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Acute Blood Loss: Regional Blood Flow and Microcirculation (Review, Part I)
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B niepBoii yacti 0630pa pe/ICTaB/IeHbl JaHHbIE JIUTEPATYPBI 110: CTPYKTYPHO-(DYHKIMOHAIBHO OpraHu3alin
MUKPOIMPKYJISTOPHOTO PYCJIa; PETYJISIIIN COCY/ICTOT0 TOHYCa, BKITIOYast MeCTHBIE (MeTaboIMIecKite, MUOTEHHBIE
MEXaHU3MBI, POJIb SHIOTEJIUS U SPUTPOLUTOB) U CUCTEMHbIE (HEPBHbBIE, TYMOPaJIbHBIE) (DAKTOPBI; OOIIIE BOIPOCH
HapPYIIEeHWIT MUKPOIMPKYJISIUHU I1PU KpoBonoTepe 1 1oke. Octpas KpoBONOTePs PaCCMOTPEHA B ACIHIEKTe CTaIHi-
HOTO TE€YEHUSI KOMIIEHCATOPHO-TIPUCTIOCOOUTEBHBIX ITPOIECCOB C BOBJIEYEHIEM CHCTEMbI KDOBH, CEPIEYHO-COCY -
JIMCTOM, HEPBHOI UM 9HJIOKPUHHON crucTeM opranusma. Onucanbl N3MEHEHHs TPAHCIOPTa KUCJI0PO/ia, aToreHes
TUIIOKCUU U MeTabOJIMUECKUX HapPYIIEHU Il IIPK KPOBOTIOTEPE U TEMOPPArnuecKoM IoKe. IIpeicTaBiieHbl pruMepbl
MOPOYHBIX KPYTOB IaTOreHesa OCTPOil KPOBOIIOTEPU, KaK OCHOBBI PA3BUTHS IEKOMIIEHCUPOBAHHOTO reMopparuye-
CKOTO III0Ka, a TaK)Ke OTMeUeHa BaykHasl PoJIib HapyIlIeHNI reMocTas3a 1 PeoJIorny KPOBU B 3TOM IIpoliecce.

Kantouesste croea: ocmpas kpoeonomepsi; zeMOppazu4ecKuil Wox; namopu3uoiozus; MuKpOUUPKYIAuus;
mpancnopm xuciopooa

The first part of the review highlights the data on the structural and functional organization of the microvas-
culature; regulation of vascular tone including local (metabolic and myogenic mechanisms, role of endothelium
and red blood cells) and systemic (nervous, humoral) factors; general issues of microcirculatory alterations in
blood loss and shock. Acute blood loss is considered as a phasic development of compensatory and adaptive
processes involving the blood system, cardiovascular, nervous and endocrine systems. Changes in oxygen trans-
port, the pathogenesis of hypoxia and metabolic abnormalities in blood loss and hemorrhagic shock are described.
Examples of the vicious circles contributing to acute blood loss pathogenesis are considered as a base for develop-
ing decompensated hemorrhagic shock in which the role of hemostasis and blood rheology alterations are also con-
sidered.
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Paszsinunble 1m0 cBOeW TMpupoje 3a00JI€BAHIIS
(TpaBMa, 3a00JIeBAHUS JKEJIYIOYHO-KHUIIETHOTO
tpakra [JKKT], rHoiTHO-BOCTTA/IUTENBbHDBIE, OHKOJIO-
TUYeCKUe U aKyliepckue 3aboJieBaHUst) MOTYT OC-
JIO(KHUTBCS PA3BUTHEM WMHTEHCHUBHOTO KPOBOTEYe-
Hud. Bo3HuKaromas mpu 3TOM 0CTpasi KpOBOIIOTEPS
3aMyCKaeT B OPraHM3Me KOMILIEKC OOIIenaToIor -
yecKuX (KOMITEHCATOPHO-IPUCIIOCOOUTENBHBIX) Pe-

Diseases of different etiology (trauma, alter-
ations of gastrointestinal tract, purulent infection
and cancer, obstetric pathology, etc.) may be compli-
cated by the development of intensive bleeding.
Acute blood loss triggers a complex of pathological
and compensatory reactions in the body. The ratio
and the severity of these reactions are determined
not only by the etiology of the underlying disease,
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AKITMi, COOTHOTIIEHUE U BBIPAXKEHHOCTH KOTOPBIX OTI-
peensioTcs He TOJBKO M HE CTOJBKO 3THOJIOTHENH
OCHOBHOTO 3a60JIEBaHUsI, CKOJIBKO CKOPOCTHIO U 00-
UM 00bEMOM KPOBOTIOTEPHU, YCIOBUSIMHU OKPYIKAIO-
HIeil cpesibl, PeaKTUBHOCTBIO W (hYHKIIMOHATbHBIMU
pesepBaMu opranusmMa (11071, BO3PaCT, TEHETHYECKHE
0COOEHHOCTH, COMYTCTBYOIIAsT TATOJOTHS U JIP. ).

[TyckoBbIM 3BEHOM IaToreHe3a OCTPON KPOBO-
HOTEPH SIBJISIETCST YMEHbIIEHHEe 00beMa IIUPKYJIUpPY-
tomeii kposu (OILK), uTo mocienoBate bHO TPUBO-
JIUT K YMEHbBIIEHWIO BEHO3HOTO BO3BpaTa u
CepIEYHOTO BBHIOPOCA, CHUKEHUIO CHCTEMHOTO apTe-
puanbHoro aasyienud (A/l) m runonepdysnn opra-
HOB 1 TKaHei. [Tocseannii hakTop B coueTanuu ¢ Ha-
DYIIEHUSAMHU  PEOJIOTMU  KPOBW  TPUBOAUT K
paccTpoiicTBaM B CHCTEME MUKPOTEMOIUPKYJISAINN
U Pa3BUTHUIO KAWJIAPOTPODOUUECKON HEI0CTATOY-
HOCTH, SBJSIONIENCS HEMOCPEICTBEHHON TPUINHON
runiokcun Kiaetok [1]. I[Ipomosmkatonieecs KpoBoTe-
YeHWEe U HeCOCTOSATEbHOCTD KOMITEHCATOPHBIX Peak-
Uil opranu3Ma u Je4eOGHBIX MEPOTIPUSITHIA, TPUBO-
NI4T K Pa3BUTHUIO TIATOJOTMYECKUX <«ITOPOUYHBIX
KPYTOB, aKTUBAIUH TIEPEKUCHOTO OKUCJICHUS JIUTIH-
JIOB, TIPOTPECCUPOBAHUIO TUTIOKCUU CMETIAHHOTO TH-
1, TSDKEJIBIX META00IMIeCKUX HApYIIeHNH (aiu103,
BO/JTHO-2JICKTPOJIUTHBIE HAPYIIECHUS, WCTOIECHUE
9HEPreTUYECKUX U TIACTUYECKUX PECYPCOB KJIETOK)
U THGENN KJIETOK 110 MEXaHU3MYy HEKpPO3a WJIU alloli-
To3a [2, 3]. Pe3ysbraToM OMMCAHHBIX NATOJIOTHYEC-
KHUX MPOIECCOB ABJISAIOTCS HapyIlieHne (HyHKIIMI Op-
TaHOB M Pa3BUTHE MOJUOPTAaHHON HEIOCTATOUHOCTU
C JIETATTHHBIM MCXOJIOM.

Temopparueckuii MoK TPeACTaBIseT coOOM
KPaliHIOI CTeleHb TePEUNCICHHBIX BbINIE TEeMOJIH-
HAMUYECKUX M MeTabOJMUECKUX PACCTPOICTB B pe-
3yJIbTaTe OCTPON MacCUBHOI KpoBomorepu. OH gB-
JIFeTCH PAa3HOBUIHOCTBIO TMTIOBOJIEMUYECKOTO MTOKA
U JUISL €TO Pa3BUTHUST HEOOXOMUM Psi]i YCIOBUIL MPO-
MEKYTOK BPEMEHM JIJII PA3BUTHS OTBETHBIX PEAKIINiA
OpraHu3Ma; HeajleKBaTHas epdy3us TKaHeii; paccT-
policTBa KJIETOYHOTO MeTaboJM3Ma; TOTEHIIUATLHO
CMEpTeJIbHBIN XapaKkTep nopaskeHuii [3].

HapyieHust KpoBoOGpaIieHnst Ha MUKPOIUP-
KYJISTODHOM YDPOBHE, BO3HUKAIOMIME TIPU OCTPON
KPOBOIIOTEPE 1 BCET/Ia BLIPAKCHHBIE TTPU TeMOPPAari-
YECKOM IIOKE, SBJISAIOTCS KIIOUEBLIM MATOTeHETHYEC-
KUM (haKkTOpOM PasBUTUA TMIIOKCUU U TUCHYHKIINN
opratos [4, 5]. OnHako, HeCMOTPsST Ha OOIIUE MATO-
Moposornueckue u GyHKIIMOHAIbHBIE TIPOSIBJICHUS
(cHUIKEHWE TIIOTHOCTH Tep(y3upyemMbIX KalluJijisi-
POB, TETEPOTEHHOCTD TIepdy3nn, 3aMe/IJIeHe KaIuJi-
JIIPHOTO KPOBOTOKA, MOBBINIIEHNE BA3KOCTH KPOBU U
MIPOHUTIAEMOCTH AHAOTEJNS U JIP.), HAPYIIEHNS MUK-
POTeMOITUPKY AN, TeM He MeHee, MMEIOT CBOIO
cnernUKy B 3aBUCUMOCTH OT COCY/TUCTOTO PETHOHA
opranusma. /lanHas crenuduka onpenessieTcs Kak
aHaTOMO-(DYHKIIHOHAJILHBIMUA OCOOEHHOCTSIMU KPO-
BOCHAOKEHUSI TOTO UM UHOTO OpraHa (CHCTEMBI OP-

but also by the intensity and the total volume of
blood loss, environmental conditions, reactivity and
functional reserves of the body (sex, age, genetic
characteristics, comorbidities, and others).

The initiating factor in the pathogenesis of
acute blood loss is a decrease in circulating blood
volume (CBV), which successively leads to a
decrease in venous return, cardiac output (CO), sys-
temic blood pressure (BP) and to the hypoperfusion
of organs and tissues. The latter factor, coupled with
impaired blood rheology leads to microcirculation
impairment and development of a «capillary failure»
that represents a direct cause of cells’ hypoxia [1].
The ongoing bleeding, failure of the body's compen-
satory reactions and therapeutic measures lead to the
development of pathological «vicious circles», the
activation of lipid peroxidation, the progression of
mixed type hypoxia, severe metabolic alterations
(acidosis, water and electrolyte imbalance, the
exhaustion of energy and plastic resources of cells)
and cells’ death by the mechanisms of apoptosis or
necrosis [2, 3]. Described pathological processes
result in organ dysfunction and development of mul-
tiple organ failure with fatal outcome.

The hemorrhagic shock is an extreme degree of
the above hemodynamic and metabolic disorders
resulting from severe blood loss. It is a type of hypo-
volemic shock and requires a number of conditions
for development: the interval of time for the devel-
opment of the body's responses; inadequate tissue
perfusion; disorders of cell metabolism; the poten-
tially lethal nature of the injury [3].

Circulatory disorders at the microcirculatory
level (microcirculation) arising in acute blood loss are
always severe in hemorrhagic shock and appear to be
key pathogenic factors in the development of hypoxia
and organ dysfunction [4, 5]. However, despite the
general structural and functional manifestations
(decreased in the density of perfused capillaries, the
heterogeneity of perfusion, slowing of capillary blood
flow, increased blood viscosity and permeability of the
endothelium etc.), the microcirculatory alterations,
nevertheless, have specific features depending on the
vascular region of the body. These features includes
the anatomicalandfunctional characteristics of blood
perfusion to an organ accompanied by local vascular
reactions of different intensity/direction of in
response to blood loss and resulted alterations.

Part T of the review discusses general problems
of the pathophysiology of acute blood loss and
microcirculation. Particular changes in the regional
blood flow and the microcirculation in several vascu-
lar beds will be addressed in part IT of the review.

Microvasculature

The exchange of substances between blood and
interstitial fluid is carried out at the level of the
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raHOB), TaK M Pa3JIMYHON BBIPAKEHHOCTDIO, 4 4aCTO 1
HAIPABJIEHHOCTHIO, MECTHBIX COCYIUCTBIX PeaKIuii,
BO3HUKAIONINX B OTBET HA KPOBOTIOTEPIO U CBS3aH-
HBbIE C HEll TTATOJIOTHMYECKIE TIPOTIECCHI.

B nanHOM 0630pe paccMOTPEHBI HEKOTOPBIE 00-
I¥e BOIPOCHI MaTO(U3NOJOTHN OCTPON KPOBOIIOTE-
P ¥ MUKPOIMPKYJisiiiuu (4actb 1) u ocobeHHOCTH
M3MEHEHU PETMOHAPHOTO KPOBOTOKA M MUKPOIUP-
KYJISIIIUU B Psijie COCYAUCTHIX GacceitHos (dactsb 171).

MukpouupKyJIsiTOpPHOE PYCIIO

HemnocpencrBeHHbIIE 00MEH BEIECTB MEKILY
KPOBBIO M WHTEPCTUITMAIBHON JKUIKOCTBIO OCYIIe-
CTBJISIETCSI HA YPOBHE MUKPOIUPKYJISTOPHOTO PycJia
(MP). ¥YesoBHo cuntaercs, uto MP cocTtaBisioT co-
cynbl ¢ quamerpom Menee 200 mxm. K Hum otHocst
APTEPUOJIBI, METAPTEPUOJIBI € MPEKANTUIJISPHBIMU
c(UHKTEpaMu, OCHOBHOM KaHaJl M MICTUHHbIC KaTTWJI-
JIAPBI, BEHYJIBI U aPTEPUOJIO-BEHYISIPHBIEC AHACTOMO-
3pl. OIHAKO B COBPEMEHHOM TTOHUMaHUU MUKPOITNP-
KyJISAIUS BKJIIOYaeT B ceOst: ABMIKeHre KpoBu 110 MP
(MUKDPOTEMOIIUPKYJISAINS ); IBUKCHIE JTUM(DBI B Ha-
YaJIbHBIX OT/IETaX TUM(bATUIECKON CUCTEMBbI; IBUIKE-
Hie (0OMEH) MHTEPCTUIHAILHON Kugkoctu [6]. B
KOMILJIEKCE C TAaPEHXUMATO3HBIMU KJIETKAMU, COE/IH-
HUTEJIBHON TKAHBIO U PETYJSTOPHBIMU MEXaHU3Ma-
MU [PUBEJIEHHBIE KOMIIOHEHTBI 00pasylT MHKPO-
MUPKYJIATOPHO-TKAHEBYIO ~ cUCTeMY (CHHOHUM:
(byHKITMOHANTBHBIN 2JIEMEHT OpraHa), ABJSIONIYIOCS
CTPYKTYPHO-(DYHKIIMOHATbHOW eJMHUIENl OopraHa
[7]. B 3aBucMMOCTH OT BBIIIOJHAEMON B CHCTEME
KpOoBOOOpalieHust (hYHKIIUH BCE COCYIbI MOKHO MOJI-
paszienuThb Ha mectb rpyni [8]: 1) amopTusupyionime
cocynpl (a0pTa U KPYIHBIE apTEPUN); 2) PE3UCTUB-
HBbIE COCY/IbI (MEJIKIE apTePUU U apTEPUOIIBI); 3) CO-
cyabl-c(hUHKTEPBI (MeTapTepuosibl); 4) oOMEeHHbIE
coCy/Ibl (KalUJUISIPBI U MEJIKUE BEHYJIbL); 5) eMKOCT-
HbIe COCY/IbI (BEHYJIbI U BeHBI); 6) MIYHTHUPYIOIIAE
cocynpl (apTEepUOJIO-BeHYJIIPHbIC aHACTaMOo3b1). Kak
BU/THO U3 TIPUBEJICHHON KJyacCH(UKAINH, HA YPOBHE
MUKPOIUPKYJISIIIAN TTPEACTABICHO OOJIBIIMHCTBO U3
«(YHKIIMOHAJIBLHBIX TPYIIT» COCY/IOB, U4TO ellle pa3
MOAYEPKUBAET BA)KHOCTH 3TOTO OT/IENIa B 00MIEl cuc-
TeMe KPOBOOOPAIIEHNSL.

K pesucTUBHBIM COCY/IaM OTHOCSIT TJIaBHBIM 00-
pPa3oM KOHIIEBBIC apTEPUHM W apTEPHUOJIbI, MMEIOIIIe
OTHOCHUTEJILHO MAJIbIil TIPOCBET U TOJICThIE CTEHKH C
Pa3BUTOI TJIAJKON MYCKyJIaTypoil. Aprepuosisl 00-
JIAIAIOT 3HAYUTENHHO OOJIBIITMM COCYIUCTBIM COIIPO-
TUBJIEHUEM, YeM JIPYTUE OTIEJbI COCYIUCTON CUCTe-
MBI, MO3TOMY OO0IIlee COCYIUCTOE COMPOTUBJIEHUE
JI000r0 OpraHa OIpe/IeJISIeTCsl TPEUMYIIIECTBEHHO
CONPOTHUBJICHUEM apTepuoJi. V3MeHeHUsd crerneHu
COKPAIICHUS TJIAKOMBIIICTHBIX KJIETOK 9TUX COCY-
JI0B (COCYZTUCTOTO TOHYCA) MIPUBOJAT K OTYETIUBLIM
M3MEHEHUAM WX IMaMeTPa |, CJIeI0BATEIBbHO, COTIPO-
TUBJIEHU, YTO CJIYKUT OCHOBHBIM MEXaHU3MOM pe-

microvasculature (MV). The MV is considered to
include vessels with diameters less than 200 microns.
These are arterioles, metarterioles with the precapil-
lary sphincters, main channel and true capillaries,
venules and arteriovenous anastomoses. From the
modern sense of view, the microcirculation includes:
the movement of blood through the MV (microhe-
mocirculation); the movement of lymph within the
initial parts of the lymphatic system; the movement
(exchange) of interstitial fluid [6]. In concert with
parenchymal cells, connective tissue and regulatory
mechanisms these components form <«microcircu-
lary-tissue system» (synonym: the functional ele-
ment of an organ) representing a structural and func-
tional unit of the organ [7]. Depending on the
functions in the circulatory system, all the vessels
can be divided into six groups [8]: 1) elastic «damp-
ing» vessels (aorta and large arteries); 2) resilient
vessels (small arteries and arterioles); 3) sphincters
(metarterioles); 4) exchange vessels (capillaries and
small venules); 5) «capacious» vessels (venules and
veins); 6) shunt vessels (arteriovenous anasto-
moses). As seen from the classification, the majority
of «functional groups» of vessels is represented at the
level of microcirculation, which once again under-
lines the importance of this part for the entire circu-
latory system.

Resilient vessels are represented by terminal
arteries and arterioles of a relatively smaller diame-
ter, with thick walls and well-developed smooth
muscles. Arterioles have a significantly larger vascu-
lar resistance than other segments of the vascular
system, thus the total vascular resistance of any
organ is determined mainly by the resistance of the
arterioles. Changes in the degree of smooth muscle
contraction in these vessels (vascular tone) lead to a
distinct changes in their diameter and hence in resis-
tance. This is the principal mechanism of regulation
of a volume blood flow in different vascular beds [8,
9]. Precapillary sphincters are the ultimate short
parts of the precapillary arterioles (metarterioles).
Their constriction or dilation determines the number
of functioning capillaries, ie, exchange surface area of
the capillaries.

Capillaries are the smallest blood vessels with
an average diameter of 5—8 um, a wall thickness of
1 um and a length of about 0.5—0.75 um [8; 9]. There
are three types of capillaries [10]: the continuous (in
the muscles, connective tissue, nervous system,
skin), fenestrated (in the endocrine organs, small
intestine, nephrons) and sinusoidal types (in the
liver, spleen and bone marrow). Structural differ-
ences between these types define different types of
the exchange of various substances between blood
and interstitial fluid. The capillaries and partly
venules are represented by exchange vessels since the
processes of filtration and diffusion occur in their
walls. At the rest, blood circulates in about 25—30%
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ryJisiuu 00beMHOU CKOPOCTH KPOBOTOKA B PA3JINU-
HBIX cocymucThix Oacceiinax [8;9]. TIpekamuisip-
Hble C(UHKTEPbI — TOCHAEIHUE KOPOTKUE OT/EJIbI
MPEKANUJIIAPHBIX apTepuos (Metaprepuod). OT ux
CY’KEHUS WJIN PACITUPEHUS 3aBUCUT YNCIO0 (DYHKITH-
OHUPYIOIINUX KAUJISIPOB, T.e. TJIOMab 0OMEHHON
MTOBEPXHOCTH KAITUJLJISPOB.

Kanwinsgpsl — Mepyaiiiime KpOBEHOCHbIE COCY-
ne1. VX cpeamii tnaMeTp — 5—8 MKM, TOJIIIMHA CTEH-
Kk — 1 MKM, a iymHa — okoJ10 0,5—0,75 MM [8, 9]. Bor-
nenstior 3 tuna Karmsigpos [10]: HenpepbiBHOTO (B
MBIIIIIAX, COCAMHUTEIbHON TKAaHW, HEPBHOU CHUCTEME,
KO3Ke ¥ [Ip. ), heHeCTPUPOBAHHOTO (9HIOKPUHHBIE Opra-
HbI, TOHKUI KUIIEYHVK, TOUeUHbIe KIYOOUKN) 1 CUHY-
COMJTHOTO THTA (B TICYEHH, CeIe3eHKE U KOCTHOM MO3-
re). CTPyKTYypHBIE OTJIUUUS MEK/Y HUMU OTIPEIETISIOT
pasJiuust THa 0OMEHa BEIECTB MEK/LY KPOBBIO U MH-
TEPCTUIMATIBHON JKUKOCTBIO. Kaniisipbl 1 B MEHb-
el CTereHn BEHYJIbI — 3TO OOMEHHBIE COCY/IbI, TaK
KaK IMEHHO B HUX OCYIIECTBJISIOTCS TIPOIECCHI (DUITBT-
panuu u auddysun. B 1mokoe KpoBb NUPKYIUPYET
Jutib IpuMepHo B 25—30% karmusuisipos. [lnorHocts
KamuIsipoB (Kak M OTHOIIEHWE 4yucia epdysupye-
MBIX KallWJIJIIPOB K Hetllepy3upyeMbIM) B Pa3IMuHbIX
OpraHax CyIIeCTBEHHO BapbUpPYeT, YTO ONpe/Ie/iseTcs
HpeK/Ie BCEro moTpeGHOCTSIMU TOTO WM UHOTO OpraHa
B KPOBOCHAOKEHUM B TIOKOE U TIPH (hYHKITHOHAIBHOI
Harpyske. YBeJMUeHre YUca nepdysnpyeMbix KarmJi-
JISIPOB UMeeT OOJIBIIoe 3HAYEHUE, TAK KaK MPH 3TOM
yMeHbIaeTcs Andy3noHHoe PacCTOSHIE MEKLY Ka-
MAJUISIPAMU U KJIeTKaMi. Karmyuisipel He CIIOCOOHBI K
AKTUBHBIM cOKparieHsaM. COOTHOIIIEHNE MEKILY Tpe-
U MOCTKAMWIISIPHBIM COTPOTHBJIEHUEM HMeET 00JIb-
11oe 3HaYeHUe JIJI TUPOCTATUIECKOTO JIABICHNS B Ka-
MUJISPAX U, CIIEI0BATEIBHO, JIJIS TIPOIeCCOB (DUIIBTpa-
1 u peabeopbimu («cusbt CTapsmHras ).

Kamusuisipel 00beiuHsI0TCST B 60Jiee KPYITHbIE
COCY/Ibl — BEHYJIbL. BeHbI TIeueHn, Me3eHTePUaIbHOTO
GacceiiHa ¥ MOJICOCOUYKOBOTO CILIETEHUST KOKU OTJIH-
YaloTcs 0COOEHHO GOJIBIION €MKOCTBIO, YTO OIpe/ie-
JIgeT WX BAKHYIO POJIb B KOMIIEHCATOPHO-TIPUCIIOCO-
OUTEJIBHBIX PEAKIIUSX OPraHU3Ma TP TUIIOBOJIEMUN.

AprepuoBeHo3Hbie aHacToMo3bl (ABA), oco-
GEHHO XOPOIIIO PA3BUTHIE B KOXKE JUCTAILHBIX OT/IE-
JIOB KOHEYHOCTEH, BBIMTOJIHAIOT POJIb IIYHTUPYIOIINX
cocynoB. Korma aTut cocyzibl OTKPBITBI, KPOBOTOK Ye-
pe3 KanmuJuisapbl JubO0 yMEHbIIAeTcst, MO0 MOJHO-
CTBIO npexpariaercs [8].

Ha ypoBHe MUKPOIMPKYJIAIIUN BO3HUKACT Psijl
(benoMeHOB, KOTOpBIE HE XapaKTEPHBI /IS PYTUX OT-
JIEJIOB COCYJIUCTO cucteMbl. [IpuMepoM MOKeT ObITh
abdexr Dapeyca-JIMHAKBUCTA, C TOMOIIHIO KOTOPOTO
IIPU TIPOXOZKICHUN KPOBH MO Karmyuigpam ee addek-
THBHAST BSI3KOCTh CHIKAETCST BIIBOE. ITOT 3hheKT 00b-
SCHSAETCS OPUEHTAIMEH PUTPOIMTOB B0 OCH MUK-
pococy/ia, B pesyJIbrate 4ero BOKPYT HUX 0Opasyercst
0060JI0YKa U3 TIJIa3MbI ¢ HU3KOU BSI3KOCTBIO, OTHOCH-
TEJILHO KOTOPOM JIETKO CKOJIB3AT KJeTku Kposu [11].

of the capillaries. The capillary density, as well as the
percentage of perfused capillaries in different organs,
considerably varies that is primarily due by the needs
of an organ in the blood supply at rest and during
functional load. An increase in the number of per-
fused capillaries is of great value since it reduces the
diffusion distance between the capillaries and cells.
The capillaries are not capable of active contraction.
The ratio between the pre- and post capillary resis-
tance is important for the hydrostatic pressure in the
capillaries and, hence, for the processes of filtration
and reabsorption («starling forces»).

The capillaries are combined into larger vessels —
venules. The veins of liver, mesenteric region and the
papillary plexus of skin characterized by a particular-
ly large capacity that determines an important role of
these vessels in the compensatory reactions of the
body during hypovolemia.

Arteriovenous anastomoses (AVA), particularly
well developed in the skin of the distal extremities,
serve as shunt vessels. When these blood vessels
open, the blood flow through the capillaries either
decreases or ceases completely [8].

There are a number of phenomena at the level
of microcirculation that are not typical for other
parts of the circulatory system. For example, the
Fahraeus-Lindqvist effect is an effect where the pas-
sage of blood through capillaries is accompanied by a
decrease in its effective doubled viscosity. This effect
is explained by the orientation of red blood cells
along the axis of microvessels. As a result, the plas-
mal sheath with a low viscosity is formed around the
axial flow and red blood cells easily slide relatively to
the sheath [11]. Other examples include intravascu-
lar erythrocyte aggregation, a temporary block of
junctional sections of microvessels by leukocytes, or
the appearance of plasma capillaries filled with only
plasma [6].

Tissue perfusion and oxygenation are ultimate-
ly determined by the rate of capillary blood flow
(convective substance transfer) and the density of
the functioning capillaries, ie, their common
exchange surface (diffusive substance transfer)[12].
These two factors are determined not only by the
state of systemic hemodynamics, but mainly by the
tone of precapillary vessels (arterioles). Through the
regulation of vascular tone, the cardiac output is dis-
tributed between/inside organs in accordance with
metabolic needs of a particular tissue region at a
given time, for example, during functional hyper-
emia. In hypoperfusion state the adequate oxygena-
tion of a separate cell depends on the delivery of oxy-
gen by microvessels as well as on the intercapillary
distance (the latter increases with decreasing the
density of functioning capillaries) and the critical
oxygen diffusion distance (the maximum distance
the mitochondria can be away from an oxygen
source) [13].
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JIpyrvMu ipuMepamMu MOTYT ObITh BHYTPUCOCYIUCTAST
arperarys 3pUTPOIUTOB, BDEMEHHAS 3aKYTIOPKA YCThe-
BBIX OT/ICJIOB MUKPOCOCY/IOB JIEHKOIIUTAMU WU TTOSB-
JICHUE <TJIA3MATHYECKUX»> KaMJIISIPOB, 3aII0JTHEHHBIX
TOJIBKO T1JIa3MOi1 [6].

[lepdysus n okcureHanys TKaHell B KOHEUHOM
UTOTE OIPEIEJIIOTCS CKOPOCTBIO KaUJIISAPHOTO
KPOBOTOKA (IIE€PEHOC BEMIECTB 10 MEXaHU3MY KOH-
BEKI[UU) U TIJIOTHOCTHIO (PYHKITMOHUPYIONIUX KaITHJI-
JISIPOB, T.€. UX 001ell 0OOMEHHOI MOBEPXHOCTHIO (T1e-
PEHOC BemiecTs 1o Mexanusmy nuddysun) [12]. Itu
nBa (hakTopa ONpeAeNsoTCs He TOJIBKO COCTOTHIUEM
CUCTEMHOI TeMOJWHAMUKH, HO U, B 3HAUYUTEJIbHOI
CTETeHU, TOHYCOM TPEKAMIJIIPHBIX COCYIOB (apTe-
puou). ITocpescTBOM peryssiiiii cocyIiCcTOro TOHY-
ca ceplevHbIH BBIOPOC «PACTIPEIETSIETCSI> MEKLY OP-
raHaMd U BHYTPU OPraHOB B COOTBETCTBUH C
MeTabOJNIeCKUMU TOTPEOGHOCTSIMI KOHKPETHOTO
pErMoHa TKAaHU B JIAHHBI MOMEHT BPEMEHHU, HAIlpU-
Mep, TpH (PYHKITMOHATBHON TUIepeMun. B ycaoBusx
rurioniepdysnun ajieKBaTHAs OKCUTEHAINS KOHKPET-
HOW KJIETKH 3aBUCUT OT JIOCTABKU KUCJIOPOJIA TI0 MU-
KpococyZiaM, a TakkKe OT TakuxX (hbaKTOPOB KaK pac-
CTOSHUME MEXKIY KamnigpaMu (YBeJUIUBACTCA TIPU
CHWKCHUM TIOTHOCTH (DYHKITMOHUPYIONINX KaTTWJI-
JIIPOB) U KPUTHUYECKOe paccTtosinue g nuddysnu
KHUCJI0posia (MaKCUMATbHOE PACCTOSTHUE OT MUKPO-
cocyna 0 MUTOXOHJAPUU KieTKu Tipu auddysnn
kucsaopona) [13].

PeI‘yJIHILI/Iﬂ COCYyUCTOIO TOHYyCa

CocyMCTBIM TOHYCOM Ha3bIBAIOT MOCTOSIHHOE
HANPsKEHNE CTEHOK KPOBEHOCHBIX COCY/IOB, TIPOTH-
BOJICHICTBYIOINEE UX PACTSKEHUIO IO/ BO3/ICHCTBUEM
naBiaeHus Kposu [14].

[l onticaHus IBUXKEHUS KPOBU 110 CUCTEME CO-
CY/IOB IPUMEHUMO OCHOBHOE ypaBHEHUE TU/IPOIMHA-
MUKH, KOTOPOE YCTAHABJIUBACT B3aUMOCBA3b MEKIY
006BEMHOIT CKOPOCTBIO KPOBOTOKA B cocyze Q, rpajm-
€HTOM JaBJjieHus B aToM cocyzne AP u ero rugponuna-
mudeckuM corporusienneM R: Q=AP/R. O6bem-
Hasgd  CKOpPOCTh  KpoBOTOKa Q)  oTpaxkaer
KpoBocHabxkeHue (T1epdy3no) TOTO UK HHOTO Opra-
Ha 32 OIpe/IeJIeHHbII TPOMEKYTOK BPEMEHH U 0ObIY-
Ho uamepsierca B Mia/mMuH/100 r Tranm [11]. Tuapo-
JIMHAMUAYECKOE COIMPOTUBJIEHUE COCy/la 3aBUCHUT OT
HECKOJBKUX (DaKTOPOB, B3AUMOCBSI3b MEK/Y KOTOPBI-
MU onpenesserca 3akoHoM XareHa-Ilyazeiiss:
Q=AP(xr*)/(8yL), tme r — BHYTpeHHUN pagyc co-
cylla, § — BSIBKOCTb KUAKOCTH, L — fyHa cocyna. 13
3TOTO YPAaBHEHUS U OCHOBHOTO 3aKOHA TH/IPOINHAMU-
Kku crenyet, uto R=(8yL)/(7r?), T. e. conporunienue
cocyna 06paTHO TPOMOPIUOHATIBHO YeTBEPTOMl CTe-
1eHu ero pagnyca. IMeHHO 110sToMy COCYNCTBIH TO-
HYC MMEET KJII0UeBO€e 3HAUEHUE B PETYJISAINI 00beM-
HOTO PETMOHAPHOTO KPOBOTOKA, TIOCKOJIBKY OT HETO
3aBUCHUT BEJMYMHA pajinyca cocynos [9].

The regulation of vascular tone

Vascular tone is a constant tension of blood ves-
sel walls, which counteracts stretching them under
the influence of blood pressure [14].

To describe the movement of blood through the
vascular system, the the basic equation of hydrody-
namics is applicable. Tt establishes the relationship
between the volumetric blood flow rate in the vessel
(Q), the pressure gradient in the vessel (AP) and its
hydrodynamic resistance (R): Q=AP/R. The volu-
metric blood flow rate (Q) reflects the perfusion of
an organ for a certain period of time and is usually
measured in ml/min/100g of tissue [11]. The hydro-
dynamic resistance of a vessel depends on several fac-
tors, the relationship between which is determined
by the Hagen-Poiseuille law: Q=AP(zr")/(8yL),
where: 1 is the inner radius of vessel,  is the viscosi-
ty of fluid, L is the length of vessel. From this equa-
tion and the basic equation of hydrodynamics fol-
lows that R=(8yL)/(r"), i.e. vascular resistance is
inversely proportional to the radius of the vessel by
the factor of four. Vascular tone is critical for the reg-
ulation of regional blood flow since it determines the
radius of vessels [9].

Vascular tone value is determined by the level
of individual smooth muscle cells activity in a given
region of the vasculature. Vascular smooth muscle
has the ability to maintain the active tension over a
long period of time [9]. Most vessels have some
amount of pacemaker cells that are spontaneously
depolarized and excite the neighboring cells.
Shortening pacemaker cells are not dependent on the
innervation of the vessel and observed even after
denervation. Due to this phenomenon the vessel
walls are at a certain tension even at rest (myogenic
basal tone). The tension of most vessels at rest is
determined not only by the basal tone, but also by
contracting of smooth muscle cells under the influ-
ence of vasoconstrictor impulses arriving on sympa-
thetic nerves. Such total tension of vessels at rest is
called the neurogenic tone [8, 9].

At rest, the regional blood flow is determined
by the metabolic needs of a particular organ: the
higher needs, the more volumetric blood flow in the
organ. Adaptive blood flow changes in the peripher-
al vessels are due to both the local and systemic
(humoral and nervous) factors, which in varying
degree affect the vascular smooth muscles tone in
different organs.

Metabolic and intrinsic myogenic mechanisms
are conventionally attributed to the local factors of
vascular tone regulation (autoregulation). Both of
these mechanisms are functioning on a base of princi-
ple of negative feedback: the deviation of any para-
meter of homeostasis (eg, decreased tissue pO, or the
vascular wall tension) triggers a chain of reactions
aimed at the return of deviated parameters to their
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Benuunna cocyauctoro tomnyca ornpesesisieTcst
YPOBHEM aKTHUBHOCTU OT/ETbHBIX IJIAJKOMBIIIEYHBIX
KJIETOK TOTO WJIM UHOTO PErMOHA COCYAUCTOU CeTH.
Tmajkast MycKyJaTypa cocyoB 06Jagaer crocobHo-
CTHIO COXPAHSTh AKTUBHOE HAIPsKEHUE Ha IPOTs-
JKEHUU JITUTEILHOTO Tieprojia Bpemenu [9]. B 6oJib-
HIMHCTBE COCYZOB €CTb HEKOTOPOE KOJUYECTBO
[JIAJIKOMBIIIIETHBIX KJIETOK-TIeICMEKEPOB, KOTOPbIE
CIIOHTAHHO JIETIOJISIPU3YIOTCS U BO30Y/KIAIOT COCEI-
Hue kieTkn. CoKpalleHnus KJIeTOK-TIeiiCMeKepoB He
3aBUCST OT HHHEPBAI[UK COCY/Ia M HAOIOMAIOTCS [1a-
JKe [ocJse ero JaenepBanuu. biarogapst atomy siBiie-
HUIO CTEHKHU COCY/IOB [Ia’Ke B TIOKO€ HAXOJISITCS B CO-
CTOSHUM HEKOTOPOTO HampsKeHus (MUOTeHHBbIN
GasasbHbIN TOHYC). HanpsikeHre OOJIBIIMHCTBA CO-
CY/IOB B MOKOE OTIPEJIEJISIETCST He TOJBKO (Ga3aIbHBIM
TOHYCOM, HO U COKpAIlleHHeM TJIaKOMbBIIIETHBIX
KJIETOK MOJ[ BJUSIHHEM COCYAOCYKUBAIOIIUX M-
MYJIbCOB, TIOCTYTIAIOIUM 110 CUMIATUYECKUM HEPB-
HBIM BOJIOKHAM. JTO CyMMapHOe HaIpsKeHUe Cocy-
JIOB Ha3bIBAETCS TOHYCOM TIOKOA [8].

B noxoe pernoHapHblil KPOBOTOK OIIpejiesiseT-
cs1 MeTabOJMYECKUMU TOTPEOHOCTSIMU TOTO UJIH
WHOTO OpPTaHa: YeM OHHU BbIIIle, TeM O0JIbIiie 0O heMHast
CKOPOCTh KPOBOTOKA B 9TOM oprate. [Ipucriocobu-
TeJIbHbIC U3MEHEHUS KPOBOTOKA B Tiepu(eprnyecKux
cocyiax 00yCJIOBJIEHBI KaK JIOKAJTbHBIMH, TaK M CUC-
TeMHBIMU (TYMOPAJbHBIMUA U HEPBHBIMU) (haKTOpa-
MU, BJIMSHIE KOTOPBIX HA [VIAIKYIO MYCKYJIaTypy CO-
CY/IOB B Pa3HBIX OpTaHaX Pa3JIMyHO.

K mecthbiM (hakropam peryssimu (ayToperyJis-
I[N ) COCYICTOTO TOHYCA YCJIOBHO OTHOCSIT META0OJIH-
yecKue U COOCTBEHHO MUOTeHHbIe MeXaHn3Mbl. O01mm
JUIST HUX SIBJISIETCS. TIPUHIMATT (DYHKIIMOHUPOBAHUS TI0
MeXaHU3MY OTPHIATEBHOI 0OPATHO CBSI3U: OTKJIOHE-
HIE KaKOrO-Jinbo MapaMerpa ToMeocTasa (Harmpumep,
camkervie pO, B TKAHSIX WM HATIPSDKEHUST COCYTUCTO
CTEHKM) 3aIyCKaeT TIeTb PEeaKIni, HAIPABICHHbIX Ha
BO3BpAllleHNe OTKJIOHUBINErOCsT MapaMeTpa K HUCXO[-
HBIM 3HAYeHUSIM. Tak, MeTabOoJIMIeCKast ayTOperyJisi-
1St iepuepuuecKoro KPOBOTOKA 3aKTIOUAETCST B TOM,
91O runorepdy3ust PErnoHa TKAHU IPUBOIUT K CHITKe-
a0 pO, U HAKOIUIEHWIO TIPOYKTOB MeTaboJIM3Ma B
HTOM PErMOHE, KOTOPbIE OOJIAIAIOT COCYTOPACIIIUPSIIO-
UM JieficTBreM. Pa3BuBaoniascs B aTUX YCIOBUIX Ba-
30/IMJIATAIIMST BEJIET K YBEJIMUEHUIO OOBEMHOI CKOPO-
CTH KPOBOTOKA, a, CJIEIOBATENbHO, K YBEIUYEHUIO
JIOCTaBKU KUCJIOPO/IA U «BBIMBIBAHUIO» HAKOITUBIIUXCSI
MeTabosmToB. [Ipu 5TOM MeTaboIMIecKue COCyI0pac-
HIUPSTIONUE BIUSTHUS YACTO IOMUHUPYIOT HA/l HEPBHbI-
MU COCYIOCYKUBAONIMMU a(hheKTaMu 1 B HEKOTOPBIX
CJIy4asx TOJHOCTBIO MoAaBistioT ux [8]. Ipsmoe Baso-
JIJIATUPYIOLIlee IENCTBIE HA TJIAIKOMbIIIIEYHbIE KJIeT-
KU cOcy/I0B (TIPEsK/ie BCETO apTEPHOJT) OKAa3bIBAIOT CJie-
ayiorue (GhakTOpPbl: THUIIOKCEMIUs], PeCIUPATOPHbBII
(rumepkanHus) U MertabondecKuii (TUmepaKTare-
M) AlU/I03, THIIEPKATHEMIST U THIIEPOCMOJISIPHOCTD
BHEKJIETOUHOI sKuKoCTH. CrabbIM COCYTOPACIIIUPSIIO-

initial values. Thus, the metabolic autoregulation of
peripheral blood flow consists in that the hypoperfu-
sion of tissue region reduces pO, and leads to the local
accumulation of metabolic products with vasodilata-
tion properties. Vasodilatation, which develops in
these conditions, leads to increasing in the volumetric
flow rate and, consequently, to increased oxygen
delivery and <«washing outs of locally accumulated
metabolites. The metabolic vasodilator effects often
dominate over neural vasoconstrictor effects and in
some cases completely suppress them [8]. The follow-
ing factors have a direct vasodilating effect on the
smooth muscle cells of the vessels (mostly arterioles):
hypoxemia, respiratory (hypercapnia) and metabolic
acidosis (hyperlactatemia), hyperpotassemia and the
hyperosmolarity of the extracellular fluid. Pyruvate
has a relatively weak vasodilating effect, whereas
adenosine triphosphate (ATP), adenosine diphos-
phate (ADP), adenosine monophosphate (AMP) and
adenosine possess stronger effect. Currently, it is not
exactly known, which of these metabolic factors more
impacts the arteriolar tone in metabolic blood flow
autoregulation.

The special role of the endothelium in the regu-
lation of vascular tone should be highlighted, too.
Since the eighties of XX century, the endothelium
had been actively studied as an important factor in
the regulation of local and systemic blood circulation,
as well as a key element of the pathogenesis of various
cardiovascular (hypertension, atherosclerosis) and
other diseases (eg, inflammatory diseases) [9]. Blood
vessels react completely differently to certain impacts
in the absence of the endothelial lining. For example,
acetylcholine causes vasodilation of the intact vessel,
however, it causes vasoconstriction in the vessel
devoided of endothelial lining [15]. It has been found
that endothelial cells respond to different stimuli by
producing of endothelium-derived relaxing factor
(EDRF), which reduces the tone of the underlying
vascular smooth muscle. This substance was subse-
quently identified as nitric oxide (NO). [16]. With an
increase in concentration of intracellular Ca2*, NO is
synthesized from L-arginine by the enzyme NO-syn-
thase. The NO is a small fat-soluble molecule, so it
easily diffuse into the adjacent smooth muscle cells,
causing their relaxation by stimulating the produc-
tion of cyclic guanosine monophosphate (cGMP).

Acetylcholine, bradykinin, vazointestinalny
peptide (VIP) and substance P bind to specific mem-
brane receptors on endothelial cells and activate Ca2*
channels, thus stimulating the production of NO by
the endothelium. Another physiologically significant
factor for NO synthesis is the shear stress, which is
determined by the rate of blood flow and stimulates
the production of NO by endothelial cells, mainly due
to the activation of stretch-sensitive Ca2* channels
[17]. Tt is believed that in norm endothelial cells
always produce a certain amount of NO, which in
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UM JIeficTBUeM 00JIa/IAeT MUPYBAT, CUJIbHBIM — ajie-
nogunrpudochar (ATD), amenosunmudochar
(A1D), anenosunmonodochar (AMD) u azenosum.
TouHO HEU3BECTHO, KAKKE M3 3TUX WU IPYTUX METa00-
JITYECKUX (DAaKTOPOB B HAUOOJIBIIEN CTENeHH OKA3bIBa-
0T BJIMSIHUE HA TOHYC apTEPUOJT TIPU META00TIMIECKON
AyTOPETYJISIUI KPOBOTOKA.

OT1es1bHO CIeyeT BBIJICIUTD POJTh 9HIOTEIN B
perysanuu Tonyca cocynoB. C 80-x rozoB XX Beka
JHIOTEJINI AKTUBHO MU3y4YaeTcs Kak BaXKHBIN (DaKTop
PETyJISIIIUE MECTHOTO U CHCTEMHOTO KPOBOOGpaliie-
HUS, a TaKXKe KJII0YeBOe 3BEHO MaTOreHe3a MHOTHX
CEepPAEYHO-COCYIUCTBIX (apTepuasibHas TUIIEPTEH3US,
aTepoCKJIepo3) U Apyrux saboJieBaHuii (Harmpumep,
BocnanuTesapHbIX) [9]. KpoBenocublie cocyibl pearu-
PYIOT COBEPIIIEHHO WHAYE HA OTPe/IeJICHHbIC BO3/ICH-
CTBUS TIPU OTCYTCTBUU IHAOTEIUATBHON BBICTUIKH.
Harnpumep, anieTHixoiMH BbI3bIBAET BAa30UIATAITAIO
MHTAaKTHOTO COCY/Ia, HO B COCYJIE, JIUIIEHHOM 9HJI0-
TEJNATHHONW BBICTUJIKU, BBI3BIBACT BAa30KOHCTPHUK-
1o [15]. Beiso BBISIBIEHO, UTO SHAOTENUOIUTEL Pe-
arupyioT Ha Pa3JUYHbIC CTUMYJBI MPOAYKIUEH
JIOKAJIbHOTO (hakTOpa (9HIOTENNAJIbHBIN peslakch-
pytomuii dakrop, auria. EDRF), koTopbrii cHuskaet
TOHYC JIe;Kallell IO/l 9HA0TEeTNeM TJIaIKON MyCKYyJia-
TYPBI COCy/Ia. DTO BEMIECTBO B MOCIEAYIONIEM OBLIO
npeatudunmrpoBado kak NO (okuch azora) [16].
[Ipu yBesmmueHnU BHYTPUKJIETOUHOM KOHIIEHTPAIIMT
Ca2*, NO cuntesupyercs ua L-aprununa 1oz jeii-
crueM depmenta NO-cunTasbl. [lockosbky NO —
3TO HeOOJIBINAS KUPOPACTBOPUMAsST MOJIEKYJIA, OHA
Jgerko nuddyHIIpyeT B cOCeTHUE TJAJAKOMBIIICY-
HbIEe KJIETKH, BBI3bIBAS WX PEJIAKCAINIO, 32 CUET CTU-
MYJUPOBAHUS MPOAYKIIUU HHUKJIUYECKOTO TyaHO-
suuamonodocdara (1M D).

AnernnaxonvH, OpaJUKUHIH, Ba30UHTECTH-
HaubHbIi nentu (BUIT) u cy6eranius P, cBsisbiBa-
SICB CO el UIECKUME PEIENITOPAMU Ha MeMOpaHe
HIOTEJUOIUTOB U aKTUBUPYS TOCPEICTBOM 3TOTO
Ca2* kanaJjibl, CTUMYIMPYIOT TIpoayKimio NO sHz10-
TesreM. /Ipyrum pusnosornueckn 3HaYUMbIM (hak-
TopoMm cuHTe3a NO gBiseTcs onpesesiseMoe ypoB-
HEM KPOBOTOKA HaIpsXeHUe CABUTA, KOTOPOE
CTUMYJIUPYET MPOJYKITUIO SHAOTEINATHHBIMU KJICT-
kamu NO TpeuMyInecTBEHHO 3a CUYeT aKTHUBAIUU
4yBCTBUTENbHbBIX K pacTskennio Ca2* kananos [17].
Cunraercs, 4TO HAOTEIUAIbHBIC KJIETKM B HOPME
Bcerja BbIPabaThIBAIOT OIPEIENEHHOE KOJHYECTBO
NO, 4T0 B coueTaHuu ¢ APYTUMU (PAKTOPAMU UMEET
GOJIbIIIOE 3HAYEHUE B CO3/AaHUKM HOPMAJILHOTO pe-
3YJIBTUPYIOIIETO COCYAMCTOTO TOHYCA BO BCEM Opra-
Hu3Me [9]. DHAOTENATBHBIE KICTKU TIPOLYIIUPYIOT
TakKe JIpyThe Ba3oAMJIATUPYIOIIUE BENecTBa (<«9H-
JOTETMAJIBHBIN TUIIEPIIONIPUIYIONU (hakTOp») U
HECKOJIBKO COCYNOCYKUBAIOTIUX (PAKTOPOB, BKIIO-
Yasi 9H/I0TEJUHBL.

B mnocsiesinee Bpemst Bee OoJibliiee BHUMAHUE B
CHEIUATU3UPOBAHHON JIUTEpaType YIEJsSeTcs Ta-

combination with other factors is important in the
establishment of normal vascular tone in the organ-
ism [9]. Endothelial cells also produce other vasodi-
lating substances (such as Endothelium-Derived
Hyperpolarizing Factor) and several vasoconstrictive
agents, including endothelins.

In recent years, increasing attention has been
attracted to studies of integrating factors of metabolic
blood flow regulation as a conducted vasodilatation
and release of ATP by red blood cells in response to
decreasing oxyhemoglobin saturation [18]. The red
blood cells are seen as a «sensors» of hypoxia. The
amount of ATP released by them is proportional to the
degree of oxyhemoglobin desaturation in the venous
part of microvasculature. ATP binds to purinergic
receptors on endothelium and causes the vasodilation
that conducts upstream via the capillaries to the arte-
rioles and small arteries, thereby regulating blood flow
distribution in the region [19]. Conducted vasodila-
tion is based on the NO secretion by the endothelium
in response to chemical (ATP) and mechanical (shear
stress) exposure, whereas the transmission of informa-
tion takes place along the vascular wall via the gap
junctions of cells, which involve changes in membrane
potential and ionic concentrations. Conducted
vasodilatation is carried out via both endothelial and
smooth muscle cells of vascular wall.

In addition to the local metabolic impacts on
vascular tone, many specific substances with cardio-
vascular effects have been defined, which are acting
primarily via auto- or paracrine mechanisms. [9].
Histamine, the polypeptides bradykinin and kallidin
possess a pronounced vasodilating patterns and
capacity to increase the permeability of capillaries.
Prostaglandins (PG) have different cardiovascular
effects and have a pathophysiological significance in
tissue injury and inflammation. PGA; and PGA,
cause the dilation of mesenteric arterioles, reduce
blood pressure, increase renal blood flow and urine
output. PGF narrows the blood vessels and increases
blood pressure. Prostacyclin inhibits and thrombox-
ane enhances platelet aggregation and haemostatic
vasoconstriction [8].

Some vessels (renal, brain, coronary) are able to
maintain a constant volumetric blood flow during
blood pressure fluctuations that is the base of the
myogenic autoregulation of peripheral blood flow.
This phenomenon is manifested by the contraction of
vascular smooth muscle with an increase of perfusion
pressure and the relaxation of the muscle with a
decrease in pressure (Bayliss effect). This mechanism
contributes to the stabilization of the blood supply to
the organ in a fairly wide range of perfusion pressure
changes. The myogenic autoregulation is indepen-
dent of autonomic influences, so it is retained even
after the transection of the vasomotor nerves [11].

The main role in the neural regulation of vas-
cular tone belongs to the sympathetic adrenergic
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KUM UHTErpupyomuM (haxropam mMetaboJudecKoit
peryJsiuu KpOBOTOKA KaK MPOBOIHAS Ba30/IMJIaTa-
st u BoicBoOOk eHue aputporuramu ATD B orBeT
HA CHUJKEHIE COJIEPKAHUSI B HUX OKCUTEMOTJIOOUHA
(necarypammio) [18]. DpurponnTs paccMaTpruBaOT-
Cs1 Kak cBOeoOpasHble «CEHCOPbI» TUIOKcHH. KoJm-
4yecTBO BbiessseMoro uMu ATD npomnopimoHaabio
CTENEHU JlecaTypalui OKCUTEMOTJIOOUHA B BEHY-
JIAPHOM OT[leJie MUKPOIUPKYJIITOPHOTO pYyCJa.
AT® cBs3bIBaeTCst € IyPUHEPTUYECKUMU PEIETITO-
paMu 3HOTEJNS W BBI3bIBACT BA30AMJIATAIINIO, KO-
TOpasg PeTPOTPaHO Yepe3 KaUJISAPBl PacpocTpa-
HAETCSd Ha apTepuoJibl U MeJKUe apTepuu, TeM
CaMbIM PETYJIUPYS MOCTYIICHUE W pacipenesieHue
KpoBU B J]aHHOM peruone [19]. B ocnoBe nnpoBoHOi
Ba30/IUJIATAIINY JIEKUT cekperust anpoTesneM NO B
orBet Ha xumuyeckue (ATD) u mexanuyveckue (Ha-
NpsiKeHue cIBUTra) BO3/IeHCTBYS, IIPU 9TOM Iiepejia-
ya nHGOPMAIUK BIOJIb COCYAAMCTON CTEHKHU B BUJIC
U3MeHEeHUsT MeMOPAHHOTO MOTEHITHANA 1 TPOHUI[Ae-
MOCTU MOHHBIX KAaHAJIOB TTPOUCXO/IUT Yepe3 KIeTOu-
HBIE TIeIeBbie KOHTAKTHI (anen. gap junctions). IIpo-
BOZIHAS Ba30/IMJIATAIINS OCYIIECTBJSECTCS KaK yepes
SH/IOTEJIUOIUTDI, TaK M 4Yepe3 TJIATKOMBIIIEYHbIE
KJIETKU COCYAUCTON CTEHKH.

I[ToMUMO MECTHBIX MeTabOJINYeCKUX BO3JCHCT-
BMI1 HA COCYJIUCTBIN TOHYC yCTAaHOBJIEHBI MHOTHE CIie-
1 rIecKre XMMUUYECKIE BEMECTBA, 00IAA0IIIE CO-
cyuctbiMu adderTamu, U JelCTBYIONIUE Yallle BCETO
10 ayTO- WM MapakpuHHOMY Mexanusmy [9]. [mcra-
MUH, TOJTUTIETNTH/IBI KAJUTUINH 1 OPaJinKUHUH 00JIa/1a-
10T BBIPAJKEHHBIM COCYIOPACHIUPSIONUM 3(PheKToM 1
YBEJIMYUBAIOT TPOHUIIAEMOCTH Kanuuisspos. [Ipocrar-
sauuaet (Pg) 06/1aatoT pasHbIMU COCYIUCTBIME 3(h-
(bexramu n nmeroT MaTodUMOIOTNYECKOE 3HAYCHUE
P TIOBPEKJICHUN TKaHed W BocnaieHuu. PgAl u
PgA2 BbI3BIBAIOT PACIIMPEHHE apTEPUOJT YPEBHOI 06-
Jact, cHKaloT Al M yBeJTMUMBAIOT MOYEYHBIH KPO-
BOTOK 1 inypes. Pg rpymiel F cy:knBaioT cocy/ipl 1 11o-
BoimaoT AJl. TIpOCTAIMKIMH TOPMO3UT, 2 TPOMOOKCAH
YCUJIMBAET arperaruio TPOMOOIIMTOB U BBI3bIBAET Te-
MOCTATHYECKYIO BA3OKOHCTPUKIINIO [8].

Hexotopslie cocyzbl (ToyedHble, MO3TOBbIE, KO-
POHApHBIE) CHOCOOHDBI TOIEPKUBATD TTOCTOSTHHYTO
00BEMHYI0 CKOPOCTH KPOBOTOKA IIPU KOJIEOAHUSIX
AJl, B OCHOBE YeTO JIE;KUT MUOT€HHAS 2y TOPETY SIS
nepudepudeckoro Kpootoka. OHa 06ycI0BIEHA CO-
KPaIIeHUSMHU TJIAJIKAX MBIIII] COCYIOB ITPY TTOBBIIIE-
HUM 1IepY3UOHHOTO JIABJICHUST U UX paccaabieHneM
npu cHkenun gasienus (agdexr beitmuca). Iror
MEXaHU3M CIIOCOOCTBYET CTAaOMIM3AINN KPOBOCHAO-
JKEHWSI OpraHa B JIOCTATOYHO IMHPOKOM JMAIa30HEe
nu3MeHeHul 1ep¢y3noHHOTO MaBicHus. MuorenHas
AyTOPETYJIAIMS HEe 3aBUCUT OT BET€TATUBHBIX BJINL-
HU, TIO9TOMY OHa COXPAHSIETCS JasKe MOCIe Tiepepes-
KW COCYIOJIBUTATEIbHBIX HEPBOB [11].

OcHoBHas poJib B HEPBHOU PETYJIAIUNA COCY-
JIUCTOTO TOHYCA OTBOJUTCH CUMIATUYCCKUM ajipe-

vasoconstrictor fibers, which release norepineph-
rine as a neurotransmitter. Increased efferent out-
put in the fibers of this type leads to an increase in
active stress of vascular muscles. Small arteries and
arterioles of the skin, kidneys and mesenteric
region are richly innervated by the vasomotor
fibers. In the brain and skeletal muscles these ves-
sels are innervated relatively weak [8]. The degree
of contraction of vascular muscle depends directly
on the impulsation frequency of vasomotor efferent
nerves. In the absence of tonic vasoconstrictor
nerve impulses (denervation), the vasodilation is
limited by the basal myogenic vascular tone. Thus,
the total vascular tone may be altered relative to
resting neurogenic tone both towards vasocon-
striction and vasodilation.

The parasympathetic cholinergic vasodilator
fibers innervate blood vessels of the external genitalia.
This same type of nerve fibers innervate pial and coro-
nary vessels, but their impact on the tone of the arte-
rioles in these organs seem to be not essential [9].

Humoral (hormonal) regulation is represent-
ed by dozens of biologically active substances,
which affect vascular tone and the permeability of
vessel wall through binding with specific mem-
brane receptors on endothelial and smooth muscle
cells. The catecholamines (epinephrine and norep-
inephrine), secreted by the adrenal medulla, circu-
late in blood in small concentrations under physio-
logical conditions. Vascular responses to these two
substances are different. The final effect of cate-
cholamines on vascular wall (vasoconstriction or
vasodilation) depends on the amount and the ratio
of @- and S-adrenergic receptors on vascular mus-
cle cells. The excitation of a-adrenergic receptors
is accompanied by vasoconstriction, while the
stimulation of B-adrenergic receptors lead to
vasodilation. Norepinephrine acts primarily on a-
adrenergic receptors and epinephrine acts on both
a- and fB-adrenergic receptors. Both types of the
receptors are presented in most vessels.
Epinephrine causes vasoconstriction of a vessel, if
a-adrenergic receptors are dominated in the vessel,
and it causes vasodilation, if f-adrenergic receptors
are dominated. Epinephrine causes vasodilation at
low (physiological) concentrations and vasocon-
striction in high concentrations [8]. Such features
of catecholamines action on vascular tone partly
explain the differently directed blood flow changes
in a number of organs during hemorrhage (the cen-
tralization of circulation).

Other vasoactive hormones are the renin-
angiotensin-aldosterone system, antidiuretic hor-
mone (vasopressin) and serotonin. Their role in the
regulation of vascular tone is negligible in physiolog-
ical conditions, but they have a leading role during
blood loss and fluid and electrolyte alterations, that
will be discussed in more detail hereinafter.
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HEPTUYECKUM COCY/IOCY’KUBAIONUM BOJIOKHAM, Me-
JIMATOPOM KOTOPBIX sABJIsAeTcS HOopajapeHanauH. [lo-
BbITIeHe 3(h(GepeHTHON UMITYJIbCAIINNA B BOJIOKHAX
JAHHOTO THIIA TPUBOJUT K YBEJIUYCHUIO AKTUBHOTO
HaIpsKeHWs MBI cocyZioB. CocynonBuraresib-
HbI€ BOJIOKHA OOUJIbHO HHHEPBUPYIOT MEJIKUE apTe-
PUH U apTEPHUOJIBI KOKU, TOYEK U YPEBHON 00JIACTH.
B 1010BHOM MO3TY 1 CKEJIETHBIX MBIIIIIAX 3TH COCY-
JIbl THHEPBUPOBAHBI OTHOCUTEIBHO cabo [8]. Cre-
MEHb COKPAIEHUS MBIIII] COCY/IOB 3aBUCUT HEIO-
CPEZICTBEHHO OT 4YaCTOTBl HUMIIYJbCAIlUU B
a(hdepeHTHBIX cocynoABUTATEIbHBIX HepBax. [lpu
OTCYTCTBUM TOHMYECKOU UMITYJIHCAITUHU 110 COCY/I0-
Cy’KMBAIOIINUM HepBaM (JieHepBalllu), Ba3o/uiaTa-
U1 orpaHryeHa Ga3aJbHBIM MUOTEHHBIM TOHYCOM
cocynoB. TakuMm 06pa3oM, pe3yJbTUPYIOLIHIT COCY-
JIACTBIA TOHYC MOKET ObITh U3MEHEH (OTHOCHUTE b=
HO TOHYCA ITOKOA ) KaK B CTOPOHY Ba30KOHCTPUKITUN
Tak ¥ B CTOPOHY Ba30/[UJIATAIUN.

[Tapacumriatuyeckue XOJTMHEPIHYECKUE COCY-
JIOpacIIupsIoniue BOJOKHA WHHEPBUPYIOT COCY/IbI
HAPY/KHBIX MOJIOBBIX OPTaHOB. ITOT e TUI BOJOKOH
UHHEPBUPYET COCY/IbI MSITKOI MO3TOBOI 000JI0YKH
TOJIOBHOTO MO3Ta ¥ KOPOHAPHBIE COCY/IbI, OTHAKO UX
BO3/ICIICTBIE HA TOHYC aPTEPUOJ HTUX OPIaHOB HECY-
niectBeHHo [9].

Iymopasibaas  (ropMoHasIbHAST) — PETyJIAIHsA
HPEJICTABIEHA JIECITKaMU OMOJIOTHYECKH aKTUBHBIX
BEIECTB, KOTOPBIE MTOCPEJCTBOM CHEIM(PUIECKUX pe-
[ENITOPOB Ha MeMOPaHaX SHIOTEIMOIUTOB U TJIAIKUX
MUOITUTOB BIMSIOT HA COCYAMCTBIN TOHYC U POHUTIA-
eMocTb cTeHKu cocyza. Cekperupyembie MO3TOBBIM
CJI0eM HA/IMOYEYHUKOB KaTeXOJAMWHBI (a/[peHAIMH 1
HOpaJpeHAINH) B (PU3MOTOTUUECKUX YCTOBUSAX ITUP-
KYJUPYIOT B KPOBH B HEOOJBIINX KOHIEHTPAIIHSIX.
Peakimsa cocyioB Ha 9TH /1Ba BELECTBA PA3JINIACTCA.
Koneunbiit aekT BIUgHNSA KaTEXOJAMUHOB HA MU-
OITUTBI COCYIUCTON CTEHKW (BA30KOHCTPUKIINA WJIN
Ba30/IMJIATAINS ) 3ABUCHUT OT KOJMYECTBA U COOTHOTIIE-
HUSI B Hell @- u B-anpeHoperientopos. Bos0y:xieHme
(-aJIPEHOPEIETITOPOB  COTIPOBOXKAAETCS BA30KOHCT-
PUKITHEN, a -aIpeHOPENENTOPOB — Ba30[UIATAIIHEN.
Hopanpenanus jeficTByeT NperMyIiecTBeHHO Ha Q-
AJ[PEHOPEIIENTOPEI, A AJ[PeHAINH — U HA - U Ha B-af-
PEHOPETENTOPbL. B OOJIBITUHCTBE COCY/IOB MPEICTaB-
Jenbl oba Ttuma perentopoB. Eciu B cocymax
npeobIaaoT -aJPEHOPEIENTOPB, TO aJpPEeHATINH
BBI3BIBAET MX BA30KOHCTPUKIIHUIO, A eC/Iu B-afpeHope-
LENTOpPbI, TO Auiaranuio. B auskux (dusunonoruyec-
KMX) KOHIIEHTPAIUAX aJIPEHAJINH BBI3bIBACT BA30IM-
JIATAIMI0, A B BBICOKUX KOHIEHTpAIUIX —
Ba30KOHCTPUKIHIO [8]. Takumu 0cOOEHHOCTSIMU JIeii-
CTBUS KATEXOJIAMUHOB HA COCYIUCTBIH TOHYC MOKHO
YAaCTUYHO OOBSICHUTD PasHOHAIIPABJICHHBIE H3MEHE-
HUS KPOBOTOKA B Psjie OPraHOB IMPU KPOBOTIOTEPE
(TleHTpaIM3aIHst KPOBOOOPAIIEHST ).

[lpyruMu Ba30aKTUBHBIMM TOPMOHAMU SBJIS-
I0TCSl PEHUH-aHTMOTEH3UH-ATh/IOCTEPOHOBAS CUCTE-

Compensatory and adaptive reactions
of the organism in acute blood loss

Besides reducing the CBV (hypovolemia), a
decrease in the oxygen capacity of the blood (ane-
mia) is another important factor in pathogenesis of
acute blood loss. As a result, oxygen delivery (DO,)
to the tissues of the body decreases [20—21].
Circulatory disorders and tissue hypoxia are respon-
sible for the activation of compensatory and adaptive
reactions of the organism. Depending on the timing,
the following stages of activation of compensatory
processes during blood loss become usually evident
[1]; they sequentially include the alterations within
the ardiovascular system hydremia, protein synthesis
and bone marrow hematopoiesis.

The very first protective reaction of the organ-
ism is blood coagulation and thrombotic process.
Thrombus formation at the site of vascular injury
(local haemostasis) helps to stop bleeding. However,
in the cases of acute severe blood loss and extensive
traumatic tissue injuries, the excessive blood coagu-
lation becomes an independent pathogenic factor
and can lead to the development of disseminated
intravascular coagulation (DIC) [22].

Cardiovascular compensation is developing
from the very first minutes of bleeding. It is mani-
fested by stimulation of heart activity and changes in
vascular tone. These changes are largely due to the
reflex activation of the sympathetic system with the
participation of baro- and chemoreceptors of the aor-
tic arch and carotid sinus [1, 3]. It is known that the
tonic afferent impulses from vascular baroreceptors
inhibit the «pressors part of the cardiovascular cen-
ter in the medulla oblongata, whereas the activation
of chemoreceptors (during hypoxia) stimulates the
cardiovascular center. Arterial hypotension reduces
impulse activity of the baroreceptors of the carotid
sinus and aortic arch, and the developing circulatory
hypoxia activates the vascular chemoreceptors. As a
result, the «pressor» activity of the medullar cardio-
vascular center is increased, which leads to intensifi-
cation in the tonic impulse activity of the sympa-
thetic nerves that innervate the heart and vessels.
Catecholamine secretion in the adrenals is also
enhanced [11].

The stimulation of the heart is manifested in
the form of tachycardia and increased myocardial
contractility, that under the conditions of hypov-
olemia and decreased venous return is aimed to
maintaining an optimal level of CO. Already at an
early stage of blood loss (10—15% of CBV) the tone
of capacitive vessels (veins and venules) of the skin,
subcutaneous fat and abdominal organs increases as
a reflex reaction, which is accompanied by the
venous vasoconstriction and mobilization of deposit-
ed blood into the bloodstream [23, 24]. Further acti-
vation of the sympathetic nervous system leads to an
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Ma, aHTUJMYPETUYECKUI TOPMOH, a TaKkKe CEPOTO-
HuH. VIX pOJib B PEryJISIIIUU COCYIUCTOTO TOHYCA B
(bU3UOJIOTHUECKUX YCJIOBUSIX HE3HAUMTETbHA, HO
MPUHUMAET OJHO U3 BEJYIIUX 3HAUYEHUN TIPU KPOBO-
HoTepe U BOJHO-3JIEKTPOJUTHBIX HAPYIIEHUSX, YTO
Gynet boJiee OAPOOGHO PACCMOTPEHO HITKE.

KoMnencatopHo-npucnocoourebHbie
peaky OpraHu3Ma
IIPU OCTPOIl KPOBOIIOTEPE

[MTomumo cumkennss OIIK (rumoBosemun),
JIPYTUM BaKHBIM TIATOT€HETHYECKUM (haKTOPOM TIpU
OCTPOIi KPOBOIIOTEpE SBJSAETCS CHWKEHUE KHCJIO-
POHOI eMKOCTH KPOoBU (aHEeMMsI) U, KaK CJIe/[CTBHe
aTOrO0, CHIKEeHUe roctaBku Kuciaopoaa (DO,) k Tka-
Hsm oprarusMa [20, 21]. HapymeHust kpoBooOpaiie-
HUST U TUTIOKCHUST TKAHeH 00YCJIOBIMBAIOT aKTUBAIHIO
KOMITEHCATOPHO-TTPUCIIOCOOUTEIBHBIX PEAKIIUi Op-
raHusma. B cOOTBETCTBUU €O CPOKaMM aKTHUBAIIUU
JIAHHBIX PEAKIUI, YCIOBHO BBIIEJSIOT CJIELYIOIIe
CTaluy Pa3BUTHUA MPOIECCOB KOMIIEHCAITMU KPOBO-
norepH [1]: cepaeuHo-coCyIUCTYIO, THAPEMUYECKYIO,
GEJIKOBOCUHTETUIECKYIO U KOCTHOMO3TOBYIO.

Camoii 1iepBoil 3alUTHON peakIuell opraHus-
Ma SBJISETCA aKTUBAIMSA CBEPTHIBAIONICH CHCTEMBI
KPOBU U OOIIENATOJIOTHYECKOTO potecca TpoMGo-
obpasoBanusi. OOpasoBanue TpoMba B MeCTe M0-
BpEXIEHUsT cocyia (MECTHBII reMocTas) crocobeT-
BYET OCTaHOBKe KpoBoTeueHus. OHAKO, TPU OCTPOIA
MAaCCHUBHOW KPOBOIOTEPE M TPaBMATUYECKUX I10-
BPEXKIEHUSAX GOJIBIITOr0 0ObeMa TKaHel, Ype3MepHast
TUIEPKOAryIsanuss KPOBU CTAHOBUTCS CAMOCTOSI-
TEJIBHBIM MATOTEHHBIM (DAKTOPOM ¥ MOKET ITPUBECTU
K Pa3BUTHIO IUCCEMIUHUPOBAHHOTO BHYTPUCOCY/IHC-
toro cBeptoBanus (JIBC) [22].

Ceppeuno-cocycTas KOMIIEHCAITUS Pa3BUBa-
eTcs ¢ TIepBbIX MUHYT KpoBoTeueHus. [Ipossisercs
OHA B CTUMYJISIIIMU PABOTHI CEPIIla U U3MEHEHUN CO-
CYJIUCTOTO TOHYCA, KOTOPbIE B 3HAUUTEJIBHON CTere-
HU 00YCJIOBJIEHBI PeDIEKTOPHON aKTHBAIUEN CHUM-
MATOAJPEHATIOBOM CUCTEMBbI, B TOM YHCJIC C YYACTHEM
6apo- U XeMOPEIENTOPOB JIyTH A0PThI U KAPOTUIHO-
ro cunyca [1, 3]. 3BecTHO, uTO TOHUYeckas adde-
PEHTHAsT UMITYJIbCAIUST OT COCYIMCTBIX OGapoperier-
TOPOB  OKa3bIBaeT TOPMO3HOE, a aKTHBAIMA
XeMOpeIenTopoB (IIPU TUIOKCUU) — CTUMYJIUPYIO-
niee BIUSHUE HA <[TPECCOPHBIIY OTEJ CePeYHO-CO-
CYJIUCTOTO IEHTPA B TIPOIOJITOBATOM MO3Te. ApTepu-
aJbHAs TUIIOTEH3WS YMEHbBIIACT HUMIIYJIbCHYIO
AKTUBHOCTDH GAPOPEIETNITOPOB KAPOTUHOTO CHHYCA U
JIyTH QOPTBI, & Pa3BUBAIOMIASCS ITUPKYJIITOPHAS TH-
MOKCHUS aKTUBUPYET COCYAMCTBIE XeMOPEIeNTOpbl. B
pes3yJbTaTe TMOBBIIACTCS «IIPECCOPHAs» aKTUBHOCTD
CEP/IEYHO-COCY/IUCTOTO IEHTPa MPOMOJTOBATOTO
MO3ra, BCJEACTBUE YETO YCUJIUBAETCA TOHUYCCKAS
HUMITYJIbCHASd aKTUBHOCTH CHUMIIATUYECKUX HEPBOB,
WHHEPBUPYIOIIUX CEP/IIE U COCY/IBI, @ TAKKE CTUMY-

increase in the neurogenic tone of arterioles in the
skin, subcutaneous fat, abdominal organs, kidneys
and muscles. In these organs arteriolar vasoconstric-
tion develops, regional vascular resistance increases
and as a result, the regional blood flow decreases, i.e.
the hypoperfusion of the organs occurs. In contrast,
the coronary and cerebral arterioles undergo vasodi-
lation, which is due to the combined effect of factors
regulating vascular tone (metabolic, myogenic and
neurogenic). Therefore, the blood supply of the heart
and brain is maintained at the same level or only
slightly decreased that is a manifestation of the abil-
ity of these organs to autoregulate blood flow across
a wide range of blood pressure changes [11]. The
described changes of vascular tone are known as the
«centralization of circulations. During hypovolemia
the physiological significance of the centralization of
circulation comes from the redistribution of blood
flow from the tissues and organs, that are relatively
resistant to hypoxic damage, to vital organs, the
functioning of which depends on an uninterrupted
blood supply.

At the stage of cardiovascular compensation of
blood loss, the hypovolemia is «normocytemic»
(with Hb and Ht values remaining within the normal
ranges), and acute hemorrhagic anemia is therefore
still latent [1].

During the rapid progression of hemorrhage
the adaptive hyperventilation occurs as a reflex reac-
tion. The aim is to increase venous return to the
heart via the suction effect during inhalation. This
effect leads to respiratory alkalosis, which partially
compensates for the metabolic acidosis that develops
as a result of circulatory hypoxia |23, 24].

Hydremic compensation, aimed at restoring the
lost volume of circulating plasma, is also launched
from the first minutes of hemorrhage [25], but fully
develops within 1—2 days [24, 26]. There are several
mechanisms for its implementation. The main one is
autohemodilution, which develops due to the mobi-
lization of extracellular fluid from the interstitial
space into the bloodstream. Hypovolemia and arteri-
olar spasm lead to a decrease in hydrostatic pressure
in capillaries, and pericapillary fluid moves into the
lumen of capillaries by the action of Starling forces
(the differences of hydrostatic and oncotic pressures
inside and outside the vessel). The described mecha-
nism is illustrated by data demonstrating that from
the first five minutes of hemorrhage, a volume of
fluid correspondent to 10—15% of normal CBV is
moved to the bloodstream [23].

At the same time, the plasma osmotic pressure
increases rapidly as a result of hyperglycemia and
accumulation of carbohydrates and fat catabolism
products. This mechanism activates a flow of fluid
from the intracellular compartment into the extra-
cellular space (along the gradient of osmotic pres-
sure), into the lymph vessels and then further in the
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JINPYETCS CeKPeIns KaTeX0JaMIUHOB Ha/lTOUEYHUKA-
mu [11]. Crumysistiiust paboThI Cep/Iiia MPOSIBIISIETCST
TaxXUKapAueil U yBeJUYCHUEM COKPATUMOCTU MUO-
Kap/ia, 9YTO B YCJIOBUSAX THUIOBOJEMUM U CHUKCHUS
BEHO3HOTO BO3BpaTa HAIPABJICHO HA IMOJJICPKAHME
CB. ¥xe na pannux stanax kposororepu (10—15%
OILK) pedieKTOpHO TTOBBITIAETCS TOHYC EMKOCTHBIX
COCY/IOB (BEHBI U BEHYJIbI) KOXKH, TOJIKOKHON 5KHUPO-
BOI1 KJIeTYaTKH, OPraHoOB OPIOIIHOM II0JIOCTH, 4TO CO-
MIPOBOXKIACTCS BEHO3HON BAa30KOHCTPUKIIMEH U MO-
Ousmsanueil B KPOBOTOK JIEOHUPOBAHHOW KPOBU
[23, 24]. JanbHelinmas akKTUBAIUS CUMIIATUYECKOTO
OT/iesia HEPBHOM CUCTEMbI TPUBO/UT K MOBBIIICHUIO
HEHPOTEHHOTO TOHYCAa apTepHoJI KOKH, MOJKOKHON
JKUPOBOU KJIETYATKH, OPTAHOB OPIONIHOW MOJIOCTH,
MOYEK W MBINII. B ykazaHHBIX OpraHax pa3BUBaeTCs
Ba30KOHCTPUKITUA aPTEPHOJI, TIOBBITIICHUE PETTOHAP-
HOTO COCYZINCTOTO COITPOTUBJICHUS U, KaK CJIe/ICTBUE,
CHUZKEHHUE PETHOHAPHOTO 0GBEMHOTO KPOBOTOKA, T.€.
BO3HUKaeT ux runornepdysusa. HanpoTtus, aprepuo-
JIBI KOPOHAPHOTO U 11ePebPaIbHOTO COCYAUCTHIX Hac-
CEHHOB MO/IBEPTaioTCs Ba3oAMIATAIINM, KOTOPas
00yCJI0BJIeHa COBOKYITHBIM JieficTBHEM (haKTOPOB pe-
TYJSIIIAE  COCYIUCTOTO TOHYyca (MeTaboIMuecKue,
MUOTeHHbIe, HelporeHHble). B pesysbrare KpoBoO-
cHabKeHMe Ceplila U MO3ra MOJIEPKUBAETCS Ha
MPEe’KHEM YPOBHE WJIM CHIIKAETCS HE3HAUNTEIBHO,
YTO SIBJISIETCSI MPOSIBJIEHUEM BBIPAKEHHO CII0C00-
HOCTHU 3THUX OPTaHOB K ayTOPETYJIAINNU KPOBOTOKA B
mmporoM ruanazone uamenenus A/l [11]. Onucan-
HbIe U3MEHEHUS COCY/IUCTOTO TOHYCA N3BECTHBI KaK
(beHOMEH <«IIeHTpaIU3aIMK KPOBOOOpAIleHUs>, (-
3MOJIOTHYECKOE 3HAUYECHUE KOTOPOTO B YCJIOBUSX T'H-
MOBOJIEMUM 3aKJIOYaeTCsl B IepepaciipeicicHun
KPOBOTOKA OT TKAaHEH M OPraHOB, OTHOCUTEJIBHO yC-
TOMYMBBIX K TUTIOKCHYECKOMY TTOBPEKAECHUIO, K K13~
HEHHO Ba)KHBIM OpraHaMm, (GhyHKITMOHUPOBAHUE KOTO-
PBIX 3aBUCUT OT OecriepeGOITHOrO KPOBOCHAOKEHSI.

Ha cramum cepmeuyHo-cocynucToll KOMITeHCa-
UK KPOBOIIOTEPU TUIIOBOJIEMUST ABJISETCS HOPMO-
MUTEMUYECKON (KOHIIEHTPAIITMOHHBIE TOKa3aTean
Hb u Ht ocraiorcst B npejiesiax HOpMaJIbHBIX 3HAUE-
HUIT), a ocTpast mocTreMopparnyeckas aHeMus I0-
3TOMY HOCHT €IIle «CKPBITBII» Xapakrep [1].

ITpu GBICTPOM TIPOTPECCUPOBAHIN KPOBOIIOTEPH
pedIIeKTOPHO BO3HUKAET MTPUCTIOCOOUTELHAS THITED-
BEHTWJIAIIMSA JIETKUX, HAIIPABJICHHAS, B TOM YKCTIe, HA
yBeJIMUEHNE BEHO3HOTO BO3BpAaTa IPUCACHIBAIONTAM
JICUICTBUEM TPYAHON KJETKH. IDTO BEAET K PecIupa-
TOPHOMY AJIKAJI03y, KOTOPBIi YaCTUYHO KOMIICHCUPY-
€T Pa3BUBAIONIUICS B pe3yJbTare HUPKYJISATOPHOH T'i-
Hokcuu Metaboimdeckuil arunos |23, 24].

Tuapemudeckas KoMIeHcAIMs, HAIIPABJIeHHASA
HA BOCCTAHOBJIEHUE yTPAUEHHOTO 00bEMa IIUPKYJIH-
PYIOIIIEi TIJIa3Mbl, TAK)KE 3AITyCKAETCS C MEPBBIX MU-
HYT KpOBOHOTEpU [25], HO IOJHOIIEHHOE Pa3BUTHE
noJsiydaeT B Teuerne 1—2 cyrtok [24, 26]. Beigeadior
HECKOJIbKO MEXaHU3MOB ee peanuzaiinu. OCHOBHBIM

blood [27]. Within an hour from the start of hemor-
rhage this osmotic mechanism is capable to provide
up to 60% of the total fluid volume when entering
the bloodstream [25]; it also facilitates the
«drainage» of interstitial fluid protein through the
lymphatic system into the blood. The degree and rate
of autohemodilution depends on the initial hydra-
tion of the organism and the quantity of fluid in the
intestinal lumen. For example, an experimental ani-
mal study by Darlington et al. [28] showed that in
the posthemorrhagic period the degree of Ht
decrease was less in the rats fasted during 24 hours,
compared to the animals that had been provided
with food and water ad libitum. The compensatory
mechanism was less effective in fasted animals.
Another important mechanism of the hidremic com-
pensation is an increase of antidiuretic hormone
(ADH) secretion, as well as the activation of renin-
angiotensin-aldosterone system [1]. ADH release by
the hypothalamus increases in response to changes in
afferent impulses from vascular baroreceptors (dur-
ing hypovolemia and hypotension) and osmorecep-
tors of the hypothalamus that results in increasing
the plasma osmolality [29]. The ADH stimulates the
reabsorption of water from the collecting ducts of the
kidneys causing renal arteriolar vasoconstriction,
which leads to a decrease in the glomerular filtration
rate and urine output. Hypoperfusion of the juxta-
glomerular complex of kidneys stimulates the pro-
duction of renin, followed by the synthesis of
angiotensin II (strong vasoconstrictor) and aldos-
terone. The latter stimulates sodium reabsorption in
the renal tubules and increases the osmotic-depen-
dent fluid flow into the bloodstream.
Hypoproteinemia is developing as a result of
replenishment of lost plasma volume with water and
electrolytes from the interstitium. Lymph mobilization
and protein synthesis activation (including clotting
factors) in the liver contribute to the restoration of
plasma protein deficiency usually within 1.5—3 weeks).
The described compensatory reactions, as well
as fluid resuscitation with crystalloid and colloid
solutions, lead to the development of hypo- or
oligocitemic normovolaemia. This is manifested by
decreasing Hb and Ht values per blood volume unit
and therefore by blood oxygen capacity reduction.
The circulatory, hemic and respiratory hypoxia stim-
ulates the production of erythropoietin in the juxta-
glomerular apparatus of the kidneys, which in turn
enhances erythropoiesis in bone marrow. It is consid-
ered that the bone marrow compensation develops
on the 4—5th days after the blood loss, and an
increase in reticulocyte content in the peripheral
blood (normal range is 5—10 cells per 1000 red blood
cells) is the criterion of bone marrow regenerative
capacity [24]. Several studies, however, have demon-
strated that the ratio of various populations of red
blood cells changes in the first minutes and hours of
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13 HUX SIBJISETCS Ay TOTEMOIMIIONNS BCJIEICTBAE MO-
OUJIM3AIUN BHEKJIETOYHOW JKUAKOCTU U3 UHTEPCTH-
IUAJTBHOTO MTPOCTPAHCTBA B COCYAHMCTOE pyco. 1u-
MOBOJIEMUSI W CIAa3M apTepuoJ TPUBOIAT K
CHWKEHMIO THIPOCTATUYECKOTO JIABJICHUS B KaIlUJI-
JIgpax M Mepexoy TMePUKANMUIIAPHON KUAKOCTH B
uxX TpocBer noa aeiictBueM cui Crapaunra (pas-
HOCTb TU/IPOCTATUYECKOTO U OHKOTUYECKOTO JIaBJie-
HUI BHYTPH U BHE cocyia). EcTb mannbie, 4To 3a cyer
OTIMCAHHOTO MEXaHW3Ma B TIepPBbIE TSATh MUHYT KPO-
BOIIOTEPU B COCYZIUCTOE PYCJIO MOXKET MEePEHTH KO-
JIMYECTBO JKUAKOCTH, cooTBeTcTByMomee 10—15%
HopmasibHoro OIIK [23]. Hapsizy ¢ atum ObICTPO Ha-
pacTaetT OCMOTHYECKOE JIaBJIEHUE TIJIA3MbI B PE3YJIb-
TaTe TUIEePrJINKeMUH, HAKOTJIEHUS TIPOJIyKTOB KaTa-
6osin3Ma JKUPOB U YTJIEBOIOB. AKTUBHPYETCS TOK
JKUJIKOCTH M3 BHYTPUKJIETOYHOTO TIPOCTPAHCTBA B
MEKKJIETOUHOE (110 TPAIUEHTY OCMOTUYECKOTO J1aB-
JieHus), B JnMpaTrueckue cocyIbl U Jajnee — B
KpoBb [27]. Takoii ocMOTUYECKUIT MEXaHU3M yKe B
TedyeHUe OJTHOTO Yaca OT Hayasia KPOBOTIOTEPU MOXKET
obectieunth 10 60% OT 06IIETO 0OBEMA MOCTYIAI0-
1ieil B COCYbI AKUAKOCTH [25], a TaKKe CrocoOCTBY-
€T <«JPEHUPOBAaHUI» O€jiKa HHTEPCTUIUATHHON
SKUZKOCTU Yepes JINM(aTHiecKyto CUCTEMY B KPOBb.
fAcHo, 4TO cTerneHb U CKOPOCTb Pa3BUTHUSA aAyTOTEMO-
JIUJTIOTIMY 3aBUCHUT OT MCXOAHOUN THpaTaliiyd opra-
HU3Ma U KOJWYECTBA JKUJKOCTH B TIPOCBETE KUITIEY-
HUKa. Tak, B 9KCIEPUMEHTAJIBLHOM WCCJIEIOBAHNN
Darlington D. N. u coasr. 28] nokasaHo, 4T0 B IIOCT-
reMOpparnvyeckoM Iepuojie CTeleHb CHUKEHUS Te-
MaTOKpHUTa OblJIA MEHBIIE Y KPBIC, MPEABAPUTEIHHO
TOJIOZIABIIINX B TeUeHUE 24 4, T10 CPABHEHUIO C JKUBOT-
HBIMHY, HE JIMTIABIINXCS BOJBI U AT, [ pyTuM Baxk-
HBIM MEXaHU3MOM THIPEMUYECKON KOMIIEHCAIUU
SABJIETCS TIOBBIINIEHUE CEKPEeIUH aHTHIUypPeTudec-
koro ropmona (A/IT), a Takke akTUBAIMSA PEHUH-aH-
TMOTEH3UH-aTbI0cTepoHOBOI cucteMbl [1]. Cexpe-
musg Al runortamamycoMm — YBeJIUYUBACTCS
pedJieKTOpHO B OTBET Ha u3MeHenue ahdepeHTHOM
UMITYJIBCAIIUE OT COCYIMCTBIX GapoperenTopos (Tu-
MOBOJICMUS ¥ TUTIOTEH3MST) U OCMOPEIENITOPOB CaMO-
ro runorajgamyca (TIOBbIIIEHNE OCMOJISIPHOCTH TL1a3-
mbi) [29]. AJIT yBesanuuBaet peabcopOIHIO BOJIBI U3
cobupaTesbHBIX TPYOOUEK TIOUEK, a TaKKe 00Ja1aeT
COCYTOCYKMBAIOTIINM JICHCTBIEM, BLI3bIBAsSI BA3OKOH-
CTPUKIIUIO TOYEYHBIX apTEPHOJ, YTO MPUBOIUT K
CHIKEHUIO KJIYOOUKOBOI (DUJIBTPAIIUH U TEMIIA JINY-
pesa. Tunonepdysus okcTarioMepyJisspHOTO alia-
para MOYKU CTUMYJIUPYET BHIPAOOTKY PEHUHA, C 10-
cIeyIomuM cuHTe30M anruotensuHa I (cuabHbIN
BA30KOHCTPUKTOP) M asbaocTtepoHa. [locaennuii
CTUMYJIPYET peabcopOIUi0 NOHOB HATPHS B TOYEY-
HBIX KaHAJIBIAX U YCUIUBAET OCMOTHYECKU 3aBUCH-
MBI TOK KMIKOCTH B COCYIUCTOE PYCJIO.

B pesyJisrare BocrosiHeHNsT 00beMa TIOTEPSIH-
HOH TJ1a3Mbl BOJIOHM M 2JIEKTPOJUTAMU U3 UHTEPCTHU-
[[Us1, pa3BUBAeTCsl TUHONpOoTenHemusi. Mobuiusa-

acute blood loss[25, 30] . This is manifested by
changing the size (anisocytosis) and shape (poikilo-
cytosis) of red blood cells. In particular, the average
red blood cell diameter increases (releasing relative-
ly «young» cells into the bloodstream), but during
blood loss decompensation the percentage of red
blood cells of smaller diameter («aging» of blood)
and modified forms (stomatocytes, echinocytes et
al.) increases [31]. In severe trauma the degree of
anisocytosis and poikilocytosis, as well as changes in
the nanostructure of erythrocyte membrane surface,
dependon the amount of blood loss [32].

Along with increased erythropoiesis, leukocy-
tosis with a shift to the left and increased platelet
count are observed in peripheral blood. At the same
time, leukopenia and thrombocytopenia may repre-
sent the early signs of bleeding [24]. Depending on
the blood loss volume (assuming no blood transfu-
sions) the globular blood volume is restored during
1—2 months. The acute hemorrhagic anemia accord-
ing to hematological parameters becomes normocyt-
ic, normochromic and hyper/normoregenerative.

Hormonal changes during
acute blood loss

As mentioned in the previous section, the acti-
vation of the renin-angiotensin-aldosterone system
and the increased secretion of ADH significantly
contribute to reducing the renal loss of water and
sodium during hypovolemia. Angiotensin II is a
strong vasoconstrictor, at the same time it stimulates
the thirst center of the hypothalamus and induces
the characteristic symptom of acute blood loss, the
strong thirst [33]. The activities of a number of other
hormonal systems are also significantly changing.
Frequently phasic in nature, these changes are
involved in compensatory reactions of the body
aimed at mobilization of resources and maintenance
of the integrity of the organism during the stress
response to acute blood loss [27, 34].

Simultaneously with the activation of the sym-
pathetic nervous system, the epinephrine secretion
in the adrenal medulla and the norepinephrine
release in peripheral tissues are sharply increasing.
Under these conditions, the catecholamines provide
complex hemodynamic and metabolic effects.
Peripheral vascular resistance, CO and BP is
increasing. Metabolic effects include the stimula-
tion of renin secretion, hyperglycemia (mainly as a
result of acceleration of hepatic glycogenolysis) and
lipolysis activation.

Hyperglycemia in the early stages of acute
blood loss is also caused by a decrease in insulin
secretion by pancreatic $-cells and an increase in
glucagon secretion by pancreatic a-cells.
Hypoglycemia develops in decompensated hemor-
rhagic shock and depletion of energy resources.
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st UMb ¥ aKTUBAIIKS CHTe3a OeJiKa B TIeYeHn
(B T.4. HaKTOPOB CBEPTHIBAHUS ) CIIOCOOCTBYIOT BOC-
CTAHOBJIEHUIO JeUIUTA TTa3MEHHBIX OEJIKOB
(1,5—3 nemenn).

COBOKYIHOCTb OTMCAHHBIX KOMIIEHCATOPHO-
MPUCTIOCOOUTENBHBIX PEAKIIUH, a TaKKe HH(PY3UOH-
Hasg Tepanus KPUCTAJUIOWIHBIMA U KOJIJIOWTHBIMU
pacTBOpaMy MPUBOJIAT K PA3BUTHIO OJIUTOIUTEMITYE-
CKOIl TUIIO- WJIM HOPMOBOJIEMUHU, YTO MPOSBISETCS
cHmxkenueM nokasareseir Hb u Ht B equnauie oobe-
Ma KPOBH |, CJIE/IOBATEIHHO, CHUKECHUEM KHUCTOPOJI-
HOI eMKOCTH KPoBHU. [urnokcns (IUpPKyIATOpHAL, re-
MUY€ECKast, [bIXaTeIbHAS) CTUMYJIUPYET BBIPAOOTKY
IPUTPOTIOITHHA IOKCTATJIOMEPYJISPHBIM aIllapaToM
MOYEK, KOTOPDIiA, B CBOIO OUEPE/Ib, YCUITUBACT IPUT-
poI1I033 B KOCTHOM MOo3ry. CumuTaercs, 4To KOCTHO-
MO3TOBast KOMIIEHCAIUST PAa3BUBAETCs HA 4—5 CyTKU
mocJie KPOBOIIOTEPH, a KPUTEPUEM pereHepaTOpHON
CIIOCOOHOCTH KOCTHOTO MO3Ta SIBJISIETCS YBEJINUEHUE
CONlepPKaHUS PETUKYJIONUTOB B Tepudepudeckoi
kposu (B nopme — 5—10 kmerok na 1000 apurporu-
T0B) [24]. OmHako, ectb pabots [25, 30], B KOTOPBIX
MOKA3aHO, YTO COOTHOIIIEHUE PA3TMYHBIX MOMY AN
PUTPOIMTOB MEHAETCS YKe B IIEPBbIC MUHYTBI U Ya-
CBbI OCTPOI KPOBOIIOTEPH, YTO MPOABIISCTCS U3MEHE-
HUeM pazMmepa (aHU301UTO3) U (hOPMBI (TTOMKUIIONH-
TO3) KPaCHBIX KPOBAHBIX KJIETOK. B vacTHOCTH,
XapaKTepHO YBEJIWYEHUE CPEIHETO UaMeTpa dpUT-
poruToB (BBIOPOC B KPOBOTOK OTHOCUTEJHHO «MOJIO-
JIBIX» KJIETOK), a TIPU IEKOMIICHCAIUU KPOBOTIOTEPU
YBEJTMUNBAETCS TIPOTIEHTHOE CO/IEPsKAHNE PUTPOITH-
TOB MaJIoro jinaMeTpa («CTapeHne» KpoBU) 1 U3Me-
HEHHBIX (POPM KJIETOK (CTOMATOIMTOB, XUHOIIUTOB
u zap.) [31]. IIpu Tsa:Kesnoif TpaBMe BBIPAKEHHOCTD
aHM30- U IMOUKUJIOINTO3a, a TaKKe U3MEHEHUN II0-
BEPXHOCTHOW HAHOCTPYKTYPHI MEMOPAH apUTPOIIH-
TOB 3aBUCUT OT 0ObeMa KpoBonorepu [32].

Hapsany ¢ ycunennem apuTporoasa, B nepude-
pUYECKON KPOBU OTMEUYAETCS JIEUKOIIUTO3 CO CABU-
TOM JICHKOTIMTAPHO (hOPMYJIBI BJIEBO, YBEJINUMBACT-
cs1 coJlepsKaHue TPOMOOIIUTOB, TIPU 3TOM PAHHUMU
MPU3HAKAMU KPOBOTEUEHUsT MOTYT OBITH JEHKOIe-
Hust U TpomOorronietust [24]. B 3aBucumoct ot
006beMa KPOBOTIOTEPU ¥ ITPU OTCYTCTBUU TEMOTPAHC-
dysuii o0y IpHDIT 00beM KPOBH BOCCTAHABJIMBA-
eTcd B TeueHue 1—2 Mecsries, a ocTpas MOCTTeMOP-
parmyeckasi ~aHeMUs 10  TE€MaTOJOTHUYECKUM
MOKA3aTeJSAM SIBJISIETCS HOPMOIMTAPHOM, HOPMO-
XPOMHOM U THIep-/HOPMOpereHepaTopHoii.

TopMoHaJIbHbIE U3MEHEHUS
IIPU OCTPOIi KpOBOIIOTEPE

AXTUBAIMSA PEHNH-aHTHMOTEH3WH-AJIb/IOCTEPO-
HOBOI cucTembl U yBesmdenue cekperuu A/, kak
ysKe ObLIO CKa3aHO, UTPAIOT KJIIUYEBYIO POJIb B CHIU-
SKEHUU TIOYeYHBIX IT0TePb BOJIbI M HATPUSI TIPU TUIIO-
Bosiemun. Aurunorensut 11, Gyaydn CUJIBHBIM Baso-

Blood loss and trauma stimulate the production
of adrenocorticotropic hormone (ACTH) in the
pituitary gland, which in turn stimulates the produc-
tion of glucocorticoids (cortisol) in the adrenal cor-
tex. The main effects of glucocorticoids are increased
lipolysis, gluconeogenesis, glycogenolysis in the liver
and muscles, the stabilization of lysosomal mem-
branes, decreased capillary permeability and
immunosuppression. As a result of describedhormon-
al changes and increased catabolism, the blood con-
centration of amino acids, fatty acids and plasma
osmolality increase.

The concentration and ratio of reproductive
steroid hormones in blood plasma are changing in
hemorrhagic shock and in other critical states.
Gender differences in the dynamics of these parame-
ters are observed in the postresuscitation period that
may affect the course and outcome of recovery
processes, particularly in the brain [35, 36]. In males
the plasma concentrations of progesterone and estro-
gens increase, but androgens levels decrease. In
females, along with an increase in progesterone and
estrone content, androgen levels also are increasing.

Paracrine vasoactive substances and arachidon-
ic acid metabolites also have pathophysiological sig-
nificance. Endothelin, PGF,, and PGA, have a vaso-
constrictor effect, but bradykinin, histamine, PGI,
and PGE, are vasodilators. These effects in blood
loss and hemorrhagic shock may have both protec-
tive and adverse effects on organ blood flow and
metabolism [34, 37].

Oxygen transport and metabolic
alterations in acute blood loss

The main parameters of oxygen transport in the
body are the delivery (DO,), consumption (VO,)
and oxygen extraction ratio (O,ER) [20, 21, 38].
Table 1 shows the simplified formulas for calculating
these parameters and their normal values for humans
at rest. The formulas for calculating the oxygen con-
tent in the arterial and venous blood (CaO, u CvO,)
do not include the oxygen physically dissolved in
blood plasma due to an insignificant contribution of
this fraction (about 3 ml/L) to the total oxygen
capacity of blood. In normal aerobic conditions, the
systemic VO, is determined by the rate of metabolic
processes (tissues demand for oxygen and nutrients)
and is varied within the average levels 200—250
ml/min at rest. In this case DO, exceeds VO, 4-fold,
and during the passage of arterial blood through the
microvasculature only 20—30% of oxygen volume is
extracted. These «reserves» of oxygen transport are
important for the development of compensatory
reactions of the organism in severe blood loss and
other critical states, and significantly contribute to
the transport of CO, (by bounding to hemoglobin)
from the tissues to the lungs.
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KOHCTPUKTOPOM, B TO K€ BPEMSI CTUMYJIUPYET 1IEHTP
JKQUKJIBI TUTIOTAJIAMYCA ¥ 00YCJIOBJIMBAET TTOSIBJIEHITE
XapaKTepHOTO CHUMIITOMa OCTPOM KPOBOIIOTEPU —
cuibHON Kaxkapl [33]. CylecTBeHHO M3MeEHSETCS
AKTUBHOCTb Psifia JIPYTUX TOPMOHATBHBIX CHCTEM.
ITU U3MEHEHUS YaCTO HOCAT (ha30BbIi XapakTep, Co-
HPSKEHDBI ¢ KOMITEHCATOPHO-TIPUCIOCOOUTETHHBIMU
peaxIuaMu Opranu3Ma (SBJISIOTCS UX YACThIO) U Ha-
MPaBJIEHBI HA MOOWJIN3AIMIO PECYPCOB U TO/IEPKA-
HUE IEJOCTHOCTU OPTraHW3Ma B YCJIOBUSX CTPECCO-
BOIl peakiuu Ha OCTpPylo KpoBomortepio [27, 34].
OIHOBPEMEHHO € TTOBBINIIEHUEM TOHYCA CUMITATHYeC-
KOTO OT/eJa HEPBHOW CHUCTEMBI, PE3KO BO3PaCcTacT
CEKpeIus aJIPEHAIMHA MO3TOBBIM CJIOEM HAJIIOYey-
HUKOB U BbIJIeJIEHUE HOPAJpeHAIHA B iepudepude-
CKMX TKaHgX. KaTexoJaMUHbI B 9THX yCJIOBUSAX OKa-
3bIBAIOT  KOMILJIEKCHOE TE€MOJMHAMHWYECKOE U
Metabosmueckoe JeiicrBue. IloBbiaercst nepude-
pudeckoe cocyaucroe cornportusienue, CB n A/l
Merabosmyeckue 3(h(eKTbl BKIOYAIOT B ceOs1 CTU-
MYJISIUIO CEKPEIUK PEHNHA, TUTIEPTINKEMUIO (TJIaB-
HBIM 00Pa30M KaK Pe3yJIETaT YCKOPEHUST TIIMKOTEHO-
Ju3a B T€YEHU) W YCKOPEHUE JIUIOJIN3a.
TuneprimkeMnst Ha paHHUX CTA/IUSIX OCTPON KPOBO-
notepy 00YCJIOBJIEHA TAKKe CHUKEHHEM CEKpPEIuu
UHCYJIMHA [B-KI€TKAMU U TIOBBILIEHUEM CEKPEIn
[JIIOKArOHA ¢-KJIETKAMU TOJ[KEJYyIOUHOM KeJe3bl.
[Ipu nexomImeHcaIuy TeMOPPArnyecKOTo MOKa 1 1C-
TOIEHUN JHEPTETUYECKUX PECYPCOB Pa3BUBAECTCS
rutniorsamkeMus. KpoBoroTepst u TpaBMa CTUMYJIUPY-
10T BBIPAOOTKY aJPEHOKOPTHKOTPOITHOTO TOPMOHA
(AKTT) B runouse, KOTOPBIi, B CBOIO OUEPE/b, CTH-
MYJIIPYET BBIPAGOTKY TJIFOKOKOPTUKOUIOB (KOPTH-
30J1) B KOpe Ha/imouyedHuKkoB. OcHOoBHBIMU adhdeKTa-
MU TJIOKOKOPTUKOWIOB TIPU 3TOM  SIBJISAIOTCS
YCUJIEHUE JIUTIONN3a, TJIIOKOHEOTeHe3a B MEYEHU U
TJIMKOTEHOJIN3a B MBIIIIAX, CTaOUIM3AIUST JTU30C0-
MaJIbHBIX MeMOpPaH, YMEHbIIEHUE TTPOHUIIAEMOCTH
KaluJIsipOB U MMMYHOCyIpeccusi. B pesysibrate
OTIMCAHHBIX TOPMOHAJIBHBIX MIEPECTPOCK U YCUJICHUS
KaTaboJIM3Ma, B KPOBH MOBBIIIAETCS TAKKe KOHIIEHT-
parus aMMHOKHCJIOT, SKUPHBIX KUCJIOT, U YBEJININBA-
€TCSI OCMOJIIPHOCTD TITTA3MBI.

[Tpu remopparnyeckoMm IoKe U APYTUX TEPMHU-
HAJIbHBIX COCTOSHUAX U3MEHSACTCS KOHIIEHTPAIUS U
COOTHOIIEHUE PENPOYKTUBHBIX CTEPOUTHBIX TOPMO-
HOB B IJia3mMe KpoBu. [Ipu aTom orMedaroTcs moJio-
BbIC PA3IMYUs B IMHAMUKE 9TUX MOKa3aTeseil B 10-
CTPEAaHUMAIIMOHHOM TEPHUOJIe, YTO MOXKET OKa3aTb
BJIMSHUE HA TE€YEHUE U MCXOJ[ BOCCTAHOBUTEIHHBIX
IIPOIIECCOB, Tpeske Bcero, B mo3re |39, 36]. Tak, y
CaMI[OB TOBBINIACTCS TJIa3MEHHAA KOHIEHTPAIs
MIPOTeCTEPOHA, ICTPOTCHOB U CHUIKACTCS YPOBEHD aH-
JIPOTEHOB, B TO BPEMs KaK y CAMOK HapsALy C yBeEJU-
YEHWEM COZIEP’KaHMS MPOTeCTePOHA U 3CTPOHA, TI0-
BBIINIAETCS TAKKE YPOBEHD aHPOTEHOB.

CymiecTBeHHOE TTATODU3UOTIOTUYECKOE 3HAYE-
HUE HUMEIOT TaKkKe Ba30aKTUBHBIC BEIIECTBA Iapa-

In the initial stages of severe acute blood loss.
the DO, decreases mainly due to hypovolemia and a
decrease in CO. VO, at the same time is remained at
the same level or even increased during metabolism
enhancement against the background of sympathetic
system activation [23]. Maintaining the systemic
VO, under these conditions is achieved through the
redistribution of blood flow to organs and tissues
with higher metabolic demands, ie, through the cen-
tralization of circulation [39]. The other main mech-
anism for maintaining aerobic metabolism under
conditions of reduced oxygen delivery is the increase
in oxygen extraction by tissue from the inflowing
blood. This is manifested by decreasing CvO,,
increasing the arteriovenous oxygen difference and
0O,ER (Table 1). Decreased affinity of hemoglobin
for oxygen under the conditions of metabolic acido-
sis plays an important role in this process [23].

The restoration of circulating plasma volume
through autohemodilution and fluid resuscitation
leads to lowering the values of Hb and Ht (anemia),
and hence reduces the oxygen capacity of the blood.
Under these conditions, a decrease in the DO, is due
to hypoxia of both hemic and circulatory types. The
normovolemic anemia is characterized by an increase
in CO, a decrease in peripheral vascular resistance
and a higher oxygen tension in the mixed venous
blood compared with the values of these parameters
during hypovolemia and hypoxemia [40].

At any stage of acute blood loss DO, level may
be reduced to values at which the oxygen demand of
cells is not enough, and VO, also begin to decline.
Such DO, values are called «critical level of oxygen
delivery» (DO, crit) [20], below which an «oxygen
debt» appears, ie metabolism from aerobic turns to
anaerobic. Experimental animal studies have shown
that the DO, crit is practically independent of the
factor causing a decrease in DO,, whether it is hypo-
volemia, anemia or hypoxemia [41, 42]. DO, crit was
about 10 ml/min/kg, while the blood loss volume
reached 50% of the CBV, normovolemic anemia
reached values of Ht <8% and Hb 4g/dL, and O,ER
increased to 0.8. When reaching these values, a sharp
decrease in VO, appears and the animal is dying soon
after. R. B. Weiskopf et al. [43] have shown that in
healthy volunteers Hb was decreased to 5 g/dL at
the conditions of normovolemic hemodilution with-
out disturbing the tissue oxygenation: VO, and
blood lactate levels did not change. The above data
were obtained in animal studies and apparently
healthy patients and reflected the large functional
reserves of the organism in the course of blood loss
compensation. However, extrapolation of these data
to critically ill patients might not quite appropriate.

Persisting mixed type hypoxia in acute blood
loss and hemorrhagic shock is accompanied by meta-
bolic alterations and cell death, which are manifest-
ed by organ dysfunction and homeostasis disorder
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Ta6mua. DuanoaornuecKue 3HaYeHus oKasareeii Tpancnopra Kucaopoaa u ¢popmyisl ux pacuera [38].
Table. The normal values of oxygen transport parameters and formulas for their calculation [38].

Parameter Designation Formula Normal value

O, content in the arterial blood Ca0, 1.34XHbXxSa0, 200 ml/L

O, content in the venous blood CvO, 1.34XxHb x SvO, 148 ml/L

O, delivery DO, QXCa0, 520—600 mI/min/m’
O, consumption VO, QX(Ca0y—CvO,) 110—160 ml/min/m?
O, extraction ratio OyER VO,/DO0O, or (CaOy—Cv0O,)/ CaO, 0.2—0.3

Note: Hb — hemoglobin concentration in the blood, g/L; SaO, and SvO, — hemoglobin oxygen saturation of arterial and venous blood,

respectively, %; Q — cardiac output, L/min/m’.

IIpumeuanue: Parameter — mokasaresp; Designation — obosnauenne; Formula — dopmysaa; Normal value — mopmasbHbie 3HaueHws,
content in the arterial blood — conepsanue B aprepuanbHoii kposu; content in the venous blood — coxepskanue B Benosznoit kposu; deliv-
ery — Z0cTaBKa; consumption — morpebienue; extraction ratio — koadduiment sxcrpaxiuin. Hb — konuentparst remoriobuna B Kpo-
81, 1/71; SaOy 11 SvO4 — KHCITOPOIHOE HACHIIIEHIIE TeMOTJIOOHA aPTEPHATBLHON 1 BEHO3HOMN KPOBH, COOTBETCTBEHHO, %; Q — cep/iedHbIit

VHJIEKC, JI/MUH/M”,

KPUHHOU TIPUPOJBI U METAOOIUTHI apaxu0HOBOI
KkucaoThl. Tak, augoresu, npoctariaanaud (Pg)F,, n
PgA, okasbiBaloT cocysocy;KUBaiollee JlelicTBUe, a
OpaukunuH, Tuctamut, Pgl, u PgE, — Basoauiara-
TOPBI, YTO B YCJIOBUSIX KPOBOIIOTEPU U reMopparmnye-
CKOT'O I1II0Ka MOKeT OKa3bIBaTbh Kak 3alIUTHOE TaK U
HeOJIATONPUSATHOE JIEHCTBUE HA OPraHHbBIN KPOBOTOK
u metabosusm |34, 37].

TpancnopTt Kuciopojaa u MeTaboInuecKe
HapylIeHHs NP OCTPOii KpoBoOMOTEpe

OCHOBHBIMU TTOKA3aTEISIMU TPAHCIIOPTA KUCJIO-
poma B opranusme sBigiorcs octaska (DO,), mmo-
tpebmerne (VO,) u KoaPUIHeHT 9KCTPAKIIUN KUC-
gopona (O,ER) [20, 21, 38]. B tabimuiie mpuBeieHbI
VIpOIIeHHbIe (DOPMYJIBI pacyeTa aTUX MoKasaTesieil 1
X HOPMaJIbHBIC 3HAYEHUS JIJId YeJoBeKa B 1mokoe. B
(bopmysiax pacuera copep;KaHIs KICJA0OPO/A B APTEPH-
anbHOM 1 BeHo3Ho kpoBH (CaO, u CvO,) He yIHUThI-
BaeTcd KUCJIOPO/, (hU3MUECKU PACTBOPEHHBIN B T171a3-
Me KPOBH, BBUJy HE3HAYMTEIHHOTO BKJIAJA JAHHON
dpakiuu (0KOJI0 3 MJI/J1) B OOIILYIO KUCTIOPOIHYIO €M-
KOCTb KPOBHU. B HOPMaJIbHBIX a9POOHBIX YCJIOBHUSIX 00-
ee VO, OmpeessieTest CKOPOCThI0 METabOIMUECKIX
nporieccoB (MOTPeOHOCTHIO TKAaHEH B KUCJIOPOJIE U HY -
TpueHrtax) u B cpezteM cocranisier 200—250 M/ MuH
B nokoe. IIpu atom DO, nipesbiimaer VO, B 4 pasa, a
IIPU TIPOXOKIICHUN apTePUAIbHON KPOBU Yepe3 MUK-
POILMPKYJIATOPHOE PYCJIO 3KCTPATUPYETCS TOJIBKO
20—30% comepsKaIerocst B Hell KUCJI0POIa. ITH «pe-
3epPBbI» TPAHCIIOPTA KUCJTIOPO/IA UMEIOT ByKHOE 3HAYE-
HUISI JIJISI PA3BUTHUST KOMIIEHCATOPHO-TIPUCIIOCOOUTEb-
HBIX peakIuii opraHnusMa IpH TSKeI0i KpoBoIoTepe
U JIPYTUX KPUTHYECKUX COCTOSTHUSIX, & TAK/Ke HE0OXO0-
mambl i Tpancnopra CO, (CBSI3aHHOTO € TEMOTJIO-
OGUHOM) OT TKAHEW K JIETKKM.

Ha nauanbHBIX CTaUsAX TSKEJIONH OCTPON Kpo-
Boriotepu DO, cHIKaeTcd IPEeuMyIIeCTBEHHO 3a CUCT
TUTIOBOJIEMUY ¥ CHIDKEHUST cep/ieaHoro Beiopoca. VO,
IIPU 9TOM MOSKET OCTABATLCS HA ITPEKHEM YPOBHE WJIN
JlaKe YBEJMUMBATHCS TIPH YCUJIEHUN MeTaboJImaec-

(the deviation of laboratory parameters from normal
values). After declining of oxygen delivery to tissues
below DO, crit, ATP synthesis in the cells is carried
out by both aerobic (oxidative phosphorylation) and
anaerobic sources (glycolysis). During shock decom-
pensation these combined energy sources are not
enough to provide basic metabolic needs of the cells,
which leads to cell death [21]. Membrane ion pumps
cease to function that leads to a «rearrangement» of
the ions (the phenomenon of transmineralization).
K* leaves the cell, but Na*™ and Ca2* with the water
enter into the cell [3]. Cell swelling and membrane
defects (breaks) occur. In this regard, the fluid resus-
citation in acute blood loss (ionic compositions,
osmolality and volume of solutions) should be car-
ried out taking into account the type of arising
dyshydration (intracellular, extracellular and mixed
hypo- or hyperhydration). Of particular importance
is the correction of potassium homeostasis, as it is the
main intracellular ion. The other factors leading to
irreversible cell damage during hypoxia, are the
depletion of energy resources, acidosis, free radicals,
the cascade of enzymatic reactions (autolysis), mito-
chondrial damage and loss of nucleotides from the
cells [3, 21].

Cells of various organs differ in the degree of
resistance to hypoxia. Some cells die by apoptosis
mechanism, «sacrificing oneself» in resource-limited
settings. Another important mechanism of cellular
adaptation is hibernation. The process of filtration in
the kidney cortex ceases before reaching hypoxia
level, in which necrosis develops. The intestinal peri-
stalsis ceases as well [2]. The skin and muscles, in
which the blood flow is significantly reduced during
the centralization of circulation, relatively resistant
to hypoxia and can tolerate it for several hours. On
the other hand, in the myocardium and particularly
in the brain, irreversible damage occurs within a few
minutes of severe hypoperfusion [44]. During acute
hemorrhage gastrointestinal cells switch to anaero-
bic metabolism (regional VO, starts to decrease)
prior to the decline in systemic VO, [42]. The region-
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KX TIPOIieccoB Ha (hoHE aKTUBAIMK CUMIIATOA/[PEHA-
JioBoii cuctemsr [23]. [Topnepskanue cucremuoro VO,
B 9THX YCJIOBUSX JIOCTUTAETCS 34 CUET mepepaciipesie-
JIEHUST KDOBOTOKA B TI0JIb3y OPTaHOB ¥ TKaHel ¢ GOJIb-
MIUMU METabOJMIECKUMU TIOTPEOHOCTSIMU, T.€. 3 CUET
HeHTpa3ai Kposoobpaienus [39]. Ipyrum oc-
HOBHBIM MEXaHU3MOM TOJIJIEPKAHIST a9POOHOTO MeTa-
6OJI3MA B YCJIOBUSIX CHIKEHHOI JIOCTABKU KUCJIOPO-
Jla SBJISETCS YBEJUWYCHHWE JKCTPAKIUU KHUCIOPOA
TKaHSMU U3 TIPUTEKAIONIEH KPOBH, YTO MPOSBISACTCS
camkennem CvO,, yBeImueHNEeM apTepPUOBCHO3HOM
pasHuUIlpl 10 Kucropoay u yeennuenuem O,ER (Tabd-
Jimta). BasKHYI0 poJib B 9TOM TIPOIlecce UTpaeT CHILKe-
HIE CPOJICTBA TeMOTJIOOMHA K KHCJIOPOLY B YCJOBHSIX
MeTabo/ImYecKoro amugosa [23].

ITo mMepe BocCTaHOBJIEHUST 00bEMA TIUPKYJIHPY-
IOIIEH TIJIa3MBbI 32 CUET ayTOTEeMOIMJLIIIONIH, TTPUEMa
SKUJIKOCTUA BHYTPb U MH(DY3MOHHON Tepary CHUKA-
forcst okazaresn Hb u Ht (aHemust), a, ciemnosa-
TEJIBHO, CHUZKACTCS U KUCJIOPOJHAS EMKOCTh KPOBH.
B rakux ycnoBusx camkenue DO, B 3HaUNTETHHON
cTerieHu 00YCIOBJIEHO YiKe THIIOKCHEN TeMITYeCKOro,
a He TOJIbKO IUPKYJSATOPHOTO THHA. {15 HOPMOBO-
JIEMUYECKON aHeMHWM XapaKTepHBbI yBeJTUYeHUe cep-
JIEYHOTO BBIOPOCA, CHUKEHHE MepuhepuIecKoro co-
CYJIMCTOTO CONPOTHUBJIEHUST U 0O0Jiee BBICOKOE
HalpssKeHne KHUCJ0Pojia B CMeIaHHOW BEHO3HOMU
KPOBH TI0 CPABHEHUIO CO 3HAUEHUSMU ATUX TTapaMeT-
POB I1pu TUTIOBOJIeMUH U rutiokcemun [40].

Ha mo60oM u3 3TanoB OCTPOH KPOBOIOTEPH
ypoBeHb DO, MOXKeT CHU3UTBCS /10 TAKMX 3HAYEHNUT,
IPU KOTOPBIX MOTPEGHOCTU KJIETOK B KUCJIOPOJIE YIKE
He OyIyT yIOBJETBOPSThCs, mpu atoM VO, Takike
HayHeT cHuKaThest. Takoe 3navenune DO, HazpiBalOT
«KPUTUYECKUM YPOBHEM JIOCTABKH KUCJIOPOJA»
(DO, crit) [20], HM:ke KOTOPOTO BO3HUKAET «KUCJIO-
POZIHAS 33a/I0JKEHHOCTb>, T.€. MeTab0JIM3M 13 a9Pob-
HOTO TIPEBPAIAETCST B aHA3POOHBINA. JKCIEPUMEH-
TaJIbHBIE — WCCJAEJOBAHWS  Ha  J1aDOPATOPHBIX
JKUBOTHBIX TTOKa3asn, uto DO, crit mpakTudecku He
3aBUCHUT OT (haKTOPa, BBI3bIBAIONIEr0 cHIKeHe DO,,
Oy/Ib TO TUTIOBOJIEMUST, aHEMUST WJTH TUTIOKCeMust [41,
42]. Tak, DO, crit cocraBus oxomno 10 mi/MuH/KT,
pu 3TOM 00beM KPOBOIIOTEPH JOX0AWI 10 50% OT
OIIK, HopMOBOJIeMUU€eCKasi AaHEMUST JIOCTUTAJIA 3HA-
yennit Ht<8% u Hb 4 rv/m1, a O,ER yBenuuusascs
no 0,8. TIpu pocTuskeHnn 3TUX 3HAYEHUN TPOUCXO-
o peskoe cHmkenne VO, U BCKope HacTyTasl Jie-
tanbHblil ucxon. Mcenegosanus Weiskopf RB ¢ co-
aBT. [43] moOKa3zasu, 4TO y 3/0POBBIX J0OPOBOJIBIIEB
camwkenne Hb 10 5 v/ B ycsoBusix HOpMOBOJIEMU-
YEeCcKOW TeMOAMJUIIONUN He TPUBOIUIO K Hapylie-
HUIO OKcureHanuu Tkanei: VO, 1 ypoBeHb JJaKkTaTa B
KPOBU HE U3MEHSAIUCD. [IpruBeIcHHbIE TaHHbBIE TTOJTY-
YEeHBI B MCCJACIOBAHUSAX HA JKMBOTHBIX WJIA MPAKTH-
YECKHU 3/I0POBBIX TMAIMEHTAX ¥ OTPAKAOT GOJIBIIIIE
(byHKIIMOHAIbHBIE Pe3epBbI OPraHU3Ma B IIpoIlecce
KOMIICHCAIIUKM KPOBOIIOTEPH, OJHAKO, UX 9KCTPAIIO-

al increase in lactate level and the acidosis of mucous
membranes occur even earlier [45], which is the base
of the digestive tract dysfunction and translocation
of intestinal microflora in any kind of shock. An
important role in the development of endogenous
intoxication in the hemorrhagic hypotension plays
increasing the concentration of low/medium molec-
ular weight substances, as well as oligopeptides in
the portal vein system, particularly in the small and
large intestines [46].

Hyperlactataemia and lactic acidosis are the
main laboratory signs of anaerobic metabolism and
inadequate tissue perfusion in shock [3]. In the
experimental study, Torres Filho IP et al. [47] inves-
tigated the early functional and metabolic changes
during acute severe blood loss (40% of the CBV).
The severity of these changes in the initial stages of
blood loss was associated with the mortality in labo-
ratory animals, i.e. studied parameters possessed a
prognostic value. In the group of non-survivors dur-
ing the experiment, lower values of BP, minute ven-
tilation, CaO,, CvO,, pH and bicarbonate were as
significant as hypoglycemia was. At the same time,
base deficit, raised serum concentration of K+ and
the level of arterial blood glucose were greater in
non-survivors. Lactate level in arterial blood was sig-
nificantly greater in non-survivors only at later
stages of blood loss.

Hyperenzymemia is a marker of massive cellu-
lar damage in hemorrhagic shock and enhances dur-
ing reperfusion of ischemic tissues [34]. Among the
enzymes, the content and activity of which increases,
the lactate dehydrogenase (LDH), creatine phos-
phokinase (CK), CK-MB and transaminases have
the greatest diagnostic value. The isoforms of cardiac
troponins are also important as biomarkers of
myocardial damage.

In hemorrhagic shock, as well as in other types
of shock, the processes of free radical oxidation are
activated. The concentration of reactive oxygen
species in blood and tissues increases, antioxidant
system resources are depleted, lipid peroxidation and
cell damage is enhanced, the activity of enzymes
changes [25, 34]. With the progression of the shock,
as well as during reperfusion syndrome, free radical
alterations are most significant in cardiovascular sys-
tem [48] (myocardial and endothelial dysfunction,
microcirculatory alterations) and in blood cells itself
(leukocyte activation, the <«aging» of red blood
cells). These primary and secondary alterations, in
turn, become one of the major factors of inflammato-
ry response and organ dysfunction development.

An experimental study by Y. P. Orlov et al. [49]
has demonstrated the important role of iron metabo-
lism disorders in the pathogenesis of severe bone
injuries accompanied bya blood loss. The concentra-
tions of serum iron and transferrin in blood
decreased, but, on the contrary, ferritin content
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JIATAST HA TAIMEHTOB PEaHMMAIMOHHOTO TPO(UIISA
He BIIOJIHE TPABOMOYHA.

[lepcuctupyioiasi TUIIOKCUS CMENIAHHOTO TH-
ma TpU OCTPOH KPOBOIOTEPE M TEeMOPPArMYecCKOM
MIOKE COTIPOBOKAAETCS HAPYIIECHUSMU KJIETOUHOTO
MeTaboJM3Ma U rHOeJbI0 KJIETOK, YTO MPOSIBIISIETCST
muchyHKIMEH OpraHOB M HapyIIEeHHEM TOMeOCTa3a
(OTKJIOHEHUEM JIADOPATOPHBIX MTOKa3aTesieil 0T HOp-
MaJibHbIX 3Havyenuit). [locsie cHUKeHUsT JOCTAaBKU
KHUCI0posa K TKaHsM Hinke DO, crit cuares ATD B
KJIETKaX OCYIIECTBJISIETCS KaK 32 CYeT asPOOHBIX
(oxucautesnbHoe GochopummpoBanHue), Tak U aHa-
9POOHBIX MCTOUYHUKOB (ryinKosu3). TIpu JeKoMIteH-
CallUU [IOKA 3TUX 0OBEAUMHEHHBIX HCTOYHUKOB DHEP-
MU yKe He XBaTaeT JJist obecriedeHust 6a30BbBIX
MeTaboIMIeCKUX MOTPeGHOCTEN KJIETOK, YTO U MPHU-
BojuT K ux rubenu [21]. Tpekpamaor GyHKIMOHN-
poBarb MeMOpaHHbIE MOHHBIE HACOCHI, YTO BEIET K
<IIeperpynimpoBKe» MOHOB ((heHoMeH TpaHcMuHe-
pamusaunu): K™ nokupaer kierky, a Nat u Ca2*
BMECTE C BOJIOHM YCTPEMIISIOTCS BHYTPb KiIeTku [3],
BO3HUKAET ee OTeK U Jie(eKThb (paspbiBbr) MeMOpa-
Hbl. B ¢Bg3u ¢ aTuM, nuHQY3nOHHO-TpaHC(hy3MOHHASA
Tepanus IpU OCTPOU KpoBomoTepe (MOHHBIN COCTaB,
OCMOJISIPHOCTB U 0OBEM PACTBOPOB) JIOJIKHA TIPOBO-
JUTHCS C yY4ETOM BUJA BO3HUKAIONIEH IUCTUPUN
(BHYTpPUKJIETOUHAS, BHEKJICTOUHAA U CMEIIIaHHAS TH-
0~ WJIU TUTIEPTUJIPATALINS ), TPU HTOM 0c000€e 3HAUe-
HIEe TPUOOPETAET KOPPEKIIUS KAJTHEBOTO TOMEOCTA3a,
KaK OCHOBHOTO BHYTPUKJIETOYHOTO MOHA. [[pyrumu
(akTopaMu, TPUBOSIUMU K HEOOPATUMOMY I10-
BPEXKICHUIO KJIETOK MTPU TUIIOKCUU, SBJSIOTCS UCTO-
IEHUE SHEPTETHYECKUX PECYPCOB, allU03, CBOOOJI-
HBbIE PAIUKATBI, KACKaJl (hePMEHTATUBHBIX ITPOIIECCOB
(ayTonu3), TMOBpEXIEeHNE MUTOXOHIPUI M BHIXO[
HYKJICOTUIOB U3 KieTKu [3, 21].

KiteTku pasHbIX OPTaHOB Pa3JINYaIOTCA 10 CTe-
MEeHU yCTOWYUBOCTH K THIIOKCHH. JacTh KJIETOK rub-
HET [0 MEXaHU3MY allolnTo3a, <IIPUHOCS ce0s1 B JKepT-
BY» B YCJIOBUSAX OTPAHMUYCHHBIX pecypcos. Ipyrum
BAKHBIM MEXaHU3MOM KJIETOYHOW a/laliTalliyl SBJIs-
ercst ruGepHarust. Tak, mporiecchl (DUIBTPAIuU B
KOPKOBOM CJIO€ TIOYKU TIPEKPAIIAIOTCS 10 TOCTUKE-
HUSA YPOBHS THIIOKCHH, TIPU KOTOPOM DPa3BUBAETCS
HEKPO3; TaK¥Ke OCTAHABJINBAETCS TIEPUCTATBTUKA KU~
nreqamrKa [2]. Koska 1 MBITIIbI, B KOTOPBIX TIPU T[CHT-
pasusauy KPOBOOOPAIIEHHST KPOBOTOK 3HAUUTEb-
HO CHWIKEH, OTHOCUTEBHO YCTOWYMBBI K TUTTOKCUU U
MOTYT MIEPEHOCHUTD €€ B TEYCHUH HECKOJIbKUX YaCOB.
C zipyroii cTOPOHBI, B MHOKap/ie U, 0COOEHHO, B MO3-
re HeOOpaTUMBbIE MTOBPEK/ICHUST BOSHUKAIOT YiKe de-
pe3 HEeCKOJIbKO MUHYT BBIPAKCHHON Turonepdy3nn
[44]. IIpu octpoii kpoBonoTepe kaetku KKT nepe-
KJIIOYAIOTCST HA aHAPOOHDII MeTaboIM3M (HaunHAeT
cHIKaTbed pernonaproe VO,) /10 Havaa CHUKEHUS
cuctemuoro VO, [42], a pernonapHas rumepaxTaTe-
MUST M QIIU/I03 CIU3UCTHIX 000JI0UEK BOSHUKAIOT €Iile
pambiiie [45], 4TO JeKUT B OCHOBE NUCHYHKIIUU

increased. At the same time, total iron content
(Fe2*) in the blood increased. Such changes lead to a
potentiation of free radical oxidation, blood rheology
alterations and an increase in the concentration of
low/medium molecular weight substances in the
blood of portal vein. This, in turn, leads to the pro-
gression of endothelial dysfunction and microcircu-
latory disorders.

The damaging effect of acute blood loss may
affect the cellular genome including blood cells [50].
Studies by V. L. Kozhura et al. [51] using the
micronucleus test had shown that the acute blood
loss followed by blood reinfusion caused the destabi-
lization of the genome of polychromatic immature
red blood cells in murine bone marrow. This destabi-
lization was maximally expressed at 24 hours from
the start of hemorrhage and after reinfusion. Similar
damage to the genetic material of cells occured fol-
lowing ionizing radiation that was mainly due to
activation of free radical processes.

Decompensation mechanisms
in acute blood loss

The mechanisms of acute blood loss compensa-
tion are aimed at restoring the impaired homeostasis.
However, during the massive, ongoing or untreated
blood loss the adaptive reactions are not able to com-
pensate the occurred alterations and decompensa-
tion starts. The metabolic manifestations of decom-
pensated hemorrhagic shock are described above in
the article. Formation of abnormal positive feed-
backs in the regulation of body functions stands in
the center of shock progression and development of
so-called vicious circles of pathogenesis of shock.
This is when the deviation of homeostasis parame-
ters via the intermediate chain of events leads to fur-
ther homeostasis alterations.

Reducing CO and persistent arterial hypoten-
sion in the later stages of hemorrhagic shock in com-
bination with tachycardia lead to a decrease in a
coronary blood flow. Myocardial hypoperfusion in
combination with the increased metabolic needs
(sympathoadrenal system activation, increased
afterload) as well as acidosis and other metabolic dis-
turbances cause decreasing myocardial contractility
and the development of acute heart failure. The lat-
ter in turn leads to a further reduction of CO and BP,
i.e. a vicious circle closes. Therefore, the acute heart
failure is the direct cause of death in hemorrhagic
shock in most cases [11, 52]. Not less dramatical
events develop at the microcirculatory level. At the
stage of acute blood loss compensation, the increased
sympathetic outflow leads to the contraction of both
arterioles and venules. The resistance of these vascu-
lar bed sections increases. At the same time, arterio-
lar resistance increases to a greater extent than venu-
lar one, which leads to reducing hydrostatic pressure
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JKKT u TpaHcioKanuu KUIIEYHOH MUKPOMIOPHI
npu J1000M BHJE MOKA. BakHYO POJib B PasBUTUH
3H/IOTEHHOW MHTOKCUKAIUU TIPU TeMOpparnyecKon
TUMIOTEH3UN UTPAET MOBbINIEHNE KOHIEHTPAIIUU Be-
IIeCTB HU3KOW M Cpe/Hell MOJIEKYJISIPHON Macchl, a
TaKKe OJIUTOIENTU/IOB B CUCTEME BOPOTHOII BEHHBI,
0COOGEHHO B TOHKOM U TOJICTOM KHIleYHUKe [46].

[unepiakrateMus U JTAKTAT-AlUI03 SIBJSIOTCS
OCHOBHBIMHU JIAOOPATOPHBIMU TIPU3HAKAMU aHAdPOO-
HOTO MeTaboJIM3Ma U HEaJIeKBaTHON nepdysun TKa-
Heil mipu 1moke [3]. B skcmepumeHTanbHOil pabore
Torres Filho IP ¢ coast. [47] uccaenoBanuch paHHue
(OYyHKIIMOHATIBHBIE ¥ METabOJIMYECKIEe CIBUTU TIPU
octpoit Tskesoit kposorotepe (40% ot OILK), BbI-
DPa’KEHHOCTb KOTOPBIX HA HAYAIBHBIX CTA[USX KPO-
BOIIOTEPH ACCOMUUPOBAIACH C JIETATBHOCTHIO J1abo-
DPATOPHBIX JKUBOTHBIX, T.€. UMEJIA [IPOTHOCTHYECKOE
3uavyenuve. Tak, B rpyiiie He BUKUBIIUX B XOJI€ 9KC-
MePUMEHTA JKUBOTHBIX OTMEYAJIICh MEHbIINE 3HAYe-
nusg AJl, munytHoii BenTuisdiuu Jjerkux, CaO, u
CvO,, pH, 6ukapbonara, runorjiukemMus. B To xe
Bpemsi geduiut ocHoBauuii (BE), cpiBopoTounas
kontentpaiusi K 1 ypoBeHb 9KCTPAKIIMU ITIOKO3bI
U3 apTepuaJbHON KPOBU B TPYIIIlE HE BBIKUBIIUX
Obwtn GoJibllie. YPOBEHD JIaKTaTa B apTepUAbHOMN
KPOBU OBLJ CYIIECTBEHHO OOJIbINE Y He BHIKUBIITIX
JKUBOTHBIX TOJIBKO Ha OoJiee MO3[HUX CTaIUSAX KPO-
BOTIOTEPH.

TunepdepmenTemMust sSIBJIsIeTCSI MAPKEPOM Mac-
CUBHOT'O KJIETOYHOTO MTOBPEKIEHUs TIPU TeMOpparu-
YeCKOM IIIOKe U YCUJIMBAETCSI TP perepdy3un utire-
MU3upoBaHHBIX TKaHel [34]. Cpemm dhepMeHTOB,
cojiepsKaHue ¥ AKTUBHOCTD KOTOPBIX YBEJTUIIBAETCS,
HanboJIblllee JMATHOCTUYECKOE 3HAUYEHUE HMEIT
gakraraeruaporenada (JIJT), kpearundochornna-
3a (KOK), KOK-MB u Ttpamncamunaspl, a Takxke
u30(hOPMbI CEPIEYHBIX TPOIMOHUHOB KaK MapKepbI
MOBPEIKIEHUST MUOKAP/IA.

[Ipu remopparnyeckom IoKe, KaK U pu IPyTHX
BUJIAX IIOKA, AKTUBUPYIOTCS TIPOIECCHI CBOOOIHO-Pa-
JIMKATbHOTO OKUCJIEHVST: TOBBINIAETCS Co/lepsKaiue B
KPOBU U TKAHSX aKTUBHBIX (hOPM KUCIOPOJA, UCTO-
MIAIOTCST PECYPChI AHTHOKCUIAHTHBIX CUCTEM, YCHJIU-
BAIOTCST TIPOIECCHI TIEPEKUCHOTO OKHCJIEHUST JIUIIU-
JIOB, TOBPEXKIEeHHe KJIETOYHBIX CTPYKTYp U
U3MEHsIeTCsT aKTUBHOCTD hepmentos [25, 34]. [Ipu
[IPOTPECCUPOBAHUN IIIOKA, & TakxKe mpu perepdysu-
OHHOM CHHJIPOME CBOOOHO-PAJIUKAJIbHBIE TOBPEK-
JIeHUsT HanboJiee BBIPAKEHBI B CEPIAETHO-COCYAUCTON
cucreme [48] (auchyHKImsa Muokapa u sHI0TEJHs,
MUKPOIMPKYJISITOPHbIE HAPYIIEHUST) U B KJIETKAX Ca-
MOl KpoBM (aKTUBAIMS JICHKOIIMTOB, <«CTapeHues
9PUTPOLUTOB). DTU TE€PBUYHbIE W BTOPUYHbIE II0-
BPEXKIEHMs, B CBOIO OYepe/lb, SIBJSAIOTCS OMHUMU U3
Beynx (DaKTOPOB PA3BUTHUST BOCIIATUTETHHOU pe-
akiuu u AuchyHKIIMYA OPTraHOB.

B skcniepumentanbiuom uccrienosanun OpJiio-
Ba lO. II. ¢ coaBT. [49] moKa3ana BaxkHasA POJIb HAPY-

in the capillaries and contributes to entering inter-
stitial fluid into the bloodstream. However, the
metabolites with vasodilating properties accumulate
in tissues during the progression of hypotension and
shock. Precapillary vessels (arterioles) are more sen-
sitive to these metabolic impacts compared to the
venules and therefore dilate first. This leads to
increased capillary pressure and fluid displacement
already from the vascular bed into tissues [53]. The
result of the described process is increased concen-
tration and stasis of blood within the microvascula-
ture. The CBV and CO decrease progressively.
Hemostasis activation occurs from the first
minutes of tissue damage and the occurrence of
bleeding. In the later stages of blood loss and hemor-
rhagic shock alterations in hemostasis and blood
microrheology play a major role in the circulatory
decompensation, primarily at the microcirculatory
level. Coagulopathy in acute massive blood loss is
manifested by the successive hypercoagulation syn-
drome, hyper- and hypocoagulation phases of acute
DIC [22]. The hypercoagulation syndrome repre-
sents an increased likelihood of blood clotting in the
absence of thrombosis. It may represent a conse-
quence of a trauma and/or blood loss (eg, elderly
patients with atherosclerosis), and might even be
more aggravated by vascular wall injury, activation
of clotting factors and tissue thromboplastin enter-
ing the bloodstream. However, due to the simultane-
ous activation of anticoagulation and fibrinolytic
systems, thrombotic process is limited to the dam-
aged portion of vessel. Severe hypotension, slowing
of blood flow in the microvasculature (stasis) and
ongoing bleeding contribute to the development of
the hypercoagulation phase of DIC. This phase is
characterized by multiple microthrombi formation
mainly in the capillaries and venules, as well as by
the consumption of plasma coagulation factors,
platelets and the components of fibrinolytic system.
In the absence of adequate treatment the hypercoag-
ulation phase of DIC contributes greatly to the
development of multiple organ failure and is quickly
replaced by the next phase. The hypocoagulation
phase is manifested by the laboratory evidence of
hypocoagulation and clotting factors consumption,
elevated levels of fibrin degradation products and
diffuse bleeding (haematomas and petechiae) [22].
Disturbances of blood rheology in hemorrhagic
and other types of shock are caused not only by an
increase in blood viscosity due to its concentration or
slowing of blood flow, but also by the structural and
functional changes of red blood cells. These changes
determine microvascular blood flow and «responsi-
ble» for the development of microrheological alter-
ations [54]. The reduced deformability and increased
aggregation of red blood cells are the main microrheo-
logical alterations. The degree of alteration of these
parameters is proportional to the volume and severity
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meHwit 0OMeHa JKejie3a B IaTOreHe3e TSKEJION KOCT-
HOU TpaBMbI C KPOBOTIOTepeli. KoHIleHTpaI cbIBo-
POTOYHOTO KeJsie3a U TpaHchepprHA B KPOBU CHU-
JKAUCh, a cojepxanue GepputunHa, HaoOOPOT,
yseanunsanoch. Obmee conepsxanue xenesa (Fe2t)
B KPOBU IIPU 9TOM YBEJUYUBAJIOCH. Takue nsamMeHe-
HUS NPUBOJAT K TIOTEHITMPOBAHUIO TIPOIECCOB CBO-
GOTHO-PAIUKATIBHOTO OKHCJIEHUST, HAPYIIEHUIO PEO-
JIOTUYECKUX CBOWCTB KPOBU U  IOBBIIIECHUIO
KOHIIEHTPAI[NN BEMIECTB CPeAHEN U HU3KOW MOJIEKY-
JIIPHOU MacChl B KPOBU BOPOTHOI BEHBI, UTO, B CBOIO
ouepe/ib, BEJIET K IIPOTPECCUPOBAHUIO TUCHYHKITNN
HIOTETUSA U MUKPOIUPKYJISATOPHBIX HAPYIICHUH.

IToBpeskpatoriee neficTBUE OCTPON KPOBOTIOTE-
PU MOJKET PACIPOCTPAHATHCSA M HA KJIETOYHBIN Te-
HOM, B T.4. KJIeTOK camoii kposu [50]. B uccienosa-
uusix Koxypa B. JL. ¢ coasr. [51] ¢ ucnosib3oBanuem
MUKPOSIZIEPHOTO TECTA MOKA3aHO, YTO OCTPask KPOBO-
norepsi ¢ mocyenayonieil penHgysnueii KPOBU BbI3bI-
BAIOT JIECTAOMIIN3AIIII0 TEHOMA TTOJUXPOMATO(DUIIb-
HBIX DPUTPOIUTOB, MaKCUMAJIbHO BBIPAKEHHYIO
yepes 24 9 0T HaYasIa KPOBOIIOTEPH U 1T0cJie perH(y-
3ud. AHAJIOTMYHbBIC TOBPEKICHUSA TEHETUIECKOTO
MaTepuasa KJICTKUA HACTYNAIOT TIPU JICHCTBUN MOHMU-
3UPYIONIEH pafiialluil U B 3HAYUTEIBHON CTENeHU
OIIPEIENISTIOTCST AKTUBAIMEN CBOOOIHOPAIMKAIHLHBIX
MIPOIECCOB.

MexaHu3Mbl IeKOMIIeHCAUU
IIPU OCTPOIi KpOBOIIOTEPE

MexaHu3Mbl KOMITEHCAI[MN OCTPOI KpPOBOIOTE-
pU HalpaBJieHbl HA BOCCTAHOBJIEHHE HAPYIIECHHOTO
romeocrasza. OJHaKO, TPU MACCUBHOM, TTPOIOJIKATO-
1Ieiicst NJM He BOBPeMsl BOCIIOJTHEHHON KPOBOTIOTEPe
HPUCTIOCOOUTETHHBIE PEAKITUHU HE CIIOCOOHBI KOMITEH-
CUPOBATh BO3HUKIINE HAPYNIEHUS U HACTYIIAET Jie-
KoMmIieHcalust. MeTtabosrmueckue MPOSIBJIEHUS Jie-
KOMIICHCUPOBAHHOTO ~ T€MOPPArnyeckoro  IoKa
OIMCaHbI BbIlie. B 0CHOBe mporpeccupoBaHnd MIOKa
1 Pa3BUTHS TaK HA3bIBAEMBIX MOPOYHBIX KPYTOB T1a-
TOreHe3a JIeKUT (hOPMUPOBAHUE TTATOJIOTHYECKUX T10-
JIO)KUTEJBHBIX OOPATHBIX CBSI3€il B peryistinu (DyHK-
Ui OpraHu3ma, KOTJa OTKJIOHEHUE ITTapaMeTpPOB
roMeocTasa uepes Ielb IPOMEKYTOUHBIX COOBITUN
MPUBOJUT K elite GOJIbIIEMY HAPYIIEHHIO TOMEOCTa3a.
Tak, cumxenre CB u nepcuctupyiomias aprepuaiib-
Has TUIIOTEH3US HA TIO3/IHUX CTAUSX TeMOpparnyec-
KOTO TIOKA B COYETAHUM C TaXUKapAWell MPUBOAAT K
CHW)KEHUIO KOPOHAPHOTO KPoBOTOKA. [Mmonepdysus
MEOKAp/la B COYETAHUH C €70 BO3POCIITUME MeTa00J -
YECKUMU TTOTPEGHOCTMU (aKTUBAIIUST CUMITATOA/[PE-
HAJIOBOM CHCTEMBI, YBEJUYECHHUE ITOCTHATPY3KH), a
TaKJKe alUJI03 U JAPYTHe MeTaboIMIecKIe HapyeHust
BBI3BIBAIOT CHIDKEHUE COKPATUMOCTA MUOKapja u
pasBUTHE OCTPOI CEPACYHON HEOCTATOUHOCTHU. JTO,
B CBOIO OYepelb, BeJleT K AaJIbHEHIEMY CHUKCHUIO
CB u A/l — mopounbIii kpyr 3ambikaercs. [loaTomy

of blood loss [55]. Such pathologic changes, exacer-
bated by aniso- and poikilocytosis, lead to the forma-
tion of cell aggregates («rouleaux»), the impossibility
of passing the rigid red blood cells through the capil-
laries, hemolysis and further progression of microcir-
culatory disorders and hypoxia [56]. Changing struc-
tural and functional properties of red blood cells in
blood loss and reinfusion is largely due to changes in
surface nanostructure of erythrocyte membrane,
revealed by atomic force microscopy [30, 57]. The
nanostructure of red blood cells membrane surface
(the <heights» of a different order) have a characteris-
tic temporal dynamics, which also depends on the vol-
ume of blood loss. It should be noted that the perfluo-
rocarbon emulsion ( «Perftoran») has a strong
corrective action to the nanostructure of erythrocyte
membranes, thereby improving the flow properties of
blood [58]. Moreover, in an experimental study [59], it
has been shown that in vitro the nanoparticles of
perftoran significantly accelerate the reduction of
methemoglobin to oxyhemoglobin (inside the red
blood cells), i.e. facilitate the transition of iron from
the trivalent state to the divalent (Fe3*—Fe2*). This
may additionally improve the oxygen transport func-
tion of red blood cells during hypoxia and long-term
storage of donated blood.

The development of multiple organ failure in
hemorrhagic shock is largely due to the systemic
inflammatory response of the body to emerging
ischemic and reperfusion cell damage [2, 60]. The ini-
tial hypoxic damage of cells contributes to entering
into the bloodstream of large amounts of toxic
metabolites (lactate, free radicals and other), which
are potent immune modulators, and induce the initial
activation of neutrophils and other immune cells. In
turn, this triggers a cascade of cellular signaling and
response (amplified response) with intensive release
of both pro-inflammatory and anti-inflammatory
cytokines and other mediators. Another vicious circle
is formed, since activated neutrophils and «cytokine
storm» contribute to the further progression of
microcirculatory disorders, cell damage of other
organs and the development of their dysfunction.

It should be noted that despite the complexity
and severity of microcirculatory alterations in hem-
orrhagic shock, they are largely reversible, and
respond better then in septic shock to intensive
treatment aimed to stabilize the systemic hemody-
namics and oxygen transport [5, 61].

Conclusion

Acute blood loss is a polyethiological patholog-
ical process. The major pathogenic factors are hypo-
volemia and anemia, which lead to mixed type
hypoxia and severe deterioration of cellular metabo-
lism. The homeostasis of the organism as a whole is
disrupted.
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HUMEHHO OCTPast CepleuHast HeJJOCTATOYHOCTD B GOJIb-
NIMHCTBE CJIy4aeB ABJISACTCS HEMOCPEICTBEHHOM TTPH-
YIHOI CMepTH Ipu reMopparndeckom mroke [11, 52].
He menee apaMaTudHO cOOBITHS Pa3BUBAIOTCS W Ha
YPOBHE MUKPOIUpPKYyJsAnuu. Ha cramum komrenca-
IIUU OCTPOU KPOBOTIOTEPH, MOBBIIIEHUE CUMITATHYEC-
KOU MMITYJIbCAllUU TTPUBOJUT K CY;KEHUIO KaK apTe-
pHOJI, TAK U BEHYJI, U YBEJUYEHUIO COITPOTUBJICHUS B
ATHUX y4acTKax cocyauctoro pycJua. [Ipu atom compo-
TUBJICHUE aPTEPUOJT YBEJUUUBAETCS B OOJIBIIEH CTe-
TIEHW, YeM BEHYJI, YTO IPUBOJIUT K CHUKEHUIO THIPO-
CTATUYECKOTO  JIABJICHUS B  KaMWIIApax U
CIOCOOCTBYET TMOCTYIJIEHUIO WHTEPCTUIIHATBHON
JKUJIKOCTH B cocynuctoe pycio. OaHako, mpu mpo-
IPECCUPOBAHNN TMTIOTEH3NH U TIOKA B TKAHAX HAKATI-
JIUBAIOTCSA MeTabOoJIUThI, 00JIaJafolIKe COCYI0PACIIN-
psaonuM seiicteueM. IIpexkannsisipabie cOCYbl
(aprepuoiibl) 6GoJice UyBCTBUTEJLHBI K TAKUM METa-
GOJIMUECKUM BO3/IEHCTBUSIM TI0 CPABHEHUIO C BEHYJIa-
MU ¥ PACIIUPAIOTCS MEPBBIMU. ITO MPUBOJIUT K T10-
BBIINIEHUTO KATUJIJIPHOTO JIABJICHUS U [IEPEMETICHITO
JKUJIKOCTHU YK€ U3 COCYIIUCTOTO Pycjia B TKaHu [d3].
PesgysibraToM ommMcaHHOTO Tpoliecca SBJSETCH CTY-
HIeHNEe KPOBH, €€ 3aCTOM B MUKPOIUPKYJIATOPHOM
pycite, etie 6ogbinee cumxenne OITK u CB.

Kak y»ke yrmoMuHanoCh BBIIIE, aKTUBAIUS CUC-
TEMBI TEMOCTa3a MPOUCXOUT C TIEPBLIX MUHYT I10-
BPEKJCHUS TKAaHEH W BO3HUKHOBEHMS KpPOBOTEYe-
Hust. Ha GoJiee TIO3HUX CTAAUSAX KPOBOIIOTEPH U TIPH
reMOpParmyecKoM IIOKe HapyIIeHUs TeMOCTa3a 1 MH-
KPOPEOJIOTUH KPOBU UTPAIOT OJHY U3 OCHOBHBIX PO-
Jiell B JIEKOMIIEHCAI[MH KPOBOOOPAIIEHUST, MPEKIE
BCETO HA yPOBHE MUKPOIMPKYJIsiuu. Koarymonatus
MIPU OCTPOU MACCUBHOI KPOBOIIOTEPE TMPOSBIICTCS
MOCJIEIOBATETHHO CMEHSIONUME JIPYT [Ipyra THUIep-
KOAryJISIIMOHHBIM CUHIPOMOM, TUTIEP- U TUTIOKOAry-
JagoHHbIMEU (hazamu octporo JIBC-cunzipoma [22].
TunepkoaryiSinOHHBI CUHIAPOM — IOBBIIIEHHAS
«TOTOBHOCTb» KPOBM K CBEPTBIBAHUIO TIPU OTCYTCT-
Bun TpoMO030B. OH MOKET OBITH UCXOMHBIM (DOHO-
BBIM COCTOSHUEM OPraHU3Ma, MOCTPAJABIIETO OT
TPaBMbI 1 KPOBOIIOTEPH (HATIPUMED, Y TOKHUIIOTO T1a-
I[EHTa C aTEPOCKJIEPO30M) U B elite OOJIbIIEl cTere-
HU YCUJIUBATBCA TIPU TOBPEKIAECHUM COCYAMCTOMN
CTEHKH, aKTUBAIUU (PAaKTOPOB CBEPTHIBAHUS U TIOTIA-
JIaHUK B KPOBOTOK TKaHEBOro Tpomboruiactira. Oj1-
HAKO, BCJIE/ICTBUE OJHOBPEMEHHON aKTHBAIMK TIPO-
TUBOCBEPTHIBAOIIEH 1 (PHOPUHOTUTHIECKON CHCTEM,
mpoiecc TPoMO0OOPAa3OBAHUST OTPAHUYEH MOBPEXK-
JICHHBIM YYaCTKOM cocy/ia. BeIpaskeHHas apTepuasib-
Has TUTIOTEH3US, 3aMelJIeHIe KPOBOTOKA B MUKPOCO-
cyfax (cTa3) W IpojioJiKaloleecss KpoBoTedeHue
CIOCOOCTBYIOT PA3BUTHIO THUIIEPKOATYJISIIMOHHON
(aznr [IBC-cunapomMa, KOTOpast XapaKTepu3yeTcst 00-
Pa30BAHUEM MHOKECTBEHHBIX MUKPOTPOMOOB, TIPEK-
Jie BCEro B KaMJIAPax M BEHYJIaX, a TaKyKe MPU3Ha-
KaMu  1OTpeOJieHUsT  MJIa3MeHHBIX  (HAKTOPOB
CBEPTHIBAHUST KPOBHU, TPOMOOIUTOB, KOMIOHEHTOB

Direct exchange of substances between blood
and interstitial fluid is carried out at the level of
microcirculation. Changes in vascular tone and
microcirculatory alterations are involved in compen-
satory reactions of the organism to acute blood loss,
and in the subsequent processes of decompensation.

The main compensatory reactions in acute
blood loss are activation of blood coagulation and
the sympathetic nervous system, stimulation of heart
activity, centralization of circulation, autohemodilu-
tion, protein synthesis and hemopoiesis activation.

Alterations in macrohemodynamics (hypov-
olemia, decreased myocardial contractility and CO,
hypotension) and microcirculation (reduction in the
density of perfused capillaries, slowing of blood flow,
concentration and stasis of blood, paresis of
microvessels, DIC and others) progress during acute
blood loss decompensation and development of
hypovolemic shock.

Decreased oxygen delivery to the tissues at
below critical level leads to cell metabolism switch-
ing to the anaerobic pathway, depletion of energy
and the plastic resources of cells, acidosis, lipid per-
oxidation, transmineralization and cell membrane
damage. The result of acute blood loss decompensa-
tion is cell death by necrosis or apoptosis followed by
the emergence of multiple organ failure.

Acknowledgements: The authors are sin-
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Yu. V. Zarzhetsky, D. Sc. A. M. Chernysh and
Ph. D.I. S. Novoderzhkina for their help in writ-
ing this review and valuable comments.

cucrembl (hubpuHoMU3a. [Ipr OTCYTCTBUU ajleKBaT-
Horo siedenns ata aza /I BC-cunapoma B 3HaUUTETh-
HOI CTerneHu CIocOOCTBYET Pa3BUTHIO IOJHOPTaH-
HOU HEJOCTATOYHOCTH U OBICTPO CMEHSIETCSI
CTEYIONEel — TUTIOKOATyISIMOHHON (has3oi, MposiB-
JISTIotIecst TabopaTOPHBIMK [TPU3HAKAMU THUITIOKOA-
ryJsiuu U notpedseHnst (HakTOpOB CBEPTHIBAHIS,
MOBBINIIEHUEM COJEP:KAHUS TPOIAYKTOB JICTPafallin
dbubpuna u g hy3HON KPOBOTOUUBOCTHIO TEMATOM-
HO-TIeTeXHaJIbHOTO THTIa [22].

Hapyiiienus peosioruvi KpoBU TIPU T€MOPPAru-
YECKOM U JIPYTUX BUJIAX MIOKa 00YCJIOBJIEHBI HE TOJIb-
KO MOBBIIIIEHUEM BSA3KOCTU KPOBHU BCJIE/ICTBHUE €€ CTY-
NIEHUS WJIW  3aMeJJICHUS KPOBOTOKA, HO U
CTPYKTYPHO-(DYHKIIMOHAILHBIMUA U3MEHEHUSAMU 3PH-
TPOITUTOB, KOTOPbIE OMPEIEJISIOT TEKYUYecTh KPOBU Ha
YPOBHE MWKPOIUPKYJISAIUN U <OTBETCTBEHHBI» 32
pasBuUTHE MUKDPOPEOJOTUIeCKUX HapylreHuil |[54].
OCHOBHBIMU MUKPOPEOTOTHICKUMU HApPYyIICHUSMU
ABJAIOTCSA CHIKeHUE 1e(hOPMUPYEMOCTH U TIOBbI-
NIEHHAs arperanus SpUTPOIUTOB, TIPUYEM CTEIICHb
M3MEHEHUS ITUX IapaMeTPOB IPOTOPIUOHAIbHA
obbeMy U TsRecTH KpoBomoTepu [55]. Takue maTosio-
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rUYeCKUe U3MEHEHUsI, yCyryOJieHHbIEe aHU30- U TI0i-
KUJIOIIUTO30M, TIPUBOJISAT K 0OPA30BAHUIO KIIETOUHBIX
arperatoB («MOHETHBIX CTOJIOUKOB» ), HEBO3MOKHOC-
TU MPOXOK/ICHUS PUTHU/THBIX 9PUTPOIUTOB Yepes3 Ka-
MUJIISPBI, TEMOJIU3Y U ATbHEHIIEMY TTPOTPECCUPO-
BAHWIO MUKDPOIUPKYJIATOPHBIX HApYUIEHUNH U
runokeuu [56]. Ykasanibie H3MeHEHMsT CTPYKTYPHO-
(byHKIIMOHATBHBIX CBOWCTB 3PUTPOIIUTOB TIPU KPOBO-
norepe u peruH(y3ur BO MHOrOM 00y CJIOBJIEHBI H3Me-
HEHUSIMU HAHOCTPYKTYPBI TOBEPXHOCTH UX MeMOPaH,
BBISIBJIEHHBIMU METOJIOM aTOMHOU CHJIOBOM MMKPO-
cxoruu [30, 57]. [lapameTpbl HAHOCTPYKTYPbI IPUT-
POIUTOB (BBICOTHI PA3JINYHOTO MOPSAIKA HA TTOBEPX-
HOCTH MeMOPaHbBI) MMEIOT XapaKTePHYI [HHAMUKY
BO BPEMEHMU, KOTOPast TAKIKE 3aBUCUT OT 00beMa KPo-
BOTIOTEPU. 3/1€Ch CJEMYET OTMETUTD, UTO MepPhTOPYT-
geponHast amyJbeus («Ilepdropans») okasbiBaeT BbI-
paxkeHHOEe  KOppeKTupylolee  jeiicTBue  Ha
HAHOCTPYKTYPY MeMOpaH 3PUTPOIUTOB, TEM CaMbIM
yiydiias peoJiorudeckue cpoiictBa kposu [58]. Bo-
Jiee TOTO, B 9KcriepuMenTe | 59] 6bLI0 moKas3aHo, 4To in
vitro nHanovactuilpl «Ilepdropanas 3HAUNTENBHO yC-
KOPSIIOT BOCCTAHOBJIEHUE METTEMOTJIOONHA B OKCHTE-
MOTJIOOMH (BHYTPU SPUTPOIUTOB), T.€. CIIOCOOCTBY-
10T TIepeXO/Iy sKeJie3a U3 TPEXBAJICHTHOTO COCTOSTHUS
B ByxBanentHoe (Fe3™—Fe2"), uto gonoanurenbHo
MOJKET YJIydIaTh KUCJIOPOJATPAHCIOPTHYIO (DYyHK-
U0 HPUTPOIUTOB IIPU TUTTOKCUU U JIJIUTETIBHOM XPa-
HEHUU JIOHOPCKOH KPOBH.

Passutne monmmopraHHOW HEILOCTATOUYHOCTU
[IPU TEMOPPATrHYECKOM IIIOKE BO MHOTOM 00YCJIOBJIe-
HO Hea/[eKBATHBIMU UMMYHHBIMU Y BOCHATUTEIbHBI-
MU peaKkIUIMU OPraHru3Ma Ha BO3HUKATOIIUE HIIe-
MUYeckue 1 perepdy3noHHbIE TTOBPEKICHNS KIETOK
[2, 60]. IlepBuuHOE TUIIOKCHYECKOE TOBPEKICHUE
KJIETOK CIOCOOCTBYET TOCTYILIEHHIO B KPOBOTOK
GOJIBIIIOTO KOJIMYECTBA TOKCUYECKUX METabOIUTOB
(1rakTaT, CBOOOJIHDBIE PAJIMKAJIBL 1 JP.), KOTOPbIE SIB-
JIFTOTCS CUJIBHBIMU UMMYHOMOJIYJISITOPAMU U BBI3bI-
BAIOT TIEPBUYHYIO aKTUBAIIUIO HEUTPODUIOB U APY-
I'MX KJIETOK MMMYHHOW cuctembl. B cBoO ouepejib,
3TO 3aIlyCKaeT KacKaJ KJIeTOYHBIX B3aUMOICHICTBUN C
BOBJICUEHUEM BCe OOJIBIIIET0 KOJNYECTBA MMMYHHBIX
kietok (awnen. amplified response) u UHTEHCUBHBIM
BBICBOOOJK/IEHIEM KaK MTPOBOCIAIUTENbHBIX, TaK U
MIPOTUBOBOCIIATTUTEJbHBIX MEANATOPOB U IPYTUX I1H-
tokuuoB. DopMuUpyeTcs elle OIUH ITOPOUHBIN KPYT,
MOCKOJIbKY aKTUBUPOBAHHbBIC HEHTPOMUIIBI U ITUTO-
KUHOBast Oypsi» CIIOCOOCTBYIOT NaJIbHEHIEMy Ipo-
IPECCUPOBAHUIO HApPYIICHUN MUKPOIUPKYJIAIINH,
MOBPEKAECHUIO KIETOK IEPBUYHO HE UIIIEMU3UPOBAH-
HBIX OPTaHOB U (hDOPMUPOBAHUIO UX TUCHYHKIINU.
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Cueyer OTMETUTBH, YTO HECMOTPSI Ha BCIO
CJIOKHOCTD U TSIKECTh OTIMCAHHBIX HAPYIIEHUN MUK-
POIMPKYJISIUE [IPU FEMOPPArHIecKOM IIOKE, OHU
BCe JKe B OOJIbINeEil cTereHn 0OpaTHMBbL U JIYUIIle pea-
TUPYIOT HAa WHTEHCUBHYIO TEPAIUIO, HATIPABJICHHYIO
Ha CTa0WIM3AIUI0 CUCTEMHOU TeMOIUHAMUKU U
TPAHCIIOPTa KUCJIOPOJIA, 0 CPABHEHUIO ¢ THITOBOJIE-
MUYECKUM IIIOKOM I1pu cericuce [5, 61].

3akiaoueHue

Octpast KpoBomoTeps: — TOJUITUOJIOTUIECKUIA
MATOJIOTUYECKHI ITPOIECC, OCHOBHBIMY MATOT€HETUYe-
CKUMHU (paKTOPaMK KOTOPOTO SIBJISTIOTCST TUTIOBOJIEMUS
U aHEeMWUS, IPUBOJISIIIUE K TUIIOKCUU CMENTAHHOTO TH-
A U TSKEJIbIM HapyHIeHUSIM KJIeTOYHOrO MeTabo/In3-
Ma ¥ TOMeoCTasa opranusma B 1iejioM. Ha ypoBhe Muk-
POIUPKYJISITOPHOTO pycia OCYIIECTBJISIETCS
HEIOCPE/ICTBEHHbBII OOMEH BEIIECTB MEXKILY KPOBBIO 1
MEKKJIETOUHOM JKUJIKOCTBIO, & U3MEHEHUST COCY/IUCTO-
IO TOHYCA U MUKPOITUPKYJISIINY 33/IeiICTBOBAHbBI KAaK B
KOMIIEHCATOPHO-TIPUCIIOCOOUTEILHBIX PEAKIUAX Op-
raHM3Ma Ha OCTPYIO KPOBOIIOTEPIO, TaK U B IIPOIeccax
nocJieyionieii exomrieHcaruu. OCHOBHBIMU KOMIIEH-
CaTOPHO-TIPUCIOCOOMTEIbHBIMU PEAKIIUSAMU SABJISIOT-
Cs1 aKTUBU3AIIMS CBEPTHIBAIOINIEN CHUCTEMbI KPOBU U
CHMIIATO-a/IPEHaIOBON CHCTEMbI, CTUMYJISIIINS PaOOThI
cep/ilia, HeHTpaIn3alnst KpoBooOpalleH s, ayTOreMo-
JTIONN, aKTUBN3AIMA CUHTe3a OeIKa U TeMOII093a.
[Ipu nexkommeHca ocTpoil KpoBOIIOTEpH U Pa3BuU-
TUU TUITOBOJIEMUUYECKOTO 1IIOKA TIPOTPECCUPYIOT HAPY-
IICHUS CUCTEeMHOW TeMOJUHAMUKU (TUIOBOJIEMUS,
cHUKeHue cokpaTumocT Muokapa u CB, aprepuaiib-
Hasl TUIIOTEH3US) U MUKPOIUPKYJISIUKY (CHUMKEHMEe
IIJIOTHOCTH 11ep(hy3UPYEMbBIX KATUJLISIPOB, 3aMejljie-
HUe KPOBOTOKA, CTYIIIeHUe U CTa3 KPOBU, Mape3 MUKPO-
cocynos, /IBC-cunapom u np.). CHMKeHue J0CTaBKU
KHUCJIOPOJIa K TKAHAM HUKE KPUTHUYECKOTO YPOBHS
HPUBOAUT K HEPEKJIIOYEHUIO KJIETOUHOTO MeTabo 13-
Ma Ha aHadPOOHBIH I1yTh, UCTOLIEHIIO SHEPIreTUIECKIX
U IJIACTUYECKUX PECYPCOB KJIETOK, PA3BUTHUIO al1/103a,
MEPEKUCHOTO OKUCJIEHUST JIUTTUIOB, TPAHCMUHEPAJIU-
3aI(UK U [TOBPEXKIEHUIO KJIETOUHbIX MeMOpaH. ITorom
JIEKOMITEHCAIIUUA OCTPOU KPOBOIIOTEPH SIBJISIETCSI TH-
6eJib KJIETOK 110 MEXaHM3My HEeKpo3a WJIM allonTosa ¢
Pa3BUTHEM TTOJIMOPTAHHON HEJOCTATOYHOCTH.

BaaromapHocts: ABTOpPBI HMCKpEHHE IPH3HA-
TEJbHBI /1. M. H., pod. Tonybery A. M., 1. 6. n. 3a-
pkenkomy 1O. B., 1. 6. 1., npod. Yepubiury A. M. u
K. M. H. HoBozep:kkunoii 1. C. 3a nomomp B Hanm-
caHuu 0030pa ¥ c/ieJIaHHbIe I[eHHbIE 3aMEeYaHus.
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