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MpoBeaéH 0630p AUTEPATYPHbIX AaHHbIX N0 NpobaemaTuke ponu rukokanukcea (MK) B natoreHese oTéka ronosHoro mosra (Or'M), a Takxke meTo-

bl Er0 KOPPEKLMM B KOHTEKCTE MHTEHCMBHOM Tepanumn OT'M. Mownck nHdopmaumm nposogunca no 6asam aaHHbix PubMed, Science Direct, elibrary, ¢
MCMONb30BAHMEM K/KOUYEBbIX C/I0B: KOTEK FOSIOBHOMO MO3ray, IJIMKOKANMKCY, KMETOAbI MEANKAMEHTO3HOM KOPPEKLMMY, «NAaTOreHe3», KMHTEHCUBHaA
Tepanua». Kputepuamu BratoYeHMA paboT B 0630p 6bian: HaMuMe UccneaoBaHUA Mapkeépos aerpagaumu MK npyu OIM, uccnefoBaHWUA BAMAHUA pas-
JINYHBIX METOZ0B M NpenapaTtoBs Ha cTpyKTypy K. Kputeprem uckatoueHns pabot us 063opa ABAAAUCH CTaTby cTape 10 ner.
OlM sBnseTca cepbE3HbIM }KU3HEYrPOXKAIOLLMM OC/ONKHEHWMEM NPU Pa3NUYHBIX HEBPONOTUYECKMX 3aboneBaHNAX U TpaBmax. HecmoTpsa Ha cospe-
MEHHble meToAbl! VIHTEHCVIBHOI‘;I Tepanuu, CMepPTHOCTb OT AAHHOrO COCTOAHUA oCTaérca BbICOKOﬁ, a BO3MOXHOCTHU Jie4eHUA OorpaHnYeHbl. O,EI,HVIM us3
KNIOYEBbIX NAaTONOIMMYECKUX MEXaHU3MOB B pa3BuTUM OTM ABNAETCA HapyLIEHWE LLeIOCTHOCTM reMaTo3Huedannyeckoro bapbepa 1 NoBbIWeHUE Npo-
HWL,@eMOCTH COCYyL0B.

Bcé bonblue AaHHbIX YKa3biBatoT Ha TO, 4TO K, ABNAACH YHWUKAAbHBIM FMKOMPOTEMHOBBIM C/IOEM Ha NMOBEPXHOCTU 3HAOTENUSA, UTPAET BAXKHYHO
ponb B NoAAepKaHUM bapbepHbiX CBOMCTB COCYAMCTOMN CTEHKU. MoBpexaeHue MK, Habnogaemoe Npu pasiMyHbIX NAaTONOTMYECKUX COCTOAHUAX, BEAET
K Pa3BUTHIO Ba30TEHHOTO OTEKA, aKTUBALMM BOCNANEHMA U Koaryaauumn. M3ydeHne monekynspHbIX MexaHU3MoB HapyweHus TK u paspaboTka meTo-
[10B €ro 3alUuTbl U BOCCTAHOBNEHMA UMEIOT BaKHOE 3HaYeHWe AN1a yayylleHus ucxogos npu OM. [laHHOe HanpaB/ieHne UccaefoBaHNUM OTKpbIBaeT
HOBbIE BO3MOXHOCTU 11 UHTEHCUBHOM Tepanuu, LONONHAIOLWME CTaHAAPTHbIE NoAXoAbl. MiccnesoBaHue ponu MK B natoreHese oTéKa Mo3ra U MOUCK
CNocob0oB ero KOPPEKLMU ABNAIOTCA aKTyaIbHbIMU U KJIMHUYECKU 3HAYUMbIMM 334a4amu.
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A literature review was conducted on the role of the endothelial glycocalyx (eGC) in the pathogenesis of cerebral edema (CE) and the management
methods within the context of intensive care. The search for relevant information was carried out using the PubMed, ScienceDirect, and eLibrary
databases, employing the following keywords: "cerebral edema", "glycocalyx", "methods of drug correction", "pathogenesis", and "intensive care".
The inclusion criteria for this review were studies that explored markers of eGC degradation in CE and investigations into the effects of various methods
and drugs on eGC integrity. Articles older than ten years were excluded from the review.

CE is a significant and potentially life-threatening complication associated with various neurological diseases and injuries. Despite advances in intensive
care, mortality rates for this condition remain high, and treatment options are often limited. One of the primary pathological mechanisms underlying
CE is the disruption of the blood-brain barrier, resulting in increased vascular permeability.

Emerging evidence suggests that the eGC, a unique glycoprotein layer on the endothelial surface, plays a crucial role in maintaining the barrier
properties of the vascular wall. Damage to the eGC in various pathological conditions contributes to the development of vasogenic edema, triggering
inflammation and coagulation. Investigating the molecular mechanisms underlying eGC damage and developing strategies for its protection and
restoration are crucial for enhancing outcomes in cases of CE. This area of research presents new opportunities for intensive care, complementing
existing treatment approaches. Therefore, studying the role of the eGC in the pathogenesis of cerebral edema and exploring methods for its
management are both relevant and clinically significant endeavors.
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BBEAEHMUE

OTék ronosHoro mosra (OrM) — 310 natonornyeckoe Hakonne-
HUE YKMIKOCTM B TKaHAX M CTPYKType ronoBHoro mosra (FM) [1]. Yawe
Bcero OI'M BTOPUYHBINA M BO3HMKAET B pe3yabTaTe nospexaeHusa MM
pasnnyHbIMK areHTamu [1-3]. Knaccudmumpytor OFM no atmonorum u
naToreHeTU4ecKUM mexaHusmam [1]. Mo sTmonornyeckomy paktopy
BbigenaoT OFM onyxonesbli, NOCNEONEPaALMOHHDBIN, TOKCUYECKUH,
ULLEMUYECKMIA, BOCMANUTENBHBIN U UHble [1]. Mo naToreHesy Bbige-
NaloT Ba30reHHbIN, LIUTOTOKCUYECKW, MAPOCTaTUYECKU U OCMOTH-
yeckuit OTM [1].

LinToToKcnuecknin OFM BbI3BaH HApYLUEHWAMM B MENKKNETOY-
HOM W BHYTPUYEPEMHOM MPOCTPAHCTBE 3a CYET aucbanaHca rmapo-
CTaTUYECKOTO AABNEHUA B MEX- U BHYTPUKIETOYHOM NPOCTPAHCTBAX,
Mpu 3TOM NPOHULLAEMOCTb remaTosHuedanuyeckoro bapbepa (M36)
He HapyweHa [1, 4]. NpuunHoii AaHHOK dopmbl OTM MOXKET ABAATLCA
TUMNOKCKUA, B pe3y/bTaTe KOTOPOW 3amycKaeTcA aHaspobHbIv NyTb Me-
TabonM3ma, HapyLwaeTca LeNOCTHOCTb U NPOHMLIAEMOCTb CTPYKTYp M
W B pesy/bTaTe CTPaZatoT MOHHbIE TPAHCMNOPTHbIE CUCTEMBI C Noc/e-
JyloLWMM HaKkonneHnem MOHOB HaTpuA B BelwecTae [M, uTo ABnAeTCA
NPUYMHOM HaKONAEHUA U3NULIHEN XuakocTi B M 1 ero cTpyKTypax
[4, 5]. B cuTyauumsx, Koraa He yaaétca BOBPeMA KynMpoBaTb LUTOCTa-
Thyeckmin OI'M, BbICOK PUCK €ro nepexoaa B BasoreHHyro dopmy [4, 5].

WMHTepctuumanbHbil OTM ABnAeTcA cneAcTBUEM HapylUeHUA
€CTECTBEHHbIX NyTei IMKBOPOOTTOKA, YTO MOXET ObiTb pe3ynsTaTom
NoBbIX MexaHUYECKUX NPENATCTBUIN B IMKBOPOAMHAMMUYECKOM cUCTe-
me 'M [5].

MexaHu3m pa3suTna ocmotuyeckoro O'M ocHOBaH Ha pe3kom
CHWXXEHWUN OCMOTMYECKOro JaB/NEHUA BO BHEKIETOYHOM MpPOCTPaH-
CTBE, 4TO BbI3bIBAET NEPETOK }KUAKOCTU B KNETKM MO3ra. ITO NpMBOAUT
K UX HabyxaHuto, caasnenmnio n amcoyHkumm [1, 4, 5.

B KOHTeKCTe AaHHOM cTaTbM HaMbBOoNbLLMI UHTepeC NPeACTaBAA-
€T Ba3oreHHbIt OF'M. BasoreHHbIi OT'M pa3suBaeTca B pesy/braTe Ha-
pyweHua bapbepHoit dyHKUmMK 3B, Y4TO NPMBOAMT K NPOCAYMBAHMIO
MAOKOCTU U 6eNKOB U3 KPOBEHOCHbIX COCYA0B B MEXKNETOUHOE Npo-
CTPAHCTBO MO3rOBOW TKaHW, MPUUMHOW 3TOTO MOKET BbITb NOBpeEXAe-
HUe WM AUCOYHKUMA 3HAOTENMANbHbIX KNETOK COCYAO0B, KOTOpoe
MOXET bbITb BbI3BAHO Pa3IMUHbIMK GaKTOPaMM, TAKUMM KaK TpaBMa,
viemms, MHOEKLMK, ONyXOnu, BOCMANUTENbHbIE NMPOLLECCHI UAN TOK-
CuYeckue Bo3aencTauns [6].

Ol'M [0CTaTO4YHO YacTo BCTPEYAETCA B MPAKTUYECKON fAeAaTenb-
HOCTW Bpayei passiMyHbIX CreLuanbHOCTeN, YacToTa BCTPeYaemMocTu
NpY Pa3AnUYHbBIX COCTOAHMAX pasHUTCA [6-10]. Tak, Npu MeMUYecKoM
uHcynbte OFM passuBaetcs y 50-70% naumeHTOB, 0COBEHHO BbICOK
PUCK OTEKa Npu MHbapKTax B bacceiiHe cpesHei MO3roBow aptepumn
(o 80% cnyuaes) [5]. MakcumanbHbIi puck OTM npuxoguTcs Ha 2-5
[eHb nocne nHeynbra [9].

Mpu TpaBmaTnyeckom nospexaeHun M OTEK BO3HUKaeT y 22-
70% nauueHToB, 60/1ee BbICOKMIM PUCK — MPU TAKENON YepernHo-Mo3-
rosoi Tpasme (8o 70% cnyuyaes) [9]. MuK OTéKa NpuxoauTca Ha 2-5
ZeHb nocne Tpasmbl [9, 10].

Mpu BHYTpUUepenHbix KpoBousnnaHuax O'M passusaetca y 50-
80%, Hanbonee BbipaxKeH OTEK NpU HONbLUMX CYyNPaTEHTOPUAsIbHbIX
rematomax [9]. MaKcmanbHbli OTEK HabaoaaeTtcs Ha 2-4 AeHb nocne
remopparmyeckoro uHcybra [9-10].

OlM Bo3HMKaeT y 20-50% 60/bHbIX HaKkTepPUaNbHBIM MEHWUHIU-
TOM, NPY MHEBMOKOKKOBOM Y THOMHOM MEHUHIUTE PUCK 3HAYUTENBHO
Bbiwe. OTEK pa3suBaeTca B nepsble 24-48 yacos OT Hayana 3abone-
BaHuA [11].

OlM Habntogaetcs y 60-90% nauMeHTOB ¢ BHYTpPUYEpenHbIMU
OMyXonsmMM, Hanbosee BbICOKMIA PUCK NPU nobaactomax U mertac-

INTRODUCTION

Cerebral edema (CE) is a pathological accumulation of flu-
id in the tissues and structures of the brain [1]. CE is most often
secondary and occurs as a result of brain damage from various
agents [1-3]. CE is classified by etiology and pathogenetic mecha-
nisms [1]. By etiological factor, CE is categorized as tumor-related,
postoperative, toxic, ischemic, inflammatory, and other less com-
mon causes [1]. By pathogenesis, CE is classified into four types:
vasogenic, cytotoxic, interstitial, and osmotic [1].

Cytotoxic CE occurs due to disturbances in the intercellular
and intracranial spaces, resulting from an imbalance of hydrostat-
ic pressure in these areas. At the same time, the permeability of
the blood-brain barrier (BBB) remains intact [1, 4]. The cause of
cytotoxic CE may be hypoxia, which triggers the anaerobic met-
abolic pathway, disrupts the integrity and permeability of cere-
bral structures, and subsequently affects ion transport systems,
leading to cellular retention of sodium ions. The accumulation of
sodium in the cell causes a rapid uptake of water through osmo-
sis, resulting in the subsequent swelling of the cells [4, 5]. In cases
where it is not possible to promptly address cytotoxic CE, there is
a high risk of its transition to the vasogenic CE [4, 5].

Interstitial CE results from the disruption of the natural
pathways of cerebrospinal fluid (CSF) outflow, potentially caused
by mechanical impairment within the CSF system [5].

The mechanism behind osmotic cellular edema is based on
a sudden drop in plasma osmolality, which leads to fluid influx
into brain cells. This results in swelling, compression, and dys-
function of these cells [1, 4, 5].

Vasogenic CE is particularly relevant to this article. It oc-
curs when the blood-brain barrier (BBB) becomes compromised,
leading to the leakage of fluid and proteins from blood vessels
into the surrounding brain tissue. This leakage can be caused by
damage or dysfunction of the vascular endothelial cells. It may be
triggered by various factors such as trauma, ischemia, infections,
tumors, inflammatory processes, or toxic effects [6].

CE is commonly encountered in the practical work of med-
ical professionals across various specialties, with frequency vary-
ing depending on specific conditions [6-10]. In ischemic stroke,
complications develop in 50-70% of patients, with a particularly
high risk of infarctions occurring in the middle cerebral artery ter-
ritory (up to 80% of cases) [5]. The highest risk of CE occurs from
the 2" to 5% day after a stroke [9].

CE occurs in 22-70% of patients with traumatic brain injury,
with a heightened risk of up to 70% in cases of severe trauma [9].
The peak of edema typically occurs between the second and fifth
day after the injury [9, 10].

CE occurs in 50-80% of intracranial hemorrhage cases, with
the most significant edema seen in large supratentorial hemato-
mas [9]. The maximum diameter of CE is observed on the 2" to
4t day following hemorrhagic stroke [9-10].

CE develops in 20-50% of patients with bacterial meningitis,
with a significantly higher risk in cases of pneumococcal and oth-
er purulent meningitides. Edema typically arises within the first
24-48 hours from the onset of the disease [11].

CE is seen in 60-90% of patients with intracranial tumors,
with the most significant risk associated with glioblastomas and
metastases. CE may progressively increase over time as the tu-
mor enlarges [12].

Structure and functions of the endothelial glycocalyx (eGC)

eGC is a negatively charged layer lining the inner surface of
blood vessels, with a thickness of approximately 200-2000 nm
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Tasax. OTEK MOXET HapacTaTb B TeYEHWUE AJIMTENbHOMO BPpemMeHU no
Mepe pocTa onyxonw [12].

CTpyKTypa 1 GyHKUUM rnKoKanmkca (MK)

MK npeacraBnseT coboi OTpMLATENBHO 3aPAKEHHbIN CNOW, Bbl-
CTUNAIOWMI BHYTPEHHIOK MOBEPXHOCTb COCYAOB, €ro TOALMHA CO-
cTaBnset nopsagka 200-2000 Hm [13]. Oerpagauma K cnocobetyeT
BO3HMKHOBEHMIO OTEKA TKAHEN NMPU ULWEMUYECKOM UK penepdysu-
OHHOM noBpexaeHun [13, 14]. TK aBnsetca nepsoit AMHWEN 3alu-
Tbl KPOBEHOCHOW CUCTEMbI, OFPaHMYMBAA YTEUYKY MaKPOMONEKYN B
cocyabl, NPeAoTBPaLLan aAresvio LMPKYIUPYIOWMX BOCNANUTENbHbIX
KNETOK K 3HAoTenuto cocynos [14]. OcHoBoW CTPYKTypbI [K aBnatoTcA
OTPULLATENIbHO 3aPSKEHHbIE CETKM NMPOTEONIMKAHOB, MMKO3aMMUHO-
TIMKAHOB W [/IUMPOTEMHOB, YTO BK/IOYAET B Ce6A pas/inyHble TpaHC-
MeMBpPaHHbIE U MeMBPaHCBA3aHHbIE MO/IEKYbI, NPEUMYLLECTBEHHO-
ro rmanypoHOBYIO KUCNOTY, CMHAEKaH-1 v renapaHcynbdar [15].

FK 4yBCTBMTENEH K BO3AEWCTBMAM Pas/MuYHbIX (aKTOpoB, Ta-
KMX Kak pepMeHTaTUBHaA Aerpajauma ¢ y4acTMeM ruanypoHunaassbl,
NPOHa3sbl, renapuHasbl, UWEeMIUs, BOCNANEHWNE UMW PA3NINYHOTO Poaa
TpaBmaTusauum [14, 15]. MoBepXHOCTHO cBA3aHHbIN MK aBnseTca Be-
Aywym $aKkTopoMm, Onpesenstowmm NPOHULAEMOCTb SHAOTENNANb-
Horo 'K [15]. OH e, B CBOIO 0uepesp, MO HEKOTOPLIM AaHHbIM, UrpaeT
BaKHYH POJ/ib B 6apbepHOM GpYHKLMM IHAOTENNA M3-32 MATPUKCOMO-
ZLOBHOW CTPYKTYPbI, @ TaKXKe oTpuuaTenbHoro 3apsaaa [14]. Ero aerpa-
[aupa ¢ NOBEPXHOCTM SHAOTENNA BEAET K YBENMYEHWUIO NPOHULLGEMO-
CTU KNETOYHbIX 6apbepoBs, B TOM YMC/IE M B 3HAOTENUM cocyaos M,
YTO, B CBOIO OYEPEAb, MOXKET ObITb YACTbIO NaToreHesa passutua ONM,
YTO NOATBEPKAAETCA PALOM NPOBEAEHHBIX UCCNef0BaHMI [14, 15].

Mmeetca pag uccnenosaHuii MK, KoTopble yKasblBatoT, YTO MHO-
YKECTBO TAXE/bIX 3a60/1€BaHWI B CTaAWUM AEKOMMNEHCALMM MOXKET Bbl-
3blBaTb €ro Aerpagaumio Uamn, Tak HasblBaemoe, CLUEeNYLIMBAHUEY,
YTO BbI3blBAET NOCAEAYIOLLYIO SHAOTENNANBbHYIO ANCOYHKLMIO N pas-
pyweHune cocyauctoro 6apbepa [16]. B pesynbrate uctoHyeHus MK
obneryaetca NpaMoe AeNCTBUE KNETOK MMMYHHOM CUCTEMbI M MOBpe-
KAQOLWWMX areHToB (Hanpumep, akKTMBHbLIX GOPM KUCaopoaa U npo-
Teas) Ha 3HAOTE/NINNA, YTO NPUBOAUT K JasbHENLEMy NOBPEXAEHMIO
3HA0TEIMANbHBIX KNETOK M MOKET BbI3blBaTb OTEK M TPOM603 [17].

CTpykTypa u ¢pyHKuumn N6

36 aBnaeTcA BaxKHOM cTpykTypoi LIHC, KoTopas noaaepkusaet
romeoctas 'M [18]. K ocHOBHbIM ¢yHKLMAM 6 oTHOCUTCA: noaaep-
YKaHWe 3NeKTPOIMTHOTO U BUOXMMUYECKOTO FOMEOCTasa, YTo obecne-
YMBAET MOCTOAHCTBO M dYHKUMOHMPoBaHMe TM [18, 19]. He meHee
BaXKHOM GYHKUMEN ABNAETCA 3alMTHasA, YTo obecneynsaeT npenst-
CTBME NOCTYNEHUIO TOKCMHOB, MUKPOOPTaHU3MOB M UMMYHHbIX Kne-
ToK B M [19]. 36 coCTOMT 13 3HA0TENMA, MIOTHLIX KOHTAKTOB, Nepe-
LMTOB M acTpoumToB [19]. B KOHTEKCTE AaHHOrO 0630pa HanbonbLLNiA
MHTEpeC Bbi3blBaeT IHAOTENMNANbHDIN ciol 36 [20].

JHAOTeNnaNbHbIe KNeTKU U MK UrpatoT }KU3HEHHO BaXKHYIO posb
B NOAAEPKAHUM CTPYKTYpbI U GyHKumMiA M6 [19, 20]. dHaoTenmans-
Hble KNETKM, BbICTUNAOLLLME BHYTPEHHIOK NOBEPXHOCTb KPOBEHOCHBIX
cocynos M, XapaKTepusytoTca HaNNUYMEM MAOTHBIX MEXKKETOUHbIX
KOHTAKTOB, YTO 3HAYMTEIbHO OrPaHMUYMBAET NPOHMLIAEMOCTb Bapbepa
[20]. 3HAOTENMaNbHbIE KNETKM IKCMPECCUMPYIOT Cheuuann3npoBaH-
Hble 6eNKM-TPaHCNOPTEPDI, PELENTOPbLI M GEPMEHTbI, PETyMpYIOLLME
n3bupaTesbHbIN NPOXoL HEOOXOAMMbIX BELLECTB, TAKMX KaK [MOKO3a
M aMUHOKMUCNOTBI, U3 KPpoBM B MO3T [21]. OHM TaKKe NpoayLMpyLoT Be-
LLLeCTBA, B/IMAIOLLME HA TOHYC COCYA0B M NPOHMLaemocTb bapbepa [20,
21]. TK, NnoKpbIBatoLWmMit anmKanbHY0 NOBEPXHOCTb SHAOTENNANBHbIX
KNETOK, BbINOJHAET LONONHUTENbHYIO BapbepHYIo GYHKLMIO, NpensT-
CTBYA NPOHWKHOBEHMIO KPYMHbIX MOJIEKY/ U KNETOK U3 KPOBM B MO3TO-
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[13]. GC degradation contributes to tissue edema during ischemic
or reperfusion injury [13, 14]. eGC serves as the first line of de-
fense for blood vessels, limiting the leakage of macromolecules
into the vessels and preventing the adhesion of circulating inflam-
matory cells to the vascular endothelial lining [14]. The structure
of the eGC is primarily composed of negatively charged networks
of proteoglycans, glycosaminoglycans (GAGs), and glycoproteins.
These include transmembrane and membrane-bound molecules,
such as hyaluronic acid, syndecan-1, and heparan sulfate [15].

eGC is sensitive to the effects of multiple factors, includ-
ing enzymatic degradation by hyaluronidase, pronase, and hep-
arinase, as well as ischemia, inflammation, and various types of
trauma [14, 15]. The surface-bound eGC is the primary factor that
determines the permeability of eGC [15]. It plays a crucial role in
the barrier function of the endothelium, owing to its matrix-like
structure and negative charge [14]. eGC degradation in the endo-
thelial surface leads to increased permeability of cellular barriers,
including in the endothelium of cerebral vessels, which may con-
tribute to the pathogenesis of cerebral hemorrhage, as confirmed
by numerous studies [14, 15].

Multiple studies on eGC have shown that severe diseases at
the decompensation stage can lead to GC degradation, common-
ly referred to as "sloughing". This process leads to subsequent
endothelial dysfunction and destruction of the vascular barrier
[16]. As a result of eGC thinning, immune system cells and dam-
aging agents (e.g., reactive oxygen species and proteases) can
directly impact the endothelium, leading to further damage to
endothelial cells and potentially causing edema and thrombosis
[17].

Structure and functions of the BBB

The BBB is a crucial structure of the central nervous system
that maintains cerebral homeostasis [18]. Its primary functions in-
clude maintaining electrolyte and biochemical balance, as well as
ensuring the constancy and proper functioning of the brain [18,
19]. Another vital role is its protective function, which prevents
the entry of toxins, microorganisms, and immune cells into the
brain [19]. The BBB comprises the endothelium, tight junctions,
pericytes, and astrocytes [19]. In the context of this review, the
endothelial layer of the BBB is of most significant interest [20].

Endothelial cells and eGC play a critical role in maintaining
the structure and functions of the BBB [19, 20]. The endothelial
cells lining the inner surface of cerebral blood vessels are charac-
terized by tight intercellular junctions, which significantly restrict
BBB permeability [20]. These cells express specialized transport-
er proteins, receptors, and enzymes that regulate the selective
passage of essential molecules, such as glucose and amino acids,
from the blood to the brain [21]. They also produce substances
that influence vascular tone and BBB permeability [20, 21]. eGC
covering the apical surface of endothelial cells provides an addi-
tional barrier function, preventing the penetration of large mole-
cules and cells from the blood into brain tissue [22]. eGC is also
involved in regulating the adhesion and aggregation of blood
cells, preventing their interaction with the endothelium [20]. Ad-
ditionally, eGC modulates mechanotransduction processes — the
conversion of mechanical stimuli into biochemical signals that af-
fect the functions of endothelial cells [23].

In many clinical situations, a reduction in the thickness of
the eGC is observed, leading to a significant alteration in the per-
meability of the BBB and, consequently, an increased risk of de-
veloping cerebral hemorrhage [24].
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BYIO TKaHb [22]. TK TaK}Ke y4acTBYeT B peryasuuv aaresvm v arperaumm
(bOpMEHHBIX 91EeMEHTOB KPOBW, NPeA0TBPaLLAA UX B3aUMOAENCTBUE C
aHgoTenvem [20]. Kpome Toro, N’K moaynupyeT MmexaHOTPaHCAYKLMIO
— npeobpa3oBaHMe MeXaHUYECKUX CTUMYNOB B BUOXMMUYECKUE CUT-
HaAbl, BAUSIOLLME Ha PYHKLMM SHAOTENMNANbHBIX KNETOK [23].

B pAge KAMHUYECKUX CUTYaLMil HabntofaeTca YyMeHbLUEHWe ToN-
WyHbl K, 4TO NPMBOAUT K 3HAYMMOMY U3MEHEHMIO MPOHULLAEMOCTH
36 u, KaK cneacTBue, YBEANYEHMIO PUCKa pa3BuTua OTM [24].

Ponb nospexpeHusa TK B passutum OTM npu pasnnyHbix

NaToNOrM4YECKNX COCTOAHMAX

B page vccnefoBaHuWii ycTaHoBAEHa ponb nospexaenva MK 8
natoreHesze OF'M npwu pasnnyHbIX NaTonoruax. PaccMoTpumM HeKoTo-
pble 13 HUX:

B ogHOM M3 uMccnegoBaHUM Ha MOAENU YepenHo-mo3roBoit
TPaBMbl Y KpbIC NOCAEAHMM HAHOCMAACb KOHTPOAMpPyemas TpaBma
M metogom cBOb6OAHOrO NafeHus rpysuka. OueHMBanach CTeneHb
nospexaeHua MK ¢ NOMOoLLbI0 MUKPOCKOMUK U KOIMYECTBEHHOTO aHa-
NIn3a CBA3bIBAHWA NEKTUHOB C SHAOTENMANbHLIMU KNeTKamu. Takke
M3Mepsanacb NMPOHWULAEMOCTb remaTtosHuedanmyeckoro bapbepa ¢
MCMONb30BaHMEM KpacuTtens IsaHc 61t0. PesynbTaTbl NOKa3anmn 3Ha-
yutenbHoe nospexaeHune MK aHgoTennanbHbIx KneTok cocyzos MM
BCKope nocne Tpaembl. CteneHb aerpagaumnu MK koppenmposana ¢ no-
BblLEHMEeM npoHuLaemocty M6 u BbipaxkeHHoCTblo OTM [25].

B opyroit pabote, NpoBeAEHHONM Ha TPAHCTEHHbIX MbILIAX C MO-
Zenbto 6onesHn Anbureiimepa, aBTopbl OTMETUN HaKkonaeHue B-a-
MMUI0MZA B MO3re }KUBOTHBIX, YTO MPUBOAMO K PasBuUTUIO HeMpoaere-
HepaLuu, XxapakTepHoit ans 6onesHu Anbureiimepa. Mcnonb3osanuch
METOAbI MUKPOCKOMUU, MONEKYNAPHOM BUONOTMKU M BUOXMMUYECKOTO
aHanu3a. OueHnBanach cTeneHb HapylweHua npoHuuaemoctv 36 3a
CY&T 3KCTPaBasaLMm PasIMUHbIX MapKEpoB (Kpacutenu, benku) yepes
3b. BoipakeHHOCTb BazoreHHoro OI'M, HakonneHne MHTepPCTULMANb-
HOW MAKOCTU U U3MEHEHWA BoAHOro banaHca B TKaHM Mo3ra Koppe-
JIMPOBaAnK CO CTeNeHbo nospexaeHus MK [26].

[Lpyrvie aBTopbl UCNONb30BA/N TPAHCTEHHBIX MbILLEN, Y KOTOPbIX
MOZAENMPOBaAW NATONOTMYECKNE NPOLLECChI, XapaKTepHble Ana bones-
HU XaHTUHITOHA. Y 3TWUX XMBOTHbIX HabAOAANOCL HAKOMAEHWUE My-
TaHTHOrO O€e/IKa XaHTUHITUHA, YTO AB/IAETCA K/IOYEBbIM COObITUEM B
naToreHese AaHHoro 3abonesaHus. PesynbTaThl Uccnef0BaHMA NoKa-
3au, 4TO Yy Mbllel C Moaenbto 60n1e3Hn XaHTUHITOHA npoucxoauna
BblpaxeHHasa gerpagauma MK. CHUKanocb cogepaHune ero OCHOBHbIX
KOMMOHEHTOB — renapaHcynb®aTa, XOHAPOUTUHCYAbGATa U ranypo-
HaHa. 3TU U3MEHeHUA NPUBOAMAN K HapylleHuto bapbepHOW dYHK-
unm 36, nospexaerne MK conpoBoxaanocb NOBbIWEHWEM NPOHW-
LLIaemocCTun cocyamuctoro bapbepa Ana pasMyHbIX Mapképos [27]. 3To
CBUAETENbCTBOBANO O Pa3BUTUM BasoreHHoro O'M, 4To oTpaXKeHo v B
Apyrux uccneposanunx [1-3, 18-20].

B Apyrom uccnefoBaHUM Ha MOAENU WULLEMMUYECKOTO MHCYAbTA
Yy Mbillell NocnegHUM MoAennpoBany GOKasbHYIO WILEMUIO MO3ra
NyTEM OKK/II03UM CpefHelt MO3roBoi apTepum. Yepes onpesenéHHole
NPOMEKYTKM BPEMEHW OLEeHMBanM LenoctHocTb MK B cocyaax 30HbI
vwemun. 3T0 NPOBOAMNOCH C MOMOLLbIO KOAMYECTBEHHOW MMKPO-
CKOMWUM M OKPACKM NeKTUHaMK. Bbino obHapykeHo, uto yepes 3 yaca
nocne MWemMun NPOUCXOAUT 3HAYUTENbHOE YMEHbLUEeHUe TOMLMHbI
K n ero nospexaeHue B 30He nwemun. CteneHb nospexaeHusa MK
KoppenvpoBana ¢ yBennyeHmem pasmepa vHdapKTa U BbIpaXKeHHO-
cTbto OTM [28].

B paboTe Apyrix aBTOPOB HAa MOAE/IN CENCUCA Y KPONMKOB XKU-
BOTHbIM BBOAMAM SHAOTOKCUH ANA MOAENMPOBAHMA cencuca. 3atem
oueHuBanu coctofaHue MK aHgoTennanbHbIx KneTok cocyaos M ¢ no-
MOLLLbIO MHTPABUTANIbHOW MUKPOCKOMUM U KONUYECTBEHHOTO aHan3a

The role of eGC damage in CE

Several studies have established the role of GC damage
in the development of CE across various diseases. One notable
study used a weight-drop rat model of traumatic brain injury,
where researchers induced controlled cerebral trauma. They as-
sessed the extent of GC damage by microscopy and performed
guantitative analysis of lectin binding to endothelial cells. Addi-
tionally, they measured BBB permeability using Evans blue dye.
The results showed significant eGC damage to vascular cerebral
endothelial cells shortly after the injury. The extent of eGC degra-
dation correlated with increased BBB permeability and the extent
of CE [25].

In a study involving transgenic mice, which served as a mod-
el for Alzheimer's disease, the accumulation of B-amyloid in the
animals' brains was observed. This accumulation contributed to
the neurodegeneration typical of Alzheimer's disease. The study
employed microscopy, molecular biology, and biochemical analy-
sis methods. Researchers evaluated the extent of BBB permeabili-
ty impairment caused by the extravasation of various markers, in-
cluding dyes and proteins, through the BBB. They found that the
extent of vasogenic CE, the accumulation of interstitial fluid, and
changes in water balance within the brain tissue correlated with
the extent of eGC damage [26].

Other researchers used transgenic mice that model the
pathological processes characteristic of Huntington's disease.
These mice exhibited the accumulation of mutant huntingtin
protein, a key event in the disease's pathogenesis. The study's re-
sults showed that the mice with the Huntington's disease model
experienced significant eGC degradation. The levels of eGC main
components — heparan sulfate, chondroitin sulfate, and hyaluro-
nan — decreased notably. These changes led to a disruption of the
BBB function. The eGC damage was associated with increased
permeability of the vascular barrier to various markers [27]. This
change leads to the development of vasogenic CE, a finding also
supported by other studies [1-3, 18-20].

In a study involving a mouse model of ischemic stroke, re-
searchers induced focal cerebral ischemia by occluding the mid-
dle cerebral artery. At specific time intervals, they assessed the
integrity of the eGC layer in the blood vessels of the ischemic
zone using quantitative microscopy and lectin staining tech-
niques. The findings showed that three hours after the onset of
ischemia, there was a significant reduction in the thickness of the
eGC layer, accompanied by damage to the eGC in the ischemic
region. Additionally, the extent of eGC damage was found to cor-
relate with an increase in the size of the infarction and the extent
of CE [28].

In studies conducted by other researchers using a sepsis
model in rabbits, the animals were injected with endotoxin to
induce sepsis. The eGS was then assessed using intravital micros-
copy, along with a quantitative analysis of eGC thickness. The
findings showed that significant eGC degradation occurred within
four hours of sepsis onset. The eGC degradation was associated
with an increase in BBB permeability and the development of CE
[29].

In a study, researchers simulated cardiac arrest in mice by
occluding a coronary artery for 10 minutes, followed by cardio-
pulmonary resuscitation. They assessed the extent of CE 24 hours
after resuscitation by measuring the mice's weight and collecting
blood and brain endothelial cell samples before, 1 hour after, and
24 hours after resuscitation. The researchers evaluated the lev-
els of specific eGS markers, including syndecan-1, hyaluronic acid,
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TonwmHsl TK. Mpu cencuce nponcxoamna sHauuTeNbHaA aerpajaumsa
K aHgoTennounToB yxe yepes 4 yaca. ITO CONPOBOXKAANOCH NOBbI-
WweHnem npoHulaemoctvt M6 u passutnem OIM [29].

B ogHOM M3 uccnepoBaHuii bblna cMoLenMpoBaHa OCTaHOBKA
cepaLa y Mbller NyTEM OKK/IH03UKM KOPOHapHOK apTepmm Ha 10 mu-
HYT C nocneaylollen cepaedyHo-NEro4HoM peaHMmaumein. MNposoau-
Nacb oueHKa BbipaxeHHocTn OF'M uepes 24 yaca nocne peaHMMaLmm
METOZOM B3BELLMBAHMSA, @ TaKKe 3a60p 06pasLoB KPOBU M 3HAOTENM-
anbHbIX KneTok n3 M ao, yepes 1 yac 1 24 yaca nocne peaHMMaLUK.
MccnenoBanmch KOHLEHTPaLMKM MapKEpoB B 0bpasLax cuHAeKaHa-1,
rManypoOHOBOM KMCNOTbI, XOHAPOUTUH cynbdaTa. B pesynsrate ypos-
HU CMHAEKaHa-1, rManypoHOBOM KUCAOTbI M XOHAPOUTUH cynbdaTa
3HAUYNTENbHO MOBbILWANNCL Yepe3 1 yac nocie peaHNmaLLMmn No cpas-
HEHWIO C UCXOAHBIMM 3HAYEHMAMM, KOHLLEHTPALMA MapKEPOB Koppe-
MpOBana ¢ BbipakeHHoCcTblo OTM uepes 24 yaca. Ha doHe npeapa-
PUTENbHOTO BBEAEHMA IK30reHHOro renapvHa ypoBeHb MapKEpPoB U
BbIPA¥KEHHOCTb OTEKA bbl/IN 3HaYNUTENbHO MeHbLue [30].

MeToabl Koppekuuu nospexgeHua [K B MHTeHcuBHOIA

Tepanum OIM

Ha AaHHbI MOMEHT He CyLLecTBYeT JIEKapCTBEHHbIX CPEACTB,
0A06PEHHBIX A1 KAMHUYECKOTO MPUMEHEHMA C LIE/IbIO NPAMOTO BOC-
cTaHoBneHus cTpyKTypbl K npu OTM [31, 32]. OgHaKo pag sKkcnepw-
MEHTa/IbHbIX UCCNEA0BAHMUI AEMOHCTPUPYET NOTEHLIMAN HEKOTOPbIX
CoeiIMHEHWI B 3awuTe M pereHepaumu K npu LepebpanbHbIx no-
BPEXAEHUAX.

CynbdaTtpoBaHHble noaucaxapuabl. lenapuH 1 ero npovsso-
[Hble (peBMnapwH, cynbdaTpoBaHHbIN GyKomaaH) Nokasanm cnocob-
HOCTb CTabUAM3MPOBaTL M BOCCTaHaBAMBATbL [K B MOZeNsAX MHCYNbTa U
TPaBMaTUYECKOrO NOBPEXAEHNA MO3ra Y XMUBOTHbIX. 3TO NPMBOAWIO
K YMEHbLLEHMIO OTEKA, YNYUYLIEHNIO MUKPOLIMPKYAALUKU U HEBPONOTU-
YECKOro UCX0Aa. [lenapuH MHIMbMPOBan akTUBaLMIO GepPMEHTOB, pas-
pywatowmx KomnoHeHTbl K (rManypoHuaasa, renapuHasa) a Takxe
CTUMYAUPOBA CUHTE3 KOMMNOHEHTOB K, TakMX Kak MMUKO3aMUHOIN-
KaHbl [31].

[NIOKO3aMMHOIMKaAHbI. [ManypoHOBas KMC/IOTa CnocobCTBO-
Bana pereHepauun K v ymeHbwana nospexaeHWe sHAOTENMA B
MOZeNAX TPAaBMaTUYECKOro NOBPEXAEHUA MO3ra Y KpbIC. TaK e npu
nwemmyeckom OTM BBefEHME rMaNypOHOBOW KUCAOTbI COCOBCTBO-
Ba/10 BOCCTAHOBNEHUIO CTPYKTYPbI U GyHKUMIA TK [32]. TanypoHoBas
KMCNOTa MHMMBMPOBANa aKTMBHOCTb PEPMEHTOB, Pa3pyLLAOLLMX KOM-
noHeHTbl MK (rvanypoHnaasa, renapyHasa), a Takke CTMMY/IMPOBana
CUHTE3 IMKo3aMMHOMKMKaHoB [32, 33]. BocctaHoBneHue K nog, aeit-
CTBMEM TMasyPOHOBOMN KUCAOTbI YMEHbLUIANO NPOHULIAEMOCTb COCY-
£08, OTM v ynydwano Hesponornyeckme cumntomsl [32, 34, 35].

AHTUOKCMAAHTbI. CynepokcuaancmyTasa, Katanasa M Temnon
3awmwann MK oT OKMCAUTENbHOrO NOBPEXAEHMA U yayULlWanu Lepe-
6pasibHblii KPOBOTOK B MOAENAX UHCYNbTA Y MBOTHbIX [33]. BBeneHue
MHBIX aHTUOKCUAAHTOB (BUTaMUH E, ceneH, N-aLeTUALMCTENH) TaK e
CNocobCTBOBANO BOCCTAHOBAEHUIO CTPYKTYPbI M dyHKUMA TK [33, 34].
AHTMOKCUA@HTbI TaKXKe CTUMY/NMPOBANAW CUHTE3 [IMKO3aMUHOIIMKA-
HOB, OCHOBHbIX KOMnoHeHToB 'K [33].

Bnokatopbl npotenHas. MHrMbutopbl ruanypoHuaasbl M ma-
TPUKCHbIX MeTannonpoTenMHas npeaoTspawann gerpagaumnio MK u
yMeHbwanu OFM B aKcnepuMeHTanbHbIX Mogensx [36, 37]. manypo-
HWA3a3a ABNAETCA KNOYEBbIM PEPMEHTOM, pacLLenatoLLMM rManypo-
HOBYIO KM1CNIOTY — OCHOBHOTO KOMMOHeHTa K. BBegeHue nHrmbutopos
rManypoHMAA3bl, TakMX Kak 4-meTunymbenindepoH, B aKcnepumeH-
TanbHbIX Mogensx O'M cnocobcTBoBaN0 BOCCTAHOBAEHMIO CTPYKTYPbI
n 6apbepHbix GyHKUMIA TK [37]. MexaHu3m aeicTBuA MHIMBUTOPOB
3aK/II04aeTCA B NpefoTBpalleHUn GpepMeHTaTUBHOTO paspyLUueHuA
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and chondroitin sulfate, in these samples. The results showed
that the levels of syndecan-1, hyaluronic acid, and chondroitin
sulfate significantly increased one hour after resuscitation com-
pared to baseline values. Additionally, the levels of eGS markers
correlated with the extent of CE observed 24 hours later. Follow-
ing the preliminary administration of exogenous heparin, both
the levels of these markers and the extent of CE were significantly
reduced [30].

Therapeutic strategies targeting the eGS in the intensive care

of the CE

Currently, there are no approved drugs for clinical use to
restore eGS integrity in CE [31, 32]. Several experimental studies
show the potential of certain compounds to protect and regener-
ate eGS in cases of cerebral injuries.

Sulfated polysaccharides. Heparin and its derivatives, in-
cluding reviparin and sulfated fucoidan, have shown the ability
to stabilize and restore eGS in animal models of stroke and trau-
matic brain injury. The administration of these agents led to re-
duced edema, improved microcirculation, and better neurological
outcomes. Heparin inhibited the activation of enzymes that break
down eGS components, such as hyaluronidase and heparinase,
while also promoting the synthesis of eGS components, including
glycosaminoglycans [31].

Glycosaminoglycans. Hyaluronic acid promoted the regen-
eration of eGC and reduced endothelial damage in rat models of
traumatic brain injury. Additionally, in ischemic CE, the adminis-
tration of hyaluronic acid facilitated the restoration of eGC struc-
ture and function [32]. Hyaluronic acid inhibited the activity of
enzymes that degrade eGC components (hyaluronidase and hep-
arinase) and stimulated glycosaminoglycan synthesis [32, 33].
The restoration of eGC through the action of hyaluronic acid di-
minished vascular permeability and alleviated neurological symp-
toms [32, 34, 35].

Antioxidants. Superoxide dismutase, catalase, and tempol
protected eGC from oxidative damage and improved cerebral
blood flow in animal stroke models [33]. The administration of
other antioxidants, such as vitamin E, selenium, and N-acetylcys-
teine, also aided in restoring eGC integrity [33, 34]. Additionally,
antioxidants promote the synthesis of glycosaminoglycans, which
are the main components of eGC [33].

Protease inhibitors. Inhibitors of hyaluronidase and matrix
metalloproteinases prevented eGC degradation and reduced CE
in experimental models [36, 37]. Hyaluronidase is a key enzyme
that breaks down hyaluronic acid, the main component of eGC.
The introduction of hyaluronidase inhibitors, such as 4-methy-
lumbelliferone, in experimental CE models, helped restore the
structure and barrier functions of eGC [37]. The mechanism of
action of these inhibitors involves preventing the enzymatic de-
struction of glycosaminoglycans and stimulating their synthesis
by endothelial cells [36, 37].

Matrix metalloproteinases (MMPs) also play a significant
role in the degradation of eGC components, including proteogly-
cans and glycoproteins [37, 38]. Administering MMP inhibitors,
such as doxycycline, to HA models preserved eGC integrity [37].
Like hyaluronidase inhibitors, MMP inhibitors prevented the en-
zymatic degradation of eGC [37, 38]. Despite promising results
in animal models, further clinical studies are needed to evaluate
the safety and efficacy of these compounds as potential thera-
peutic agents for eGC restoration in patients with CE. In addition
to pharmacological methods for stabilizing and restoring the ce-
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I/IMKO3aMMHOIIMKAHOB, @ TaKXe CTUMYAALMM UX CUHTE3a SHAO0TeNU-
anbHbIMK KneTkamm [36, 37].

MartpuKcHble meTannonpoTenHassl (MMI) Takxke UrpatoT BaK-
HY}0 pO/ib B filerpasiaLiMm KOMnoHeHToB 'K, Takux Kak NpoTeorMKaHbl
1 raMkonpoTenHsl [37, 38)]. BeegeHue nHrmbutopos MM, Hanpumep
JOKCUUMKAMHA, B mogenax OM npuBoauno K coxpaHeHuio LenocT-
HocTu K [37]. MogobHO MHrMBUTOPam rManypoHUAasbl, MHIMBUTOPDI
MM npenATcTBOBaNM GpepMEHTaTUBHOMY PaCLLEMNNEHUIO CTPYKTYpP-
HbIX anemeHToB K [37, 38].

HecmoTps Ha MHoroobeLuatoLLme pesy/bTaTbl Ha XKUBOTHbIX MO-
Jensx, HeobxoauMbl fanbHeNILNe KAMHUYECKUe UCCneaoBaHua ans
OLEHKM b6e30omacHOCTM 1 3GGEKTUBHOCTU 3TUX COEAMHEHUN B Kaye-
CTBE NOTEHLMaNbHbIX TEPaNeBTUYECKUX CPEACTB A7 BOCCTAHOBEHMA
'K npu OF'M y nauueHToB.

Momumo apmaKoNorMyecknux MeToLoB CTabuamsaumm u Boc-
cTaHoBneHua MK, cyLecTByIOT TaKKe HeMeaMKaMeHTO3HbIe MOAXOAbI,
KOTOpble MOryT ObiTb nonesHbl gns Tepanun OTM npu uwemmye-
CKn-penepdy3vOHHOM NOBPEKAEHUN.

lunotepmua. KacatenbHo ponu runotepmun B Tepanumn K
MMEITCA NPOTUBOPeYmnBble AaHHble [39-43]. Tak, Npu nccnesoBaHUm
BAUAHMA TMNOTEPMUM Ha cocTosiHue TK B rpynne uwemumn-penepdy-
3un 6e3 rMnoTepMmUM Hab/toAaN0Ch 3HAYUTENIbHOE MOBPEKAEHUE U
uctoHueHue K, B rpynne ¢ runotepmMuelt coxpaHanach LenoCTHOCTb
1 HopManbHaa cTpykTypa MK [39, 40]. MnoTepmua npenoTBpaliana
BbICBODOOXAeHNe KomnoHeHToB K (cMHAeKaH-1, renapaH cynbdart) B
KPOBb, a TaK¥Ke OrpaHNYMBaia MOBbILIEHWE NMPOHULAEMOCTU COCYaU-
CTOro aHAoTeNMA u passutne OFM [39-41].

Bbiain  nposefeHbl  paHAOMW3NPOBAHHbIE  KOHTPOAMPYeMble
UCCNeA0BaHNUA Y NALMEHTOB C PA3NIUYHBIMKU HO300MUAMM (MLIEMU-
YECKUI WMHCYNBT, YepernHo-MO3roBas TPaBMa, BHYTPUYEPENnHOe Kpo-
BOM3NUAHME), B KOTOPbIX MaLMeHTbl Noay4yanu AMbo CTaHZAPTHYHO
Tepanuio, M60 CTaHAAPTHYIO Tepanuio B COYETaHUM C YMEPEHHOM
runotepmueit (temnepatypa Tena 34-35°C B TeueHme 12-24 yacos). B
pe3ynbTaTe rMNOTEPMUA He NOKa3aa CTaTUCTUYECKM 3HAYUMOTO Y1yY-
LeHNs GYHKLIMOHA/IbHbIX UCXOL0B NO CPAaBHEHMIO CO CTaHAAPTHOM Te-
panuen, TaK e YacToTa CepbE3HbIX HEXeNaTe/bHbIX ABNEHWI bbina
cornocTaBMma mexay rpynnamu [42, 43].

Hopmob6apuueckas okcureHaumua. HecmoTps Ha mpsAmble yKa-
3aHWA Ha NONOXKUTE/IbHYIO POSb HOPMOBApUUYECKoW OKcUreHaLmn B
cocTaBe KomnaekcHoi Tepanuu OTM B pAge MCTOYHWUKOB, NPAMbIX
nccnefoBaHUM YKa3aHHOMO METOAA Ha AaHHbIA MOMEHT HET, OAHAKO
€CTb HeCKObKO UCCNeA0BaHMIM, KOTOPble KOCBEHHO PaccMaTpyBaloT
po/ib HOPMOBAPUUECKOW OKCUTeHaLLMK B NOAAEPKAHUM LLeNOCTHOCTU
3HAoTenmansHoro K.

MccnenoBaHne Ha KUBOTHBIX MOZENAX ulemuun-penepdysvm
MOKa3asno, 4To nocnegytowas penepdysus ¢ BbICOKUM COfEPKaHNEM
Kucnopogaa cnocobcTBoBana AanbHelwemy paspyLueHuto MK. 31o yka-
3bIBasI0 Ha TO, YTO HOpMObapHUYeCKas OKCUTEHaLVWA BO BPEMA penep-
by3mm MoxkeT yeyrybnatb nospexaeHue K [44].

MccneposaHve npu cencuce Nokasasno, 4To runepokcus (13bbl-
TOK KWUCN0POAA) YCUAMBAET OKUCAUTENbHOE MOBPEXKAEHWE U Aerpa-
Jaumio komnoHeHToB [K. MoaaepkaHne HOPManbHbIX YPOBHEN KUC-
nopoga (HopmobapuyecKon oKcureHaumen), B CBOKO oyepesb, bbino
6onee 61aroNPUATHLIM AN COXPaHeHUs LenocTHocTu MK [45].

Takum 06pasom, XoTA NPAMbIX UCCAEA0BAHMI NO BAUAHMIO HOP-
Mobapuueckoi okcureHaumm Ha MK npy OF'M He HallAeHOo, KOCBEHHbIe
[aHHble YKa3bIBatOT Ha TO, YTO YMEPEHHas, a He U3bbITOYHan OKcure-
HaLMA MOXKeT ObITb NPEANOYTUTENBHON 418 NOAAEPKAHUA CTPYKTYPbI
1 6apbepHbIx GyHKUMIA TK [44, 45].

Ynpasnsemas penepdysus. B nocnegHvie rogpl Bce 6onblue
BHUMaHWA yaenaeTcs poau ynpasnsemoit penepdysum 8 coxpaHeHUn

rebral cortex, non-pharmacological approaches may also aid in
treating ischemia-reperfusion injury.

Hypothermia. There are contradictory data regarding the
role of hypothermia in the therapy of GC damage [39-43]. When
studying the effect of hypothermia on the state of eGC in the isch-
emia-reperfusion group without hypothermia, significant damage
and thinning of eGC were observed. In contrast, eGC integrity
was preserved in the hypothermia group [39, 40]. Hypothermia
prevented the release of eGC components (syndecan-1, heparan
sulfate) into the blood and also limited the increase in vascular
endothelial permeability and the development of CE [39-41].

Studies were conducted on patients with various conditions,
including ischemic stroke, traumatic brain injury, and intracranial
hemorrhage. In these studies, patients received either standard
therapy or standard therapy combined with moderate hypother-
mia, where body temperature was maintained at 34-35°C for
12 to 24 hours. The results indicated that hypothermia did not
demonstrate a statistically significant improvement in functional
outcomes compared to standard therapy. Additionally, the fre-
quency of serious adverse events was similar between the two
groups [42, 43].

Normobaric oxygenation (NBO). Despite clear indications
of the positive role of NBO in the complex therapy of CE across
various sources, there are presently no direct studies on this
method. However, several studies indirectly examine the role of
NBO in preserving the integrity of eGC.

A study involving animal models of ischemia-reperfusion re-
vealed that subsequent reperfusion with high oxygen concentra-
tions led to further eGC destruction, suggesting that NBO during
reperfusion may worsen eGC damage [44].

Another study on sepsis showed that hyperoxia increased
oxidative damage and degradation of eGC components. In con-
trast, NBO was more beneficial for preserving eGC integrity [45].

Thus, while direct studies on the NBO effects on eGC in CE
are lacking, indirect evidence suggests that moderate oxygen-
ation, rather than excessive, may be more beneficial for maintain-
ing eGC integrity and barrier functions [44, 45].

Controlled reperfusion. Recent years have seen a growing
focus on the role of controlled reperfusion in preserving eGC
integrity [46, 47]. In a rat model of myocardial ischemia-reper-
fusion, it was demonstrated that rapid and uncontrolled reper-
fusion results in damage and destruction of the eGC [46]. In
contrast, controlled reperfusion, characterized by a gradual res-
toration of blood flow and oxygenation, significantly mitigated
eGC degradation [46]. In a model of ischemic stroke in mice, rapid
reperfusion following vessel occlusion caused oxidative damage
and disruption of eGC components [47]. Conversely, controlled
reperfusion with a slow restoration of blood flow prevented eGC
degradation and enhanced neurological outcomes [46].

Patients who underwent cardiac surgery utilizing controlled
reperfusion experienced less eGC damage compared to the con-
trol group. The preservation of eGC integrity was associated with
improved clinical outcomes. The underlying mechanism is that
controlled reperfusion prevents the sudden restoration of blood
flow and oxygenation, which can lead to oxidative stress and eGC
damage [47]. Gradual and controlled restoration of perfusion
helps maintain the integrity of this critical endothelial barrier [46,
47].

Mechanical ventilation with positive end-expiratory pres-
sure (PEEP). In addition to controlled reperfusion, the influence
of mechanical ventilation parameters on the preservation of eGC
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cTpyKTypbl TK [46, 47]. Mpn MmogennpoBaHum nwemuu-penepdysmm
MUOKapAaa Y Kpbic Bbl10 NOKa3aHo, YTo ObICTpas U HEKOHTpOAUpYe-
Man penepdysuns NPMBOAMT K NOBPEKAEHUIO U paspylueHnto MK [46].
MpvmeHeHwWe ynpasisemoit penepdysnm ¢ NocTeneHHbIM BOCCTAHOB-
NEeHVMEM KPOBOTOKA M OKCMIeHaLMM 3HAUMTEIbHO CHUXKANO Aerpasa-
umto TK [46]. Ha Mogenmn Mwemmyeckoro MHCybTa Y Mblwei bbicTpas
penepdy3na NOCNe OKKA3MKM COCYAa Bbi3blBaNa OKUCAUTENbHOE
nospexaeHue u paspbis komnoHeHTos K [47]. Ynpasnsemas penep-
dy3na ¢ MmepsieHHbIM BOCCTaHOB/IEHMEM KPOBOTOKA, B CBOIO 0Mepesp,
npesoTtepawana gerpagaumio MK u ynyywana HeBposormyeckmne uc-
xoapb! [46].

Y naumueHToB, NepeHECLIMX KapAUOXMPpYpruyeckme BmeLlaTenb-
CTBa C MCMO/b30BaHMEM ynpaBasemon penepdysuun, Habaoganocb
MeHbluee nospexaeHune MK no cpaBHEeHMIO C KOHTPOIbHOW rPyNnoi.
CoxpaHHocTb K KoppenvpoBana € Ny4WUMU KAUHUYECKMMMU UCXO-
Aamun. OCHOBHOM MeXaHW3M 3aK/YaeTcs B TOM, YTO ynpasasemas
penepdy3na NpesoTBPALLAET BHE3ANHOE BOCCTAaHOBNEHWE KPOBOTOKA
M OKCUrEHALLMK, KOTOPOE NPUBOAMT K OKUCAUTENBHOMY CTPECCY U pas-
pywenuto MK [47]. MocTeneHHOE U KOHTPOIMPYEMOE BOCCTaHOBNEHME
nepdy3nn NO3BONRET COXPAHUTb LLESIOCTHOCTb 3TOTO BaXKHOTO 3HAOTE-
NmanbHoro bapbepa [46, 47].

MexaHu4ecKaa BEHTUAALMA C NONOXKUTENbHbIM AaBAeHWeM
B KoHUe Bblgoxa (MAKB). Kpome ynpasnsemoii penepdysum, 3Haum-
TeNbHbIN MHTEPEC B NOCNEAHWE roAbl BbI3bIBAET BANAHME NApaMETPOB
MeXaHUYECKOM BEHTUAALMMU Ha COXPAHEHME CTPYKTYPbl SHAOTENMANb-
Horo TK [48]. Ocoboe BHMMaHWe yaenseTca poau MAOKB [48-50].

Ha mogenn ocTporo pecnupaTtopHOro AUCTpecc-CUHAPOMA
Y KPbIC, *KMBOTHbIE, MOAYYABLIME BEHTUAALMIO C MCMONb30BaHMEM
MAKB (5 cm Hz0), AEMOHCTPMPOBAAN MeHbLLEE NOBPEXAEHWE U CO-
XpaHeHue cTpyKTypbl K no cpaBHeHuto ¢ rpynnoi 6e3 MAKB [48].
Mpeanonaraetcs, yto NAKB cnocobcTByeT noaaepaHuo nepdysnm
MMUKPOCOCYA0B M NpeaoTBpallaeT nospexaeHue K [48, 49].

MaumeHTbl, nonyyaswme seHTunaumio ¢ NAKB (8-12 cm H:0),
MMENN NyYWyo COXPaHHOCTb K, oueHnBaemylo Mo mapképam ero
ferpagaummn B nnasme [48, 49]. CoxpaHHocTb MK Koppenunposana ¢
YNyYLWEHNEM ra3000MeHa U MeHbLUEN BEPOATHOCTLIO Pa3BUTUSA MHO-
YKeCTBEHHOW OpraHHoM HegocTaTouHoCTH [48-50].

MpumereHwe seHTuAALMK ¢ NAKB (5 cm H20) Bo Bpems penep-
¢dy3umn npesoTepaLlano paspywerune MK no cpaBHeHuto ¢ rpynnoii 6es
MAKB [48]. 310 cnocobcTBOBANO CHUMKEHMIO MPOHULAEMOCTU COCYA0B
NETKMX U YMEHbLLEHMIO OTEKa [49].

Mpennonaraemble mexaHu3mbl 61arotsopHoro BauaHuA MAKB
Ha K:

*  noajepKaHue aleKBaTHOM Nepdy3nmn N OKCUreHaumm TKa-

Hel, NpefoTBpaLLeHMe Ulemuu-penepdysum;

®  CHMKEHME MEXaHMYECKOro CTpecca Ha 3HAOTeNun npwu

60bLIMX AbIXaTeNbHbIX 06 bEMAX;

®  yMeHbLUEHME NPOBOCMANNTENBHON aKTUBALMM U OKUCAH-

TenbHoro crtpecca [49].

KnunHuyeckme nccnefoBaHUs PoaM MEXaHUYECKOW BEHTUAALMK
¢ NAKB B Tepanun OI'M conocTaBMbl C BbILLEN3NOKEHHBIMW AaHHbI-
MU OTHOCUTENbHO LENOCTHOCTU CTPYKTYpbI K. MpoBeaeHue naumeH-
Tam BeHTUAALMK ¢ MOKB (8-12 cm H.0) npuBoauno K 3HauUUTENBHOMY
CHUMKEHMIO BblpaxkeHHOCTM O'M, OLeHEHHOrO NO AaHHbIM HENPOBH-
3yasM3aumm, a TaKkXkKe Y HUX OTMEYAsIUCb flydline HEBPONOrUYecKme
ncxoabi [50].

B 3TOM e uccnefoBaHUM NPOBeAEH PETPOCNEKTUBHBIN aHaNW3
[aHHbIX MAUMEHTOB C TAMENBIM ULWEMUYECKMM WMHCYIBTOM, OC/OXK-
HEHHbIM OlM. CpaBHMBaNMCb rpynnbl, NOAYYABLIME BEHTUAALMIO C
pasnnyHbimu yposHamm MAKB (5-10 cm H20). Bonee BbiCOKKUE ypOBHU
MAKB (8-10 cm H20) accoummpoBanuch Co 3HaUYMMbIM CHUKEHUEM Ne-
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integrity has attracted considerable interest in recent years [48].
Particular attention has been paid to the role of PEEP [48-50].

In a rat model of acute respiratory distress syndrome, ani-
mals ventilated with PEEP (5 cm H.0) demonstrated less damage
and better preservation of eGC integrity compared to the group
without PEEP [48]. It is suggested that PEEP helps maintain micro-
vascular perfusion and prevents eGC damage [48, 49].

Patients receiving ventilation with PEEP (8-12 cm H:0)
showed better preservation of eGC integrity, assessed by markers
of its degradation in plasma [48, 49]. Preservation of eGC integri-
ty correlated with improved gas exchange and a lower probability
of developing multiple organ failure [48-50].

The use of PEEP ventilation (5 cm H:0) during reperfusion
prevented eGC damage compared to the group without PEEP
[48]. This method contributed to a reduction in pulmonary vascu-
lar permeability and a decrease in edema [49].

Proposed mechanisms for the beneficial effect of PEEP on
eGCinclude:

¢ maintaining adequate tissue perfusion and oxygen-

ation to prevent ischemia-reperfusion injury;

e reduction of mechanical stress on the endothelium at

high respiratory volumes;

e reduction of proinflammatory response and oxidative

stress [49].

The use of mechanical ventilation with PEEP in the treat-
ment of CE aligns with the previously mentioned data regarding
the preservation of eGC integrity. Patients who received PEEP of
8-12 cm H.0O demonstrated a significant reduction in the extent of
CE, as assessed by neuroimaging studies, and showed improved
neurological outcomes [50].

The same study conducted a retrospective analysis of data
from patients with severe ischemic stroke complicated by cere-
bral ischemia. The groups that were given ventilation at different
PEEP levels (ranging from 5 to 10 cm H.0) were compared. Higher
PEEP levels (ranging from 8 to 10 cm Hz0) were associated with a
significant reduction in mortality and better functional outcomes
compared to lower levels of PEEP [50].

As it is evident from the previous discussion, some non-drug
methods targeting eGC in CE are questionable and do not signifi-
cantly contribute to therapeutic effects, as indicated by clinical
study results. However, controlled reperfusion and mechanical
ventilation with PEEP have substantial laboratory and clinical evi-
dence supporting their role in maintaining the structural integrity
of eGC and demonstrating benefits in the comprehensive thera-
py of CE. These methods show potential and could be integrated
into clinical practice.

CONCLUSION

Research indicates that eGC degradation plays a significant
role in the development of cerebral edema. By understanding the
molecular mechanisms behind eGC damage, new therapeutic tar-
gets can be identified. Strategies aimed at protecting and restor-
ing eGC may provide a novel approach for intensive eGC therapy.
Methods to prevent eGC degradation and promote its synthesis
are currently being explored, including the use of glycosaminogly-
cans, antioxidants, and inflammation modulators.

Monitoring the state of eGC through biomarkers of its deg-
radation, such as syndecan-1 and heparan sulfate, can help eval-
uate the extent of eGC damage and the effectiveness of treat-
ments for cerebral hemorrhage. Experimental studies on animal
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TaNbHOCTM U NYYLIMMU QYHKLMOHANBHBIMU UCXOLAMM MO CPaBHEHMIO
c 6onee HU3KMMM ypoBHamM MAKB [50].

Takum 0b6pa3om, HEKOTOpble HeMeLUMKAaMeHTO3Hble MeToZbl
Koppekumn K npu OFM ABAAIOTCA BeCbMa COMHWUTENbHBIMKU M HA
OCHOBE PEe3YyNbTaToB KAMHWUYECKUX UCCAEA0BAHUN HE UMEIOT 3HauM-
TeNbHOTO BK/aAa B TepaneBTUYeckuin apdekt. OaHaKo ynpasasemas
penepdysna U mexaHudeckas seHTUnauma ¢ NAKB umeloT pag, Kak
NabopaTopHBbIX, TaK U KNMHUYECKMX [OKA3aTeNbCTB, YKa3blBAOLLMX HA
WX PO/b B COXPAHEHWUM LLeNIOCTHOCTM CTPYKTYpbI MK 1 nonb3y B cocTa-
Be KOMN/eKcHo Tepanun OFM. [laHHble MeToAbl ABAAIOTCA BECbMA
NepCrneKkTUBHbIMU U MOTYT BbITb BHEAPEHbI B KIMHUYECKYHO NPAKTUKY.

3AK/IOYEHUE

MccneposaHunA nokasbiBatoT, 4To Aderpagauma K urpaet kato-
yeByto ponb B natoreHese OIM. MoHMMaHME MONEKYNAPHbIX Mexa-
HM3MOB nospexaeHna MK oTKPbIBaeT HOBble MULLEHW ANA Tepanes-
TUYECKOro BO3AeiCcTBMA. 3alumTa U BoccTaHoBeHWe TK MOXKET cTaTb
HOBOM CTpaTernert MHTEHCMBHOM Tepanum OFM. PaspabatbiBatoTcs
MeToApbl, Hanpas/eHHble Ha NpefoTBpalleHne aerpagaunm MK n ycu-
NeHWe ero CUHTe3a, Hanpumep, C NOMOLLbBIO TIOKO3aMUHOIIMKAHOB,
QHTUMOKCUAAHTOB U MOZYNATOPOB BOCMANEHUA.

MonuTtopuHr cocTosHMA MK ¢ nomoLubo 6uomapképos ero ae-
rpafaumu (cMHaekaH-1, renapaHcynbdat 1 Ap.) MOKET UCNONb30BaTb-
CA 1A OLEHKU TAXKECTU NoBpexaeHuA U 3GPeKTBHOCTU Tepanuu
npu OF'M. SKcnepumeHTanbHble UCCNeL0BAHNA HA XMUBOTHbIX MOAe-
NAX U PAL KAMHUYECKUX UCCNef0BaHWI NOKa3blBaOT JOCTaTOYHO NO-
NOXWUTENbHble pe3ynbTaTbl MPUMEHeHUA CPeacTs, 3awmwatowmx K,
N onpefenéHHbIX HemedMKaMeHTO3HbIX METOA0B ANA YMeHbLUeHWUA
OrM, ynyylweHna MUKPOLMPKYNALMM U HEBPONOrMYECKOTO MCX0Aa
nocse TPaBM M MHCYNbTOB.

Takum obpasom, usyuenwue ponu MK 8 passutum OF'M oTkpbIBaeT
HOBble NepcreKTUBbI ANA CO3AaHNA UHHOBALMOHHbIX METOA0B UHTEH-
CMBHOW TEPANUK, HaNpasaeHHbIX Ha 3aLUMUTY SHAOTENNA U BOCCTAHOB-
NeHue remaTtoaHuedannyeckoro bapbepa.

models, along with various clinical trials, have shown promising
results from the use of agents that protect the eGC, as well as
specific non-drug interventions aimed at reducing CE, improving
microcirculation, and enhancing neurological outcomes following
injuries and strokes.

Therefore, investigating the role of the eGC in the devel-
opment of CE unveils new opportunities for creating innovative
intensive therapies focused on protecting the endothelium and
restoring the blood-brain barrier.
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