHTHHA U OcTeoKalblMHa [25]. B cBsi3u ¢
TEM, UTO OocTeou opMHUpPYeTCs B Mpoliecce caMocOop-
KU TIOCJIE CEKPEeLM KOCTHBIMHU KJIeTKaMU €ro KOMIIO-
HEHTOB, HEOOXOIMMO YUUTHIBATh U TOT (PaKT, YTO pery-
JIATOPHO-META00IMYECKIE CIABUTY OKAa3bIBAIOT BIUSTHUE
Ha (epMeHTHYI0O M HedEepMEeHTHYI0 MOAMMUKAIIUIO UX
MOJIEKYJISIDHOI CTPYKTYpPHI (KaK cKa3aHO BhIlIe). Takum
00pa3oM, M3MEHEHUST B y4acTKax PEMOJCITUPOBAHUS SIB-
JIIOTCSI CTPYKTYPHBIM OTIIEYaTKOM DPETYISITOPHO-MeTa-
GOMMYECKHUX CIBUTOB, BO3HMKAIOIINX B OpTaHM3MeE TpU
crapeHuu [4]. To Xe OTHOCUTCSI M K CTPYKType MMHE-
palbHOTO MATPUKCA, TaK KaK KPUCTAUIMYHOCTB!, cTe-
XMUOMETPUSI U KOJMYECTBO MUHEpPATbHBIX KPUCTAIOB
KOCTHU 3aBUCAT OT COCTOSTHUSI TEPMOIUHAMUYECKOTO U
KWHETUYECKOTO PaBHOBECHSI, OIPEC/ISIeMOro (PU3NOJI0-
rMYecKoil cpemoii [23, 24].

OTJIOXEeHNe MUHEPAJTLHOTO KOMITOHEHTAa HauMHAeT-
cs1 yepe3 8 ¢yt mnocie obpazoBaHus ocTeonna [28], B pe-
3yJIbTaTe 4ero (hopMHUpYeTCsl CIOXKHAs UYeThIPeXypOBHE-
Basi MUHEpaJIbHasl CTPYKTypa, TpeaCcTaBIsIionas coboil B
KaXJIOM y4acTKe KOCTHOI TKaHM 3alporpaMMUpOBaHHOE
OTpaXeHUE OPTraHUYeCKou yabTpacTpykKTypsl [5]. Ilpu
9TOM TI0 Mepe CTapeHMsl YBEeJWYMBAETCsl CTENeHb KpH-
CTAZIMYHOCTH MuHepanoB (Ha 1—2%) [23, 24], uto sB-
JIgeTCs TPEUMYILIECTBEHHO pe3yJbTaTOM JIEWCTBHUS OC-
TEOLIMTAPHOTO HAacoca, MOMEepEeMEHHO HAarHeTalollero B
KOCTHYIO TKaHb U SKCKPETHUPYIOILIETO M3 Hee MUHEPAJIo-
Opasyloliue MoHbl. B uTore npoucxoauT win 4YaCTUYHOE
pacTBOpeHMe, WM ocaxIeHWe MUHepajioB. B mepBoM
ciTydae TIpeXIe BCeTo YOAJSTIOTCST MOHBI, BXOSIIUE B CO-
cTtaB aMopdHOI1 ¢a3bl, TaK KaK 3HEPIrusi OTPhIBa MOHA OT
KPUCTAJUIMYECKON pEIIeTKH CYIIeCTBEHHO BHIlIe. Bo
BTOPOM — 4acTb MOHOB, OKa3aBIIMXCS B 0oJiee yCTOMUM-

ICreneHnb ynopsimo4eHHOCTH KPUCTAIMYECKO peleTku [23, 24].
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BOM COCTOSTHUM, (POPMUPYET KPUCTAUTUYECKYIO PEIlIeT-
Ky. CnenoBatesibHO, B JaJIbHEi1IIeM BEPOSITHOCTh UX OT-
pBIBa MpPU PACTBOPEHUM MUHEpaja HaMHOro Hitke [3].
[To-BuaMMOMY, BO3pacTaHuEe KPUCTANTMYHOCTU OTpaXka-
€T yBeJMYeHHUE COOCTBEHHOTO BO3pacTa KOCTHOW TKaHU
U COOTBETCTBEHHO OOJbIIYIO IJIUTEJIbHOCTh ACUCTBUS
OCTEOLIUTAPHOTO Hacoca.

YBenmuueHue KpUCTAIMYHOCTA TTPUBOIUT K YMEHb-
IIEHUI0 pacTBOPMMOCTU MUHepasoB [23, 24] u K pocty
ux pasmepoB. [IpuurHa mocjaeaHero cBsi3aHa ¢ TeM, 4YTO
B KOCTHOM TKaHW TUAPOKCHATIATUT HAXOOUTCS B MeTa-
CTabUJIBHOM COCTOSIHUM B BUJI€ KOJUIOMIHBIX KPUCTaJ-
JIOB, PaAnyC 4acTULL KOTOPbIX BappupyeT oT R, 1o R, [3,
19]. CHMXeHMEe pacTBOPMMOCTU BJIEUET 32 COOOI MOBBI-
LIEHUE OJM MUHEPAJIOB, pa3Mepbl KOTOPBIX HAXOMATCS
Ha BepxHeit rpanuLe (R,). IMoarsepxaenneM ckazaHHO-
ro cayxar gaHHbie FO.WU. JleHucoBa-Hukonbckoro u
coaBT. [11], yCTaHOBMBIIMX YyBEJIWYEHUE Pa3MEpPOB KO-
IUIAHAPHBIX O0beAMHeHUil kpucrawioB! (wiMHbI — Ha
17—20% w mmpuHbl — Ha 5—9% Tipy HEM3MEHHOM TOJ-
1I1He). DTOo, B CBOIO OuYepellb, OOYCIOBIMBAET yBEIUYE-
HHUe o0beMa 3TuxX CTpykTyp Ha 23—31% [16] ¢ BbITeCHE-
HueM BoaHou [36, 38] u opranuueckoii [37, 38] dpak-
LIMI U3 BHEKJIETOYHOTO MaTpukca. [Ipu aTomM mpoucxo-
IUT HE TOJbKO YMEHBIICHHE MEXMOJIEKYISIPHBIX MPO-
CTPaHCTB, HO M CUCTEMBbI MPOCTPAHCTB, B KOTOPBIX MH-
TErpupoBaHa OCTeOIMTapHasl CeThb. TaK, B MEepUOA POCTa
M Pa3BUTHUS OpTaHM3Ma KaHaJbIbl KOPOTKUE W IIHUPO-
KUe, B 3peJIOM BO3pacTe OHU CTaHOBSTCSI Oojiee pa3BeTB-
JICHHBIMM, KOJIMYECTBO HX COEIMHEHMI MEXIy CcOo0oi
BO3pacTaeT, a MpU CTapeHUN OHW YMEHbIIAIOTCSA B aua-
MeTpe U KojudecTse [35].

B pesynbraTe 3THX MPOIECCOB MPU CTAPeHUN MUHE-
panu3anus MaTpukca yBequduBaeTcsl Ha 12% u Goiee
[23, 24], npuueM O0Jg OCTEOHOB, MUHEPAIU30BAHHBIX
Ha 75% u Bblle, gocturaetr 40% u 6Gonee OoT UX OOIIETO
4YKcia, B TO BpeMsl Kak B MOJIOJIOM BO3pacTe He IPeBbI-
maer 10%. IloBbllacTCA TakXKe yIEAbHBIA BEC 3aIloji-
HEHHBIX MUHEPaJIM30BaHHOW TKAaHBIO IIEHTPAJIbHBIX Ka-
HaJIOB OCTEOHOB U OCTEOLUTAPHBIX JakyH [32].

ITo Mepe crapeHus, KpoMe yBEeIWYEHUs KpUCTal-
JIMYHOCTU B KPUCTAJUIMYECKOU pelleTKe, pacTeT AoJs
HeCTEeXHOMETPUUYECKUX 3aMeH MOHOB (dochaTta Ha MOHBI
kapoboHara (Ha 10—17%) [14, 23, 24]. DTu 3aMeHBI BbI-
3BaHbl FeTEPOMOHHBIM OOMEHOM? U, MO CYTH, OTPaXKaloT
BO3pacTHbIE M3MeHeHus1 MeTaboau3ma [3J].

PaccMmoTrpeHHBIe BhIlIe U3MEHEHUs pa3Mmepa u hop-
Mbl KPUCTAJIOB, YXYILIEHUE CUMMETPUU KpUCTALINYE-
CKOI pelLIeTKU M HaJu4yue BaKaHCUM B €€ mpeaesiax CTU-
MYJUPYIOT BO3HUKHOBEHME OCTATOYHBIX HANpPSKCHUU B
COCEIHUX MUHepajiax M MoJieKyJjax koyuiareHa. [1pu us-
MEHEHUM MeXaHMYECKUX Harpy3ok 3TM CIABUTM MOTYT

WHIYLMPOBaTh AeMEeKTHl B MpeaesiaX YiIbTPacTPyKTYphI
KOCTH, a YBEJIMUYEHME CTeNleHW MUHepaIu3alvu MpUBO-
JIAT K YMEHBIICHUIO 3JJACTUMHOCTH KOJIJTareHOBBIX (h1b-
puiut. B pesynbTate MPOMCXOOUT CYLIECTBEHHOE CHIKE-
HUE BEJMYMHBI Aecdopmaluii BHEKJIETOYHOTO MaTpUKca
[23, 24].

Takum o6pa3zoM, MOXHO yTBEpXIaTh, YTO HabIoAa-
eMble TIpM CTapeHUM M3MEHEHMS Ha TEPBBIX TPEX YPOB-
HSIX UepapXU4yecKOoil OpraHM3alliM CKejleTa MPUBOIST K
YMEHBILEHUIO BETUYUHBI AedopMalinii TpU OOHOW U TOU
K€ Harpyske M, cieloBaTeIbHO, K CHIKEHUIO BEJTUIMHBI
MEXaHUYeCKUX CUTHAJIOB. PaccMOTpMM Temepb CTPYK-
TypHble M3MEHEHHsI, BO3HUKAIOLIME Ha 0oJiee BBICOKUX
YPOBHSIX OpraHU3allMi KOCTU B TIPOIIECCE CTapeHUSI.

4. CTpyKTypHbI€ H3MEHEHHs, MPOUCXO/AIINE MPH cTape-
HAM OPraHM3Ma HAYMHAS CO CTPYKTYPHO-()YHKIMOHAIHLHOTO
ypoBHS | Bbie. OHU TIPOSIBIISTIOTCS] YBEJTMUIEHUEM TTOPHC-
TOCTU U UICTOHYEHUEM KOPTUKaJIbHOTO ciosi. BospacTaHue
MOPUCTOCTH BbI3BAHO CHIKEHHMEM DPalIualbHON CKOPOCTHU
3aITOJIHEHMSI JIAKYH Pe30pOLMK, YMEHBIIEHUEM TOJIIMHBI
CTEHKM OCTEOHOB, YBEJIMYEHUEM IUaMeTpa WX LIEHTpab-
HBIX KaHaJIOB M YMCJIa eOUHULL PEMOAEIMPOBAHUS, KOTO-
pble TIPEKPALIAIOT CBOE Pa3BUTHE Mocie a3kl peBepcuis,
YTO MPUBOAUT K 00pa30BaHUIO IYCTHIX JaKyH pe30pOLuu
[10, 13, 18, 32]. VcroHYeHNEe KOPTHKAJIBHOTO CJIOST IIPO-
HCXOIUT B pe3yJibTaTe Pe30pPOTMBHOIO PACIIMPEHUST KOCT-
HOMO3TOBOI TOJIOCTH TIPU OTHOBPEMEHHOM (hopMUpOBa-
HMM KOCTHON TKaHU B MEPUOCTAJIbHON 30HE (HO C MEHb-
e ckopocthio) (puc. 1).

Takum oOpa3zoM, mpencTaBieHHbIE NaHHBIE CBUIE-
TEJBCTBYIOT O TOM, YTO Ha TpeX BBICIIINX YPOBHSIX Mepap-
XMYECKOI OpraHu3aliuu CKejieTa pa3BUBAIOTCS MpOllec-
ChI, BJIEKyIHe 3a cO0Oi yBeIWYeHUE MOPUCTOCTU TIpe-
HMMYILECTBEHHO CO CTOPOHBI 3HIOCTAJIBLHON IOBEPXHO-
CTU C OJJHOBPEMEHHBIM MCTOHYEHUEM CTEHKM TpyOuaToit
KOCTM W YBEJIMUEHHMEM ee HapyXHOro paauyca. Kak ke
5TU 3aBHCHMBIE OT BO3pacTa IMPOIEeCcChl BIMSAIOT Ha Me-
XaHUYECKUE XapaKTePUCTUKU?

5. JIuHAMHKA MeXaHMYeCKHX XapaKTepUCTHUK KOPTH-
KAJILHOTO CJIOsI KOCTeil Mpu cTapeHuu opranusma. [1pu mc-
CJIeI0BaHUM YCTOMUYMBOCTU KOPTUKAIBHOTO CJIOS IHMa-
¢u3a OenpeHHON KOCTH K ACUCTBUIO MEXaHMYECKUX Ha-
IPY30K y yejioBeKa B MHTepBaje oT 35 m10 92 jieT ycTaHo-
BJICHO CHIDKEHUE IIpeena mpouHocti? Ha 3,7% 3a mecsi-
tuiietre (ucxomHo 170 MITa) u paGoThl, 3aTpaueHHOI Ha
nepengom®, — Ha 8,7% (ucxomHo 3,4 kJIx M~2) [27, 43].

B To Xe BpeMs, corjacHO JaHHBIM 3KCIIEPUMEH-
TabHBIX McciiemoBanuii O.Akkus n coaBT. [23, 24|, Mo-
Iyidb U3ru6a’, ompeneaseMoro MexaHUUeCcKUMU CBOJICT-
BaMM TKaHEBOTO YPOBHS, 3HAYMTEIbHO YMEHBIIAETCS.
OIHOBPEMEHHO C 3TUM MPU CTAPEHUHN MPOUCXOIUT MU3-
MEHEeHUE TeOMETPUU TOMNEePEeYHOro ceyeHusl GelIpeHHbIX

106bearHEHe KPUCTAUIOB «KOHEL B KOHEL» WU «60K B 60Kk» [11].
23amellieH1eE TONOXEHUI B KPUCTAUIMYECKON pellleTKe TMAPOKCHANaTUTa MOHAMM, COAepXKallMMUCA B OKpYXaiolleil MUHe-

pai XUAKOW cpelie, HO Iy>XKepOTHBIMU 3TOMY coennHeHuto [19].

3Masa pepepcun — NepexoMHbIl MEPUO LIMKJIA PEMOEIMPOBAHNS, B TeUeHUEe KOTOPOro (hOpMUPOBAHUE KOCTHOI TKAHM CO-
MpsiKEHO ¢ pe3opbuueii. OCTeoKIacThl 3aMELIAI0TCS OJHOSIIEPHBIMU KJIeTKaMu — rnpeocteobaactamu [10].
“4TIpeses1 MPOYHOCTH — MAaKCUMAJIbHOE HATpsKeHUE B MCIBITAHUM 00paslia, TpY KOTOPOM OH paspyluaercsi. Mamepsietcs: B

rmackausx [6].

5Pa6ora, 3aTpaueHHas Ha IepeioM, — OTHOILIEHUe paboThl paspylleHHs K IUIOIAAN MONEePeyHOro cedeHHsl CTePXKHEBOro 06-
paslia ¢ Haape3oM, KOTOPbIii UCIIBITBIBAETCS B YCIOBUAX yaapa. MamepsieTcst B IKOYJSAX, AeJeHHBIX Ha KBaApaTHBIA MeTp [6].

Moy u3ru6a (MOLy/b YIpyroctu) — KoabduimeHT npornopuuoHansHoctu (E) B popmysie, KOTopas CBA3bIBAET HOPMAIb-
HOe HamnpsikeHue (o) ¢ OTHOCUTEIbHOU aedopmanuein (g): E=gs [6].
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a 6] B

Puc. 1. Bo3pacTHble U3BMEHEHUSI TEOMETPUM MOMEPEYHOTO ceue-
HUS OeIpeHHOI KOCTU KPBICH B cepearHe auacdusa.
N300paxeHust NpeACTaBIeHbl NP OAMHAKOBOM YBEJIMYEHUU U
MaclITabMpOBaHbl aHAJIOTUYHO B Tpoliecce HUdpoBoit 06padboT-
KM JIaHHBIX: a — B Bo3pacte 3 Mec; 6 — B Bo3pacTe 8 Mec; B —
B Bo3pacte 24 mec [23, 24].

Kocteit (puc. 1), YTO MPUBOAUT K YBEJIMUYCHUIO MOMEHTA
nHepLuu nonepeyHoro ceueHusi!. [locneqHee, mo-puau-
MOMY, €CTb pe3yJbTaT afaliTUBHOIO IIpollecca, YMEHb-
maimomero (QpyHKInoHaIbHOE (T. €. (DU3UOJIOrHISCKOe)
HampstkeHue B auacduie 0eapeHHOU KocTu. MuHMMM3a-
LIMSl HaMpsDKEHWH, JOCTUTHYTasi MOMAYJSIUEN TeoMeT-
puM, YBEJIUYMBAET 3amac MPOYHOCTU (Kak dhakTopa 6e3-
OIAaCHOCTH), UTO, B CBOIO O4Yepeb, KOMIIEHCUPYET CO-
KpallleHMe 3araca HaJeXXHOCTH, BbI3BAHHOTO CHUXEHU-
€M YPOBHS MPOYHOCTHBIX CBOMCTB TKaHM. TakK, COTJIaCHO
9KCIEePUMEHTAIbHBIM JTaHHBIM, C OJHOW CTOPOHBI, TIpe-
JeN TeKyuecTu? KocTeil y 24-MecsiMHBIX KpbIC B 2,5 pasa
HUXE, YeM Y 8-MeCSYHBIX, COOTBETCTBYSl aHAJIOTMYHOMY
COKpallleHH1IO 3arnaca npoyHocTu. C Ipyroit CTOPOHbI, MO-
MEHT WHEPUMU Y CTapbiX XKWBOTHBIX NMPUOIUZUTEIBHO B
2 pa3a 0oJIbllie, YTO MPUBOINUT K YMEHBIICHUIO (DYHKIIMO-
HaJIbHBIX HAMPSDKEHWI 1 yBEIMIMBAET 3arac MpOYHOCTH B
2 paza. Takum o00Opa3oM, MOAYJISILIMSL T€OMETPUU KOCTU
WMeeT aJanTUBHBIA XapakTep U SIBJSIETCS CJeICTBUEM
YXYIILICHUST MEXaHUUECKUX CBOMCTB Ha TKAHEBOM YpPOBHE.

PaccMoTpuM TeopeTnueckre OCHOBBI 3TOM TpobJie-
MBI, YIUTBIBasi TEOPUIO COTTPOTUBIICHUS MaTEePUAJIOB.

6. TeopeTnuecKo-3KCHepUMEHTAJIbHOE MOJeUPOBAHMIE
BeJIMYMHBI JieopMaid HA SHAOCTAJIbHOH W MepHOCTAIbHOIM
noBepxHOCTsAX auaduza OeIpeHHOH KOCTH B 3aBHCUMOCTH OT
Bo3pacTa. YCUius, ICHCTBYIOIIME HAa KOCTU CKeJleTa, MOXKHO
pa3aenuTh Ha IBE COCTABJSIOLIME: TIOCTOSIHHASI CUJIA TSIKe-
CTH ¥ TIepeMeHHbIC TMHAMWYeCKUe CWIbl. MIMeHHO ¢ Toc-
JISTHUMU, KaK OTMEUYEHO BbIIIIe, CBA3aHbI OTBETHBIE (hU3HO-
JIOTUYECKUE peakiMy (PeMOIeTMPOBaHNUE), MTPOMCXOMISIIUE
B KOCTHOM TKaHu [39]. s mpuMepa paccMOTpUM OempeH-
HYIO KOCTb (puC. 2, a). CBepXy Ha Hee Bo3neicTByeT cuia F,
no ocu C,C,, NpOBENEHHON MEXIY LIEHTPaMU CYCTaBOB.
Hascrpeuy eit peiictyer cuna F, co cropons! omopel. B
NEPBOM NMPUOMKEHMM MOXHO npuHath F,=F,=F, a camy
KOCTb — B KauecTBE CTEPKHSI ¢ KPUBOJMHENHON MPOJ0Jb-
Hoii oceio K. B a10ii cutyaimm Ha medopManuio cxatus
CTepKHs HakiaapiBaeTcsl aedopmanusi ero usruba. Hau-
OosblIMii M3rnbawIii MOMEHT M BO3HMKAeT B CEUCHUU
D, 1IeHTp TSDKeCTH KOTOPOTO PACIONIOXEeH Ha PACCTOSHUU e
or mHun C,C, (cm. puc. 2, 6). CnenoBaTenbHO, UMEEM:

M=Fe. (1)

M3BecTHO, YTO KOCTHbIE KJIETKU pearupyroT Ha Be-

JIMUMHY OTHOCHUTEJbHOU nedopMaliMi & KaK pacTsike-

Cz

F: 6 Fz

Puc. 2. Cxema maeiicTBUSI BHEIIHUX HArpy3ok Ha OelpeHHYIO
KOCTb: B MPOJOJIbHOI MPOEKUUU (2) U MO OTHOILEHUIO
K TonepeyHoMy cedeHuio D (0).

OOBsICHEHUsT B TEKCTe.

HUSI, TaK U cxarus [40]. B naHHBIX 0OCTOSATENbCTBAX BE-
JIMYMHA € BBIYMCIISICTCS CICOYIOIMM obpa3om [6]:
__F_ My )
“EA  EL’ @
rne: F — BHewHsig cuia, OedCTBYIOLAs Ha KOCTb;
A — TII0LIAAb OTIEPEYHOTO CeYeHUST KOCTH; M — U3Tu-
Garoiuii MOMeHT B cedyeHuu D; I, — MoMeHT uHepuuu
9TOTO CEYEeHUsT KOCTU OTHOCUTENBbHO ocU Z; E — Momynb
YIOPYTrocTH KOCTHOTO MAaTpUKca; y — KOopJuHara 00b-
€Ma, B KOTOPOM OIpENessieTCs €.
®opmyny (2) mutocTpupyeT TpaduK MU3MEHEHUS
OTHOCHUTEJIbHON aedopMaliud ¢ 1O BBICOTE CEUYCHUS
(puc. 3), corjacHO KOTopoMmy nAedopmalusi Ha 3HIO-
CTaJbHOM MOBEPXHOCTHM MEHbIIIE, YeM Ha MepuoCTalb-
HOM.
B TO Xe Bpewms, COIMacHO 3SKCIEPUMEHTATbHBIM
naHHbiM O.Akkus u coaBr. [23, 24|, mepuocCTalIbHBIN

IMoOMeHT MHepLMH TONepPeYHOro ceueHuss OTHOCUTEILHO LIEHTPaIbHOM OCH MpejcTaBiIseT coB0il CyMMy MpPOU3BeAeHUI MaJIbIX
MJIoLaaeil, Ha KOTOpble pa30MBaeTCs 3TO CEYeHMEe, Ha KBaJpaTbl UX PAcCTOSIHUI 10 3Toi ocu. COOTBETCTBEHHO, YeM OoJibliie Ha-
PYXHBII pamuyc cedeHus, TeM 0OJblle er0 MOMEHT MHEPLHU, U OOBEKT CTAHOBMUTCSI OOJiee XXECTKUM Tpu u3rude [6].

[Ipenen TeKy4ecTH — COOTBETCTBYET 3HAYEHMIO MTOCTOSIHHOTO HANpPSIKEHMUS, IIPU KOTOPOM AedopMaiusa HapacTaet [6].
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HefirpansHan

JIHHHA [ £ =)

PacToEeHIe

Puc. 3. Mi3mMeHeHue oTHOCUTENIbHOM NedhopMalnu ¢ (a) Mo BbI-
COTe TIOTNIEPEYHOro ceyeHusi GenpeHHol KocTu (0) mpu
ee M3rube ¢ OJHOBPEMEHHBIM CXATHEM.

JIMaMeTp TI0 TEePEeAHE3aIHEN U MEINOJIAaTePaJIbHON OCsAM
y 24-MeCcIYHBIX KpBIC OBLI, MpHOIM3UTETbHO, Ha 25%
oosblie, yeM y 8-mecssuyHbIX. CpeqHure BeJIMIMHBI 3HI0-
CTaJIbHOTO JWaMeTpa MO 3TUM OCSM Y CTapbiX KPbIC Obl-
U TipuMepHO Ha 60% Oospine. Mcrmonb3ys mpuBemeH-
Hyto ¢opmyiy (2) u pe3yiabTaThl UCTIBITAHUS OelpeHHOM
KOCTM Ha Wu3rMO B TpeX TouKax, TMpeacTaBJIeHHbIE
O.Akkus u coaBr. [23, 24|, Hamu ObLT TIPOBEACH pacyeT
BEJIMYMHBL IeopMalrii KOCTHON TKaHW Ha 3HIOCTANIb-
HOI U INepUOCTaJIbHOI IOBEPXHOCTSIX Auadusa OeapeH-
HOI1 KOCTH B IrpymIax XXMBOTHBIX pa3HOTO Bo3pacTta (Tad-
nuua). B pesynbraTe ycTaHOBJIEHO, YTO YPOBEHb OTHOCH-
TeJbHBIX neopMalMii KaK Ha DHAOCTAJbHOM, TaK M Ha
MEePUOCTAIBHON TTOBEPXHOCTSIX TPU CTAPEHUM COXPaHSsI-
€TCsl, TIPU TOM YTO Ha SHJOCTAJIBHON MOBEPXHOCTU OH
cocraBisier 50—70% OT ypoBHSI aHaJOTMUYHBIX BEJIMYMH
Ha MEePUOCTATbHOM.

Takum o6pazoM, MPOUCXOISIIIUE OJHOBPEMEHHO C
YXyILIEHUEM MEXaHUYECKUX MPOYHOCTHBIX XapaKTepH-
CTUK BHEKJIETOYHOTO MaTpuKca (mepBbie 3 ypOBHSI Op-
raHu3aluu) U3MEHEHUS TeOMETPUYECKUX MapaMeTpoB
CUCTEMBI TTOJIOCTEN B KOCTHOU TKAHU U KOCTHU B LIEJIOM
MPUBOIAT K CHUXXEHWIO 3HAYEHUIT MOJYJIS YyIPYTOCTH U
COOTBETCTBEHHO COXpPaHEHUIO BEJIWUYMHBI Jcdopmarinii
non BIAWSIHUEM MEXaHW4YecKuX Harpy3ok. Jpyrumu
cJioBaMM, HaOJogaeMasi ToTepsi KOCTHOW MaccChl, IO
CYyTU CBOEH, SBJSIETCSI OTPaXEHUEM aJarnTallMOHHBIX
MIpoleccoB, o0ecleynBaloIMX IoaaepXaHue Heo0Xo-
IUMOI BETMYMHBI MEXaHUYECKUX CUTHAJIIOB MPU U3MeE-
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Pacyernble 3HaYeHus OTHOCHTEbHOM Aedopmanmu ()
HA NEPHOCTAIbHON H 9HIOCTAIbHON MOBEPXHOCTSX B cepelyHe
auadmsza OeIpeHHOil KOCTH KpbIChI B 3aBHCHMOCTH OT ee BO3pacTa
(paccuutano no faxHbM [23, 24])

Bo3spact xuBOTHBIX (Mec) OtHocutenbHast feopmariust
Ha MepUOCTaIbHOM Ha 3HAOCTAJIBHOI
TMOBEPXHOCTU MOBEPXHOCTH
3 0,022 0,012
8 0,027 0,014
24 0,020 0,013
IIpumeuanue. Pacyer nmpoBeneH no dopmyse:
My
&=,
EL,
rie M — wu3rubaoumii MOMEHT; Y — KOOpIMHATa MCCIeIyeMoil 00JacTH;
E — wmomyns ympyroctu; I, — MOMEHT MHEpIMM TIOTIEPEYHOTO CEYEHHMS
OTHOCHUTEJIBHO OCH Z.
HCHUU MCXAaHMUYCCKHUX Harpys3ok. Kak otMmeuan

M.B. [laBbimoBckuii [8], 7MOXHOe TMpencraBieHUe O
MPUHLIUITHATBHON Pa3nebHOCTH (DU3UOJOTMYECKOTO U
MMaTOJIOTUYECKOTO paclpoOCTPaHEHO TOBOJILHO IIMPOKO.
B matonoruu (0oJie3HN) yCMaTpUBAIOT ABa pa3nebHBIX
acrnekTa, a UMEHHO, «HapylueHue QyHKIui» u aenct-
BUE 3alUTHO-(PU3NOJIOTUUECKUX MEXaHU3MOB,
T. €., C OHOI CTOPOHBI, OOJIE3Hb, a C APYroi, — «pu-
3MOJIOTUYECKYIO MEpy» TIPOTUMB Hee. ABTOpP MOAYEPKU-
BaeT, UTO BBEAEHUE B OOMXOJ CJI0OBA «3allluTa» BOOOIE
HErpueMJIeMO TIpU aHajanu3e OMOJIOTMYECKUX Ipoliec-
coB. PakTUYEeCKM HET HM OJHOTO TATOJOTUYECKOTO
npoliecca, KOTOpbIii He MMes Obl CBOEro MpoTOoTUIA B
dusunonornu. C 3TUX MO3UIMKN amanTanys — HE CUHO-
HUM 310pOBbsI, a 0O0Jie3Hb He OTpullaHue, a (opma
angantauuu. MHaue roBopsi, ocmeonopos — smo nposg-
AeHUe adanmayuoHHbIX NPOUeccos, pPa3sU8arOUUXCcs Npu
cmapenuu opeanu3ma.

Kak ObI10 OTMEYEeHO BHIIIIE, PEeTIAMEHTUPYIOLIUMU
(hakTOopamu, onpenensSOIIMMA HaYaIbHBIA 3TaM MpoLec-
ca MeXaHOTPAHCOYKIIMU, SIBJISIOTCS HE TOJIbKO YPOBEHb
MeXaHUYeCcKux Aecdopmaliuii, HoO Takke MOPOT YYBCTBHU-
TEJbHOCTU KJIETOK K HMM U BEJIMYMHA MEXaHUYECKUX
Harpy3ok. [loaTomy HEOOXOOMMO PacCMOTPETh TAKKE MX
BO3pacTHbIE U3MEHEHMUSI.

7. BausiHue cTapeHus] OPraHu3Ma Ha BEJIMYHMHY NMOpOra
YyBCTBUTEJILHOCTH KOCTHBIX KJIETOK K MEXaHHYeCKUM CHUr-
Hamam. C.H. Turner u coaBr. [40] oueHuBaanu popMmupo-
BaHME KOCTHOM TKAHU HA MEPUOCTAIBHOU U 3HIOCTAb-
HOI TOBEPXHOCTIX cepeArHbl auaduza Oosbliedepiio-
Boii KocTu. CorlacHO MX JaHHBIM, TIPY OJMHAKOBBIX Ha-
Ipy3Kax y cTapblx Kpbic (hOpMUPOBAHUE KOCTHON TKaHU
MepPUOCTAIbHO OTCTaeT OT TaKOBOTO y 0oJjiee MOJIOIbIX
KpbIC, HO 00pa3oBaBlIasicss KOCTHAsl TKAHb HE UMEET Cy-
IIECTBEHHBIX OTIWYMi. Ha sHmocTanbHON MOBEPXHOCTHU
y CTapbIX KpbiC (hOpMHMPOBAHME KOCTHOM TKaHU YBEIU-
YUBAETCsI, TOJbKO €CJIM Harpy3ka mocturaet 64 H, a npu
0oJiee HU3KUX €€ 3HAYCHUSIX peakliu, B OTJIMIUE OT MO-
JIONBIX KPbIC, HE ObLIO. ABTOPHI YCTAHOBWJIU, YTO Y MO-
JIOABIX TIOJIOBO3PEJIBIX KPBIC MEXaHWYECKUI MOpor Je-
dopManuit 11 popMHpOBaHUS IIACTUHYATONM KOCTHOM
TKAaHU Ha 93HAOCTaJbHOW IMOBEPXHOCTU COCTaBUIJI
1050 us!, a y crapbix — 6onee 1700 us. MHBIMU ciioBa-
MM KJIETKM, PacCIOJIOXEHHbIE KaK Ha IEepHOCTAJbHbIX,
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TaK M SHIOCTAJIBHBIX IMOBEPXHOCTSIX OOJIbIIEOEPIIOBHIX
KOCTeii Y CTapbIX KpbIC, OKa3aJuCh MEHEe YyBCTBUTEb-
HBIMM K MeXaHU4ecKuM ctumynam [40].

[Mo-BunuMOMy, M3MEHEHME IOpOora YYBCTBUTE/Ib-
HOCTM PELIeNTOPOB IO/ BAUSIHUEM BO3PACTHBIX PEryJisi-
TOPHO-METabOJIMIECKUX CIBUTOB SIBJISIETCS OOIIEOMO-
JIOTUYECKOM 3aKOHOMepHOCThI0. Hampumep, mexaHu3M
BBIKJTIOYEHUST PENPOAYKTUBHONW (DYHKIIMU OCYLIECTBISI-
eTcs 3a CYEeT MOCTENEHHOTO TIOBBIIICHUSI B IIpoliecce
CTapeHUsI TOpora YyBCTBUTEbHOCTH TOHUUECKOTO 1IEH-
Tpa TUNoTajaMyca K peryjsiTOpHbIM CUTHajaM (3CTpO-
re"Ham) [12]. B To Xe Bpems, ucxomst U3 TOrO, UTO IS
COXpaHEHHUsS TOMeocTa3a B OINpeNesIeHHBIX Tpeaesax
KJIeTKM OpTraHM3Ma MMEIOT He TOJIbKO HUXHMI Mopor
YYBCTBUTEJIBHOCTH K Pa3IMYHOIO POJa PETryIsiTOpaM,
HO Y BEpPXHUIi, B TpaHUIIAX KOTOPBIX OHU (DYHKIIMOHU-
pYIOT B oNnTUMajJbHOM pexume [7, 15, 22], JIOruyHo
TPEIONIOXUTh, YTO KOCTHBIE KIJIETKU TakKxXe 00IamaioT
HE TOJIbKO HUXHUM, HO U BEPXHUM ITOPOTOM UYBCTBHU-
TEJILHOCTU K MeXaHu4yecKuM aedopmanusM. BeanyuHa
3TUX TTOPOTOB, C OIHOI CTOPOHBI, COOTBETCTBYET YCIIO-
BUSIM, TIPU KOTOPBIX MeXaHW4eckue nedopMaiuv He
MPUBOIST K MOBPEXIEHUIO KJIETOK, a, ¢ APYyroi, — co-
OTBETCTBYET OITUMAJbHOM BeJIMYMHE Aedopmaluii, B
npeneyiax KOTOPbIX BHEKJIETOUHBI MaTpUKC HauboJjee
YCTOMYMB K MeXaHUYeCKUM Harpyskam. B Tom ciyyae,
ecli BeJIMuMHa JedopMaruii BBIXOIUT 3a 3TU TPaHMIIHI,
HayMHaEeTCsl MpPoIEecC peMOoAeIMpOBaHUs, oOecrieunBa-
oL HeOoOXOAMMble U3MEHEHUS] T€OMETPUYECKUX Xa-
PaKTEepUCTUK Ha BCEX YPOBHSIX MEPApXMUECKON OpraHU-
3allMd KOCTH.

TpeTbuM pernaMeHTUPYIOILUM (PaKTOPOM HAYaJIbHO-
ro 9Tara Mpolecca MeXaHOTPAHCIAYKIIUU CIYXHUT ypoO-
BeHb M XapakTep MeXaHUYEeCKMX Harpys3ok, orpenessie-
MbIX, B MEPBYIO ouepenb, YHKIIMEN MBILIILL.

8. Bo3pacTHoe m3MeHeHHEe MEXAaHHMYECKHX HArpy3oK.
Hapyiienne yHKUMM MBI KaK OCHOBHOM TTPUYUHBI
MOTepU KOCTHOW MacChbl MOXHO CYUTATh COMHMTENb-
HBIM, TaK KaK OHa HauMHaeTcsa yxe B 25—30 jer, T. €.
B MEpPUON aKTUBHOro (YHKUMOHUPOBAHUS CKeJeTa
(cM. Bbiie). IToTepst ke MbIIIEYHON MacChl, CHUXEHUE
CWJIBl MBI W HapylleHue MX (PYHKIIUKU TPOUCXOIST
cymecTBeHHO Tmo3xe [26, 33]. Ilo manueim H.E.
Meema [34], npy TOM, UTO CpeaHUE BEJIMYMHBI MTPOCK-
LIMOHHOW MUHEPaJbHOM IUIOTHOCTH KOCTH Y XXEHIIIUH B
MOCTMEHOMAay3aJbHOM TepuoAe 3HAYWUTEJIbHO CHUXa-
JIUCh, CPEIHUI NHAMETP MBbILILL MPAKTUYECKU HE Me-
Hsiicsd. OgHako mocie 57 JeT Mo Mepe CTapeHus Ha-
osronanach nporpeccupytomas arpodust Mplll. Takum
00pa3oM, CHUXKEHME MbILIEYHOM CUJIbI SIBJISIETCS CYlle-
CTBEHHBIM 3JIEMEHTOM IIaToreHe3a ITOTEpU KOCTHOIM
Macchl C 3TOTO BO3pacTa.

3akmovenne. B Hacrosiee BpeMsi MOXHO BBIACIUTD
2 TpYMNmbl YpOBHEH OpraHU3aluy CKeJeTa, B KOTOPBIX
BO3pPACTHbIE CTPYKTYPHbIE U3MEHEHMUSI OKa3bIBaIOT MPO-
TUBOIIOJIOXKHBIE BJIMSHMSI Ha MeXaHWYeCKHe CBOMCTBa
KOPTHUKAJIBHOTO CJIOS IJTMHHBIX TPYOUaThix KocTeit. [Tep-
Basl TpyMnma BKJIIOYAET MOJIEKYISIPHBIN, HaAMOJEKYIsSIp-
HbBII U TKaHEBbIIl YPOBHM OpraHM3alluM, Ha KOTOPHIX IO
Mepe CTapeHUs OpraHM3Ma BO3HMUKAIOT U3MEHEHUE CBS-

3¢l U TeOMETPUM KOJIJIAreHOBBIX (PUOPWILT M BOJIOKOH,
OTKJIOHEHWE OpMEHTAUUM W B3aMMOJECHCTBUS MEXIY
KoJITareHOM M MMHepaiamu. Kpome aToro, yBennuuBa-
I0TCSI KPUCTANIMYHOCTh MMUHEPAJIOB U UX pa3Mephl C T'-
NepMUHepaau3aluell BHEKJIETOUHOro MaTpukca. B pesynb-
Tare HaOMIOMAeTCsl YMEHBIIEHNE MEXMOJIEKYISIPHBIX TTPO-
CTPaHCTB 3a CYET BBITECHEHMWS! BOIHOW W OPraHUYeCcKOM
(paxuuit. DT0, B CBOIO Ouepelb, MPUBOAUT K CHMXKEHUIO
BEIMYMHBI AedopMalii BHEKJIETOYHOTO MaTpuKca ITO[
NIENCTBUEM MEXaHWYEeCKMX HArpy3oK M K BO3pacCTHOMY Ha-
PYLIEHHIO HAYaJIbHOTO 3Tara MeXaHOTPaHCAYKIUU (IIpeod-
pa3oBaHUEe MeXaHMYeCKUX aedopMalvii B MeXaHUYeCcKUe
CUTHaJIbl U TIOCJIEIHUX — B OMOXMMUYECKUE).

KreTku KOCTHOU TKaHUW MMEIOT HUXHUI U BEPXHUI
MTOPOTY BOCTIPUSITUSI MEXaHWIECKMX CUTHAJIOB, B Mpeje-
JIaX KOTOPBIX UX (PYHKIIMOHMPOBAHUE M (DYHKLIMOHUPO-
BaHME BHEKJIETOYHOIO MaTpukca (cpenbl, BOCIIPUHHUMA-
Iollel MeXaHWYeCKHe HArpy3Kd) OCYILIECTBIISIETCS B OIT-
TUMaJIbHBIX TOMEOCTaTUYECKUX YCIOBUSIX. B cBsaA3M ¢
TEM, YTO KJIETKM KOCTHOI TKaHM OTBETCTBEHHBI 3a afar-
TUBHOE MOJIEIMPOBAHUE,/PEMOIEIUPOBAHNE APXUTEKTY-
pbl KOCTM TIpM M3MEHEHUU MEXaHWYECKUX HarpsiKe-
Huii/nedopMalinii, CHUXXKEHUE BeJIWYUHBI Oedopmainit
TPV CTapEHMU Ha TEePBBIX TPEX YPOBHSIX MepapXuIecKoi
OopraHu3alyy TKaHU U, COOTBETCTBEHHO, BEJIMUMHBI Me-
XaHUYECKUX CHUTHAJIOB, IepelaBaéMbIX Ha BHEIIHIOIO
MeMOpaHy KOCTHBIX KJIETOK, TpeOyeT aleKBaTHOTO IIpe-
00pa3oBaHUs apXWMTEKTYphl KocTeil. B pesynbrare 3TOit
alanTUBHOM TpaHcHOPMALIMU MTPOUCXOIAT CUHTE3 KOCT-
HOM TKaHW TEPUOCTATLHO J0 MPEAeSOB, COOTBETCTBYIO-
IIUX MaKCUMaJbHOMY Topory aedopMaiiuii, u pe3opo-
LIMSI KOCTHOM TKaHU 3HAOCTAJIbHO 10 TOCTMKEHMS Ipa-
HUII MUHHUMAJbHOIO Iopora nedopMaumii. Jpyrumu
C/IOBaMU, KJIETKM OO0ECTHeYMBalOT MUTPALMIO CpPEeIbl
(BHEKJIETOUHOTO MaTpuKca), BOCIPUHUMAIOIIEH Mexa-
HUYECKWEe Harpy3Ku, B HalpaBJIeHWHU, OTPAaHUYCHHOM
BEPXHUM W HMXKHUM TOPOTaMU YyBCTBUTEILHOCTH KOCT-
HBIX KJIETOK K MEXaHWYECKUM CUTHaJlaM. YBeJuuyeHue
nedopMalvii KOCTHOII TKaHM U COOTBETCTBEHHO MeXa-
HUYECKUX CUTHAJIOB JIOCTUTAETCS TakKXKe BO3pacTaHHEM
MOPUCTOCTHU, obecreunBalolleil OoMbLIN pa3Max Koje-
0aHui1 KocTHOI TpyOKu. Habmogaembie MI3MEHEHMS T€0-
METPUM KOCTHU TIpU CTapeHUU OOYCJIOBJIEHBI HE TOJIBKO
CHIKEHUEM CTENEeHU OTHOCUTENbHOMN Aedopmalium Ko-
CTHOI TKaHW, HO W YBEJIMUYEHUEM HIDKHETO Mopora JyB-
CTBUTEJIBHOCTU KOCTHBIX KJIETOK K MEXaHWYECKHUM CUT-
HajlaM U CHUXEHUEeM (YHKUIMOHAJIBLHON aKTUBHOCTHU
Mbini. CyMMalusi BCeX 3TUX COBUTOB TPU CTapeHUU U
orpesielisieT XapakTep pa3BUTHS IMOTEPU KOCTHOW MacChl
B KaXJIOM KOHKPETHOM CJyyae M PUCK BO3HUKHOBEHMS
TepeIOMOB.

IIpodunakTrka 3TUX CABUTOB TpeOyeT pa3pabOTKu
HOBBIX MATOT€HETUUYECKU OOOCHOBAHHBIX MyTel MeAuKa-
MEHTO3HOTO BO3IelcTBUsS. B mX umcie MOXHO Ha3BaTh
cienylolmue:

— CHUXEHHME MUHEpaIN3aly KOCTHOW TKaHU C I0-
MOIIIBIO PETYJISITOPOB OCTEOIIMTAPHOTO Hacoca il obec-
nevyeHus TPenMyIeCTBEHHOTo BeIMbIBaHUA Ca?' u3 Ko-
cTHOM TKaHnu [1, 17];

— B CBSI3U C T€M, YTO Ha HayaJlbHOM 3Tarle Mexa-
HOTPAHCIYKIIMU MPOUCXOAUT UHUIIAALIUS DJIEKTpUYe-

Is — Ge3pasmepHast eqMHULIA U3MEPEHUSI OTHOCUTEIBHOM AedopMallvu.
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CKMX CUTHAJIOB, PACMPOCTPAHSIONIMXCS MO OTPOCTKAM
OCTEOIIMTOB OT KJIETKU K KJIETKE W Tepemaroliux WH-
dopMalio 00 M3MEHEHUU MEXaHMYEeCKMX HaIlpsiKe-
Huil [39], pazpaboTka NnpenapatoB, CHUXAIOIIMX TMO-
pPOT WHUIIMAIIUM DJIEKTPUIECKUX UMITYITHCOB, TTO3BO-
JIUT ONTHUMU3UPOBATh MPOLECCH PEMOAETUPOBAHUS
Ha 0oJjiee HU3KOM ypOBHe aedopMaluii KOCTHON TKa-
HU TIPU YMEHBLIEHUU C BO3PACTOM MEXaHUYECKUX Ha-
TPY30K.
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INTERCONNECTION OF MORPHO-FUNCTIONAL
CHANGES AT DIFFERENT LEVELS OF CORTI-
CAL BONE HIERARCHIC ORGANIZATION IN
AGING

A.S. Avrunin, L.K. Parshin and A.B. Abolin

The authors define two groups of levels of cortical bone
hierarchic organization. The first three levels (molecular,

supra-molecular and tissue) are characterized by age-depen-
dent changes in connections and geometry of collagen fibers,
deviations in orientation and interaction between collagen
and minerals, increase in crystallinity and size of the latter,
resulting in matrix hypermineralization. It causes water and
organic fraction displacement, as well as intermolecular
space reduction, which provides for lesser amount of matrix
deformations under the influence of mechanical forces. At
the next three levels (structural-functional, organ-forming
structures, organ) adaptation processes contribute to defor-
mation increase due to a greater volume of cavities
(Haversian canals and medullar cavity of the diaphysis of
long tubular bones). These are due to the fact that osseous
tissue cells possess superior and inferior thresholds of defor-
mation perception, and through modeling/remodeling pro-
vide for extracellular matrix migration in the direction limit-
ed by these thresholds. Bone geometry changes leading to
bone mass loss are also caused by age-dependent rise of the
inferior threshold of sensitivity to mechanical impulses and
decrease of muscle functional activity. Prevention of the
described changes may be possible through elaboration of
new, pathogenesis-based ways of drug therapy, including
1) osseous tissue mineralization reduction with the help of
osteocyte pump regulators for predominant washing out of
Ca2*, 2) lowering the threshold of electric impulses initiation
arising in the osteocyte network under mechanical deforma-
tions.

Key words: bone, aging, bone loss, pathogenesis, prevention.
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