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IIpUYUHBI BO3PACTHON AJIOIEIUHU C TOUYKU 3PEHUS COBPEMEHHOU
MOP(@OJI0TUH

A.A. banannun, B.B. Tuynosa, I.A. bananguna
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AHHOTAIIUA

CrapeHue — IPOIIECC, 3aI0KEHHBIN CaMOU ITPUPOJIOH, CIOKHBIA 1 MHOTOKOMIIOHEHTHBIH, 3aKJIFOUAIOIIHICS B IIOCTEIIEH-
HOM pa3BUTHM OHOJIOTMYECKUX HAPYIIEHUIH, KOTOPble CUCTEMHO OCIAGJIAIOT CIOCOGHOCTh OPraHW3Ma IPOTHBOCTOATH
CTpPeccoBBIM (aKTOpaM H CIOCOOCTBYIOT PA3BUTHIO XPOHUYECKUX 3a0osieBaHui. OfHAKO 6Giarofiaps MOCTYIATEIbHOMY
Pa3BUTHIO METUITUHCKUX TEXHOJIOTUH YeJIOBEK HE IIPOCTO MOXKET MO3BOJIUTE cebe MUHUMHU3UPOBATH YIIePO OT 3TOTO MPO-
1ecca, HO U BBITVISIZIETh IIPUBJIEKATEIBHBIM U 37I0DOBBIM JIaXKe B MIOYTEHHOM BO3pacTe. B COBpEMEHHBIX PEIHIX — 3TO
GoJiee yeM IOCTHKUMAs 11eib. B 1aHHOM 0630pe OCBEIleHbl, Ha HAII B3IJIAZ, OCHOBHbIE MOpdosoruyeckre $HaKkTopsl,
MPUBO/ISIIINE K YXYZIIEHUIO KAUeCTBa IPUUYECKU BCJIE/ICTBYE BO3PACTHOM aJIONEeNNK — HHBOJIIOTUBHbIE U3MEHEHUs COCY-
JIUCTOTO pycsia ¥ TUMGATHUECKOH CHCTEMBI KOXKH C M3MEHEHNEM ee MEKKJIETOYHOTO BEIIeCTBA, UCTOIIEHNE HUII CTBOJIO-
BBIX KJIETOK BOJIOCSIHBIX (DOJTUKYJIOB, a TaK)KEe PACCMaTPUBAETCs MUTOXOHIpHATIbHAS TEOPHSA CTapeHust. JlanbHellee
JleTJIbHOe M3y4deHue 3TUX (HAKTOPOB HEOOXOAUMO ISl TIOHUMAHUS TOHKHX KJIETOUHBIX MEXaHU3MOB CTApEHUs, UTO
IIO3BOJIUT UX 3aM€JJTUTh, & IT0 BO3MOKHOCTH U IIOJIHOCTHIO HUBEJIUPOBATh. JlTaHHAS CTPATETHs BBIUTPHILIHA B [IEPCIIEKTHBE
U MOJKET CYL[ECTBEHHO [IPO/IBUHYTH TaKKe chepbl MEAUIIUHBI, KAK TPUXOJIOTHSI, KOCMETOJIOTHS, TePUATPHS, & TAKIKE OKa-
3aTh BJIUSHYE HA TAKTUYECKHUE [OZX0/1bI (hapMaKOJIOTHUECKUX KOMIIAHUH, 3aHUMAIONIUXCsI PAa3PabOTKON JIEKaPCTBEHHBIX
CPE/ICTB, HAIIPABJIEHHBIX Ha MPOMIUIAKTUKY BO3PACTHOH aJI0OIEeNUU. BBITh MOXKET, CIIyCTs BpeMs UMeTh JIJTHHHBIE, MTbIIII-
HbI€, a IJIaBHOE, CBOU BOJIOCHI B CTAPYECKOM Bo3pacTe OyzieT camo coboii pasyMeloIneiics 3a1auei.

Kaouesvle cro8a: BOJIOC, CTapeHNe, aJIONeI A, MOPQOIOTHs.
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The causes of age-related alopecia from the point of view
of modern morphology

A.A. Balandin, V.V. Tiunova, I.A. Balandina

Perm State Medical University named after Academician E.A. Wagner, Perm, Russia

ABSTRACT

Aging is an inherent natural process, complex and multicomponent, consisting of the gradual accumulation of biological
changes that at the systemic level weaken the body’s ability to resist stress factors, and contribute to the development of
chronic diseases. However, thanks to the progressive development of medical technologies, humanity can not only afford
to minimize the damage from this process, but also look attractive and healthy even at an advanced age. In the realities of
modern life, this is a more than achievable goal. This review highlights, in our opinion, the main morphological factors
leading to deterioration in the quality of hair due to age-related alopecia — involutional changes in the vascular bed and the
skin lymphatic system with a change in its intercellular substance, depletion of the of stem cell niches of hair follicles, and
also the mitochondrial theory of aging is considered. Further detailed study of these factors is necessary to understand the
subtle cellular mechanisms of aging, which will slow them down, and, if possible, completely neutralize them. This strategy
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is profitable over the long term and can significantly advance such areas of medicine as trichology, cosmetology, geriatrics,
and also influence the tactical approaches of pharmaceutical companies engaged in the development of drugs for prevent-
ing age-related alopecia. Perhaps, after a while, having long, lush, and most importantly, your own hair in old age will be a

matter of course.
Keywords: hair, aging, alopecia, morphology
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BBEJAEHUNE

3HAUNMOE YBEJIMYEHHE IIPOAOJIKUTEIbHOCTH
SKU3HU JIIOZIeH 3a IOCJIeTHIE JIeCATUIETUSA ABIAETCS
HEBEPOSITHBIM JIOCTHKEHUEM YeJIOBEUEeCKOU ITUBU-
Ju3anuu. ITOT MPOTPece IOCTUTHYT Ojaromaps
CHUCTEMHOMY IIOJIXO/Ty CO CTOPOHBI MeIUIINHBI: CHU-
JKEHHUIO CMEPTHOCTHU 3a cYeT pa3paboTku Bce Gosiee
HOBBIX U COBEPIIEHHBIX AJITOPUTMOB JIEUEHHS TEX
WM UHBIX 3a00JIEBaHUN, TEXHOJIOTHUECKOMY IIPO-
rpeccy, papMaKoJIOTHUYeCKUM pa3paboTKaMm, a TaKkKe
VJIyYIIEHUIO COITUAJIBHO-OBITOBBIX YCJIOBHUU [1—4].
ITo maHHBIM COBpPEMEHHOH HayYyHON JIUTepaTyphl
CpeJii CTPAH MHPA caMasi BBICOKAsI 0KUaeMast IIPo-
JIOJKUTENIBHOCTh JKU3HU — Y SIOHCKUX JKEHIIVH:
6ostee 87 set. A B 40-x rojiax XIX B. peKop A IpUHA-
JIeKaT IIBEJKAM, CPelHAs NPOAOJIKUTEIbHOCTD
JKU3HU KOTOPBIX COCTAaBJISITIA BCETO-TO 46 Jiet [2].

Onnako VBEJIMIUTD MIPO/IOIKUTETTBHOCTD
JKU3HU — JJI TBITJIMBOTO YeJIOBEYECTBA CITUIITKOM
cnabas 3agaua. CoxpaHeHUe 3/T0POBbs U KPAaCOTHI HA
JIOJKHOM YPOBHE — aKTyasIbHas I1eJIb COBPEMEHHOM
MemuUUHBL. HeciyyaiiHO, ¢ OZHOH CTOPOHBI, B
IIocJIefHee BpeMsI ITOSBUIIOCHh OTPOMHOE KOJIITIECTBO
(yHIaMEeHTaNbHBIX U KJIMHUYECKUX HAYIHBIX HCCIIe-
JTOBAaHUMH, MOCBSAIIEHHBIX N3YUEHUIO ITPOIECCOB CTa-
PEeHUS U CO3/IaHMIO IEHCTBEHHBIX ITOJIXO/I0B K OKa3a-
HUIO MEJUIMHCKOHN MOMOIIY IMalyeHTaM I'epOHTO-
Jorugeckoro npodunsa [5-7]; ¢ APyroil CTOPOHBI,
HauynHAaA yKe C JPEBHUX BPEMEH, MTOUCK MEXaHU3-
MOB, COXPAHAMIIINX MOJIOJIOCTh BHEIIHEro BHUA
Teja W, KaK CJIEJCTBHE, XOpOIIee CaMOYYBCTBUE,
CUHMTAJICA UyTh JIU HE IIEPBOCTENIEHHOH 3a1auei. 1o
STOH NpUYNHE, HAYNHAA CO CPETHUX BEKOB, IIOCTO-
STHHO I11€JI TOVCK Pa3INYHBIX JIEKAPCTBEHHBIX pacTe-
HUI, MUHEPAJIOB U JIPYTHX IPUPOAHBIX CPEZCTB C
LIeJIBI0 UCIIOJIb30BAHUA UX B (papMaKoJIOTHUecKuX
nessax Jys Bce 6osiee 3PGEKTUBHOTO YIIyUIEHUS
BHEIIIHETO BUJA JINIA U TeJIa, a TAaKKe COBEpIIEeH-
CTBOBAJINCH yKe UMEIOIIHeCs B apceHasie METOAUKHI
[8]. B Poccuu pasBuTHE KOCMETOJIOTHU ITPOXOIUIIO
[IO3TAITHO, MEPUOABI MIPOIBETAHUSA M YIAJKa 3TOH

INTRODUCTION

The significant increase in human life expec-
tancy over the past decades is an incredible achieve-
ment of human civilization. This progress was
achieved thanks to a systematic approach on the
part of medicine: a decrease in mortality due to the
development of progressively new and advanced
algorithms for treating certain diseases, technologi-
cal progress, pharmacological developments, and
the improvement of social and living conditions
[1—4]. According to modern scientific literature,
among the countries of the world, the highest life
expectancy is among Japanese women: more than
87 years. And in the 1840s, the record belonged to
Swedish women, whose average life expectancy was
only 46 years [2].

However, increasing life expectancy is too easy a
task for enquiring mind of humanity. Maintaining
health and beauty at the proper level is a relevant
goal of modern medicine. It is no coincidence that,
on the one hand, a huge number of fundamental and
clinical trials devoted to the study of aging processes
and the development of effective approaches to pro-
viding medical care to geriatric patients have recently
appeared [5—7]; on the other hand, since ancient
times, the search for mechanisms that preserve the
youthfull appearance of the body and, as a result,
good health was considered almost a priority task.
For this reason, since the Middle Ages, there was a
constant search for various medicinal plants, miner-
als and other natural remedies for using them as
medicines for an increasingly effective improvement
of the appearance of the face and body, besides, the
already available methods were refined [8]. In Rus-
sia, the development of cosmetology was gradual,
periods of prosperity and decline alternated, which
was mainly due to economic and political events in
the country. Moreover, according to historical data,
since the 19" century, when representatives of the
female half of the aristocracy began to attend actively
various noble events, outshining competitors with a
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CIENNAJIBHOCTH YEPEIOBAIUCh, YTO OBLIO 00YCIOB-
JIEHO B OCHOBHOM JKOHOMUYECKHMHU U IOJIUTHYE-
CKUMU COOBITHSMH B cTpaHe. IIpu sToMm, corsiacHO
HUCTOPUYECKUM CBeIeHUAM, ¢ Havaia XIX B., Korza
IIPEICTABUTEJIH KEHCKOH ITOJIOBIUHBI aPUCTOKPATHH
CTJIM AaKTUBHO IIOCEIaTh pa3jUYHbIE CBETCKHE
MEpOIPHUATHS, 3aTMUTh KOHKYPEHTOK KpacOTOH
(urypsl 1 MOJIOZIOCTHIO JIUIIA CTAJIO JJ1A JIaM JIeJIOM
npuHnumna [9, 10].

MenumuHcKas TPUXOJIOTUA — OJHO U3 HAIPaB-
JIECHUH J1epMaTOJIOTUU Y KOCMETOJIOTHH, Ha CEeroji-
HANTHUN JIeHb KpallHe MepCHeKTHBHOE, 3aHUMAlo-
meecsi U3ydyeHWeM MeAUIUHCKUX MPOOJIeM KOXKHU
TOJIOBBI M BOJIOC. 33Jlauell TPUXOJIOTOB SIBJISETCS
CO37IaHME HOBBIX KJIWHUYECKUX TOAXOJIOB ISt
COXpaHeHHs 00beMa U KauecTBa BOJIOC, KaK IIPU pas-
JINYHBIX 3200JIeBAHUAX, TaK U Y 37J0POBBIX JIIO/IEl, a
TaKKe COBEPIIIEHCTBOBAHKE MPOMIIIAKTUKYU ajIoIe-
muu [11, 12].

[Tpuuecka sBJIAETCA CPEACTBOM COIUOKYJIBTYP-
HOU KoMMyHHKAIUU. COOCTBEHHBIN CTUJIb YKJIAJTKH
BOJIOC TIO3UITMOHUPYETCS B COBPEMEHHOM O0IIIECTBE
KaK WHAUBUyaJIM3UPOBAaHHBIN apTedakt, OJaro-
Zapst KoTopomy obecrieumBaercsi 0OMeH wHbOpMa-
ouedl MeXAy pPa3JINIHBIMU COLHMAJIBHBIMU TPYI-
mamu [13].

Bormpoc, BOJHYIOIMMI MIJUTHOHBI JTIO/IEH BO BCEM
Mupe — Kaxk cOXpaHHTb MOJIOZIOCTH U 37I0POBBE,
IUTUHY U 00beM COOCTBEHHOH IMPUYECKU HA IPOTSI-
J)KeHUU Bced Ku3HU? YUTOOBI MOJIYIUTH HA HETO
OTBET, I HaUaJIa HY)KHO OIPENEIUThCs ¢ (paKTo-
paMu, OPHUBOAAIIMMU K OCKYAEHHUIO BOJIOCSHOTO
IIOKpOBa Ha TOJIOBE K IOXKWJIOMY U CTapUYECKOMY
BO3PACTY.

ITo aTO¥ MPpUYMHE B JTAHHOM 0030pe JIUTEPATYPhI
OyZyT pacCMOTPEHBI COBPEMEHHBIE IIPEJCTABIEHUS
VUEeHBIX-MOP(}OJIOTOB O BO3PACTHOM AJIONEIUUA U
¢axTopax, KOTOPhIE €€ BHI3BIBAIOT.

IOEJIb NCCJIEJOBAHUA

O6001UTh HAYYHBIE CBEJIEHUS O IPUYNHAX BO3-
PaCTHOU AJIOMIENIUU C TOYKH 3PEHHs COBPEMEHHOU
Mopdostoruu.

HEKOTOPBIE ACITEKTDBI IIOHATHNA 3/10-
POBOI'O BOJIOCA 11 ET'O CTPOEHUA

YTo ke 3TO Takoe — 3/0pOBBIE BOJIOCHI? Takum
BOIIPOCOM 33JIaJICSI aBCTPATUUCKUH yueHbId Rodney
D. Sinclair (2007) B cBoem ucciaegoBanuu. Ilo ero
MHEHUIO, YTOOBI BOJIOCHI COOTBETCTBOBAJIU KPHUTeE-
PpHIO «37I0POBBIE», OHU JIOJKHBI, BO-IIEPBBIX, UMETh
JIOJLKHBIM 00beM (MeXaHWYEeCKyI0 MPOYHOCTH), a
BO-BTODBIX, OIIpeZie/IeHHbIN Osieck. ToJibKO TpHU

nice figure and youthfulness of the face, became a
matter of principle for them [9, 10].

Medical trichology is one of the areas of derma-
tology and cosmetology today, incredibly promis-
ing, studying medical problems of the scalp and
hair. The task of trichologists is to develop new clin-
ical approaches to maintaining the volume and
quality of hair, both in various diseases and in
healthy people, as well as improving the prevention
of alopecia [11, 12].

Hairstyle is a mean of socio-cultural communica-
tion. One’s own hairstyle is positioned in modern
society as an individualized artifact, which ensures
the exchange of information between different social
groups [13].

The question that worries millions of people all
over the world is: how to maintain youth and health,
length and volume of your own hair throughout your
life? In order to answer that question, you first need
to determine the factors that lead depletion of hair
on the head in elderly and senile individuals.

For this reason, our review will examine the cur-
rent understanding of morphologists regarding age-
related alopecia and the factors that cause it.

AIM OF THE RESEARCH

To summarize the data on the causes of age-
related alopecia from the point of view of modern
morphology.

SOME ASPECTS OF THE CONCEPT
OF HEALTHY HAIR AND ITS STRUCTURE

What is healthy hair? This is the question posed
by Australian scientist Rodney D. Sinclair (2007) in
his research. In his opinion, for hair to meet the
“healthy” criterion, it must, firstly, have the appro-
priate volume (mechanical strength) and, secondly, a
shine. Only if these criteria are met, it is fair to say
that the hair is truly healthy [14].

The hair shaft is composed of terminally differen-
tiated keratinocytes produced by the hair follicle.
The structure of the hair includes an outer hydro-
phobic lipid epicuticle and a layer of flattened over-
lapping cuticle cells surrounding elongated polyhe-
dral cortical cells. The normal cuticle has a smooth
appearance, which allows to reflect light and limits
friction between hair shafts. It is responsible for the
shine and texture of hair. Cortical cells surround an
optional and often discontinuous central medulla.
The cortical layer, in turn, determines many of the
mechanical properties of the hair. The hair surface is
covered with a covalently bonded monomolecular
layer of a unique branched fatty acid, 18-methyleico-
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HQINYUU 9TUX KPUTEPUEB MOXKHO YTBEPIKIATh, UTO
BOJIOCBI JIEHCTBUTETHLHO SIBJISIOTCS 37I0POBBIMU [14].

CTepkeHb BOJIOCA COCTOHUT W3 TEPMUHAIHHO
IuddepeHIIIPOBAHHBIX KEPATUHOIIUTOB, KOTOpHIE
BBIPA0ATHIBAIOTCA BOJIOCAHBIM  (oJUTHKYJIOM. B
CTPYKTYPY BOJIOCA BXOAHUT BHENIH:AS TUAPOdOOHasK
JIMIUAHASA STIUKYTUKYJIA U CJIOU YIUIOIEHHBIX TIepe-
KDPBIBAIOIINXCA KJIETOK KYTHKYJIBI, OKPY>KAIOIIIX
VIJIMHEHHbIE  MHOTOTPAHHBIE  KOPTHKAIbHBIE
ki1eTku. HopMmasibHasg KyTHKysjaa WMeeT TJIaJKUi
BHEIIHUHN BHJ, UYTO IIO3BOJIAET OTPAKATh CBET U
OTPAaHUUMBAET TPEHHE MEXKIy CTEPKHIMH BOJIOC.
Omna orBeuaet 3a 0OJ1eCK U TeKCTypy Bosoca. Koprtu-
KaJIbHbIE KJIETKH OKDPY)KalOT Heo0s3aTeJIbHbIH U
YacTO MPEPBHIBUCTHIN IEHTPATILHBINA MO3TOBOM CJIOH.
KopTukanpHbBIH €104, B CBOIO O4Yepesb, OIpesiesisaeT
MHOTHE MeXaHHU4YecKHe CBOICTBa Bosioca. IToBepx-
HOCTh BOJIOCA IIOKPBITA KOBAJIEHTHO CBSI3aHHBIM
MOHOMOJIEKYJIIPDHBIM CJIOEM YHUKAJIbHOH pa3BeT-
BJIEHHOU >KHPHOW KHCJIOTHI — 18-METHISUKO3aHO-
BOH. 3peJible U aKTUBHO PaCTyII[ie BOJIOCSIHbIE DOJI-
JIMKYJIBl 3aKPEIUISIOTCS B TOJKOXKHON KJIETYATKe U
[IeEPUO/INYECKU PETeHEePUPYIOT, IIOCTOSHHO IIPOXO/Is
IIOBTOPSIOIINECS IUKJIBI: POCTA — aHATeHA, 3PEJIOTO
IIOKOSI — TeJIOTeHA W IIOCTENEHHOH perpeccuu —
KaTareHa, 3aIIpOrPAMMUPOBAHHO YXOJs B aIllOITO3
[14, 15].

VHTepeceH U MPUPOAHBIA MEXaHU3M ITUTMEHTa-
nuu Bosioca. llucrenmHusupoBaHHAs (opma mesa-
HUHA (PymMenaHUH U (eoMeJIaHWH) BOJIOCIHOTO
CTEpKHS TPEACTABIsAET COO0M XUMHYECKUU IIPO-
JIYKT TOYHBIX B3aUMOJIEUCTBHH B IUTMEHTHOU
CUCTEeME BOJIOCSHOTO (DOJUIHKYIa MEXAY (POJIITHUKY-
JIIPHBIMHA ~ MEJIAHOIIUTAMH, KEepPAaTUHOIUTAMHU U
¢ubpobiiacraMu JIepMaJIbHBIX COCOYKOB. IIporecc
(hoJTUKYIAPHOTO MeaHOTeHe3a BKJIIOUAET B cebst
[IOCJIEZIOBATEIPHYI0  MEJIAHOTEHHYI0 aKTUBHOCTH
(pONITUKYIAPHBIX ~ MEJAHOIUTOB, IIOCJIEIYIOIIHH
IIepeHOC TPaHy/I MeJIAHMHA B KEPATUHOIUTHI KOPBI U
MO3TOBOTO BEIECTBA, YTO MPUBOAUT K (OPMUPOBA-
HUIO IHUTMEHTHPOBAHHBIX CTEPIKHEH BOJIOC. ITOT
MpOIlecC TOCTAaTOYHO CJIOJKEH, COCTOUT M3 KacKaza
OMOXMMUYECKUX PEeaKINH U PETYINPYETCs MHOMKe-
CcTBOM (bePMEHTOB, CTPYKTYPHBIX U PETYJIATOPHBIX
6eJIKOB, MOJIEKYJI-TPAHCIIOPTEPOB, PEIENITOPOB U UX
JIMTAHZIOB, (YHKIUOHUPYIOIUX HA KJIETOUHOM
YPOBHE BO BpeMs Pa3BUTHUA Bosoca. DoJUTHKyIIAp-
HBIII MeJIaHOTeHEe3 HEIIOCPEICTBEHHO aKTUBEH B CTa-
JIUY aHareHa, Ha MHUKe [FKJIA POCTa BOJIOCA, 3aMel-
JISIACHh B TIEPHOJiE TeJIOTeHA U ITOJHOCTHIO 3aBepIa-
fACh B KarareHe [16—18].

OnHakKo ke BEpHEMCS HEIOCPEICTBEHHO K BO3-
pactHO# anomenun. Kakve mpuponnble (HakTOpPbI
IpY HOPMAJIBHOM (U3UOJOTUYECKOM CTAPEHUH

sanoic. Mature and actively growing hair follicles are
fixed in the subcutaneous tissue and regenerate on
an intermittent basis, constantly going through
repeating phases: growth (anagen), mature resting
phase (telogen) and gradual regression (catagen),
finally going into apoptosis [14, 15].

The process of follicular melanogenesis involves
sequential melanogenic activity of follicular melano-
cytes, subsequent transfer of melanin granules to
cortical and medullary keratinocytes, which leads to
the formation of pigmented hair shafts. This process
is quite complex, consists of a cascade of biochemical
reactions and is regulated by a multitude of enzymes,
structural and regulatory proteins, and transporter
molecules, receptors and their ligands that function
at the cellular level during hair development. Follicu-
lar melanogenesis is directly active during the ana-
gen stage, at the peak of the hair growth cycle, slow-
ing down during the telogen period and completely
terminating in the catagen stage[16—18].

However, let us return directly to age-related alo-
pecia. What natural factors during normal physio-
logical aging affect a decrease in hair volume, reduce
healthy shine and mechanical strength, negatively
influencing on the very important appearance of
hair? From the point of view of modern morphology,
there are several such factors. We will try to under-
stand each of them.

VASCULAR FACTOR OF AGING

To begin with, it is worth noting that hair is an
anatomical structure that is extremely vulnerable to
ischemia. Kato et al. (2020) found that chronic skin
ischemia reduces hair growth rate, hair shaft size and
its pigmentation in the anagen phase, which may
reflect one of the key components of alopecia and
depigmentation pathogenesis (gray/white hair). The
results of this study showed that the hair follicle is
very sensitive to oxygen deficiency, and appropriate
physiological oxygenation is a direct regulator of hair
growth [19].

It is worth noting that the skin is a unique hetero-
geneous organ in its tissue architecture. There are
many pronounced regional differences in its struc-
ture and functions, and aging is a key determinant
that increases heterogeneity over time. Thus, the
blood and lymphatic vessels of the skin, depending
on their location in the dermis, experience various
biomechanical and biochemical effects, and this is a
key element. Evolutionarily, the skin vessels have
adapted to this tissue anisotropy — unique anatomi-
cal and physiological mechanisms were formed.
They represent a complex vascular system of the der-
mis microcirculatory bed that is organized as two
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BJIMSIIOT HA YMEHbIIIeHHe 00beMa BOJIOC, CHIKAIOT
37I0pPOBBIH OJIECK U YXY/IIIIAIOT MEXaHUYECKYIO MTPOY-
HOCTb, HETATUBHO BJIUAA HA CTOJIb BAXKHBIN BHEIII-
HUU BU/ 11eBeTophI? C TOUKYU 3pEHUST COBPEMEHHOU
mopdoJsioruu Takux pakTopoB HeckobKo. [TocTrapa-
eMcst pa3obpaThCs ¢ KaXKIbIM U3 HUX.

COCYIUCTBI ®PAKTOP CTAPEHUA

Jl1s Hayaja CTOUT OTMETUTH, YTO BOJIOC — 3TO
aHaToOMUUecKas CTPYKTypa, KpaliHe ysA3BUMas Iepey
umemueit. H. Kato et al. (2020) BbIAABHIN, UTO XpO-
HUYecKas WUIIeMUS KOKH CHIDKAeT CKOPOCTh POCTa
BOJIOC, YMEHBIIIAeT Pa3Mep cTeP:KHSA BosIoca U 1o7a-
BJISIET MUTMEHTAIHI0 B (pa3e aHAreHa, UTO MOKET
OTpa’KaTh OJHO U3 KJIIOUYEBBIX 3B€HbEB ATOPU3UO-
JIOTUH aJIONEIUU U JIeMUTMeHTauuu (IOosBJIeHHe
cennHbI). Pe3ysibTaThl JAHHOTO HCCIIEIOBAHMS IIOKA-
3aJI1, YTO BOJIOCSHOH (DOJUIMKYJI OUE€Hb UyBCTBUTE-
JIeH K HeJIOCTaTKy KHCJIOpPO/ia, a TpaBwiIbHasA GU3U-
OJIOTHYECKass OKCUTEHAIUs SIBJIAETCA HeIOoCpe-
CTBEHHBIM PETYJISITOPOM pocTa BoJioc [19].

3/lech CTOUT cZiesiaTh OTCTYIUIEHUE U 3aMeTUTh,
YTO KOXKa 10 CBOEH TKaHEBON apXUTEKTOHUKE SBJIA-
€TCsl YHUKAJIbHBIM HEOJHOPOJHBIM OpraHoM. B ee
CTPYKTYPe U (PYHKITUAX MHOTO BHIPAXKEHHBIX PETHO-
HAJIBHBIX PA3JINYMI, a IPOIECCHl CTapeHUs SIBJIS-
IOTCSI OIIPEAEIIAIONAM AKTOPOM, YBETMIHNBAIOIIIM
HEO/THOPOJITHOCTh € TeueHHeM BpeMeHH. Takum
06pa3oM, KPOBEHOCHbIE U JTUMGpATUUECKHUE COCY/IbI
KOXXKH B 3aBHCHMOCTH OT JIOKUIH3AIUU B JEpMe
HCIBITBIBAIOT Pa3/IMYHbIE OMOMeXaHUUecKre U OG1o-
XUMUYECKUE BO3IEHCTBUSA, U 3TO SBJISIETCS KJIIOUe-
BBIM 3BEHOM. JBOJIIOIIOHHO COCYZBI KOXKH a/IalTH-
poBanNCh K JAHHOU TKaHeBOU aHU3O0TPOIHOCTH —
chopMupoBaICh yYHUKAJIbHBIE aHATOMO-(PU3UO-
JIormyecKue MexaHu3Mbl. OHU IPEICTaBIIIOT COO0U
CJIOKHYIO CUCTEMY COCYZIOB MUKPOIIUPKYJIATOPHOTO
pyci1a IepMbl, OpTaHU30BAHHYIO B BUJIE JIBYX MTapaJi-
JIEJIBHBIX CIUVIETEHUN C KANWUIAPHBIMHU IETJISIMU,
BETBANIUMUCS  NEPHEHAUKYJIIPHO OT CaMOTro
MIOBEPXHOCTHOTO cIteTeHus. K moxmiomy Bo3pacty
MOSIBJIsIETCS] TeHAEeHIUs K arpodun TkaHed. Oco-
OeHHO JIaHHBIM IPOIECC KAacaeTcs BEPXHUX CJIOEB
JIEpMbI. DTO TPUBOAUT K CHIDKEHUIO UYHCJIEHHOH
IUIOTHOCTH KPOBEHOCHBIX KANWUIAPHBIX IIE€TETh
koxu. Tax, B Xxo7ie ucce0BaHUN YCTAaHOBJIEHO, UTO
IUT KOXKU B MOJIOZIOM BO3pacTe B CPeJHEM Xapak-
TEPHO HAJIMYKE OKOJIO 60 TAKUX IETETh HAa KBA/IpaT-
HBIN CaHTUMETD /iepMbl. Ho BOT K OXKMIOMY BO3pa-
CTy B KO2Ke JIOOHOH 00J1aCTH KOJTMYECTBO KAITHJLISIP-
HBIX IeTeJb Ha JI0y yMeHBIIAeTcs IPUMEPHO Ha
40 % [20, 21].

BospacTHble H3MEHEHUsI KaCAIOTCs U CAMHUX COCY-
JIOB — 3TO (PUBUOJOTUUYECKUA MHOTO(PAKTOPHBIN

parallel plexuses with capillary loops extending per-
pendicularly from the most superficial plexus. By old
age, a tendency towards tissue atrophy appears. The
upper layers of the dermis are involved in this pro-
cess predominantly. This leads to a decrease in the
numerical density of blood capillary loops of the
skin. Thus, it was established that the skin at a young
age have on average 60 such loops per square centi-
meter of the dermis. However, by old age, in the skin
of the frontal region of the head, the number of capil-
lary loops decreases by about 40% [20, 21].

Vessels themselves also underdo age-related
changes — this is a physiological multifactorial pro-
cess that affects all types of vessels without excep-
tion, from large arteries to the smallest arterioles and
venules of the microcirculatory system. Aging is
manifested in impaired vasomotor function, altered
secretory phenotype, deteriorated intercellular
transport function, structural remodeling and dete-
rioration of the barrier function between the blood
and the vascular smooth muscle layer [22]. A com-
prehensive review devoted to the deterioration of
regeneration and the prolongation of repair time of
the endothelium — mesenchymal cells of the inner
monolayer, which overlays the inner surface of blood
vessels, was presented by Vlasova et al. (2023). The
endothelium has an incredible ability to adapt to
physiological changes as soon as possible, but age-
related progressive degeneration significantly inter-
feres with restoration and maintenance of tissue bal-
ance. The authors considered such factors as mito-
chondrial dysfunction, changes in the regulation of
apoptosis and autophagy, cell cycle dysregulation,
and changes in protein homeostasis as putative
mechanisms of endothelial aging [23].

Thus, according to the literature, age-related
changes in skin vessels lead to a decrease in hair
growth rate, hair shaft size and suppression of pig-
mentation in the anagen phase.

LYMPHODYNAMICS AND IMBALANCE
OF THE INTERCELLULAR MATRIX
OF THE SKIN

The lymphatic system is a critical role in fluid
transport, antigen delivery and tissue homeostasis
[24—-26].

Kataru et al. (2022), using fluorescence immuno-
histochemistry and flow cytometry, confirmed that
Iymphatic vessel density decreases by advanced age.
Indocyanine green lymphangiography and dendritic
cell migration assays confirmed that aging decreases
both lymph pumping and cell migration via lym-
phatic vessels. At the cellular level, aging causes a
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Iporiecc, 3aTParMBAIONIUN Bce 0e3 HCKII0UYEHUS
TUIIBI COCYZIOB, OT KPYIHBIX apTepuil /10 Mesbyaii-
IIUX aPTEPUOJI U BEHYJI B CUCTEME MUKPOIUPKYJIS-
nuu. CrapeHue pOsBIIsAETCA B HAPYIIEHUH Ba30MO-
TOPHOU (PYHKITNU, U3MEHEHUH CEKPETOPHOTO (PeHo-
TUIA, 3aMe/JIeHUN MeXKKJIETOUHON TPaHCIOPTHOM
(pyHKIIUU, CTPYKTYPHOM PEMOJEIMPOBAHNU U XY~
IeHnn 6apbepHON QYHKITNU MEXK/Y KPOBbBIO U TJI1aJI-
KOMBIIIIEYHBIM CJIOEM cOCyZoB [22]. OO6cTosTe h-
HBI 0030D, MOCBSIIEHHBIA YXYAIIEHUIO KayecTBa
pereHepanuy u yJJIUHEHUIO BPEMEHU perapariuu
SHJIOTEJINS — KJIETOK BHYTPEHHETO MOHOCJIOS Me3€eH-
XUMHOTO TIPOUCXOXK/I€HUS, KOTOPBIN BBICTHJIAET
BHYTPEHHIOIO IIOBEPXHOCTh KPOBEHOCHBIX COCY/IOB,
npencraBuiu T.U. Biacosa ¢ coasT. (2023). dH0TE-
i 06J1a/1aeT HEBEPOSITHON BO3MOXKHOCTBIO B KpaT-
yaiiye CpoKU aanTHUPOBAaThCA K (HHU3HOJIOTHYE-
CKUM H3MEHEHHSM, HO IPOTPECCUPYIONIAasl IereHe-
pauus, BbI3BaHHAsA IIPOIECCOM CTApeHUs, 3HAYU-
TeJIbHO TPEIATCTByeT MeXaHW3MaM BOCCTAHOBJIE-
HUSA U TO//IepKaHUA TKaHeBoro OajyaHca. B kaue-
CTBE IIPEATIOJIaraeMbIX MEXaHU3MOB CTAPEHUSA IH/I0-
TeJIs aBTOPAaMU PACCMOTPEHBI Takue GaKTOPBhI, KaK
MUTOXOH/IpUATbHAS TUCHYHKINS, U3MEHEHHE PEry-
JIALUY IPOTPaMM aIoITo3a U ayTodaruu, Aucpery-
JISIOUS KJIETOYHOTO IUKJIA, U3MEeHEeHUe roMeocTasa
GeskoB [23].

Takum 06pa3om, IO AAHHBIM HAYYHOH JIUTEpa-
TYpbI, BO3PACTHbIE U3MEHEHHUS COCYIOB KOXKU MPHU-
BOJAT K CHIPKEHHIO CKOPOCTU POCTa BOJIOCA, YMEHB-
IIEHUIO0 Pa3Mepa ero CTepPKHs U MOZAaBJIEHUIO ITHT-
MeHTaIuu B pa3e aHareHa.

JINMMOOINHAMUKA U «PASBAJTIAHCU-
POBKA» MEXKK/IETOUYHOI'O MATPUKCA
KON

Jlumpatnyeckass cucrema wumMeeT QyHIaMeH-
TIbHOE 3HAUYEHHE B TPAHCIIOPTUPOBKE JKUKOCTH,
JIOCTaBKE AHTUTEHOB U IOJAJIEP:KAaHUH TKAHEBOTO
romeocrasa [24—26].

R.P. Kataru et al. (2022), ucHoNB3YysT METOIBI
(ryopecrieHTHO HUMMYHOTHCTOXHMMHH W IIPOTOY-
HYI0 [TUTOMETPHUIO, TTOATBEPAUIIN, UTO K MOKUIOMY
BO3PACTy IUIOTHOCTH IUM(PaTUIECKUX COCYIOB KOXKH
yMmeHbIaercs. JIlumdpanruorpadusa ¢ UHIOIUAHU-
HOBBIM 3€JIEHBIM U aHATU3 MUTPAIUH JE€H/[PUTHBIX
KJIETOK TIOATBEPKAAIOT, YTO TIPOIECC CTapeHUs
YMEHbIIIaeT KaK CKOPOCTh TOKa IUMQbI, TAK U MUTPA-
W0 KJIETOK 10 JIMM(paTUIEeCKUM cocyziam. Ha xite-
TOYHOM YpPOBHE CTapeHHe BHI3bIBAET CHUKEHHE
nepesiaun curianos VEGFR-3, 4To mpuBoguT K ycu-
JIEHWIO alloITO3a SH/IOTEJTUOIMTOB U HCTOHUYEHUIO
Koxku. HakoHell, WccieZIoBaTeN TaK:Ke BBISBUJIH,

decrease in VEGFR-3 signaling, which leads to
increased endothelial cell apoptosis and skin thin-
ning. Finally, the researchers also found that aging
causes a decrease in lymphatic chemokine produc-
tion and alters the expression of junctional and adhe-
sion molecules in endothelial cells. This, in turn,
leads to increased perilymphatic inflammation and
nitrosative stress which may further contribute to
physiological damage to tissue that directly leads to
aging. Taken together, this study provides insight
into the various biochemical mechanisms at the cel-
lular level that contribute to lymphatic dysfunction
during aging, which, in turn, exacerbates skin
aging [24].

Matrix proteins are secreted extracellular pro-
teins that bear no primary structural functions but
play a key role in tissue remodeling during develop-
ment, maintenance of homeostasis, wound healing,
and, importantly, aging mechanisms. Despite their
low expression after birth, matrix proteins in skin
cells support the structural function of many extra-
cellular matrix proteins, such as collagens [27, 28].

In the niche of hair follicle stem cells, matrix pro-
teins such as periostin, tenascin C, and fibulin 1,
function, modulating stem cell activity during the
hair cycle and stabilizing arrector pili muscle attach-
ment to the hair follicle during piloerection (so called
goosebumps) [27, 29].

With age, the number of matrix proteins in the
intercellular space decreases. This leads to early
depletion of rapidly developing stem cells, a decrease
in the expression of collagen type proteins, which, as
a consequence, causes skin thickening and subse-
quent atrophy of the superficial microvascula-
ture [27].

Summarizing the above, it should be noted that
the combination of a decrease in lymph pumping,
cell migration through lymphatic vessels and a
decrease in matrix proteins in the intercellular space
by old age leads to impaired homeostasis and, as a
consequence, impaired nutrition of hair follicles.

DEPLETION OF HAIR FOLLICLE STEM
CELL NICHES

Stem cells have the ability to self-renew and gen-
erate functionally differentiated cell types. The main
role of adult stem cells is to maintain tissue homeo-
stasis and repair damaged tissues [30, 31].

In the skin, as in other organs, various types of
stem cells were found, including those associated
with hair, called hair follicle stem cells (HFSCs).
These, as researchers found out, regulate hair
growth. Later, melanocyte stem cells (MESCs) were
discovered [30].
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YTO CTapeHUe BbBI3bIBAET CHIKEHUE BBIPAOOTKHU
JUMGON XeMOKUHOB M U3MEHSIET SKCIIPECCHUIO KJTe-
TOK DH/IOTEJINS B COEAWHHUTEIbHBIX MOJIEKYJIAX U
MOJIEKyJIax afire3uu. ITO, B CBOIO Oouepe/lb, IPUBO-
JIUT K YCWIEHUIO MepHINM(GATHYECKOTO BOCHase-
HUSA U HUTPO3aTUBHOMY CTpeccy, KOTOpbI€ MOTYT
JIOIIOJTHUTEJIBHO CTUMYJIMPOBATh (PU3UO0JIOTUIECKUH
«U3HOC» TKAHU, YTO U IPUBOJIUT HETIOCPEJCTBEHHO
K CTapeHUI0. B COBOKYITHOCTH JTaHHOE HCCIIEJ0OBAaHIE
MIPUOTKPBIBAET /IBEPh K MOHUMAHHIO PabOTHI pas-
JIMYHBIX OMOXUMHUUYECKUX MEXaHH3MOB Ha KJIETOU-
HOM YPOBHE, CIIOCOOCTBYIOIIMX HAPYIIEHUIO (PYHK-
oy JTUM@aTHIECKON CHUCTEMBI B IIPOIECCE CTape-
HUS, YTO, B CBOIO OUEPE/TH, YCYTYOIISIET CKOPOCTH CTa-
peHus KoxKu [24].

MatpukcHbIe OeTKH — 3TO CEKPETHPYEMbIe BHe-
KJIETOUHBbIE OEJIKM, KOTOPbIE HE BBHIMIOJHSIOT IEp-
BUYHbBIE CTPYKTYPHBIE QYHKIINH, HO UTPAIOT KITI0Ye-
BYIO DOJIb B PEMOJIEJIMPOBAaHUM TKaHEH BO BpeMs
IpoIecca UX Pa3BUTHA, MTOJIEPKAaHUN TOMEOCTa3a,
3aKUBJIEHUU PaH M, UTO BA)KHO, IPOTEKAHUU MeXa-
HU3MOB cTapeHUsA. HecMoTps Ha HU3KYIO SKCIIpec-
CHIO TIOC/IE POXK/IEHUS, MAaTPUKCHBIE OEJIKU B KJIET-
KaX KOXKH TOJJIEPKUBAIOT CTPYKTYPHYIO (DYHKITHIO
MHOTHX O€JIKOB BHEKJIETOYHOTO MAaTPHUKCA, HAIPH-
Mep, TAaKUX KaK KoJUIareHsl [27, 28].

B Huile CTBOJIOBBIX KJIETOK BOJIOCSHOTO (HOJLIH-
KyJia (PYHKIMOHUPYIOT TaKHe MAaTPUKCHBbIE OeJIKwH,
KaK IepuocThH, TeHacuuH C, GubyIIUH 1, MOAYIUDPY-
IOIl[e AKTUBHOCTH CTBOJIOBBIX KJIETOK BO BpeEMs
[IMKJIa pOCTa BOJIOC U YYACTBYIOIINE B IPUKPEIJIEHUN
m. arrector pili k BosocssHOMY (DOJIITUKYJTYy BO BpeMst
MIO3PEKIINH (Ta camast «TyCHHasI Koxka») [27, 29].

C BO3pacToM cofieprKaHue MaTPUKCHBIX OEJIKOB B
MEKKJIETOYHOM ITPOCTPAHCTBE CHUKAETCS. DTO MPH-
BOJAUT K PaHHEMY HCTOIIEHUIO OBICTPOPA3BUBAIO-
IIUXCA CTBOJIOBBIX KJIETOK, CHUIKEHUIO HKCIIPECCUU
Pa3JIMYHBIX THUIIOB KOJIJIaT€Ha, YTO, KaK CJIE/CTBUE,
BBI3BIBAET YIJIOTHEHHE KOXKU U ITOCJIEIYIONIYIO aTPO-
¢ui0 TOBEPXHOCTHOW MUKPOIMPKYJISITOPHOU COCY-
JucTOH ceTH [27].

[ToaBOAS IPOMEXKYTOYHBIA UTOT, CJIEZYET OTMe-
TUTh, YTO COBOKYITHOCTh YMEHBIIEHUS CKOPOCTHU
Toka UMb, MUTPAllUU KJIETOK IO JuUMdarude-
CKUM COCyJIaM M CHUIKEHUS COZEPKaHUA MaTPHUKC-
HBIX O€TKOB B MEKKJIETOYHOM ITPOCTPAHCTBE K CTap-
YeCKOMY BO3pACTy IPHUBOJIUT K HAPYIIEHHUIO TOMEO-
cTaza ™, Kak CJe/ICTBUE, HAPYIIEHUIO aJIEKBATHOTO
MIUTAHUS BOJIOCTHBIX (POJITHKYIIOB.

NCTOIIEHME HUIII CTBOJIOBbBIX
KJIETOK BOJIOCAHDBIX ®OJIJ/IMKYJIOB

CTBOJIOBBIE KJIETKU 00JIafaroT CIIOCOOHOCTBIO K
CaMOOOHOBJIEHMI0O U TE€HEPUPOBAHUIO (DYHKI[HO-

In 1978, R. Schofield suggested the concept of the
stem cell niche. It is based on the hypothesis that the
niche for HFSCs is an environment provided by
neighboring non-HSCs. In this niche, hair progeni-
tor cells retain their ability to self-renewal and their
identity [32].

Currently, this hypothesis is not only confirmed
by many studies, but also enhanced by new data.
Thus, modern researchers claim that a niche is an
entire microcosm consisting of many different cells.
The niche includes cells directly adjacent to stem
cells, their own differentiated progenies and other
cellular components, such as blood vessels, lym-
phatic capillaries, nerves, stromal cells, adipocytes
and many immune cells, such as regulatory T cells,
tissue macrophages and mast cells [30, 33].

In animal experiments, it has been established that
the telogen phase in older mice is more than twice as
long as in young individuals, while the anagen phase,
on the contrary, is slightly reduced. As a result, hair
regeneration slows down significantly, hair covering
becomes shorter and looks thinner, which ultimately
causes alopecia. Scientists indicate a significant
increase in the telogen phase in accordance with
changes in the growth cycle and in the appearance of
hair. Researchers explain this by the fact that the
activity of HFSCs and their ability to form colonies in
older mice are reduced compared to niches in young
individuals. However, the transcriptional identity of
HFSCs is retained, which leads to the conclusion of
utmost importance: in older mice, the activity of
HFSCs changes, but the latter do not die. This means
that niches for stem cells operate for life [30].

An interesting study was performed by Chinese
scientists. Xie et al. (2022) found that a decrease in
diameter of the hair shaft (and with age, its anatomi-
cal shrinking occurs [34]) leads to a decrease in the
physical niche size, which, as a consequence, medi-
ates mechanical compression of HFSCs and their
massive apoptotic loss. Biomechanically, cell com-
pression activates the mechanosensitive channel
Piezo1 which triggers calcium influx. This process, in
turn, increases sensitivity to tumor necrosis factor-
alpha (TNF-a) depending on the hair cycle in other-
wise resistant HFSCs and induces ectopic apoptosis.
Constant hair shaft miniaturization during aging
leads to long-term loss of HFSCs, causing continuous
ectopic apoptosis via the activated Piezo1 channel.
The results of this study reveal an unconventional
role of the hair shaft, that initially considered as an
inert structure, as a functional niche component
determining HFSC survival. The study identified a
mechanosensory axis regulating stem cell depletion
caused by physical niche atrophy in vivo [35].
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HaJIbHO U dePEHITUPOBAHHBIX TUIOB KJIETOK.
OcHOBHAsE pOJIb B3POCTBIX CTBOJIOBBIX KJIETOK
3aKJTIOYAeTCsI B TOJJEPKaHUU TKAaHEBOTO TOMeEO-
CcTa3a W BOCCTAHOBJIEHUH IOBPEKJEHHBIX TKaHEH
[30, 31].

B ko3ke, KaK U B JIpDyTUX OpraHax, ObLIH OOHAPY-
JKEHBbI Pa3JIMYHbIE THIIBI CTBOJIOBBIX KJIETOK, B TOM
Yucjie U Te, KOTOPhIE CBSI3aHBI C BOJIOCAMH, ITOJIY-
YHUBIIE HAa3BaHUE «CTBOJIOBBIE KJIETKH BOJIOCSHBIX
dosutukynos» (HFSC). OHu, KaK BBISCHIIN UCCIIE-
JIOBaTEeJIN, PETYJIUPYIOT pocT Bosioc. CIycTs BpeMsi
OBUIH OTKPBITHI CTBOJIOBBIE KJIETKU MEJIAHOIIUTOB
(MESC) [30].

B 1978 r. P. lodungom (R. Schofield) Grura
MpeJIJIOKEeHA KOHIIEIIIUSA HUIIIM CTBOJIOBBIX KJIETOK.
B ee ocHOBe — runoTesa o ToM, uto Huna a1 HFSC
MIpeJICTaBIsieT coOO Cpeay, CO3[aBaeEMyI0 COCEJ-
HUMH OOBIYHBIMH KJIETKaMHU. B 9TOI HUIIlE KIETKU-
MPEJIIIIECTBEHHUKH BOJIOC COXPAHSIIOT CBOIO CIIOCO0-
HOCTb K CAMOOOHOBJIEHUIO U HAEHTHYHOCTD [32].

B HacTosiIiee BpeMs JaHHAsA TUIIOTE3a He ITPOCTO
MOAITBEPIK/IA€TC MHOTUMH HCC/IEIOBAHUSAMU, HO U
JIOITOJIHSIETCST HOBBIMHU CBeZIeHUSAMU. Tak, COBpeMeH-
HbIE HMCCJIEZIOBATENIN YTBEPIKAAIOT, YTO HUIIA — 3TO
IIeJIBIA MUKPOMUP, COCTOSIINN U3 MHOKECTBA KJle-
TOK Pa3HOTO IMPOMCXOXKAEeHUs. B cocTaB HHUIIIKM BXO-
JISIT KJIETKH, HENOCPEJCTBEHHO IPHUMBIKAIOIINE K
CTBOJIOBBIM KJIETKaM, COOCTBEHHBbIE NupdepeHn-
pOBaHHBIE TOTOMKH CTBOJIOBBIX KJIETOK U JAPYTHX
KJIETOUHBIX KOMIIOHEHTOB, HAIpUMeEpP, KPOBEHOC-
HBIX COCYZIOB, JIUM(}aTUUYECKUX KAIWLISPOB,
HEPBOB, CTPOMAJTbHBIX KJIETOK, aUIIOIIUTOB U MHO-
JKEeCTBa MMMYHHBIX KJIETOK, TAKUX KaK PEryJsTop-
Hble T-KJIETKH, TKaHEBble MakKpodaru U TYyJIHBIE
KJeTku [30, 33].

B wucciemoBaHUSAX Ha 9KCIEPHUMEHTATbHBIX
JKUBOTHBIX YCTAHOBJIEHO, YTO Y IOKHUJIBIX MBIIIEH
IIEPUO/, TeJIOTEHA YBEJINYHUBAETCS IO IIPOOIKU-
TEJIbHOCTH 0oJiee UeM B JiBa pa3a B CPaBHEHHUHU C
MOJIOJIBIMHU 0COOSIMU, a IIEPHOJ] aHAreHa, Ha0bopOoT,
HEMHOT'0 cokpaiaercs. Kak ciencTtBue, 3HA4YH-
TEJbHO 3aMe/JIsieTcsi pereHeparus BOJIOC, BU3Y-
QJIBHO BOJIOCSTHOW TIOKPOB CTAHOBHUTCS KOPOUE H
BBITJISIAUT OoJiee paspeskeHHbIM, UTO B UTOTE IPO-
BOITUpYyeT aJoNenuio. YueHble 00pamanT BHUMA-
HUE Ha Pa3UTeIbHOE yBeJIMYEeHHe IMepuoja TeJo-
reHa COIJIACHO W3MEHEHUsM B IIUKJIE POCTa U BO
BHEIITHEM BHJie BoJioc. MccienoBaTesn 00bACHSIOT
3T0 TeM, uTo akThuBHOCT, HFSC 1 nx cnoco6HOCTH
00pa30BbIBATh KOJOHUH Yy MOKHUJIBIX MBIIIEH CHU-
JKEHBI B CPAaBHEHUU € HUIIIAMU Y MOJIOJIBIX 0COO€EH.
OpHako TpaHcKpUIIuoHHAasA uaeHTUUYHOCTh HFSC
COXpaHAETCS, YTO MPHUBOAUT K KpalHe BaKHOMY
YMOBAaKJIFOUEHHIO: Y TTOKUJIBIX MBIIIEH U3MEHSETCS

Thus, a decrease in hair shaft diameter leads to a
reduction in physical size of the stem cell niche,
which, as a consequence, mediates mechanical HFSC
compression, causing massive cell apoptosis and
being the mechanosensory axis that regulates niche-
atrophy-induced stem cell depletion.

THE MITOCHONDRIAL THEORY
OF AGING DEBATE

The mitochondrial free radical theory of aging
has occupied a central place among lots of proposed
theories of aging of biological organisms for several
decades [36].

Denham Harman, the founder of the mitochon-
drial aging theory and a respected figure among ger-
ontologists, at the end of the 20™ century suggested
that in the mitochondrial energy chain, free radical
leakage is observed and this process is constant. Har-
man was sure that such free radical leakage is not
controlled by cells and is an inevitable result of cel-
lular respiration, similar to emission of carbon mon-
oxide when an automobile engine is running. The
mechanism of leakage involves a flow of electrons
running along respiratory chains, which occurrs near
molecular oxygen. Some of these electrons escape
beyond respiratory chains, bonding with oxygen.
Subsequently, this forms molecules of free radicals
that are destructive to living cells. According to his
theory, the higher metabolic rate in a biological
entity, the higher electron flow rate. This pattern
causes a massive electron leakage and the formation
of a large number of free radicals. As a result, bio-
logical species with a high metabolic rate do not live
long, accumulating rapidly critical amounts of free
radicals in their tissues, while those with a low meta-
bolic rate, on the contrary, live much longer [37—40].

The mitochondrial theory of aging, thanks to the
work of scientists, has been supplemented with many
different clarifications, and the role of mitochondria
in the aging process of the body is recognized by an
increasing number of researchers. Neuromorpholo-
gists and neurophysiologists are especially active in
working on this problem, since the brain is the most
energy-consuming organ of the body, in the tissues
of which are rich with a significant number of mito-
chondria [41—43].

The hair follicle is not such an energy-consuming
organ as the brain, but there are interesting studies.
For example, Singh et al. (2018) found a link between
damage associated with mitochondrial function and
phenotypic signs of skin aging and hair loss. More-
over, the experiments involving mice not only
revealed a cause-and-effect relationship, but also
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aktuBHOCTh HFSC, HO rubesnu mocjiegHux He IPO-
HUCXOJAUT. DTO O3HAYAET, YTO HUIIIM JJI CTBOJIOBBIX
KJIeTOK (PYHKIUOHUPYIOT 10 TOCIAEHUX JHEH
JKU3HU [30].

VHTepecHOe HcCC/IeJOBAaHUE IMPOBEAEHO KUTAM-
ckuMH yueHbIMH. Y. Xie et al. (2022) ycranoBuiu,
YTO YMEHbIIIEHNE HaMeTpa BOJIOCIHOTO CTEPIKHS (a
€ BO3PAaCTOM IIPOUCXOAUT €r0 aHATOMHUYECKOE CyKe-
HUe [34]) IPUBOAUT K YMeHbIIIEHUIO (GU3UOIOTHYE-
CKOT'0 pa3Mepa HUIIIH, YTO, KaK CJIeZICTBUE, OIlOCpe-
nyer mexaHuudeckoe cxkatue HFSC u maccoBwIit
aronTo3 KJIeTOK. buomexaHnueckoe cxkaThe KJIETOK
aKTUBUPYET MEXaHOUYBCTBUTEJIBHBIN KaHa Piezo1,
KOTOPBIN 3aIlyCcKaeT IMPUTOK KalbIUA. ITOT IIPO-
11ecc, B CBOIO OU€EpE/Ib, IOBBIIIAET YYBCTBUTEILHOCTD
K daxTopy Hekpo3a onyxonu-anbda (TNF-a) B 3aBu-
CHMOCTH OT IIMKJIa POCTa BOJIOC Y PE3UCTEHTHBHIX B
npyrux otHomeHusAxX HFSC u uHAynupyer y:xe 5KTo-
nuveckuil anonTos. ITocrogHHAA MUHUATIOPU3ALIIA
BOJIOCSIHOTO CTeP3KHs B IIpoliecce cTapeHus NPUBO-
nut ¥ posroBpeMeHHoM morepe HFSC, BbI3bIBas
HeNIPEPBIBHBIM HKTONMUYECKUI alloNTO3 C IOMOIIBIO
aKTHUBUPOBAHHOTO KaHajla Piezol. PesysbTaThl
HCC/IETOBAHUS CBUJIETEBCTBYIOT O HEOOBIYHOM
POJIY BOJIOCSHOTO CTEPKHA, U3HAYAIBHO CUUTABIIIE-
rocsi HHEPTHOU CTPYKTYPOU, KakK (GyHKITHOHAIHBHOTO
HHIIEBOTO KOMIIOHEHTA, OIIPEJIEJISAIONIEr0 BhIXKUBA-
emoctb HFSC. B xoze paboTs! ompesiesieHa MeXaHO-
CEHCOpPHas OCh, peryJupylomias UCTOLIeHUe CTBOJIO-
BBIX KJIETOK, BBI3BaHHOE aTpodueil dusnueckoi
HHIIH In vivo [35].

Wrtak, yMeHbllleHHWe JuUaMeTpa BOJIOCAHOTO
CTEPKHSA MPUBOJUT K YMEHBIIEHUIO (PU3UOITIOTHYE-
CKOTI'0 pa3Mepa HUIIU CTBOJIOBBIX KJIETOK, YTO, KaK
cleficTBUEe, OIIOCpeZyeT MeXaHu4yeckoe CrKaTue
HFSC, obycioBauBasi MAaCCOBBIH alloNTO3 KJIETOK K
SIBJISIACH MEXAHOCEHCOPHOH! OCBIO, PEeryJIMPYIOIen
HCTOIIlEHNE CTBOJIOBBIX KJIETOK, BBI3BAHHOE aTpo-
dueit Humm.

JTUCKYCCHA O <MUTOXOH/IPUAJIBHOM
TEOPUU CTAPEHUI»

MuToxoHApHATbHAS cBOOOIHOPAUKATIbHAS
TEOpHUsl CTApeHUs Ha MPOTSKEHUU HECKOJIbKHUX
JIECATUIETAN 3aHUMAET IEHTPAJIbHOE MECTO CPEeIu
POCCHINIH MPEIJIOKEHHBIX TEOPUH CTapeHUs OHOJIO0-
TUYECKOro opraHusma [36].

Ienxam Xapmas (Denham Harman), ocHoBoIIO-
JIOKHUK TEOPUM MUTOXOHJPUAJIPHOTO CTapeHWUsI,
yBaskaemasi (purypa cpejii TepOHTOJIOTOB, B KOHIIE
XX B. MOPeAnosIOKWI, YTO B Ipolecce paboThl
«DHEPreTUYEeCKON Ielr» MUTOXOHAPUN IPOUCXO-
JIUT yTedKa CBOOOIHBIX PAJUKAJIOB, M 3TOT MIPOIleCe
mocTosTHEeH. XapMaH ObLT yBEPEH, UTO TaKas yTeuka

proved the reversibility of age-related alopecia by
restoring mitochondrial function, which is an
unprecedented fact [44].

A comprehensive review of the relationship
between mitochondrial skin aging and age-related
alopecia is presented by American scientists who
believe that mitochondrial dysfunction causes alope-
cia by reducing the rate of hair regeneration due to
several factors. First, during stem cell differentia-
tion, a switch from glycolysis to oxidative phosphor-
ylation occurs, which slows down the transition of
hair to the telogen phase. Second, mitochondrial
DNA depletion causes premature hair follicle dys-
function, which is manifested by marked hair loss.
An important conclusion was also made that the pro-
cess of hair loss can be stopped in case of downex-
pression of the mutant transgene, which may indi-
rectly indicate the reversibility of the above men-
tioned processes [45, 46].

Thus, there are interesting studies that have
revealed the relationship between molecular damage
due to mitochondrial function with phenotypic fea-
tures of skin aging and hair loss, and that mitochon-
drial dysfunction to determine alopecia reducing
hair regeneration rate.

CONCLUSION

Aging is an inherent natural process, complex and
multicomponent, consisting of the gradual accumula-
tion of biological changes that at the systemic level
weaken the body’s ability to resist stress factors and
contribute to the development of chronic diseases.
However, thanks to the progress in medical technolo-
gies, humanity can not only afford to minimize the
aging-related damage, but also grow old “beautifully”.
Currently, to look attractive and healthy even late in
life is a more than achievable goal. In our opinion, this
review covered the main morphological factors that
lead to deterioration in the quality of hair due to age-
related alopecia. Further detailed study of these fac-
tors is necessary to understand the subtle cellular
mechanisms of aging, which will slow them down,
and, if possible, completely level them out. This strat-
egy is advantageous in the long term and can signifi-
cantly affect progress in such fields of medicine as tri-
chology, cosmetology, geriatrics, and also influence
the tactical approaches of pharmacological companies
engaged in the development of drugs for preventing
age-related alopecia. Perhaps, after a while, having
long, lush, and most importantly, one’s own hair in
old age will be a matter of course.
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PaiNKaIOB He KOHTPOJIMPYETCS KJIETKAMU U SIBJIS-
eTcsi HEeOTBPATHMBIM pPe3YyJIbTaTOM KJIETOYHOTO
JIbIXaHUsI, T0I00HO BBIOPOCY YrapHBIX Ta30B IPHU
pabore nBurartens B aBToMoOmie. MexaHU3M
YTEUKH 3aK/II0YAeTCs B OETyIieM IO JbIXaTeIbHBIM
LensAM IIOTOKE BJIEKTPOHOB, YTO IPOUCXOAUT
BOJIM3U OT MOJIEKYJIIPHOTO KUCJIOPOoia. YacTh oTux
BJIEKTPOHOB BBLJIETAET 32 JIBIXaTeJIbHBIE I[EeIIH, BCTY-
mast B CBSA3b € KUCJIOPOJIOM. DTO B JIAJIbHEUIIIEM U
00pasyeT MOJIEKYJIBI PAa3PYIUIUTEbHBIX JIJISI JKUBBIX
KJIETOK CBOOOJIHBIX pagukaioB. COIJIaCHO €ro Teo-
puH, YeM BbIIlle Y GHOJIOTUYECKOTO 00BEeKTa ypo-
BeHb MeTaboJIN3Ma, TeM BBIIIE CKOPOCTh IOTOKA
2JIeKTpOHOB. Takas 3aKOHOMEpPHOCTb O0YCJIOBJIH-
BaeT MaCCUBHYIO YTE€UKY 3JIEKTPOHOB U (HOPMUPO-
BaHUe OOJIBIIIOTO KOJIMYECTBA CBOOOTHBIX PaUKa-
s0B. Kak ciencrue, 6uoIornyecKkyie BUABI C BBICO-
KUM YPOBHEM MeTa00JIN3Ma KUBYT HEI0JITO, CTPe-
MUTETPHO HAKAIIUBAsg B CBOUX TKAHIX KpUTHYE-
CKOe 3HaueHHNe CBOOOTHBIX PAIUKAJIOB, a C HU3KUM
ypOoBHEM MeTaboJin3Ma, HAlIPOTHUB, JKUBYT TOPa3zo
JoJiblie [37—40].

MuToxoHApHaIbHas TeOpUs CTapeHus:d, OJaro-
Japsi paboTe y4eHBIX, MOIOJIHAIACH MHOYKECTBOM
Pa3JINYHBIX YTOUHEHUH, a POJIb MHUTOXOHJIPHUU B
Iporiecce CTapeHUsi OpraHW3Ma IIpU3HAeTCs BCe
6OJIBIIINM KOJTHYECTBOM HccsieioBaTeseil. Oco6eHHO
aKTUBHO HAJ| 3TOW MmpoOeMoii paboTaiT HeHWpo-
MOpdoJIOTH 1 HEUPOPU3UOJIOTH, TAK KAK TOJIOBHOHU
MO3T — CaMbIll HSHEPTOEMKHH OpraH OpraHu3Ma, B
TKaHAX KOTOPOTO HAXOJUTCS 3HAYUTEIHHOE UHCIIO
MHUTOXOH/IPUH [41—43].

BosocsiHO# (POJIITMKYJT HE CTOJIb HEProIoTpe-
OJIIONIUHA OpTaH, KaK MO3T, OJTHAKO UMEIOTCS UHTe-
pecubie uccimenopanus. Tak, B. Singh et al. (2018)
BBISIBIJIUA CBSI3b MEKY TTOBPEKIAEHUIMU, aCCOIHU-
poOBaHHBIMU ¢ GYHKIIMOHUPOBAHNEM MUTOXOH/IPUH,
U GEHOTUINYECKUMHU IPU3HAKAMU CTAPEHUS KOXKHU
U BBINIaJIEHHEM BOJIOC. Bosiee Toro, MiccieoBaHusA Ha
MBIIIIAX He IPOCTO YCTAHOBWIN IIPUYMHHO-CJIEICT-
BEHHYIO CBfI3b, HO €llle U J0Ka3aju oOpaTUMOCTh
BO3PACTHOH aJIONENMH IyTeM BOCCTAHOBJIEHUS
(GyHKIIUE MUTOXOHAPUIH, UTO SBJIsETCS Oecrperie-
JIEHTHBIM (bakToM [44].

OO6CTOATENBHBI 0030p, IOCBAIIEHHBIA CBA3H
MUTOXOH/IPUATBHOTO CTAPEHUS KOXKHU C BO3PACTHOM
ajionenuel, Ipe/CTaBJIeH aMEepUKAHCKUMU yue-
HBIMH, CIUTAIONIUMHU, YTO MUTOXOHIPUATbHAS JTHAC-
(byHKIMA BBI3BIBAET AJIONEINIO, CHIKAS CKOPOCTHh
pereHepanuy BOJIOC U3-32 HECKOJIBKHUX (DAKTOPOB.
Bo-niepBbix, mpu auddepeHIIPOBKE CTBOJIOBBIX
KJIETOK IIPOVCXOAUT ITePEKTIOUEHIE ¢ ITMKOJIN3a Ha
okucauTeabHoe ¢GocopuaInpoBaHue, UTO 3aMefl-
JIIeT TEepexoji BOJIOCA B COCTOSIHHME TeJIOreHa.

Bo-BTOpBIX, HcTOMEHNEe MUTOXOHApuaTbHOU JTHK
MMPOBOLMIPYET PAHHIOK JUCOYHKIIUIO BOJIOCSTHBIX
(G OJITUKYJIOB, UTO MPOABJISAETCA BUAUMBIM BBITIAZE-
HHEeM BoJIoc. Bpl1 Takske cjielaH BaKHBIM BBIBOJI, O
TOM, UTO IIPOIECC BHITIA/IEHUS BOJIOCSHOTO MIOKPOBA
MOKeT OBITH OCTAHOBJIEH IIOCJIE€ OTK/IIOUEHHUS DKC-
MMPECCU MYTAaHTHOTO TPAHCre€Ha, YTO KOCBEHHO
MOJKET CBHJIETEJILCTBOBATh 00 OOpPATHMOCTH OITH-
CAHHBIX BBIIIIE MTPOIIECCOB [45, 46].

Takum 06pa3oM, UMEIOTCS HHTEPECHBIE UCCIIE0-
BaHUS, BBIABUBIIINE CBSA3b MEXK/IY MOJIEKYJISIPHBIMU
MIOBPEXKIEHUAMH BCJIEJICTBUE (DYHKIITMOHUPOBAHUSA
MUTOXOH/IPUN € (PEHOTUNUYECKUMHU IIpU3HAKAMU
CTapeHUs KOKU U BBINaJIEHUEM BOJIOC, a TAKIKE yCTa-
HOBJIEHO, UYTO MHTOXOHJIpHaJbHAA JHUCHYHKIUA
IIPOBOITUPYET AJIOTIEIUIO, CHIKAsI CKOPOCTh pereHe-
parmuu BoJIoc.

3AKJIOYEHUE

CrapeHue — mporiecc, 3aJI0’)KeHHbIA CaMOU ITpH-
POIOH, CIIOKHBI 1 MHOTOKOMITOHEHTHBIH, 3aKJII0-
YaloIIuiics B IOCTEIEHHOM Pa3BUTUU OHOJIOTHYE-
CKUX HapyIIeHWH, KOTOPbIE CUCTEMHO OCJIA0JISIOT
CII0COOHOCTh OpPTraHH3Ma IIPOTUBOCTOATH CTPECCO-
BBIM (aKTOpaM U CIIOCOOCTBYIOT Pa3BUTUIO XPOHU-
yeckux 3a0osieBanuil. OfHAKO GJ1arofapsi MoCTyIa-
TEJIbHOMY Pa3BUTHUI0O MEIUIMHCKUX TEXHOJIOTHI
YeJIOBEUeCTBO He IPOCTO MOJKET I03BOJIUTH cebe
MUHHUMHU3UPOBATH yIepb OT 3TOTO Impoliecca, HO U
CTapeTh «KPAaCHBO». BBHIMVIAETh IPUBJIEKATEb-
HBIM U 3/TOPOBBIM Jla’Ke€ B MTOYTEHHOM BO3pacTe B
COBPEMEHHBIX peanusix — 0ojiee YeM JTOCTHKUMAast
nesab. B janHOM 0030pe OBLIIM OCBEIEHbI, HA HAII
B3IJIsA/I, OCHOBHBIe MoOpdosoruueckrue (GaKkTOpPHI,
MPUBOAAILINE K YXYAIIEHHIO KavyecTBa IIPUYECKH
BCJIEICTBHE BO3PACTHOU asjionenuu. JlajpHenInee
JIeTAIbHOE M3Yy4YeHUe 5TUX (HaKTOPOB HEOOXOAUMO
JUIsI TIOHMMAaHHUsI TOHKUX KJIETOUHBIX MEXaHH3MOB
CTapEeHUs, YTO MO3BOJIUT UX 3aMEJIUTh, a 110 BO3-
MO’KHOCTH M IIOJIHOCTHIO HUBEJIUPOBATh. JlaHHAs
CTpaTerusi BBIUTPHIIIHA B IEPCIIEKTUBE W MOXKET
CYIIIECTBEHHO ITOBJIMATH HA IIPOTPECC B TaKUX cde-
pax MeAuIMHBI, KaK TPUXOJIOTUs, KOCMETOJIOTHS,
repuaTpus, a Tak:Ke 0Ka3aTh BIAUSHUE HA TaAKTHYe-
CKHE MoAXO0Abl (hapMaKOJOTHUYECKUX KOMIIAHHH,
3aHUMAIOIIUXCs  Pa3paboTKON  JIEKApCTBEHHBIX
Cpe/ICTB, HAIIPAaBJIEHHBIX HAa MPOMUIAKTUKY BO3-
pacTHOH ajomerUuu. BBITh MOJKET, CIIyCTsI BPEMS
UMETh ITHHHBIE, TIBIITHbIE, a TJTABHOE, CBOU BOJIOCHI
B CTapuyecKoM Bo3zpacTe OyzeT camo coboii paszyme-
[olelcs 3amaden.

KoH@uaukT nHTEPECOB. ABTOPHI 3aSBJISIOT 00
OTCYTCTBUU KOH(JINKTA UHTEPECOB.
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