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PE3IOME

AxTyanbHicTb. EpuTpouutapHi no3aknitTuHHI BE3UKYNU € (PYHKUIOHaNbHO akTUBHUMU
HaHOCTPYKTypamu, siki 6epyTb yyacTb y perymnsuii MiKKNiTUHHOI B3aemopii, iMyHHUX
peakuill, NpoueciB 3ropTaHHA KPOBi Ta MIATPUMAHHI CYAWHHOTO roMeoctasy. IXHE
HafMipHe yTBOpeHHS abo HaKOMUYEHHS Y Nra3Mi KPOBi aCOLLIKOETLCS 3 PO3BUTKOM OKCU-
[aTVBHOIO CTPeCy, MiKpOCYAMHHOT ANCAYHKLT, TPOMOOTUYHMX | 3ananbHMX ycKnagHeHb,
LLIO BU3HA4Ya€e BUCOKY aKTyasbHiCTb IXHbOTO BUBYEHHSI.

MeTta po6oTn — cuctematusyBaTh CyyacHi niTepaTypHi AaHi Woao eputTpouuTapHmnX
No3akNiTUHHUX BE3WKYM, y3aranbHUTU MeXaHi3Mu IXHbOro YTBOPEHHS, OnNuncaTh CTPyK-
TYPHO-(PYHKLiOHanbHi 0cobnMBOCTI Ta BUCBITAMTK IXHE naTodisionoriyHe 3HaYEHHs!
SIK YHiBEpCcanbHUX MeaiaTopiB MiXXKNITUHHOI KOMYHiKaLii Ta iMyHHOT perynsuii.
Martepianu Tta metoam. [lMowyk iHdopmauii npoBegeHo B 6asax gaHux PubMed,
Scopus, Web of Science ta Google Scholar. AHani3 Bknto4yas nybnikawii, Wo BUCBIT-
ntoloTe Mopdornorito, GIOXiMIYHWIA CkNaj, MexaHi3M1 YTBOPEHHS!, yHKLiOHanbHy pornb
i KNiHIYHe 3HaYeHHS epUTPOLIUTAPHUX MNO3aKNITUHHUX BE3UKYIT.

Pesynbratn. EputpoumTapHi No3akniTMHHI BE3NKYINN YTBOPIOKTLCA BHACIAOK CTAPIHHSA
KNiTMH abo BNnMBY CTPecoBUX (PaKTOPIB — TMOKCii, OKUCHOrO, MEeXaHiYHOro Yu iMyH-
HOro HaBaHTaXeHHsl. BOHU MicTATb remornobiH, 6inku yutockeneta, ninign, MikpoPHK
i bepmeHTH, WO BigobpaxalTb MeTaboniyHni cTaH KNiTUHW-goHopy. Lli cTpykTypu
30aTHi 3MiHIOBaTU pefdoKc-romeocTas, BNnvMBaTW Ha eHAoTeni, akTueyBaTM Tpombo-
LMUTU, MOAYMNIOBATV CUHTE3 LTOKIHIB | B3AEMOZit0 iIMYHHUX KMiTUH. MMigBULLEHHS TXHBOrO
piBHA Yy Nnasmi KpoBi KOpemne 3 eHpgoTenianbHOK AUCYHKUIEW, rinepkoarynsuieto,
3anarneHHsIM i MOLLKOAXEHHSIM TKaHWH. 3aBAsKY CBOIl BioCYyMICHOCTI Ta HU3bKIW iMyHO-
FEHHOCTi epUTPOLIMTapHI MO3aKMiTUHHI BE3WKYNu po3rnsfaloTbCa SK MNepcrnekTuBHa
nnatcopma AN CTBOPEHHSI CUCTEM LIiNecnpsiMOBaHOi AOCTaBKM NiKapCbKUX PEYOBWH
i Giomonekyn.

BucHoBku. EputpoumTapHi No3akmniTUHHI BE3WKYNN € yHiBepcanbHUMKU MefiaTtopamu
KNiITUHHOI B3aEMOAIi, L0 BiAirpaloTb KIOYOBY ponb Yy perynsauii CyavHHUX, iMyHHUX
Ta MeTaboniyHux npoueciB. BuB4eHHs iXHbOro cknagy, GioreHedy Ta GionoriyHMx
edekTiB BiAKpMBAE HOBI AiarHOCTMYHI 1 TepaneBTUYHI MOXIMBOCTI Ans Kopekuii naTo-
NOriYHMX CTaHIB PIBHOTO NMOXOMXKEHHS.
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ABSTRACT

Background. Erythrocyte extracellular vesicles are functionally active nanostructures
that participate in the regulation of intercellular interactions, immune responses, blood
coagulation processes, and maintenance of vascular homeostasis. Their excessive
formation or accumulation in blood plasma is associated with the development of oxidative
stress, microvascular dysfunction, thrombotic, and inflammatory complications, which
determines the high relevance of their study.

Purpose — to streamline current literature data on erythrocyte extracellular vesicles,
summarize the mechanisms of their formation, describe structural and functional
features, and highlight their pathophysiological significance as universal mediators
of intercellular communication and immune regulation.

Materials and Methods. The information was retrived from the databases PubMed,
Scopus, Web of Science and Google Scholar. The analysis included publications
covering the morphology, biochemical composition, mechanisms of formation, functional
role and clinical significance of erythrocyte extracellular vesicles.

Results. Erythrocyte extracellular vesicles are formed as a result of cell aging
or exposure to stress factors — hypoxia, oxidative, mechanical or immune stress.
They contain hemoglobin, cytoskeletal proteins, lipids, microRNAs and enzymes that
reflect the metabolic state of the donor cell. These structures are able to change redox
homeostasis, affect the endothelium, activate platelets, modulate cytokine synthesis
and immune cell interaction. An increase in their level in blood plasma correlates with
endothelial dysfunction, hypercoagulation, inflammation and tissue damage. Due
to their biocompatibility and low immunogenicity, erythrocyte extracellular vesicles are
considered a promising platform for the creation of targeted delivery systems for drugs
and biomolecules.

Conclusions. Erythrocyte extracellular vesicles are universal mediators of cellular
interactions that play a key role in the regulation of vascular, immune, and metabolic
processes. Studying their composition, biogenesis, and biological effects opens up new
diagnostic and therapeutic possibilities for the correction of pathological conditions
of various origins.

Volobuiev DO, Berest VP, Liadov DA, Hladkykh FV. Erythrocyte-derived extracellular vesicles act as universal
mediators of intercellular communication and immune regulation, possessing distinct structural and functional
characteristics, specific mechanisms of formation, and significant pathophysiological roles. Karazin Journal
of Immunology. 2025;8(3(17)):370—400. DOI: https://doi.org/10.26565/3083-5615-2025-17-05

BCTYN

INTRODUCTION

Mo3akniTnHHI Be3ukynu (MNB) — ue reTeporeHHa nony-
nsauis MemobpaHO-po3MEXOBaHNX OpraHen, WO akTUBHO
BMBINIbHAOTLCS B MO3aKNiTUHHE CEPEOBULLE eyKapioTUy-
HUMW Ta NPOKapiOTUYHUMK KniTuHamm [1, 2]. Ix posrna-
JalTb §K CKNagHy CUCTEMY MiIXKKMITUHHOT KOMYHiKauii,
OCKiNlbKM BOHW 34aTHi MEepeHOCUTM LUMPOKUIA ChekTp
Giomonekyn, BKIMOYHO 3 ninigamu, Ginkamun Ta HykneiHo-
BMMUW KMCMOTamu, IO 3yMOBIIHOE IXHIO porb Y perynsauil
digionoriyHux i natonoriyHux npouecis [3]. CyuacHi
pocnigxeHHa  3acsiguytoTb, wo 1B yTBOpOOTLCA
LUMISIXOM Pi3HMX MEXaHi3MiB MeMOpaHHOro 6pyHbKyBaHHS,
a ixHin cknap Ta GionorivyHi BNacTUBOCTI BU3HAYalOTLCA
KNITUHHAM TWUNOM, CTafieto KNiTMHHOIO LMKy, yMOBamu
MIKPOOTOYEHHSA Ta MeTaboniYHMM CTaTycoM KniTuHU [4,
5]. Takmn nigxig nae amory posrnagatu NB gk AuHamivHy
i pyHKUiOHanbHO BaraTty cuctemy, B Skl BigobpaxkaeTbcs
iHTerpoBaHa BifnoBigb OpraHiaMy abo OKpemoi KMiTUHU
Ha BMNANB BHYTPILLHIX Y/ 30BHILLHIX YAHHUKIB.

Mepwi yactuHkM, nomibHi go MB, Gynu 3anponoHo-
BaHi Horder E. HanpukiHui 1800-x pokis [6]. Lli icTopuyHi
CMOCTEPEXEHHS CTanu NigrpyHTsM  Ans  nofarnbLlumnx

Extracellular vesicles (EVs) are a heterogeneous
population of membrane-bound organelles that are actively
released into the extracellular environment by eukaryotic
and prokaryotic cells [1, 2]. They are considered a complex
system of intercellular communication, as they are capable
of transporting a wide range of biomolecules, including
lipids, proteins, and nucleic acids, which determines their
role in the regulation of physiological and pathological
processes [3]. Current research shows that PVs are
formed by various mechanisms of membrane budding,
and their composition and biological properties are
determined by cell type, cell cycle stage, microenvironment
conditions, and cell metabolic status [4, 5]. This approach
allows us to consider PVs as a dynamic and functionally
rich system that reflects the integrated response of an
organism or individual cell to internal or external factors.

The first particles similar to PVs were proposed
by Horder E. in the late 1800s [6]. These historical
observations became the basis for further research into
subcellular structures, although at that time the nature
and functions of such particles could not yet be correctly
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[OCMiMKeHb CyOKMITMHHMX CTPYKTYp, XO04a Ha TOM 4ac
npupogda Ta YHKLii Takux YacTMHOK Lie He mornu ByTtn
KOPEKTHO iHTepnpeToBaHi. Jluwe 3i CTaHOBMEHHAM ernek-
TPOHHOI Mikpockonii Ta BGioximiuHMX MeToAiB (bpaKuioHy-
BaHHHA CTano MOXINVBYM BUAINWUTY Ta onncaTyi OKpemi Tmnm
NO3aKNiTUHHNX CTPYKTYP, LLO HWHI OTOTOXHIOKTLCS 3 [1B.

Y 1967 p. Wolf P. ineHTndikyBaB BE3uKynu, WO MOXO-
O9Tb 3 TpoMOouMmTiB, i Ha3BaB iX «TpombGouMTapHUM
nunom» [7]. Lle BIigKpuTTS CTano KMOYOBMM eTanom
Yy PO3YMiHHi TOro, WO KNiTUHW KPOBIi MOXYTb aKTUBHO
BMBINbHATU MeMOpaHHi dparmeHTn, ski 6epyTb yyacTb
Yy CUCTEMHIN perynsuii reMocTtasy, 3ananeHHs Ta CyauH-
Horo ToHycy. Mi3Hiwi gocnimpKeHHs NiaTBEpAMM, WO TakKi
BE3WKYNM  MOAYMKTb  TpOMOOUMTapHY  akTuBaLito,
MDKKINITUHHY B3aEMO/II0 Ta peMOoAerntoBaHHSA No3akniTyH-
HOrO0 MaTpuvKCy, O 3HAYHO PO3LUMPUIIO YSABIEHHS MPO
iXHt0 BionoriyHy 3HavyLLiCTb.

Mepwuin onuc TIB  epuTPONOETUYHOrO  KNiTWH-
HOro noxomkeHHs OyB HagaHwum Johnstone R.M. et al.
y 1987 p. nig yac AOCNifpKEeHHA PETUKYNOUMWTIB, Kymnb-
TMBOBaHMX in vitro [8]. ABTOpM nokasanu, Lo B MPoLeCi
[03piBaHHS PETUKYNOUMTIB BiaOyBaeTbLCA aKTMBHE Bifo-
KpemneHHs MembpaHHMX CTPYKTyp, HeobxigHe Ans Buaa-
NEHHS HAOJIMLLKOBMX KOMMOHEHTIB KITITUHHOI MembpaHu
Ta onTuMMmisauii yHKUIOHaNbHOI aKTUBHOCTI epuTpo-
uuTiB. Lle BigkpuTTa cnpusano opMyBaHHIO PO3YMiHHA
Toro, wo B € BaxnMBUM iHCTPYMEHTOM KIiTUHHOIO
«pedaryBaHHsi» CTPYKTYpM i cknagy mMembOpaH, wo mae
KM4oBe 3HayeHHs [Ans  3abesnedyeHHs romeocTtasy
€pUTPOILHOI NiHil.

Mosigomnsinocs, wo MB npucyTHi B KpOBi Ta iHLWMNX
piovMHaXx OopraHiamy, BKMYaK4YM CIVHY, TPyAHE MOJIOKO,
ceyy, Crnepmy, MOKPOTUHHSA, CMUHHOMOS3KOBY pPiAVHY
Ta HocoBy piguHy [9, 10, 11]. Taka wupokomacTabHa
NPUCYTHICTb Y BionoriyHnx pignHax cBig4MTb Npo yHiBeEp-
canbHU/A XapakTep MexaHi3MiB IXHbOro YTBOPEHHS
Ta MOTEHUiNHY (YHKUIOHaNbHY pofb Yy MiXKCUCTEMHIN
B3aemopii. BctaHoBneHo, wo MNB 3patHi gonatu Giono-
rivHi 6ap’epu, BKMYauM rematoeHueddaniyHun 6ap’ep,
WO CYTTEBO pPO3LUMPIOE MOXIMBOCTI iXHbOrO 3acTo-
CyBaHHS $IK MPUPOOHMX HOCIIB ANs uUinecnpsiMoBaHOl
JocTtaBky GionoriyHo akTMBHWUX Mornekyn. [losigomns-
nocs, Wo 5K 3a gisionoriyHmx, Tak i 3a NaTonoriYHmx ymoB,
Pi3Hi TUMKX KNiTWH, BKMOYa4M engoTenianbHi KNiTUHM,
niMdounTn, AEHOPUTHI KNITUHW, TYYHI KNiTUHK, TPOMOO-
LUMTKN, NENKOLUTU, EPUTPOLUTMI, PaKOBI KNiTUHK, remonoe-
TUYHI KINITUHW, HEMPOHW Ta ONiro4eHAPOLMTI, CEKPETYIOTh
no3aknituHHi Beaukynu [12, 13]. Taka dyHKUiOHanbHa
yHiBepcarnbHiCTb BKkasye Ha Te, wwo B MoxyTb BUCTynatu
iHTErpaTMBHMMM MegiatopamMm MiKKITITUHHOT curHanisadii
B Pi3HMX TKaHMHax Ta opraHax. IxHiil cknag Ta Giono-
riYHi BNACTMBOCTI 3HAYHOK MIpOK BM3HaYatoTbCcsA qisio-
MNOriYHMM CTaHOM KNiTMHU-NPOZYLUEHTa, piBHEM ii aKkTu-
BaLlii, MOLIKOMKEHHST Y TpaHcdopMallii, WO nigkpecnoe
UiHHicTb MNB gk nepcnekTMBHMX BiomapkepiB Ans giarHoc-
TWKM Ta MOHITOPVHTY LLUMPOKOIO CMEKTPa 3axXBOPIOBaHb.

3 orngay Ha ysaranbHeHi AaHi Wwogo nonidyHKuio-
HanbHOCTI 1B Ta iXHbOro BU3Ha4anbHOro BHECKY Y MiXKIi-
TUHHY KOMYHiKaLilo, CTae OYEBUOHWM, LLUO Pi3Hi KNiTUHHI
nonynsuii oOpMyTb YHiKanbHi CNEKTPU BE3NKYNAPHUX
CUrHanbHUX nnaTdopM, 3AaTHUX MOAYMOBATW IMYHHI,
mMeTaboniyHi Ta pereHepaTopHi npouecu. Ha ubomy Trni
0cobnMBWI iHTEpec CTaHOBMATbL eputpoumTapHi B, fki,
nonpwv BiACYTHICTb SAEPHOro anapaTy B KriTMHax-rnone-
pefHvKax, AEMOHCTPYIOTb XapaKTepHi Ta BigMiHHI Mexa-
Hi3MV YTBOPEHHS, CneundiyHUn MOMNEKYNsSpHUN CcKnag

interpreted. Only with the advent of electron microscopy
and biochemical fractionation methods did it become
possible to isolate and describe individual types
of extracellular structures that are now identified as PVs.

In 1967, Wolf P. identified vesicles derived from
platelets and called them «platelet dust» [7]. This
discovery was a key step in understanding that blood cells
can actively release membrane fragments that participate
in the systemic regulation of hemostasis, inflammation,
and vascular tone. Subsequent studies confirmed that
such vesicles modulate platelet activation, intercellular
interaction, and extracellular matrix remodeling, which
significantly expanded the understanding of their
biological significance.

The first description of PVs of erythropoietic cell origin
was provided by Johnstone R.M. et al. in 1987 during
a study of reticulocytes cultured in vitro [8]. The authors
showed that during the maturation of reticulocytes,
active separation of membrane structures occurs, which
is necessary for the removal of excess components
of the cell membrane and optimization of the functional
activity of erythrocytes. This discovery contributed to the
understanding that PV is an important tool for cellular
«editing» of the structure and composition of membranes,
which is crucial for ensuring the homeostasis of the
erythroid line.

It has been reported that PVs are present in blood
and other body fluids, including saliva, breast milk,
urine, semen, sputum, cerebrospinal fluid, and nasal
fluid [9, 10, 11]. Such widespread presence in biological
fluids indicates the universal nature of their formation
mechanisms and their potential functional role
in intersystem interaction. It has been established that PVs
are capable of overcoming biological barriers, including
the blood-brain barrier, which significantly expands their
potential for use as natural carriers for the targeted
delivery of biologically active molecules. It has been
reported that under both physiological and pathological
conditions, various types of cells, including endothelial
cells, lymphocytes, dendritic cells, mast cells, platelets,
leukocytes, erythrocytes, cancer cells, hematopoietic
cells, neurons, and oligodendrocytes  secrete
extracellular vesicles [12, 13]. Such functional versatility
indicates that EVs can act as integrative mediators
of intercellular signaling in various tissues and organs.
Their composition and biological properties are largely
determined by the physiological state of the producer cell,
its level of activation, damage, or transformation, which
emphasizes the value of EVs as promising biomarkers for
the diagnosis and monitoring of a wide range of diseases.

Given the generalized data on the multifunctionality
of VPs and their decisive contribution to intercellular
communication, it becomes clear that different cell
populations form unique spectra of vesicular signaling
platforms capable of modulating immune, metabolic,
and regenerative processes. Against this background,
erythrocytic VPs are of particular interest, which, despite
the absence of a nuclear apparatus in precursor cells,
demonstrate characteristic and distinctive mechanisms
of formation, specific molecular composition, and
potentially  significant pathophysiological functions.
This justifies an in-depth analysis of their contribution
to systemic regulation and the identification of key
structural and functional characteristics that shape their
biological activity.
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i MOTeHUinHO 3HauwyLli nartodisionoriyHi dyHkuii. Came
ue OOrpyHTOBYE [AOUMbHICTL MOrMMOBNeHoro axanisy
iXHBOTO BHECKY Yy CUCTEMHY PEeryrnsuilo Ta BU3HAYEHHSA
KMIOYOBUX CTPYKTYPHO-(DYHKLIOHANbHNX XapakTepUCTuK,
Lo hopMyIOTBb IXHIO BIONOriYHY aKTUBHICTb.

MeTa po60Tu — crcteMaTnayBaTy CyyacHi nitepaTtypHi
OaHi LWOoAO0 epuUTPOLMTapHMX MO3aKMNiTUHHUX BE3WKyrl,
y3aranbHUTW MeXaHi3MM IXHbOrO YTBOPEHHS, onucaTh
CTPYKTYPHO-(DYHKLiOHanbHi 0COGMMBOCTI Ta BUCBITIINTU
iXHE naTodpisionoriyHe 3Ha4YeHHs SK yHiBepcanbHUX Mmegi-
aTopiB MKKNITUHHOT KOMYHiKaLii Ta iMyHHOT perynsuii.

MATEPIAAU TA METOAU AOCAIAXEHHSA

MipGip ny6nikauin BWKOHaHO 3a 6aszamu OaHWX
PubMed (https://pubmed.ncbi.nim.nih.gov/), Clinical Key
Elsevier (https://www.clinicalkey.com), Cochrane Library
(https://www.cochranelibrary.com/), =~ eBook  Business
Collection (https://www.ebsco.com/) Ta Google Scholar
(https://scholar.google.com/), y siknx BUCBITNIOBanuck Bigo-
MOCTi MpO epuTpoumTapHi no3akniTuHHi Be3sukynu (IMB),
TXHi CTPYKTYpHO-(pyHKLiOHanbHI 0cOBNMBOCTI, MexaHi3mu
YTBOpPEHHS Ta nartodidionoriyHe 3HayeHHs. Ha nepiuomy
erani NpoBOAUNY MOLUYK NiTepaTypHUX [Xeper 3a KIoyo-
BMMU cnoBamu: extracellular vesicles, erythrocyte-derived
extracellular vesicles, red blood cell microvesicles,
erythrocyte vesiculation, RBC-derived EVs, immune
modulation, intercellular communication. Ha gpyromy etani
BMBYaNnMCb pesioMe cTaTei Ta BUKMoYanuch nyonikauii,
SKi He Bignosiganu KpuTepisMm gocrimkeHHs. [1o Takmx
Hanexanu: poboTn, Lo He MICTUNM CTPYKTYpOBaHMX
€KCNepUMEeHTarnbHUX OaHuMX abo akTyanbHMX OrMsi4oBMX
y3ararnbHeHb; nyonikauii, npucesiveHi iHwmm Tunam MNB 6e3
3B'A13KY 3 EpUTPOLIMTAPHNMU CTPYKTYpaMm; NMoBiAOMITEHHS,
Lo He BiAnoBiganv nNpuHLMnam 4okasoBoi MeAULMHN abo
MiCTUNN oparMeHTapHi BiJOMOCTI.

Ha TtpeTrbomy eTani BuBYaNMM MOBHi TEKCTU Bidi-
OpaHux cTaTein Ha BiAMNOBIOHICTb KPUTEPISIM BKIOYEHHS
00 CNUCKy niTepaTypu Ta PeneBaHTHICTb AOCHiAXEHb.
KpuTepii BkntodeHHs nybnikauin go Bubipku, sika nigns-
rana KOHTeHT-aHanisy, 6ynu Taki:

1. BMCBITNEHHS Cy4YacHWX BigOMOCTEN Woao Mopdo-
norii, GioxiMiYHOro cknagy, MexaHi3MiB YTBOPEHHSI
Ta pyHKUiOHaNbHOT poni eputpoumnTapHux NB;

2. BiONOBIAHICTb OOCNIMKEHb KMYOBMM 3acagam
[O0Ka30BOI MeAWUMHW, BKIOYHO 3 OMUCOM Au3aiiHy,
[Kepen puankiB cUCTEMaTUYHUX MNOxMbok, Gioctatuc-
TUYHUX NiOXOAIB Ta KiNbKiCHUX OLIHOK;

3. BiOKpWUTUI [OCTyn 0O MOBHOTEKCTOBOI CTaTTi abo
MOXNMBICTb 1T OTpUMaHHS Yepes 6ibnioTeuHi pecypcy;

4. kniHiyHa abo ekcrnepuMeHTanbHa peneBaHTHICTb
ONs PO3KPUTTS METW OrMsAY.

[o ocrtato4yHoro aHamnizy Oyno BKIOYEHO HayKOBi
npaui, Wo MIiCTURM SIKICHO OnMuCaHi AaHi Npo MexaHi3Mu
BE3VKyNsLii epuTpoumTiB, iXHIA ninigHuiA i GinkoBwiA
npodink, B3aemogito MNMB 3 eHgoTenioumMTamm, TpoMooLM-
Tamu Ta iIMyHHUMU KIiTUHaAMK, a TakoX BiAOMOCTI LIOAO
IXHBOrO AiarHOCTUYHOro Ta NaToqi3ioNOriYHOro 3HA4YEHHS.

PE3YABLTATU TA iX OBFOBOPEHHS

MornubneHe BMBYEHHS epuTpounTapHux MNB € Bax-
NMBUM €TanoM Yy PO3KPUTTI MeXaHi3aMiB  MDKKNITUHHOI
KOMYHiKauil Ta iMyHHOT perynsuii, OCKinbkM came

Objective — is to systematize current literature
data on erythrocyte extracellular vesicles, summarize
the mechanisms of their formation, describe their
structural and functional features, and highlight their
pathophysiological significance as universal mediators
of intercellular communication and immune regulation.

MATERIALS AND METHODS OF RESEARCH

The selection of publications was performed using the
PubMed (https://pubmed.ncbi.nim.nih.gov/), Clinical Key
Elsevier (https://www.clinicalkey.com), Cochrane Library
(https://www.cochranelibra ry.com/), eBook Business
Collection  (https://www.ebsco.com/), and Google
Scholar (https://scholar.google.com/), which contained
information about erythrocyte extracellular vesicles (EVs),
their structural and functional features, mechanisms
of formation, and pathophysiological significance. At the
first stage, a search for literature sources was conducted
using the following keywords: extracellular vesicles,
erythrocyte-derived extracellular vesicles, red blood cell
microvesicles, erythrocyte vesiculation, RBC-derived
EVs, immune modulation, intercellular communication.
At the second stage, article abstracts were studied
and publications that did not meet the research criteria
were excluded. These included: works that did not
contain structured experimental data or relevant review
summaries; publications devoted to other types of EVs
unrelated to erythrocyte structures; reports that did not
comply with the principles of evidence-based medicine
or contained fragmentary information.

In the third stage, the full texts of the selected articles
were studied for compliance with the criteria for inclusion
in the bibliography and the relevance of the studies. The
criteria for including publications in the sample subject
to content analysis were as follows:

1. coverage of current information on the morphology,
biochemical composition, formation mechanisms, and
functional role of erythrocyte PVs;

2. compliance of studies with the key principles
of evidence-based medicine, including a description of the
design, sources of systematic error risks, 3. biostatistical
approaches, and quantitative assessments;

3. open access to the full-text article or the ability
to obtain it through library resources;

4. clinical or experimental relevance to the purpose
of the review.

The final analysis included scientific papers containing
qualitatively described data on the mechanisms
of erythrocyte vesiculation, their lipid and protein profile,
the interaction of VPs with endothelial cells, platelets, and
immune cells, as well as information on their diagnostic
and pathophysiological significance.

RESULTS AND DISCUSSION

An in-depth study of erythrocyte VEs is an important
step in revealing the mechanisms of intercellular
communication and immune regulation, since these
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Ui CTPYKTYpV CTAQHOBMNATb OOHY 3 HAVMEHLU AOCMiAXEHUX,
ane BOAHOYAC HaMbINbl MEepPCneKTUBHUX KOMMOHEHT
KPOB'SIHOro MikpooToyeHHd. Ha BigmiHy Big B iHWworo
KNITUHHOTO ~ MOXOKEHHS,, epUTPOLMTAapHI  BE3WKynu
opMyHOTbCS Yy NPoLEeCi Gi3ioNoriYHOro CTapiHHA epuTpo-
UUTIB, @ TAKOX Nif BMSIMBOM Pi3HUX CTPECOBUX YMHHUKIB —
OKWCHOTO, MEXaHIYHOro, TiNOKCMYHOro abo iMyHHOrO.
Lle BM3Ha4a€ ixXHii yHiKanbHUA MONEKYNSPHUIA Npodinb,
crneundivHy porb y CMCTEMHOMY MeTaboniamMi Ta NOTeH-
UiHY y4YacTb Yy MaToreHesi LUMPOKOro CrekTpa 3axBo-
plOBaHb, 30KpPEMa CepLEBO-CyAMHHMX, FeMaTomnorivyHmX,
AYTOIMYHHUX i 3ananbHUX CTaHIB.

[na BcebiyHOT xapakTepu3auii 3a3Ha4YeHnX acrnekTiB
cTaTTio nobyaoBaHO 3a MPUHLUMMOM MOCHIAOBHOMO nepe-
xogy Bif MOPMONOriYHUX XapaKTepUCTUK i i3UKO-Xi-
MiYHMX BRacTMBOCTEN eputpouutapHux MB go aHanisy
iXHIX  dyHKUiOHanbHMX edekTiB, 30Kpema BMMMBY
Ha CyAMHHO-eHAOoTenianbHy, reMoCTaTUyHy Ta iIMYHHY
cuctemu. Takuin nigxig no3sonsie 3abe3nevymnT LinicHiCTb
po3rnagy, YHUKHYTU cbparMeHTapHOCTI onucy Ta npoae-
MOHCTPYBaTK B3aEMO3B'SI3KN MiXK CTPYKTYPHUMU 0CO6MM-
BOCTSIMUW BE3UKYM i iXHbOI BiOMNOriYHO aKTUBHICTHO.

Mepwwnii  nigpo3gin npuceBaYeHO MOPdONOriYvHIN
Ta po3MmipHii xapaktepuctuui eputpouuTtapHux MB,
Wwo € 6asoBMM AnNst PO3yMiHHSA iXHBOI (PYHKLiOHaNbHOT
pisHOMaHiTHOCTI. Bigomo, wo mopdonoriyHi napameTtpw,
Taki SK AdiameTp, TOBLWMHA MeMOpaHu Ta LWiNbHICTb,
Oe3nocepeaHbO MOB’'si3aHi 3 MexaHiamMamMu Be3uKynsuii
Ta yMOBaMu MiKPOOTOYEHHS, B SIKUX Lii CTPYKTYpU hopMy-
toTbcs. [etanbHe MOpOMETPUYHE BUBYEHHS [03BOMSIE
BMSIBUTM 3aKOHOMIPHOCTI, NpuTamaHHi isionorivHoMy
CTapiHHIO epuTpounTiB abo iXHbOMY  YLUKOMXEHH!HO,
LLIO Ma€ CyTTEBE AiarHOCTUYHE 3HAYEHHS.

Opyruin nigpo3gin y3aranbHOE OaHi Npo KinbKiCHY
AVHaMiKy YTBOpeHHs eputpouuTapHux [B nig
BMIIMBOM KIHOYOBUX CTPECOBUX (PaKTOpiB — OKMCHOrO
CTpecy, MMOKCii Ta MexaHiYHOro HaBaHTaXeHHs. Lli ctaHm
€ TUMNOBVMMM TPUrepamu NopyLLEHHA MeMOpaHHOI cTabinb-
HOCTi, 3MILLEHHs1 KanbLjieBOro romMmeocTtasy Ta aktusaLil
docconinas, Wwo npu3BoanTb A0 iHTEeHCUdIKaLii BE3nKy-
nsauii. AHarni3 Takux 3miH Mae dyHaameHTanbHe 3HaYeHHs!
ONS PO3YMIHHS, SKMM YMHOM (Di3ionoriyHo 3ymoBneHi abo
naTonoriyHo iHAyKOBaHi CTpecoBi peakuii BMvMBalTb
Ha remaTonoriyHy piBHoBary.

TpeTin i 4eTBepTUI NiAPO3AINM CPOKyCcOoBaHO Ha More-
KynsipHoMy cknapi eputpouutapHux MNB — 3okpema
Ha ixHbOMY ninigHOMy Ta 6inkoBomy npodinsax.
BuByeHHs pocdoninigHoi acumeTpii Ta  30BHILLHBOT
eKkcnosuuii - pocchatnannceprHy [O03BOMSIE  MOSICHUTU
MeXaHi3MW1 po3ni3HaBaHHA TaKMX BE3UKYI KriTMHaMU-pe-
uunieHTamy, 30KpemMa Makpodaramu Ta eHOoTeniouu-
Tamu. AHani3 GinkoBoro cknagy, y CBOK 4epry, JEeMOH-
CTPYE MNepeBaXXaHHs1 iHTerpanbHUX MemMOpaHHuX OGinkis,
NpoayKTiB Aerpagauii LMTOCKENETHNX CTPYKTYp Ta OKMC-
HO-MOAUIKOBaHMX KOMMOHEHTIB, WO Bigobpaxae cTaH
€pUTPOLMTIB-AOHOPIB i € iHOUKATOPOM iHTEHCMBHOCTI
anonTonogibHMxX npoueciB y KpoB'aHOMY pycni [14].

[Tatvui nigpo3ain NnpucBaAYEHO OOCHIAKEHHIO BMICTY
remMornoGiHy Ta NPOOKCUAAHTHUX KOMMNOHeHTIB y MNB
i IXHbOMY BMIMBY Ha pefoKc-roMeocTas nia3Mm KpoBi.
EputpouuTtapHi MNB € BaxnuBUMM NepeHOCHMKaMu Bifb-
Horo remornobiHy, remy Ta 3anisa, 3gaTHUMW reHepyBaTu
peakTUBHI hOPMU KUCHIO, LLIO MOXE CMPUSTU OKUCHEHHIO
OinkiB nnasmu, AucdyHKUii eHOoTenito Ta akTuBauil
3ananbHuX Kackagis. Llen acnekt mae He nvwe narore-
HeTWYHEe, a M KIliHIYHe 3HAaYEeHHSH, OCKIMbKM BMICT Takux

structures are one of the least studied but at the
same time most promising components of the blood
microenvironment. Unlike PVs of other cellular origin,
erythrocyte vesicles are formed during the physiological
aging of erythrocytes, as well as under the influence
of various stress factors — oxidative, mechanical, hypoxic,
or immune. This determines their unique molecular
profile, specific role in systemic metabolism, and
potential involvement in the pathogenesis of a wide range
of diseases, including cardiovascular, hematological,
autoimmune, and inflammatory conditions.

For a comprehensive characterization of these
aspects, the article is structured according to the
principle of a sequential transition from the morphological
characteristics and physicochemical properties
of erythrocyte VEs to the analysis of their functional effects,
in particular their impact on the vascular-endothelial,
hemostatic, and immune systems. This approach ensures
the integrity of the consideration, avoids fragmentation
of the description, and demonstrates the interrelationships
between the structural features of vesicles and their
biological activity.

The first section is devoted to the morphological
and dimensional characteristics of erythrocyte PVs,
which is fundamental to understanding their functional
diversity. It is known that morphological parameters
such as diameter, membrane thickness, and density are
directly related to the mechanisms of vesiculation and the
microenvironmental conditions in which these structures
are formed. A detailed morphometric study allows us to
identify patterns inherent in the physiological aging
of erythrocytes or their damage, which is of significant
diagnostic importance.

The second section summarizes data on the
quantitative dynamics of erythrocyte PV formation
under the influence of key stress factors—oxidative
stress, hypoxia, and mechanical stress. These
conditions are typical triggers of membrane instability,
calcium homeostasis disruption, and phospholipase
activation, leading to intensified vesiculation. Analysis
of these changes is fundamental to understanding how
physiologically determined or pathologically induced
stress responses affect hematological balance.

The third and fourth sections focus on the molecular
composition of erythrocyte VEs, in particular their lipid
and protein profiles. The study of phospholipid asymmetry
and the external exposure of phosphatidylserine allows
us to explain the mechanisms of recognition of such
vesicles by recipient cells, in particular macrophages
and endothelial cells. Analysis of the protein composition,
in turn, demonstrates the predominance of integral
membrane proteins, products of cytoskeletal structure
degradation, and oxidatively modified components,
which reflects the state of donor erythrocytes and is an
indicator of the intensity of apoptotic processes in the
bloodstream [14].

The fifth section is devoted to the study of hemoglobin
and prooxidant components in PV and their effect
on blood plasma redox homeostasis. Erythrocyte PVs
are important carriers of free hemoglobin, heme, and iron,
capable of generating reactive oxygen species, which
can contribute to plasma protein oxidation, endothelial
dysfunction, and activation of inflammatory cascades.
This aspect is not only pathogenetic but also clinically
significant, since the content of such vesicles may be an
indicator of the severity of oxidative imbalance in the body.
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BE3VKyn MoXe ByT1 NOKa3HMKOM TSXKKOCTi OKCUMAATUBHOIO
ancbanaHcy B OpraHiami.

LLlocTnin po3ain cnpsiMoBaHO Ha BUCBITNEHHS BNNUBY
eputpouuTapHux MNB Ha ¢yHKLiOHaNbHWUIA CTaH eHpJo-
TenianbHMUX KNiTUH, arperauiiHy akTUBHICTb TPOMGO-
UMTIB i Nnpouec 3ropTaHHs KpoBi. Bigomo, wo dgocda-
TUOUNCEPUH-MO3NTUBHI BE3UKYNU CTBOPIOKTH MOBEPXHI,
WO MNiATPUMYIOTb aKTMBaLil0 Kackagy Koarynsuii, cnpu-
SAI0Tb YTBOPEHHIO MIKPOTPOMGIB Ta 3MiHi CyAMHHOrO
TOHyCy. TOMy OLjHKa UMX MNpOLEecCiB € BaXMBOK Ans
pO3yMiHHS poni epuTpounTapHux NB y po3snTKy Tpombo-
TUYHUX YCKNaAHEHb NpW CepLeBO-CYANHHUX i 3ananbHuX
3aXBOPIOBAHHSIX.

OcobnvBy yBary npugineHo CbOMOMY Migpos3-
Jiny, SKMn aHanisye iMyHomopynioBanbHi Bractu-
BocCTi eputpouutapHux lNB, 30kpema ixH 34aTHICTb
CTUMYIIOBATU CUHTE3 LMTOKIHIB, pPerynioBaTn akTUBHICTb
MOHOUMTIB i Makpodaris, a Takox moandikysatn 6anaHc
MK Mpo- Ta mpoTu3ananbHuMK peakuigmu. Ui edektn
po3rMaAaTbCA SK YacTMHA BinbLU 3aranbHOro MexaHiamy
yyacTi epuTpoUMTapHNX BE3NKYN Y MiATPUMAaHHI CUCTEM-
HOro iMyHHOrO roMeocTasy Ta B pearisalii TonepaHTHOCTI
[0 BNacHUX aHTUTEHIB.

3aBepLuanbHUin, BOCbMUIA MiApOo3ain y3aranbHoe Bio-
MOCTi NpO AiarHOCTU4YHEe Ta TepaneBTUYHE 3HA4YeHHSA
eputpoumntapHux MB. IXHil KiNbKiCHWI BMICT, CTPYKTYPHI
0COBMNMBOCTI Ta MOMEKYNAPHI MapKepu MOXyTb BUCTYNaTh
SK MOTEHUiVHI Giomapkepn reMoniTUYHUX, 3ananbHuX
i CyAnHHMX naTororin. Kpim Toro, JocnigKyeTbCs MOXIuW-
BICTb BWKOPWUCTAHHA TakMx Be3WKyn $K MNPUPOLHMX
HaAHOTPaHCMOPTEPIB AN TapreTHOI AOCTaBKM NMiKapCbKMX
3aco0iB, WO BiOKpMBAE NEPCMNeKTMBU [N CTBOPEHHS
HOBWX BiOiHXEHepPHMX TepaneBTUYHMX NNaTgopMm.

1. MopdponorivyHa

TA PO3MIPHA XAPAKTEPUCTUKA

€PUTPOLUTAPHUX MNO3AKAITUHHUX BE3UKYA

HesBaxatoum Ha BupaxeHy reteporeHHictb 1B,
BCTAHOBIEHO, WO BOHW 4acTO OEMOHCTPYHTb YacTKOBe
nepekpuTTa 3a i3nyHuMmn Ta OGioxiMiyHUMK XxapakTe-
puCTUKaMu, 30Kpema 3a po3MipoM, LUIMbHICTIO Ta Mone-
KynspHum BMmictom [1, 15]. Lle cTBOproE cyTTEBY MeETO-
ponoriyHy npobremMy ansa iX KOPEKTHOro BUAINEHHS,
knacudpikauii Ta pyHKUiOHANBHOrO aHanisy, OCKiNbKu
TpaguuiiHi MeToan, Taki Sk AndepeHuiiHe LeHTpudy-
ryBaHHs, ynbTpadinsTpauis 4n rpagieHTHe LeHTpudy-
ryBaHHS 3a LWINbHICTIO, He 3aBXau 3abe3nedvytoTb YiTke
pO3MeXyBaHHA MiX pisHumu cybnonyndauismu B [4].
HasiBHICTb NepexpecHnx xapakTepucTuK MK cybTunamm
Npu3BOAMTL 40 TPYAHOLIB Yy CTaHAApTU3aLii NpoToKoniB
Ta BiATBOPIOBAHOCTI pe3ynbraTiB y pi3HMXx naboparo-
pifx, WO OCcoOnMBO BaXNMBO MpU MNPOBEAEHHI MyMbTU-
LEHTPOBMX AOCNiMpKeHb abo KniHiYHMX BUNPOOYBaHb,
e TO4YHICTb peHoTunyBaHHs MNB Mae KpUTNYHE 3HaYEHHS
Ons iHTepnpeTadii AaHuX.

Monpwu 3a3HayeHi 0OMexeHHs, y3ararnbHeHa Mopdoso-
rivHa Ta GioximiyHa xapakTepucTika 4o3Bonmna chopmy-
BaTW YMOBHY knacudikauito MNB 3a aekinbkoma kputepismu.
Haibinbw nowmpeHum € nogin 3a po3mipom, BiAnoBigHO
no skoro BuainawTe Mani MNMB (<200 HM), Wwo BKItO-
YyalTb ek3ocomu, Ta cepegHi/Benuki MB (>200 Hm),
SAKi  OXOMNMIKTb  MIKPOBE3UKYNM  Ta  anonTOTUYHI
Tinbus [15]. Ek3ocomu, giameTp Skux 3a3Buyan Bapitoe
y Mexax 50-150 HM, yTBOPHOIOTbLCA BHACNIOOK €HOOo-
coManbHOro wnsxy 6ioreHe3dy i BMBINbHATBCA MiCns
3MUTTA MYNBTUBE3NKYNAPHUX Tifeub i3 nnasmaTtuy4Ho

The sixth section focuses on the effect
of erythrocyte PVs on the functional state
of endothelial cells, platelet aggregation activity,
and the blood coagulation process. It is known that
phosphatidylserine-positive vesicles create surfaces
that support the activation of the coagulation cascade,
promote the formation of microthrombi, and alter vascular
tone. Therefore, the assessment of these processes
is important for understanding the role of erythrocyte
PVs in the development of thrombotic complications
in cardiovascular and inflammatory diseases.

Particular attention is paid to the seventh section,
which analyzes the immunomodulatory properties
of erythrocyte VEs, in particular their ability to stimulate
cytokine synthesis, regulate the activity of monocytes and
macrophages, and modify the balance between pro- and
anti-inflammatory reactions. These effects are considered
as part of a more general mechanism of erythrocyte vesicle
involvement in maintaining systemicimmune homeostasis
and in the realization of tolerance to selfantigens.

The final, eighth section summarizes information
on the diagnostic and therapeutic significance
of erythrocyte VEs. Their quantitative content, structural
features, and molecular markers can serve as potential
biomarkers of hemolytic, inflammatory, and vascular
pathologies. In addition, the possibility of using such
vesicles as natural nanocarriers for targeted drug delivery
is being investigated, which opens up prospects for the
creation of new bioengineered therapeutic platforms.

1. Morphological and

dimensional characteristics

of erythrocyte extracellular vesicles
Despite the pronounced heterogeneity of EVs, it has
been established that they often show partial overlap
in physical and biochemical characteristics, in particular
in size, density, and molecular content [1, 15]. This creates
a significant methodological problem for their correct
isolation, classification, and functional analysis, since
traditional methods such as differential centrifugation,
ultrafiltration, or density gradient centrifugation do not
always provide a clear distinction between different
EV subpopulations [4]. The presence of overlapping
characteristics between subtypes leads to difficulties
in standardizing protocols and reproducibility of results
in different laboratories, which is especially important
in multicenter studies or clinical trials, where the accuracy

of PV phenotyping is critical for data interpretation.

Despite these limitations, generalized morphological
and biochemical characteristics have allowed for the
formation of a conditional classification of EVs based
on several criteria. The most common classification
is based on size, according to which small PVs (<200 nm),
including exosomes, and medium/large PVs (>200 nm),
including microvesicles and apoptotic bodies, are
distinguished [15]. Exosomes, whose diameter usually
varies between 50 and 150 nm, are formed as a result
of the endosomal pathway of biogenesis and are
released after the fusion of multivesicular bodies with
the plasma membrane. In contrast, microvesicles (up to
1 um) are formed by direct budding of plasma membrane
regions, while apoptotic bodies (1-5 ym) are products
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membpaHoto. Ha BigmiHy Big HWX, MiKpoBesukynu (8o
1 MKM) (OOpPMYHOTBCS LLMISAXOM NPAMOTO BiALLHYPOBYBaHHS
OiNsHOK nnasMaTuyHoi MembpaHu, ToAi Sk anonTOTUYHI
Tinbus (1-5 MKM) € npogyKTamu NnporpamoBaHoi KMiITUHHOT
CMepTi Ta MICTATb LUMPOKUA CNEKTP KMNITUMHHMX KOMMO-
HEHTIB, BKITOYHO 3 hparMeHTamu sapa Ta opraden [15].

[opgaTtkoBo A0 pO3MipHMX XxapakTtepucTuk B Takox
KnacmikyoTb 3a WiNnbHICTIO (HU3bKa, CEPeaHS, BUCOKA),
GioximiuHuM npodpinem (Hanpwknag, CD637/CD81+-B,
MB Annexin A5") Ta KNITUHHUM NOXOAKEHHSIM (30Kpema,
OHKOCOMW — BEMWKi BE3NKYMU, LLIO CEKPETYITHLCS MyXMWH-
HUMKW KniTuHamu). Baxnueum kputepiem € Takox cpisio-
noriyHMn abo naTosyioriYHMM CTaH KIiTUHU-AOHOPA,
30KkpeMa hopMyBaHHSA rinokcuyHux MNB, siki BigobpaxatoTe
MeTaboniyHy aganTauito KIiTUH A0 HU3bKOTO PiBHS KMCHIO.
Taka GaratoBuMMipHa knacudikauis gae 3Mory He nuwie
BMNOpSAKYBaTH iCHYIOYi 3HaHHA Npo pisHomaHiTTA B, ane
M Kpalle 3p03yMiTh iXHIO (PYHKLiOHaNbHY pPorb Y MiXKIli-
TUHHIN KOMYHIiKaLii, CUrHanbHMX Kackagax Ta naTtoreHesi
YMCMEHHMX 3axBOPHOBaHb, BKIIOYHO 3 OHKOMOTYHMMMU,
CepLeBO-CyAMHHMMM Ta HenpoaereHepatuBHnumu [15].

OTxe, cyyacHi nigxogun oo cuctemaruaadii NB matoTb
KOMMNMEKCHUA XapakTep i MOEAHYIOTb MOPMOMOriyHi,
BioxiMiyHi Ta pyHKUiOHanbHI NnapameTpu. OgHak, HaBiTb
Npv HasiBHOCTI TakMX Krnacugikauin, 3anvaeTbCsl akTy-
anbHo npobrema 4iTkoi igeHTudIKaLii okpemnx cybno-
nynsauin yepes 3HayHy BapiabenbHiCTb MeToaiB BuAi-
MEHHs Ta aHanisy, Wo nigkpecnioe notpedy y po3pobui
CTaHOapTU30BaHMX nigxodiB 00 BuUBYeHHs B y dyHaa-
MEHTanbHWX i KNiHIYHUX gocnigxeHHsax [1].

EputpouutapHi B BM3Ha4aloTbCA  XapakTepHUM
HabopoM MOBEPXHEBUX MOMEKYN, cepen SKUX KIYOBY
ponb BigirpatoTe TeTpacnaHiHu CD9, CD63 T1a CD81,
wo 6epyTb yyactb y hopMyBaHHIi MeMOpPaHHUX MiKpo-
OOMeHIB Ta perynsuii MiKKNiTUHHUX B3aemogin [16, 17].
BogHouac, ans GinbLu ToYHOT igeHTUdIKaLil epuTpounTap-
HOrO NMOXOAXKEHHSI BUKOPUCTOBYIOTb CneLmdivHi Mapkepw,
30KpeMa rmikogopuHM (0cobnmBeo rMikopopuH A, BigoMuin
sk CD235a) Ta 6inok band 3, ki € iHTerpansHUMyY Mem6-
pPaHHMMK KOMMOHEHTaMK 3pinuMx epuTpouuTiB i 3abes-
neyvyloTb CneundiyHiCTb BU3HAYEHHHA epPUTPOLIMTapHMX
MB cepepn iHWWX NigTUNIB NO3aKNiTUHHMX Be3nkyn [17].
BaxnvBolo 03HaKow, LWO [A0OATKOBO XapakTepusye
eputpoumTapHi MNB, € 30BHILWHA ekcno3uuia dochaTnan-
NCEPUHY, KU Y HOPMI NOKani3yeTbCA Yy BHYTPILLHBOMY
Wwapi nnasmatuyHoi MembpaHu, a npu aktueauii abo
anonTosi BUBEPTAETbCHA HA30BHi, LUO Cryrye CUrHamom
Onsa posnisHaBaHHA darountamu Ta Bigobpaxae cragito
KNITUHHOTO yLKOAXKeHHs [18].

KinbkicHe BM3HaveHHs epuTpouuTapHux B Hanvac-
Tille 3AINCHIOETBCS METOOAOM MPOTOYHOI  LIMTOMETPII,
e OLiHIoITb HasBHICTb Y MikpoyacTuHkax CD235a* abo
aHeKkcuHy V', IO [03BOMSE BU3HAYMTM YaCTKy epuTpo-
LUMTapHOrO KOMMOHEHTa B 3aranbHii nmonynauii nosa-
KniTMHHMX Be3ukyn [19]. Llen nigoxin 3abe3nevye BMCOKY
YYTNMBICTb Ta CNEeUNIYHICTb, JO3BOMNSAOYN BiOCTEXYBATU
3MiHM BMICTy epuTpoumuTapHux MNB y nnasmi npu pisHmx
izionoriyHMx i NaTonoriYHMX CTaHax, TakMx K TMnoKcis,
3ananeHHa abo remoniTMyHi  npouecn. Ana  GinbL
rMMOOKOr0 PO3YMIHHA TXHBOTO MOJEKYNSAPHOrO CKrnagy
3acTOCOBYKOTb NpoTeoMHi Ta PHK-opieHTOBaHi meToam
aHanidy [19]. Li nigxogn [o3BonsitoTh BUSBUTK BinkoBi,
ninigHi Ta HYKNEeIHOBI KOMMOHEHTU, SIKi MOXYTb MaTu NaTo-
reHETUYHE 3HAYEHHs,, a TaKoX MOTEHUINHO BMKOHYBaTu
porb 6iomapkepiB Npu Pi3HNX 3aXBOPHOBAHHSAX.

of programmed cell death and contain a wide range
of cellular components, including fragments of the nucleus
and organelles [15].

In addition to dimensional characteristics, PVs are also
classified by density (low, medium, high), biochemical
profile (e.g., CD6® /CD8"' -PV, Annexin A5 -PV), and*
cellular origin (in particular, oncosomes—large vesicles
secreted by tumor cells). Another important criterion
is the physiological or pathological state of the donor
cell, in particular the formation of hypoxic EVs, which
reflect the metabolic adaptation of cells to low oxygen
levels. Such a multidimensional classification allows not
only to systematize existing knowledge about the diversity
of PVs, but also to better understand their functional
role in intercellular communication, signaling cascades,
and the pathogenesis of numerous diseases, including
oncological, cardiovascular, and neurodegenerative
ones [15].

Thus, modern approaches to the systematization of PV
are comprehensive in nature and combine morphological,
biochemical, and functional parameters. However, even
with such classifications, the problem of clear identification
of individual subpopulations remains relevant due to the
significant variability of isolation and analysis methods,
which emphasizes the need to develop standardized
approaches to the study of EVs in fundamental and
clinical research [1].

Erythrocyte PVs are defined by a characteristic
set of surface molecules, among which tetraspanins
CD9, CD63, and CD81 play a key role in the formation
of membrane microdomains and the regulation
of intercellular interactions [16, 17]. At the same time,
specific markers are used for more accurate identification
of erythrocyte origin, in particular glycophorins (especially
glycophorin A, known as CD235a) and band 3 protein,
which are integral membrane components of mature
erythrocytes and ensure the specificity of erythrocyte
PV identification among other subtypes of extracellular
vesicles [17]. An important feature that further
characterizes erythrocyte EVs is the external exposure
of phosphatidylserine, which is normally localized in the
inner layer of the plasma membrane, but during activation
or apoptosis, it is turned outward, which serves as a signal
for recognition by phagocytes and reflects the stage of cell
damage [18].

Quantitative determination of erythrocyte PVs is most
often performed by flow cytometry, where the presence
of CD2352 or annexin V* in microparticles is assessed,
allowing the proportion of the erythrocyte component
in the total population of extracellular vesicles to be
determined [19]. This approach provides high sensitivity
and specificity, allowing tracking of changes in the content
of erythrocyte EVs in plasma under various physiological
and pathological conditions, suchas hypoxia, inflammation,
or hemolytic processes. For a deeper understanding
of their molecular composition, proteomic and RNA-based
analysis methods are used [19]. These approaches allow
the identification of protein, lipid, and nucleic components
that may be of pathogenetic significance and potentially
serve as biomarkers for various diseases.

Surface molecules of erythrocyte PVs play not only
a structural but also a functional role in intercellular
communication processes. They ensure selective
interaction with recipient cells, facilitating the targeted
delivery of vesicle contents (Table 1), including proteins,
RNA, and lipids, similar to the mechanisms characteristic
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[MoBepxHeBi mMonekynu eputpounTapHux B Buko-
HYIOTb HEe NnuLe CTPYKTYPHY, @ 1 yHKUiOHanNbHy porb
y npouecax MiXKNITMHHOI KOMYHiKauii. BoHn 3abesne-
4YyloTb BWOIPKOBY B3AaEMOAI 3  KNiTUHAMU-PELMMIEH-
Tamu, ChpusiioYM  LINecnpsMoBaHii  [OCTaBui  BMICTY
Be3uKyn (Tabn. 1), BkrtoyHo 3 6inkamu, PHK Ta ninigamn,
noaibHoO OO MexaHi3MmiB, xapakTepHux Ans BipyciB abo
ropmoHiB [20]. Taka 3gaTHICTb pobuTb eputpoumTapHi
B ecbekTMBHNUMY NepeHOCHUKamu 6ioakTMBHUX MOMEKyr,
LLIO MOXYTb 3MiHIOBaTV PYHKUIOHANBbHUIA CTaH KIiTUH-Mi-
WeHen i BnnvMBaTh Ha nepebir maTtonoriyHMX NpoLECiB.
BcTaHoBNEHO, WO iHTErpuHM, nokanizoBaHi Ha MOBEPXHi
epuTtpoumnTapHux MNB, cnpusioTb iXHBOMY OpraHOTPONi3My,
TO6TO CNPsSIMOBaHOMY TPaHCMOPTY A0 MEBHUX TKaHWUH —
nedviHkM, nereHb abo ronoOBHOTO MO3KY, IO BU3HA4ae
yyacTb LMX BE3WKyn Yy perynsuii MikpOCyAWHHOrO rome-
oCTasy Ta NoKanbHMX 3ananbHuUX peakLii.

of viruses or hormones [20]. This ability makes erythrocyte
VEs effective carriers of bioactive molecules that can
alter the functional state of target cells and influence the
course of pathological processes. It has been established
that integrins localized on the surface of erythrocyte
PVs contribute to their organotropism, i.e., targeted
transport to specific tissues, the liver, lungs, or brain —
which determines the participation of these vesicles
in the regulation of microvascular homeostasis and local
inflammatory reactions.

Ta6nuus 1. Knio4oBi KOMNOHEHTW epUTPOLMTaPHMX NO3aKMITUHHKX Be3uKyn [16]
Table 1. Key components of erythrocyte extracellular vesicles [16]

Twn KOMMNOHEeHTa OCHOBHI NpeAcTaBHUKN ®yHKUiOHanbHe 3HaYeHHs! / MosiCHEHHS!
Component type Main representatives Functional significance / Explanation
Binku — remornoGiH (HbA, HbS); — reMornobiH 6epe y4acTb y TPaHCNOPTi KACHHO;
— 6inok band 3 (aHIOHOOOMIHHYK); — BinKK uMTOCKENeTa (CNEeKTPUH, aHKIpWH, aKTUH) NIATPUMYHOTb
— CMEKTPUH; hopmy epuTpoumTa Ta cTabinbHICTb MeEMOpPaHH;
— aHKipWH; — BinNKK TennoBoro LUIOKY BiANOBIAAOTb 3@ 3aXMCT Bifj OKUCHOTO
— aKTVH (ENemMeHTu uutockeneta); cTpecy;
— 6inku Tennosoro woky (HSP70); — PNOTUNIH, CUHEKCUH Ta COPLMH NOB’A3aHi 3 NinigHMMn
— kapboaHrigpasa; padTamu Ta 6epyTb y4acTb y CUrHanbHUX npoLecax;
— CTOMAaTUH; — CD55 i CD59 3axuwaoTb epuTpoLmTy Bi pyiHYBaHHS!
— cbnoTuninx; komnnemeHtom [20, 21].
— CUHEKCUH;
— COpLWH;
— peuentopu komnnemeHTy CD55 ta CD59.
Proteins — hemoglobin (HbA, HbS); — hemoglobin participates in oxygen transport;
— band 3 protein (anion exchanger); — cytoskeletal proteins (spectrin, ankyrin, actin) maintain the
— spectrin; shape of red blood cells and membrane stability;
— ankyrin; — heat shock proteins are responsible for protection against
— actin (cytoskeletal elements); oxidative stress;
— heat shock proteins (HSP70); — flotilin, synnexin, and sorcin are associated with lipid rafts and
— carbonic anhydrase; participate in signaling processes;
— stomatin; — CD55 and CD59 protect red blood cells from destruction by
— flotilin; complement [20, 21].
— synexin;
— sorcin;
— complement receptors CD55 and CD59.
Jlinign — chochaTnanncepuH; — thocchbaTnanncepuH Npu 30BHILLHIA ekcno3uLii nposBnse
— cbochaTnanneTaHonamiy; npoKoarynsHTHi BNacTUBOCTI;
— cbochaTmnaoBa KucnoTa; — dhocdponinign 3abeanevytoTb rHy4KicTb MembpaHu;
— XOMEeCTepuH; — XonecTepuH cTabinisye membpaHy;
— CcpiHroMieniH; — OKUCHeHI ninign € mapkepamMu cTapiHHa abo cTpecy eputpo-
— OKWUCHeHi ninigun. umTiB [22, 23].
Lipids — phosphatidylserine; — phosphatidylserine exhibits procoagulant properties when
— hosphatidylethanolamine; exposed externally;
— phosphatidic acid; — phospholipids ensure membrane flexibility;
— cholesterol; sphingomyelin; — cholesterol stabilizes the membrane;
— oxidized lipids. — oxidized lipids are markers of aging or stress in red blood
cells [22, 23].
MikpoPHK — miR-451; Lli mikpoPHK peryniotoTb reHn, Lo KOHTPOSIOTE epUTPOnoes,
(miPHK) — miR-144; @HTUOKCUAAHTHUI 3aXUCT | peakuito KNITUH Ha CTpec.
— miR-486; miR-451a € gomiHyto4oto B eputpoumTax i eputpountapHux MNB;
— miR-923a; niaBuLLeHHs piBHsa aesikmx MiPHK (Hanpuknag, miR-125b-5p)
— miR-125b-5p; cnoctepiraetbcs y B, sKi BUBINbHATLCS 3i cTapitounx abo
— miR-4454. 36epexeHnx eputpouuTiB [24, 25].
microRNA These microRNAs regulate genes that control erythropoiesis,
(miRNA) antioxidant protection, and cellular stress responses.
miR-451a is dominant in erythrocytes and erythrocytic PVs;
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lpodoexeHHsi mabnuui 1/ Continuation of Table 1

An increase in the level of certain miRNAs (e.g., miR125b-5p)
is observed in EVs released from aging or preserved red blood
cells [24, 25].

— CD71 (peuenTop TpaHcepuHy);
aHEeKCUH V;
— ¢pocchatuamnceput (PS).

Surface markers | — CD235a (glycophorin A);

— tetraspanins (CD9, CD63, CD81);
— CD71 (transferrin receptor);
—annexin V;

— phosphatidylserine (PS).

IHWi PHK — Mani HekogyBanbHi PHK; Lli dpparmeHT MOXyTb GpaTi yyacTb y perynsiuii cuHTesy 6Ginka
— pparmeHTn TpaHcnopTHux PHK (TPHK). Ta MDKKINITUHHINA KOMYHiKaLii, xo4a ix 6ionoriyHa pornb Joci
BMBYaETbLCA [26].
Other RNAs — small non-coding RNAs; These fragments may be involved in the regulation of protein
— fragments of transfer RNAs (tRNAs). synthesis and intercellular communication, although their
biological role is still being studied [26].
OKuCHIOBarnbHi | — OKUCHEHI Binku; BinobpaxatoTb piBeHb OKUCHOIO CTPECYy B epUTpoLIMTax; HaKo-
Mapkepu — ninigHi nepokcuaum; MUYEHHS UMX CMOSYK CBiAYMTb NPO CTapiHHs KNiTUH abo nartoro-
— KiHUeBi NpoayKTu rmikyBaHHa (AGE — rivyHi 3MiHK, Hanpuknag npu Aiaberti, rinokcii Y aHemisix [20].
advanced glycation end-products).
Oxidative — oxidized proteins; Reflect the level of oxidative stress in red blood cells; the
markers — lipid peroxides; accumulation of these compounds indicates cell aging or
— advanced glycation end-products (AGEs). pathological changes, for example, in diabetes, hypoxia, or
anemia [20].
[MoBepxHes.i — CD235a (rnikocopuH A); CD235a € 0CHOBHMM MapKepoM epuUTPOLUTIB;
Mapkepu — TeTpacnaHinu (CD9, CD63, CD81); TeTpacnaHiHn 6epyTb y4acTb Y pOpMyBaHHi BE3WKYI i KMITUHHI

B3aeMogil;

CD71 BUSIBNAETLCS HA paHHIX epUTPOIAHUX KNiTUHAX; aHEKCUH V
BMKOPVCTOBYETBCS AN BUSIBNEHHS 30BHILLHBOro chocatnam-
ncepuvHy npv akTuBaLii abo anontosi knituH [17, 18, 19].

CD235a is the main marker of red blood cells;

tetraspanins are involved in vesicle formation and cell
interaction;

CD71 is found on early erythroid cells; annexin V is used to
detect external phosphatidylserine during cell activation or
apoptosis [17, 18, 19].

OkpiM TOro, y npoueci MNepBUMHHONO 3B’SA3yBaHHA
eputpoumTapHux B i3 kniTMHamun-peumnieHTamm
OepyTb yyacTb npoTeornikaHu renapaHcynbary, sKi
OMNOCEPEKOBYHOTb MOYATKOBUIA KOHTAKT MiX BE3MKYIIOH
Ta KNiTMHHOK MeMOpaHoto, 3abesnedvyoun noganbLuni
eHgounto3 abo 3nuTTa MeMbGpaH [27]. Llein mexaHiam
BBaXa€ETbCA YHiBepcanbHUM Ansi 6araTbox TuMiB no3sa-
KNITUHHWX Be3WKyn i BU3Ha4ae eeKkTUBHICTb nepegadi
CUrHanNbHUX MONEKYN BiA KMITUHU A0 KMiTUHU.

Kpim TpaHCnopTHOT (PyHKLUii, NO3aKMiTUHHI BE3WKYnK,
BKMOYHO 3 eputpoumntapHumn MB, 3gatHi HecTn mone-
Kyn TOMOBHOMO KOMMIEKCY TFiCTOCYMICHOCTI, LMTOKIHU
Ta iHWi niraHgu, siki 6epyTb yyacTb y Moaynsuii iMyHHOT
Bignosiai. 3anexHo BiO KOHTEKCTY MIKPOOTOYEHHsI Taki
BE3VKYNM MOXYTb abo cTumynoBaTti, abo npurHiyyeaTu
iIMyHHY aKTUBHICTb, CNpUsodM perynsuii - 3ananbHuX
npouecis, ¢opmMyBaHHIO TonepaHTHOCTi abo HaBiTb
iHOyKUii anonTo3dy Ta iMyHocynpecii [2]. Takum 4YnHOM,
epuTpoumTapHi NB posrnsgaoTbesa He nuLe K NPoayKTU
KNiTUHHOrO MeTaboniamy, a 1 sk akTUBHI GionoriyHi mepgi-
aTopw, 34aTHi BNNMBaTK Ha romeocTas, iMyHHYy piBHOBary
Ta MDKKNITUHHY B3aeMogilo y disionoriyHnx i narono-
riYHMX yMOBaXx.

2. KiAbKiCHO AMHAMIKO YTBOPEHHS

€pPUTPOLUTAPHUX MO3AKAITUHHUX BE3UKYA

niA BNIAMBOM OKMCHOFO CTpecy, Finokcii

TA MEXAHIYHOTO HOBAHTAXKEHHS

Besukynsiuis epuTpouuTiB po3rnagaeTbcs SK OQUH
i3 KMYoBUX DI3IONOriYHMX MEXaHi3miB, Lo 3abe3nevye
NigTPUMaHHA CTPYKTYPHOI Ta YHKLUiOHanbHOI Uinic-
HOCTi KMNiTUHM NPOTHArOM YCbOro i1 XXUTTEBOro Umkny. Lien
npouec BMKOHYE pPOfib CBOEPIOHOI CUCTEMWU «KNITUHHOMO
OYMLLIEHHS», L0 [A03BOMSE epuTpoumUTam no3daensTucs

In addition, heparan sulfate proteoglycans are involved
in the initial binding of erythrocyte EVs to recipient cells,
mediating the initial contact between the vesicle and the
cellmembrane, ensuring further endocytosis or membrane
fusion [27]. This mechanism is considered universal for
many types of extracellular vesicles and determines the
efficiency of signal molecule transfer from cell to cell.

In addition to their transport function, extracellular
vesicles, including erythrocyte EVs, are capable
of carrying major histocompatibility complex molecules,
cytokines, and other ligands involved in modulating the
immune response. Depending on the context of the
microenvironment, such vesicles can either stimulate
or suppress immune activity, contributing to the
regulation of inflammatory processes, the formation
of tolerance, or even the induction of apoptosis and
immunosuppression [2]. Thus, erythrocyte EVs are
considered not only as products of cellular metabolism,
but as active biological mediators capable of influencing
homeostasis, immune balance, andintercellularinteraction
under physiological and pathological conditions.

2. Quantitative dynamics of erythrocyte

exiracellular vesicle formation under the

influence of oxidative stress, hypoxia,

and mechanical stress
Erythrocyte vesiculation is considered one of the key
physiological mechanisms that ensures the maintenance
of the structural and functional integrity of the cell
throughout its life cycle. This process acts as a kind of
«cell cleansing» system, allowing erythrocytes to get
rid of potentially harmful or dysfunctional components
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Bij MOTEHUiIMHO wWKianuBmMx abo [MCEYHKLIOHANbHMX
KOMMOHEHTIB, SIKi HaKOMUYyTbCH BHACMIAOK CTapiHHA
KniTMHn abo BmnMBY 30BHiWHIX dakTopiB [28, 29].
[lo Taknx KOMMOHEHTIB HanexaTb AeHaTypoBaHi dopmu
remorno6iHy, HeoaHTureHn Oinka band 3 Ta iMmyHormno-
o6yniH G (IgG), wo dikcylTbCA Ha MNOBEPXHi Memb-
paHu i MOXyTb CNPUATM akTMBaLii iIMyHHUX MEXaHi3miB
knipeHcy [29]. Bigomo, Wwo npoTarom cepeaHboi TpuBa-
nocti xutTa eputpoumta (mMpubnusHo 120 p[i6) BiH
BTpayae 6nm3bko 20% nnowyi cBoei membpaHu, Wwo Bigo-
Opakae HaKoNMUYeHHS YLLKOAXXEHb Ta afanTUBHY peakLito
KNiTUHW Yy BiOMNOBIAb Ha OKCMAATUBHUIN abo MexXaHiYHWiA
ctpec. Lis BTpata membpaHHoro martepiany BigbyBaeTbcs
y BUIMAA4I KOHTPONbOBAHOIO BiALIHYPOBYBaHHSA OpPiOHMX
membpaHHux dparmeHTiB — 1B, Wo € BaxnMBnm eTanom
Y MPOLECI CTAPiHHS EPUTPOLUTIB.

®opmyBaHHa [1B BigbyBaeTbca wnNsxom OpyHb-
KyBaHHA nna3matuyHoi MembpaHu, $Ke iHiLiloeTbCca
NigBULLEHHAM BHYTPILUHBOKIITUHHOI KOHLIEHTpaLii ioHiB
kanbuito. Lien kanbuieBun npunnye 3aseryan onocepes-
KOBaHWU aKkTMBaLjiel0 KoMmnremeHTy abo gieto dizmko-xi-
MIYHMX YMHHWKIB, LLIO MOPYLUYOTb FrOMeOcTa3 KIliTUHHOI
mem6bpanu [30]. HagnuwkoBun Ca?t akTuBye KanbLinsa-
nexHi docdoninasu Ta KanbnaiHu, ki CNpUsioTb Nopy-
LLUEHHIO cUMETPIT hocdoninigHoro wapy, ekcrepHanisadii
docaTnguncepmHy Ta BiOQOKPEMITEHHIO BE3UKYNM Bif
kniTvHn [31]. Y pesynerarti yTBOptotoThCA MB, Wo MicTATb
pi3Hi 6inkoBi, NinigHi Ta HYKNEeiHOBI KOMMOHEHTK, 30Kpema
dparmeHTn umMToCKeneTa, remornobiH, 3anuwikn memb-
paHHMX GinkiB Ta iHWI MOMeKynu, sKi MaloTb BaXnvBe
bionoriyHe  3HadeHHs. Besukyndauiga € npouecom,
KW CMOCTEPIraeTbCs §K in vivo, y KpoBOODLiry, Tak
i in vitro — Hanpwknag, y npoueci 36epiraHHa epuTpoLmTIB
y npoaykTax kposi [30].

[oBeneHo, Wwo nig Yac TpuBanoro 36epiraHHs epuTpo-
unTiB y GaHKax KpoBi Hakomu4ylTbca cneuundiyni MB,
SKi YTBOPIOKOTBCA BHACMiAOK TpMBanoro BMfvMBY YMOB
KOHCcepBauii, 3MiH OCMOTWYHOrO Tucky, pH Ta okuc-
Horo cTpecy [31]. Taki epuTpumMTapHi BE3VKYnM MatoTb
He nuwe mopdonorivHi BigMiHHOCTI Big NB, Wwo yTBOpto-
I0TbCS in vivo, ane 1 cneundivHi yHKLiOHanbHI BnacTu-
BOCTi. 30Kpema, BCTaAHOBMNEHO, WO eputpoumTapHi B,
iHOyKOBaHi 36epiraHHsaM, NpPOSBNSATb BMPaXeHi nposa-
narnbHi Ta NPOKOArynsaHTHI BNACTUBOCTI, 34aTHi BNnBaTh
Ha pPEeaKTMBHICTb CYOWUHHOrO €HOOTENi Ta akTMBaLito
TpombouuTiB [32]. Taki 3MiHN MOXYTb CNPUATU PO3BUTKY
MIKPOLMPKYNATOPHUX MOPYLUEHb, MNIABULLEHHIO PU3UKY
Tpom603y Ta, MMOBIPHO, BiAirpatoTb NEBHY POsb y narTore-
He3i HeCNPUATIMBUX TPaHCY3iNHNX NOAIN.

EputpouutapHi B, wo yTBOplOOTECA B Mpoueci
TpuBanoro 36epiraHHs epuUTPOLIMTapHMX KOHLEHTpaTiB,
HeCyTb Ha CBOI/i MOBEPXHi LUMPOKUIA cnekTp GionoriyHo
aKTMBHUX MOIEKyn, cepen SKUX aHTUreHu, imyHornoby-
niHW, dochaTtnanncepuH, TKaHUHHUA akTop, remor-
no6iH i rem [33]. Lli monekynu marTb 30aTHICTb B3aEMO-
itV 3 KNiTMHaMKM KPOBI, eHOOTENIEM CYAWH | cucteMamm
KMNipeHCy, MOAYIIOYM JOKarnbHi 3ananbHi Ta Koaryns-
UiHI peakuii. BCTaHOBMEHO, O 30BHILIHA €KCrno3uLisa
docthatnanncepuHy Ha MeMbOpaHi  epuTpoLUTapHUX
MB cnpuse akTuBauii 3ropTaHHs KpOBi LUNAXOM YTBO-
peHHst docponinigHoi nnatopmu Ans 36upaHHs Koary-
nAuinHMx komnnekcis [28, 33]. OgHOYaCHO TKaHWHHWIA
dakTop, MPUCYTHIN Ha MOBEPXHi LMX BE3WKyn, MOXe
iHiLitOBaTM MO3aKMITUHHUIA LWINAX akTuBauii  Kackagy
3ropTaHHs. Takvum YnHOM, eputpoumTapHi B, Wwo Hako-
nMYylOTbCA Npu  30epiraHHi  KpOBi, MaloTb MOTeHuian

that accumulate as a result of cell aging or the influence
of external factors [28, 29]. Such components include
denatured forms of hemoglobin, band 3 protein
neoantigens, and immunoglobulin G (IgG), which are
fixed on the membrane surface and can contribute to the
activation of immune clearance mechanisms [29]. It is
known that during the average lifespan of a red blood
cell (approximately 120 days), it loses about 20% of its
membrane area, reflecting the accumulation of damage
and the adaptive response of the cell to oxidative
or mechanical stress. This loss of membrane material
occurs in the form of controlled shedding of small
membrane fragments — RUs, which is an important step
in the aging process of red blood cells.

PV formation occurs through budding of the
plasma membrane, which is initiated by an increase
in the intracellular concentration of calcium ions. This
calcium influx is usually mediated by complement
activation or the action of physicochemical factors
that disrupt cell membrane homeostasis [30]. Excess
Ca? activates calcium-dependent” phospholipases
and calpains, which contribute to the disruption of the
symmetry of the phospholipid layer, the externalization
of phosphatidylserine, and the separation of vesicles from
the cell [31]. This results in the formation of PVs containing
various protein, lipid, and nucleic components, including
cytoskeletal fragments, hemoglobin, membrane protein
residues, and other molecules of biological importance.
Vesiculation is a process that occurs both in vivo, in the
bloodstream, and in vitro, for example, during the storage
of red blood cells in blood products [30].

It has been proven that during prolonged storage
of erythrocytes in blood banks, specific PVs accumulate,
which are formed as a result of prolonged exposure
to preservation conditions, changes in osmotic pressure,
pH, and oxidative stress [31]. Such erythrocyte
vesicles not only have morphological differences
from PVs formed in vivo, but also specific functional
properties. In particular, it has been established that
storageinduced erythrocyte PVs exhibit pronounced
pro-inflammatory and procoagulant properties, capable
of affecting vascular endothelial reactivity and platelet
activation [32]. Such changes may contribute to the
development of microcirculatory disorders, increase
the risk of thrombosis, and probably play a role in the
pathogenesis of adverse transfusion events.

Erythrocyte PVs, which are formed during the long-
term storage of erythrocyte concentrates, carry a wide
range of biologically active molecules on their surface,
including antigens, immunoglobulins, phosphatidylserine,
tissue factor, hemoglobin, and heme [33]. These
molecules have the ability to interact with blood cells,
vascular endothelium, and clearance systems, modulating
local inflammatory and coagulation reactions. It has been
established that external exposure of phosphatidylserine
on the membrane of erythrocyte PVs promotes blood
coagulation by forming a phospholipid platform for the
assembly of coagulation complexes [28, 33]. At the
same time, the tissue factor present on the surface
of these vesicles can initiate the extracellular pathway
of coagulation cascade activation. Thus, erythrocyte VCs
that accumulate during blood storage have the potential
to significantly affect the recipient's hemostatic balance
during transfusion, contributing to microthrombosis
or activation of inflammatory mechanisms in the post-
transfusion period.
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iCTOTHO BMMMBaTM Ha remocTaTuyHuiA OanaHc peuu-
nieHTa nig 4ac nepenviBaHHs, CrpUSItOYN MIKPOTPOM-
OoyTBOpPEHHO abo akTuBauii 3ananbHUX MeXaHi3miB
y NoCTTpaHcdy3iitHoOMY nepioai.

HocnigxeHHsa Asaro R.J. et al. [34] npogemoHCTpy-
Banu, WO Npouec Be3uKynsuii eputpoLmnTiB MOOUHN Mae
BMCOKY AMHaMiYHy aKTMBHICTb M 4ac iX MPOXOMKEHHSA
yepes MIKpOLMPKYNSTOPHE PyCcro cenesiHku, Ae CTBOPHo-
I0TbCS YHiKarnbHi MexaHidHi Ta GioxiMiyHi ymoBu (puc. 1),
cnpuaTnmvei Ans ytBopeHHs MB [35].

Research by Asaro R.J. et al. [34] demonstrated
that the process of human erythrocyte vesiculation
has high dynamic activity during their passage through
the microcirculatory bed of the spleen, where unique
mechanical and biochemical conditions are created
(Fig. 1) that are conducive to the formation of PVs [35].

Puc. 1. CuHycoBi WinvHu cenesiHku [36]
Fig. 1. Sinusoidal gaps of the spleen [36]

Mpumitkm / Notes:

1 — epuTpOLMT, LLO «NPOXOAUTEY Yepe3 CUHYCOBY LLiNUHY;
2 — eHpoTenianbHa KniTuHa;

3 — eputpouurT, wo nepebysae y pycni.

1 —red blood cell «passing» through the sinusoidal gap;
2 — endothelial cell;

3 — erythrocyte in the bed.

CenesiHka, Sk BiJOMO, Bifirpae npoBigHy pornb y Tak
3BaHOMY «KOHTPOMi SIKOCTi» €pPUTPOLMTIB, OCKISIbKM Ye-
pe3 ii By3bKi CMHYCM MPOXOAATb KMiTMHW, SKi 3a3HaloTb
3Ha4yHMX gedopmadin. liameTp eputpouuTa nognHN cTa-
HOBUTb 6nn3bko 8,5 MKM, 3addiKCOBaHMI PO3MIP CUHYCO-
BOI LWiNUHW y cenesiHui nognHn ctaHoBuTb ~1 mMkm [37].
Y pesynbraTi LpOro MexaHiyHOro Hampy>XeHHs BigbyBa-
€TbCS CEeNeKTVBHE BIACIOBaHHS CTapilodymx abo yLLUKO-
[KEHUX KITITUH, a TaKoX CTUMYMAUiS BUBINTbHEHHSA
MeMOpaHHUX MIKpOBE3MKYN $K afanTUBHOI  peakuil
Ha MexaHiYHuA cTpec. TakMM YMHOM, BE3UKymsLUisa
y cenesiHui MoXe po3rnsaaTuca sik NPUPOOHUIA MEeXaHiam
(hi3ionoriYHOro  «PEMOHTY» KIITUHHOT MembpaHu, KW
[O3BONSE  epUTPOLUTY MPOAOBXUTU  (PYHKLOHYBaHHSA
HaBiTb 3@ YMOB HaKOMWUYEHHS CTPYKTYPHUX MOLLKOAKEHb.

lMpoBeneHi 4MCnOBI MOAENOBaHHA, Y MOEAHAHHI
3 6a3oBUMM aHanizamm MexaHi4YHOI B3aeMOoAii MiX LMTO-
CKEeNneToM i nna3maTvyHOK MemOpaHoK epuTpoumTa,
[03BONWUAM MOMMUOUTM  PO3YMIHHS B3aEMO3B'S3KY MiX
NpoLEeCOM CTapiHHA epuUTpouMTIB Ta MeTaboniyHummn
3MiHaM, WO CynpOBOMAKYIOTb Ler npouec. MogenbHi
OOCTiIKEHHA MiATBEpAMIM, WO BTpata enacTUYHOCTI
MeMOpaHu Ta ocrabneHHs 3B’A3Ky MiK Oinkamu umTto-
ckeneta (CMEKTPWH, aHKipuH, akTuH) i B6inkamu mem6-
paHu 3yMOBMKKTb MNiOBULLEHY CXMITbHICTb  KNITUHK
[0 YTBOPEHHS BE3UKyM. Y NpoLeci CTapiHHA epuTpoLuTiB
KMIOYOBY porb Bigirpae AeHatypauis remornobiHy, ska
BMHWKAE Mif i€ OKCUAATMBHOIO CTpecy Ta Npu3BOANTb
00 dopmyBaHHs HecTabinbHMX KOHdopmauii Ginka,
30aTHUX 3B’A3yBaTUCS 3 OiNAHKaMW NMPUKPINAEHHS LUTO-
ckerneta Ao MembpaHu. Lle nopyllye CTpyKTypHY uinic-
HICTb epuTpouMTa, IHILiOKYM Kackad NOAin, Wo Bede
00 BUBINbHeHHs NB.

Mpouecn cTapiHHA epuTpOUMTIB TICHO MOB’si3aHi
3 BE3MKYNALIE i BKMIOYaOTb HAKOMWYEHHS aKTMBHUX

The spleen is known to play a leading role in the
so-called «quality control» of red blood cells, as cells
undergoing significant deformation pass through its
narrow sinuses. The diameter of a human red blood cell
is about 8.5 uym, and the recorded size of the sinusoidal
gap in the human spleen is ~1 uym [37]. As a result of this
mechanical stress, aging or damaged cells are selectively
filtered out, and the release of membrane microvesicles
is stimulated as an adaptive response to mechanical
stress. Thus, vesiculation in the spleen can be considered
a natural mechanism of physiological «repair» of the cell
membrane, which allows red blood cells to continue
functioning even under conditions of accumulated
structural damage.

Numerical simulations, combined with basic analyses
of the mechanical interaction between the cytoskeleton
and the plasma membrane of erythrocytes, have
deepened our understanding of the relationship between
the aging process of erythrocytes and the metabolic
changes that accompany this process. Model studies
have confirmed that the loss of membrane elasticity and
the weakening of the connection between cytoskeletal
proteins (spectrin, ankyrin, actin) and membrane proteins
cause an increased tendency of cells to form vesicles.
Hemoglobin denaturation plays a key role in the aging
process of red blood cells. It occurs under the influence
of oxidative stress and leads to the formation of unstable
protein conformations capable of binding to the sites
of attachment of the cytoskeleton to the membrane. This
disrupts the structural integrity of the erythrocyte, initiating
a cascade of events that leads to the release of PV.

The processes of erythrocyte aging, closely associated
with vesiculation, include the accumulation of reactive
oxygen species, nitrosative stress, activation of the
enzyme nitric oxide synthase (NOS), and the influence
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dopM  KNCHIO, HITPO3aTMBHWMI  CTPEC, akTuBauilo
depmeHTy cuHTa3n okcuay asoty (NOS), a Takox BNIvB
TaKMX XiMIYHUX areHTiB, 9K deHinrigpasmH abo ioHu
Baxkmx metaniB (Ca?", Cd?"). YCi Ui YUHHUKN CMPUSIOTH
NepoKCUOHOMY OKUCHEHHIO ninigiB  MemMOpaHu, 3MiHi
3apsgy il NoBepxHi, po3puBy BinNKOBO-NINIOHMX KOHTaKTIB
i BpeLTi — BifLLEeNNeHH0 BE3MKyN Bif KNiTUHHOI MOBEPXHI.
3rigHO 3 KNnacu4yHUMKU ekcnepuMeHTanbHUMKn pobotamu,
Taki peakuii OKCMOATMBHOIO MOLUKOKEHHSI CYMnpOBO-
DXKYIOTbCS YTBOPEHHAM METreMOornobiHy, HaKonMMYeHHAM
nepokcuais ninigie i mogugikadieto 6inkiB uMTockeneTta,
Lo € NyCKOBMM hakTopom And Beaukynsauii [38].

MeTogonorisi, sika MOegHye BMCOKOTOYHE 4YMUCIOBE
MOZENIOBAHHSA 3 eKCrepuMMeHTanbHMK  nigxogamu
Ha piBHi KMITUHHOT MembpaHu, Aana MOXIBICTb aBToOpam
BiATBOPUTM KITHOYOBI €Tanu NPOLECy Ta KPUTUYHI hakTopu,
LLIO BM3Ha4aloTb IHTEHCMBHICTb YTBOPEHHS Be3nkyn [35].
OTpumaHi pesynbraTtu cBigyaTh, WO iHiliauia Be3vkynauii
€ He BUMagKOBMM MPOLECOM, a pe3ynsTraToM Koopau-
HOBaHOI B3aeMoAil MK MexaHiYHUMU, meTaboniYHUMU
Ta OKWUCHO-BIOAHOBHUMW YMHHMKaMK. 30Kpema, HaBiTb
He3HayHe MiOBULLEHHSA PIiBHA aKTUBHUX (POPM KMCHIO
MOXe CyTTEBO 3MiHIOBATUN NOBEAiIHKY MeMOpaHu, pobnayn
il BiNbl CXUMBHOK [0 NoKanbHUX AedopmMadint i Mikpo-
OpyHbKyBaHHA. Takum YMHOM, BE3VKynsuis po3rnsga-
€TbCA SK BaXMMBUA MexaHiaM apganTtauii epuTpouuTa
[0 CTPecoBMX YMOB, ane npu HagMipHiv iHTeHcudiKaLii
LbOro npouecy BoHa Moxe HabyBaTu natodisionoriyHoro
3HAYEHHS!, CNPUSIOYM PO3BUTKY remonidy abo cMCTeMHOro
oKcMAaTMBHOIO aucbanaHcy.

Y3aranbHeHHA eKCrnepyMMEeHTanbHNX |  MOAENbHUX
OaHuX J03BONSE CTBEPAXKYBATH, LLIO BE3UKYNALLIS epUTpo-
unTiB € cknagHuM, 6araToakTOpHMM MPOLIECOM, SAKWUWA
BigoOpaXkae TiCHy B3aEMOZII0 MK CTPYKTYPHUMW BnacTu-
BOCTAMM MembpaHu, MeTaboniyHumM CTaHOM  KIiTUHK
Ta [Jie peakTUMBHUX MeTaboniTiB KMCHK. Takui nigxin
BiOKpMBA€E MNepcnekTVBM AN nodanblunxX LOCHiAKEHb,
CNPSIMOBaHMX Ha BWBYEHHS PErynsiTOpHUX MeXaHi3MiB
LbOro MpoLecy, BKMOYHO 3 MOTEHLUinHMMKU chapmakono-
rYHMMU  CTpaTeriaMmy, 34aTHUMW 3MEHLUUTU iHTEHCUB-
HICTb OKCMAATMBHOIO CTPecy Ta cTabinisyBatn memobpaHy
eputpoumTa nig Yac cTapiHHS.

Mpouec Be3uKynsauii epuTPOLUTIB € MNPUPOLAHUM
i HEOOXiAHMM KOMMOHEHTOM KITITUHHOIO XKUTTEBOIO LIMKITY,
O[lHaK 3a MNeBHMX YMOB — 30KpeMa, Npu 36epiraHHi AOHOpP-
CbKOI KpOBi — BiH MOxe HabyBaTu natodisionoriyHoro
3HayeHHsl. PO3yMiHHSI MexaHi3aMiB yTBOpeHHs Ta Giono-
riYHUX BnacTmeocTen eputpountapHux MNB mae Baxnvee
KNiHIYHEe 3HAYEeHHS, OCKINbKM MOXeE CIyryBaTi OCHOBOMO
AN BOOCKOHAIEHHsT TEXHONOriN 36epiraHHst KpoBi, MiHi-
Misauii TpaHcdysiNHMX ycknagHeHb i po3pobku HOBKX
OiarHOCTUYHMX NigXo[iB, CNPsSIMOBAHMX Ha OLIHKY SKOCTI
epuTpoLMTapHMX Nnpenaparis.

3. AiniaHui NnpoddiAb ePUTPOLLUTAPHUX

NO3AKAITUHHMX BE3UKYA: 3MILLLEHHSA

docdoAiniaAHOI acumeTpii Ta 30BHILHSA

ekcnosuuis docdaTUAUACEPUHY

AHnani3 ninigHoro cknagy [1B pisHOro knitTMHHOro
NMOXOMKEHHS 3aCBig4MB HasBHICTb 3aKOHOMIPHUX BiOMIH-
HOCTEM MiX iXHIM BMICTOM Ta BiAMOBIAHUMWU BUXIAHUMMN
knitnHamn [39]. Lli pos3bixHOCTi cBigyaTb NpO akTWBHI
nepebynoBu NrasmaTnyHOI MemMOpaHu B NPoLECi BE3NKY-
nAuji, Wo 3yMoBnioe hopMyBaHHs crneundiyHoro gocdo-
ninigHoro npodainto, xapaktepHoro ans MNB. Hanbinbw
NMoKasoBUMW € 3MiHW y CRIBBIAHOLIEHHI OCHOBHMX

of chemical agents such as phenylhydrazine or heavy
metal ions (Ca?*, Cd?"). All these factors contribute to the
peroxide oxidation of membrane lipids, changes in the
charge of its surface, the rupture of protein-lipid contacts,
and ultimately the detachment of vesicles from the cell
surface. According to classical experimental studies, such
oxidative damage reactions are accompanied by the
formation of methemoglobin, the accumulation of lipid
peroxides, and the modification of cytoskeletal proteins,
which is a trigger for vesiculation [38].

A methodology combining high-precision numerical
modeling with experimental approaches at the cell
membrane level enabled the authors to reproduce the key
stages of the process and the critical factors determining
the intensity of vesicle formation [35]. The results
obtained indicate that the initiation of vesiculation is not
a random process, but rather the result of coordinated
interaction between mechanical, metabolic, and redox
factors. In particular, even a slight increase in the level
of active oxygen species can significantly alter the
behavior of the membrane, making it more susceptible
to local deformations and microbubble formation. Thus,
vesiculation is considered an important mechanism
of erythrocyte adaptation to stressful conditions, but
when this process is overly intensified, it can acquire
pathophysiological significance, contributing to the
development of hemolysis or systemic oxidative
imbalance.

A synthesis of experimental and model data suggests
that erythrocyte vesiculation is a complex, multifactorial
process that reflects the close interaction between
membrane structural properties, cell metabolic status,
and the action of reactive oxygen metabolites. This
approach opens up prospects for further research aimed
at studying the regulatory mechanisms of this process,
including potential pharmacological strategies capable
of reducing the intensity of oxidative stress and stabilizing
the erythrocyte membrane during aging.

The process of erythrocyte vesiculation is a natural
and necessary component of the cell life cycle, but
under certain conditions — in particular, during the
storage of donor blood it can acquire pathophysiological
significance. Understanding the mechanisms of formation
and biological properties of erythrocyte EVs is of
important clinical significance, as it can serve as a basis
for improving blood storage technologies, minimizing
transfusion complications, and developing new diagnostic
approaches aimed at assessing the quality of erythrocyte
preparations.

3. Lipid profile of erythrocyte extracellular

vesicles: displacement of phospholipid

asymmetry and external exposure

of phosphatidylserine
Analysis of the lipid composition of EVs of different
cellular origins revealed regular differences between
their content and the corresponding source cells [39].
These differences indicate active rearrangements of the
plasma membrane during vesiculation, which leads to the
formation of a specific phospholipid profile characteristic
of EVs. The most indicative are changes in the ratio
of the main phospholipid fractions — phosphatidylcholine,
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docdoninigHux dpakuii — dochaTtnannxoniny, caiHro-
MieniHy, docdarugnneraHonamiHy Ta docdarngnnce-
pvHY, a Takox y 6anaHci Mix dpocdoninigamm Ta xonecrte-
ponom. Lli nokasHukun, BinoOpakeHi y Tabn. 2, 4O3BONATb

OLiHUTM SK CTPYKTYpHY CTabinbHiCTb MembpaH,

i pyHKUiOHanbHy cnpamoBaHicTb IMB.

Tak

sphingomyelin, phosphatidylethanolamine, and
phosphatidylserine — as well as in the balance between
phospholipids and cholesterol. These indicators, shown
in Table 2, allow us to assess both the structural stability
of membranes and the functional orientation of PV.

Tabnuusa 2. JlinigHnii cknag MikpOBE3UKYN Pi3HOTO KIMITMHHOTO MOXOAXEHHS Y MOPIBHAHHI 3 BUXIAHUMM KniTHamu [39]
Table 1. Lipid composition of microvesicles of different cellular origins compared to the parent cells [39]

> 4, = :\o\_g =l 2 : 5 BOE=T~ g < )
. 2 o, | ZE |23 [EE|5:2 |52 |ET8%|ziEn |t
Tun kniTuH abo g%ag m< SE_|gg §f§g°\o §[E,_:g§ g.égg 5.'%-59% =
GionoriyHa piavHa CEacE- CQ | SoR|SE2|EEBL|cZ®8> | gaC@E|(258 85|55
= [P : gE S o -3 T O IS E(SES S83<co|8cSEIZSB22|I5S
Cell type or biological fluid gl::g_& 5; gé %g SQ%E 8§%c 8%§% .Eggg% 8&9
= (52}
$ 5 | 32|55 33872 |8°¢ |sEE\Ere0d”
lMna3moBi ekcTpaLuentonsapHi
Be3unkynu — Bci Ti MNB, aki ToHko-
NPUCYTHI Y NNa3mi Kposi LapoBa
(y cniBBigHOLLEHHI Xpomarto-
[0 TpomMboumTiB) rpadis - 21 (1) - 59 (1,8) | 3,6(0,3) | 9,4(0,3) - [40]
Plasma extracellular Thin-layer
vesicles — all EVs present chromatogra
in blood plasma phy
(in relation to platelets)
36epexeHi eputpounTn Mac-cnekTpo-
(53 4 pHi) MeTpist _ _ _
Preserved red blood cells Mass (1) ) ©.8) [41]
(53 £ 4 days) spectrometry
36epiraHHsa epuTpOLMTIB Mac-cnekTpo-
(35-42 gHi) MeTpist . _ _
Storage of red blood cells Mass 100-300| 33 (1) 26 (1) M 30 (1) [42]
(35-42 days) spectrometry
EpwutpounTn
3i 36igHeHuM 3anacom d)epM%HTa
apeHosuHTpybochary avans 200 | 26(0.9 27 (0,9 25(0,8 0,9 43
Erythrocytes with depleted ananis 09 - (0.9) B ©8) (0.9) [43]
) ) Enzymatic
adenosine triphosphate .
analysis
reserves
CToBOYpOBI KNiTWHMW, Mac-cnekTpo-
OTPUMaHIi 3 KICTKOBOTO MO3Ky | METpIst . 0,5 _
Stem cells obtained from Mass 50-600 | 8,6 (1.6) (1,9) 25(1.2) 8(0.7) 3.7(05) [44]
bone marrow spectrometry
Mac-cnekTpo-
Tpombouutun MeTpist 0,7
- 14 (1,3) 27 (0,7) 17 (1) 37 (1) - [45]
Platelets Mass ’ (1,3) ’
spectrometry

Mpumitka / Note:

[aHi HaBefdeHo y BiAcoTKax Bif 3aranbHOro BMICTY MinifiB, BU3HAYEHMX KiflbKICHO, Ta y CRiBBIAHOLIEHHAX MIKpoO8e3uKyna/knimuHa

(y Byxkax).

Data are presented as percentages of total lipids determined quantitatively and as microvesicle/cell ratios (in parentheses).

Y 3paskax epuTpOoLMTapHOro MOXOMKEHHS, 30Kpema
npu 306epiraHHi eputpouuTiB npotarom 35-42 gHiB,
BM3HAYEHO CYTTEBY BapiabenbHICTb MiMigHOrO cknagy:
BMIiCT cdiHromieniHy craHoBuB 33%, docdatnannxo-
niny — 26%, doccatnanncepuny — 10%, a docdaTtu-
aunetaHonamiHy — 30% [42]. MNogibHe cniBBigHOLEHHSA
36epiranocs npu TpuBaniwomy 36epiraHHi (53 + 4 gHi),
Xo4a TeHAeHUis A0 NiABULLEHHS 30BHILUHBOT eKcrnoauLii
dochatnguncepuHy (®C) byna Ginblw BupaxeHoto [41].
Lle BinoGpakae nocTynoBy BTpaTy dhocchoninigHoi acume-
TPii MeMbBpaHu, gka y HopMarnbHUX epuTpoumTax niarpu-
MY€ETbCS (DEPMEHTATMBHMMK cUcTeMaMy — corinasamm
Ta dronasamu, WO PerynoTb po3noain amdidinbHMX
MOMEeKyn MK BHYTPILIHIM i 30BHILLHIM Wapamun Giwapy.
B ymoBax 36epiraHHs abo eHepreTuyHoro aAediunty

In samples of erythrocytic origin, in particular
when erythrocytes were stored for 35-42 days,
significant  variability in lipid composition was

determined: the content of sphingomyelin was 33%,
phosphatidylcholine — 26%, phosphatidylserine — 10%,
and phosphatidylethanolamine — 30% [42]. A similar ratio
was maintained during longer storage (53 + 4 days),
although the tendency toward increased external exposure
of phosphatidylserine (PS) was more pronounced [41].
This reflects a gradual loss of phospholipid asymmetry
in the membrane, which in normal erythrocytes
is maintained by enzymatic systems — flipases and
flopases, which regulate the distribution of amphiphilic
molecules between the inner and outer layers of the
bilayer. Under conditions of storage or energy deficiency
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(30kpema Mpu 3HWXKEHHI piBHA afgeHo3nHTpudocdaTty —
AT®) ui cuctemm NOpyLUyTLCA, BHAcNiAoK Yoro dhocda-
TUOUNCEPUH MEPEMILLYETbCS Ha 30BHILLHIO MOBEPXHIO
mMembpaHu, i cTae MapkepoM CTapiHHA KIITUH | cUrHanom
ans cdarounTosy [43, 44].

OTpumaHi  pesynbratm  TakoX  AEMOHCTPYHOTb,
O Yy MiKpOBe3uKyrnax, BUAINEHNX 3 epuTpoumnTiB 3i 30ia-
HeHVM 3anacom AT®, cnocTepiraeTbCs NOPIBHAHO HU3bKUIA
piBeHb pocchaTtmaunetaHonamity — 25% (0,8) Ta docda-
Tmamnxonivy — 27% (0,9), npu LuboMy BMICT CEiHrOMIENiIHY
3HWXKYETBCA A0 26% (0,9) [43, 44]. 3miHa dhocdoninigHoro
CKNajy 3a Takoro eHepreTUYHOro CTaHy NiATBEPAXKYE POrb
AT®-3anexHux MembpaHHUX TpaHcnopTepiB y 30epe-
XKEHHI CTPYKTYPHOI LiMiCHOCTi epuTpoumTiB. HasBHICTb LmX
3pyLUEHb TaKOX MOSICHIOE MOCUNIEHY TEHAEHLI0 OO Be3u-
Kynsyii, WO € OOHUM i3 KIMYOBUX MEXaHi3miB enimiHauii
OedEKTHNX KNITUHHNX KOMMOHEHTIB.

OcobnueocTi  ninigHoro npodinto BUSBMNEHO | Ang
HLIMX KNITUHHUX TuniB. Y CcTOBOYPOBMX KIiTUHaX KiCTKO-
BOrO MO3KYy 4acTtka cdpiHromieniHy crtaHosuna 8,6% (1,6),
docdatngunxonivy — 25% (1,2), docdarmanncepuHy —
8% (0,7), a docarnamneraHonaminy — 3,7% (0,5) [45].
Takui npodinb CcBiAYMTL NPO GinbLl yNnopsaKoBaHy MemMo-
paHHy OpraHisauito 3 nepeBaXkaHHsIM HacUYeHUX ninigis,
LLIO MOTEHLUiHO 3abesneyye BuLLY CTabiNbHICTL MeMOpaH,
ane 3HwWxye ixHO gedopmaliiHy 3gaTtHicTb. BogHodac
NiaBULLEHNI BMICT ChiHrOMIENiHY MOXe cnpusatn dopmy-
BaHHHO KOPCTKILLMX NiNigHMX JOMEHIB, L0 nonerwye BigLw-
HypoByBaHHsi B y npoueci KNiTMHHOrO peMOoAEeNtoBaHHS.

Mna3wmosi B, Aki UMPKYMIOITL Y KPOB’AHOMY pyCHi,
XapakTepuayBanucs nepeBaxaHHsaMm  ocdaTnamnxo-
niny (59%) Ta cpinromieniny (21%), Toai Ak dpocpaTnan-
ncepviH ctaHosuB nuvuwe 3,6% (0,3), a dhocaTnagnneta-
HonamiH — 9,4% (0,3) [40]. Takui cknag cBiguMTb Npo Te,
Lo BinbLicTb uMpKyntorynx MNB mMaoTb 30BHILLHIO MEMO-
paHy, nodibHy Ao nna3mMaTVyHOI MeMBpaHn KNiTMH NOxXo-
[PKEHHS1, OfHaK He AEMOHCTPYHOTb BUPaXXEHOT 30BHILLHbOI
ekcnosuuii pocdatngnncepuHy. ImosipHo, ui MNB yTBO-
PIOIOTLCHA NEpPeBaXXHO BHACMIAOK (i3iONOriYHOrO WEANHTY,
a He anonToTMYHMX NPOLECIB, LLO BiApPi3HSE iX Big epuUTpO-
LUMTapHUX BE3UKyM, AKi hOpMYIOTbCH 3a YMOB CTapiHHA
abo 36epiraHHS.

[Ons nopiBHAHHA, y TpombouuTax Big3Ha4YeHo
BiJHOCHO BMCOKMIA BMICT dpocchaTnanneTaHonamiHy
(37%) Ta doccatnamncepuny (17%) npu piBHi docda-
Tnounxonivy 27% [46]. Taka komnosuuis 3abesnedye
BMCOKY MPOKOArynsHTHy akTMBHICTb TpOMOOLIMTapHMX
MB, ockinbkn ekcrnoHoBaHun dochaTnannceprH cnyrye
nnNatopMol0 ANA akTUBaUii Kackagy 3ropTaHHS KpOBi.
BignoeigHo, came usa ninigHa koHdirypauist mae 6esnoce-
penHe KniHiYHe 3Ha4YeHHs B KOHTEKCTi TPOMOOreHesy.

Baranom aHania pgaHux Tabn. 2 nigTBEpPOXYE,
wo cpopmyBaHHs MNB cynpoBOoaXyeTbCA CyTTEBUM nepe-
posnoginomMm docdoninigis Mk MoHOWapamu Memo6-
paHu, i3 BTpaTol HOpManbHOI acumeTpii Ta nigBu-
LLEHHAM 30BHILLUHBOT eKcrno3uuii  docaTnanncepuHy.
Llem npouec € yHiBepcanbHVM MapKkepoM KIiTUHHOIO
CTapiHHs, cTpecy abo anonTo3onodibHMx 3MiH, ane moro
CTYNiHb Bapitoe 3anexHo Bif KMITUHHOTO TNy Ta Metabo-
niyHoro ctaHy. B epuTtpounTax Ler MexaHiam 0cobnueo
YiTKO MPOSIBRSETbCA Nig Yac 30epiraHHs, WO mMae npak-
TUYHE 3HAYEHHS AN TpaHCy3iNHOI MegULNHK, OCKINTbKM
HagnuwKoBe YTBOPEHHsi B Moxe BnnvBaTh Ha MIKpo-
LUMPKYNALi0, KoarynsuinHMin cTaTtyc Ta iMyHHi peakuii
peumnnieHTa [41, 42, 43, 44].

(in particular, when the level of adenosine triphosphate
(ATP) decreases), these systems are disrupted, causing
phosphatidylserine to move to the outer surface of the
membrane, becoming a marker of cell aging and a signal
for phagocytosis [43, 44].

The results also show that in microvesicles isolated from
erythrocytes with depleted ATP reserves, there is a relatively
low level of phosphatidylethanolamine — 25% (0.8)
and phosphatidylcholine - 27% (0.9), while the
sphingomyelin content decreases to 26% (0.9) [43, 44].
The change in phospholipid composition under such
energy conditions confirms the role of ATP-dependent
membrane transporters in maintaining the structural
integrity of erythrocytes. The presence of these shifts
also explains the increased tendency toward vesiculation,
which is one of the key mechanisms for eliminating
defective cell components.

Lipid profile characteristics were also identified for
other cell types. In bone marrow stem cells, the proportion
of sphingomyelin was 8.6% (1.6), phosphatidylcholine —
25% (1.2), phosphatidylserine - 8% (0.7), and
phosphatidylethanolamine — 3.7% (0.5) [45]. This profile
indicates a more orderly membrane organization with
a predominance of saturated lipids, which potentially
provides higher membrane stability but reduces their
deformation capacity. At the same time, the increased
content of sphingomyelin may contribute to the formation
of more rigid lipid domains, which facilitates the uncoupling
of PVs during cell remodeling.

Plasmic VPs circulating in the bloodstream were
characterized by a predominance of phosphatidylcholine
(59%) and sphingomyelin (21%), while
phosphatidylserine accounted for only 3.6% (0.3) and
phosphatidylethanolamine accounted for 9.4% (0.3) [40].
This composition indicates that most circulating PVs have
an outer membrane similar to the plasma membrane
of the cells of origin, but do not show pronounced external
exposure of phosphatidylserine. Presumably, these VPs
are formed mainly as a result of physiological shedding
rather than apoptotic processes, which distinguishes
them from erythrocyte vesicles that are formed under
conditions of aging or storage.

For comparison, platelets have a relatively high
content of phosphatidylethanolamine (37%) and
phosphatidylserine (17%) with a phosphatidylcholine
level of 27% [46]. This composition ensures high
procoagulant activity of platelet VPs, since exposed
phosphatidylserine serves as a platform for the activation
of the blood coagulation cascade. Accordingly, it is this
lipid configuration that has direct clinical significance
in the context of thrombogenesis.

Overall, analysis of the data in Table 2 confirms
that PV formation is accompanied by a significant
redistribution of phospholipids between the
monolayers of the membrane, with a loss of normal
asymmetry and an increase in the external exposure
of phosphatidylserine. This process is a universal marker
of cellular aging, stress, or apoptosis-like changes, but its
degree varies depending on cell type and metabolic state.
In erythrocytes, this mechanism is particularly evident
during storage, which is of practical importance for
transfusion medicine, since excessive PB formation can
affect microcirculation, coagulation status, and immune
responses in the recipient [41, 42, 43, 44].

Reduced lipid bilayer asymmetry and external
exposure of phosphatidylserine are key characteristics
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3MeHLLeHHSA acumeTpii NinigHoro Gilwapy Ta 30BHILWHSA
ekcrnosumuia dochatnanncepuHy € KIo4OoBUMK Xapak-
TepucTukammn eputpoumTapHnx [1B i BigobpaxalTb
He nuvwe CTPYKTYPHO-(YHKLIOHANbHUI CTaH KNiTUH-A0-
HOpIB, a N MexaHi3Mu ix cpizionoriyHoro cTapiHHs Ta gerpa-
Aauii y kpos’ssHoMy pycni. Lli 3akoHOMipHOCTi noTpebyoTb
noganbLLUOr0 BMBYEHHST 3 ypaxyBaHHAM BNnvBy meTtabo-
NiYHMX hakTopis, TpUBaNOCTi 36epiraHHst Ta YMOB MiKpOO-
TOYEHHSA Ha CcTabinbHICTE MeMOpPaHHMX CTPYKTYP.

4. BiAKOBUIA CKAQA EPUTPOLLUTAPHUX

NO3AKAITUHHMX BE3UKYA: NE€PEBAXKAHHA

iHTerpaAbHMX MeM6paHHuKX GiAKiB | Aerpaaadiis

LLUTOCKEAETHUX CTPYKTYpP

3a pesyneratamu gocnigpkenHs Jetulio  Pereira
de Oliveira Junior ma cnieasm., epUTPOLUTU TOANHU
npoaykytoTb B OBOX OCHOBHMX TWNiB — Manux (diame-
Tpom 6nm3bko 80—100 Hm) Ta Benukmx (160—200 Hm) [47].
Lli aBi nonynsuii cyTTeBO BiApPI3HAIOTLCS 3a LUINBHICTIO,
BiNKOBUM CKNafoM i aHTUFEeHHO CTPYKTYPOHO, WO BiAo-
Opaxae ckrnagHy opraHisauito MembpaHu epuTpouuTiB
i HEeO[HOpPIOHICTb MpoUECiB  iIXHbOro  BE3VKYIIAPHOIO
OpyHbKYBaHHS.

3acTocyBaHHs KOMMMEKCHOTO MPOTEOMHOrO aHanisy
[o3Bonuno  igeHTudikysatn 1812  6inkiB, NPUCYTHIX
y cknagi eputpounTtapHux NB. BuaeneHo, wo B 36arayeHi
iHTerpansHMMn MeM6paHHMu Binkamu, 3okpema Ginkamm
cmyrn 3, cmyrm 4.1, cmyrm 4.2, aHkipyHom-1 Ta rnikodo-
puHOM A, Todi SIK YacTKa LMTOCKENETHUX KOMMOHEHTIB,
TaKMX 9K CMEeKTPUHM, 3Ha4YHO 3HwkeHa. Lle cBigunTtb npo
YacTKOBY Aerpajauilo LUMTOCKENeTHNX CTPYKTYyp nif yac
YTBOPEHHS BE3UKYI, LLO Y3roXy€ETbCH 3 BiAOMUMU MeXa-
Hi3MaMu CTapiHHA epuTPOLMTIB, KONW BTpaTta 3B’A3Ky MK
MeMOpaHOH0 i LMTOCKENeToM cnpusie hopMyBaHHIO Be3U-
KynspHux cpparmeHTis [48, 49].

EneKkTpoHHO-MiKpOCKOMiIYHMIA aHani3 nokasas, Lo Ais
KanbuieBmx ioHodopiB (ioHOMiUMH, A23187) cnpuinHse
BTPaTy [OBOBBIrHyTOi (QOPMU E€pUTPOLUTIB, 3HWKEHHSA
MeMOpaHHOro MoTeHUiany Ta JokanbHe Big'€AHaHHA
uuTOCKeneTa Big nrasmatuyHOi MeMbpaHu, WO Mnpu3Bo-
OnTb 0O (DOPMYBaHHS CepunyHUX BE3MKYN Pi3HOro
po3mipy. Lleii mpouec cynpoBOmKYeTbCS 30inblUEHHSIM
KPUBM3HM MeMOpaHM Ta 3MIHOK i MexaHiYHuX BnacTu-
BOCTEW, 30KpeMa 3MEHLLEHHAM >KOPCTKOCTI, O CTBOPIOE
yMOBW A58 6pyHbKyBaHHA MeMOpaHHuX AinsHok [50].

MpoteomHe NpogintoBaHHs NpoAEeMOHCTpyBarno
cyTTeBe 3b6araveHHs eputpoumTapHux MNB Ginkamu, 3any-
YEeHVMW OO0 Kanbuin3anexHnx npoueciB — 30Kpema, aHek-
cuHom A7, copuuHom i 6inkom PDCD6. Lli 6inkn 6epyTb
yyacTb y perynsuii ioHHMX KaHarniB, romeocrtasy KanbLito
Ta MemMOpaHHOro 3nMUTTS, WO NIATBEPIPKYE KITHOYOBY POIb
KanbLilo B MexaHiamax Be3ukynsuii. Okpim Lboro, y cknagi
MB ineHTngpikoBaHo mani Tdasm Rab-1A, Rab-5B,
Rab-5C, Rab-10 ta Rap-1b, siki KOHTPOMIOKOTbL TPAHCMOPT
MEMOPaHHNX CTPYKTYP | CWrHanbHi LUASXW iHTErpUHIB.
AHari3 reHHOI OHTONOrii BUSIBMB NepeBaxHe 30araveHHs
Oinkamu, Lo peryniowTb IHTErpUH-3anexHy aaresito, TpaH-
CMOPT BE3UKYI Ta KMITWHHY BiAMoBigb HAa MEXaHiYHUIA CTpec.

3 Touku 30py yHKLiOHaNbHOI oOpraHisauii, Benuki
eputpoumnTapHi MNMB nepeBaxxHO MICTATb Ginkn NiNigHUX
padoTiB, Taki Ik CTOMaTUH, TOAi Ik Mani — KanbLin3B’s3ytovi
GinKun Ta KOMMOHEHTW, MNOB’A3aHi 3 aNONTOTUYHMMU NpOoLie-
camu. Lle cBigumTb Npo Te, WO BE3NKYNM MOXYTb (DOpPMY-
BaTMCS 3 Pi3HNX MIKPOAOMEHIB Nnasmatu4Hoi MembpaHu,
o Bigobpaxae cknagHicTb Tonorpadii eputTpounTapHoi
nnasmanemu [49].

of erythrocyte PVs and reflect not only the structural and
functional state of donor cells, but also the mechanisms
of their physiological aging and degradation in the
bloodstream. These patterns require further study, taking
into account the influence of metabolic factors, storage
duration, and microenvironment conditions on the stability
of membrane structures.

4. Protein composition of erythrocyte
extracellular vesicles: predominance
of integral membrane proteins and
degradation of cytoskeletal structures

According to the results of a study by Jetulio Pereira
de Oliveira Junior et al., human erythrocytes produce
two main types of EVs: small (with a diameter of about
80-100 nm) and large (160-200 nm) [47]. These
two populations differ significantly in density, protein
composition, and antigenic structure, reflecting the
complex organization of the erythrocyte membrane and
the heterogeneity of their vesicular budding processes.

The use of comprehensive proteomic analysis
allowed the identification of 1,812 proteins present in the
composition of erythrocyte VPs. It was found that VPs are
enriched with integral membrane proteins, in particular
proteins of band 3, band 4.1, band 4.2, ankyrin-1, and
glycophorin A, while the proportion of cytoskeletal
components, such as spectrins, is significantly reduced.
This indicates partial degradation of cytoskeletal
structures during vesicle formation, which is consistent
with known mechanisms of erythrocyte aging, where the
loss of communication between the membrane and the
cytoskeleton contributes to the formation of vesicular
fragments [48, 49].

Electron microscopic analysis showed that the action
of calcium ionophores (ionomycin, A23187) causes the
loss of the biconcave shape of erythrocytes, a decrease
in membrane potential, and local detachment of the
cytoskeleton from the plasma membrane, leading to the
formation of spherical vesicles of various sizes. This
process is accompanied by an increase in membrane
curvature and a change in its mechanical properties,
in particular a decrease in rigidity, which creates conditions
for the budding of membrane areas [50].

Proteomic profiling has demonstrated a significant
enrichment of erythrocyte PVs with proteins involved
in calcium-dependent processes, in particular annexin A7,
sorcin, and PDCDG6 protein. These proteins are involved
in the regulation of ion channels, calcium homeostasis,
and membrane fusion, confirming the key role of calcium
in vesiculation mechanisms. In addition, small GTPases
Rab-1A, Rab-5B, Rab-5C, Rab-10, and Rap-1b, which
control the transport of membrane structures and
integrin signaling pathways, have been identified in the
composition of PVs. Gene ontology analysis revealed
a predominant enrichment of proteins that regulate
integrin-dependent adhesion, vesicle transport, and
cellular response to mechanical stress.

In terms of functional organization, large erythrocyte
PVs predominantly contain lipid raft proteins such
as stomatins, while small ones contain calcium-binding
proteins and components associated with apoptotic
processes. This suggests that vesicles can be formed
from different microdomains of the plasma membrane,
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BaxnmBrMM CnocTepexeHHAM [OCNIMKEHHA cTano
Te, wWo epwutpoumTapHi B akTMBHO B3aemoAiloTb
3 kniTmHamun iMyHHoi cuctemun [51, 52]. EkcnepymeHTn
3 HenTpodhinammn nokasanu, Wo nicns iHkybauii noHag
80% umx KMiTUH MICTATb (PryOpPEeCLEHTHO MiYeHi Be3n-
Kynu, WO nigTBepmkye edekTvBHe nornuvHaHHeA. Kpio-
erneKkTpoHHa Mikpockonid 3 iMyHoMibYeHHam CD235a
npooeMOHCTpyBana ABa TUNM B3AEMOZII: npsiMe 3nuTTa
MB i3 nnasmaTnyHo MembpaHo HerTpodinie i peuen-
TOp-onocepedkoBaHy  iHTepHanisauitlo.  BHyTpilHbO-
KNITUHHO nokaniszoBaHi B BusiBNANMca B UMTONMa3Mi
HenTpoiniB, L0 BKA3y€e HA MOXIUBICTb iX yHKUiOHanNb-
HOrO BMSIMBY Ha KNITUHHY aKTUBHICTb.

dyHKUiOHaNbHI - gocnign  3aceBiguvnu, WO  HasiB-
HicTb epuTpoumTapHux [B y cepepoBuLli iHKyGauii
3HWXKYE daroumTapHy 34aTHICTb HeWTpodinie  LWoao
Escherichia coli, ocobnueo nicnsa 60 ta 90 xB cnoctepe-
XeHHs (p < 0,01), npoTe He BNNMBAaE Ha XUTTE3OATHICTb
KNiTuH (p > 0,05). IMOBIpHUM MexaHisMoM Liboro ecbekTy
€ 30BHIWHS eKkcno3uudis docdaTnanncepuHy, SKun
B3aemofie 3 Oinkamu cCMCTEMM KOMMMEMEHTY, 30Kpema
C1q, Ta Jie 9k curHam «nornvHaHHsa 6e3 akTmeauii»,
LLIO MpUrHiYye harouuTapHy akTUBHICTb.

OTpumaHi pesynstatv cBigvaTb, WO e€pUTpoLMTapHi
B € He npocTo NobiYHMM NPOAYKTOM Aerpagauii KmiTuH,
a CKNagHUM perynsitopHMM €erneMeHTOM  MiKKMITUHHOT
B3aemogii. IxHil 6inkosuii cknag, 36aradyeHHs iHTerpanb-
HAMW MeMOpPaHHMMM KOMMOHEHTaMM Ta KarbLin3B'sa3y-
touMMK Ginkammn, a TakoX NPUCYTHICTb docdaTuaunce-
pVHY cBig4aTe Npo GaraTopiBHEBY y4YacTb LMX CTPYKTYp
y npouecax nigTpMMaHHsa roMmeocTtaady, perynsuii imyHHuX
peakLi Ta KnipeHcy CTapitodmx KNiTuH.

Kpim Toro, ¢pismko-ximMmiyHi BNacTUBOCTI epUTPOLMTAPHUX
B, 3okpema crabinbHa LUiNbHICTb, HASBHICTE reMOrnobiHy
Ta OAHOPIOHWIA MOKa3HUK 3anomneHHs (~1,42), BkasyloTb
Ha iX moTeHuian SK NPUPOAHUX HaHOCTPYKTYp AN TpaH-
CrnopTyBaHHs1 6ionoriyHo akTMBHUX Monekyn. Lie Biakpveae
NnepcrnekTnBY IXHbOTO BUKOPUCTaHHS Sk 6i0CYyMICHMX HOCIiB
ONS UinecnpsiMoBaHOI JOCTaBKU JiKapCbkux Mpenaparis,
i BXe MNpPOOEMOHCTPOBAHO €KCMepUMeHTanbHi nigxoam
3 BMKOPWCTaHHAM €pUTPOLUTAPHUX Be3WKyn AN TpaH-
crnopTHoi Tepanii [53, 54].

dopmyBaHHA epuTpounTapHux MNB cynpoBogxyeTbes
3MiHOK dpocdhoninigHoi acumeTpii Membpanu, aerpa-
Jauieto UuMTockeneTHUx OinkiB Ta NigBULLEHHAM 4acTKu
iHTerpanbHMX MeMOpaHHWX KOMMOHEHTIB. BusaBneHi
3MiHM BigoOOpaXalTb MexXaHi3aMu CTapiHHA epuTPoLUTIB
i BOOHOYaC BKa3yloTb Ha MOTEHLNHY y4acTb LNX BE3MKYN
Yy CWUCTEMHI MiDKKNITUHHIN KOMYyHiKauii. EputpounTapHi
MB 3anuwakTbCca nepcnekTMBHUM 06’ekTOM Ans Aochi-
[DPKEHHS IXHbOrO BMMMBY Ha iIMYyHHY perynsito, Tpomo6o-
FEHHICTb | MOXIMBOCTI TEPaneBTUYHOIO 3aCTOCYBaHHS.

5. BMicT reMorAo6GiHy Ta NPOOKCUACHTHUX

KOMMOHEHTIB Yy €PUTPOLLUTAPHUX

NO3AKAITUHHMX BE3UKYAQX i iXHiHM BNAMB

HO PeAOKC-rOMeoCcTas NAa3Mu KPOBi

3a HopManbHux ymoB hopmyBaHHs 1B € yacTuHot
digionoriyHOro  MexaHiamy  eniMiHauii  MOLIKOOXKEHUX
ab0 OKMCHEHUX KOMMOHEHTIB KIiTMHM, WO [A03BONsE
nigTpumyBaTv yHKUiOHanbHy CcTabinbHICTE MembpaHu
eputpoumTa. BogHoyac y nartomoriyHux craHax, Takux
K CeprnonogibHOKNITMHHA aHemis, gediunT  rrKo-
30-6-cpocchataerigporeHasn abo nig yac Tpmeanoro 36epi-
raHHs epUTPOLMTAPHOI Macu, iIHTEHCMBHICTb BE3UKynsAuil

reflecting the complexity of the topography of the
erythrocyte plasmalemma [49].

An important observation of the study was that
erythrocyte VPs actively interact with immune system
cells [51, 52]. Experiments with neutrophils showed that
after incubation, more than 80% of these cells contain
fluorescently labeled vesicles, confirming effective uptake.
Cryo-electron microscopy with CD235a immunolabeling
demonstrated two types of interaction: direct fusion of PVs
with the plasma membrane of neutrophils and receptor-
mediated internalization. Intracellularly localized PVs
were found in the cytoplasm of neutrophils, indicating the
possibility of their functional influence on cellular activity.

Functional experiments showed that the presence
of erythrocyte PV in the incubation medium reduces the
phagocytic ability of neutrophils against Escherichia coli,
especially after 60 and 90 min of observation (p < 0.01),
but does not affect cell viability (p > 0.05). The probable
mechanism of this effect is the external exposure
of phosphatidylserine, which interacts with complement
system proteins, in particular C1q, and acts as a «take-up
without activation» signal that inhibits phagocytic activity.

The results obtained indicate that erythrocyte PVs
are not simply a by-product of cell degradation, but
a complex regulatory element of intercellular interaction.
Their protein composition, enrichment with integral
membrane components and calcium-binding proteins,
as well as the presence of phosphatidylserine, indicate
the multilevel involvement of these structures in the

processes of maintaining homeostasis, regulating
immune responses, and clearing aging cells.
In addition, the physicochemical properties

of erythrocyte PVs, in particular their stable density, the
presence of hemoglobin, and a uniform refractive index
(~1.42), indicate their potential as natural nanostructures
for the transport of biologically active molecules. This
opens up prospects for their use as biocompatible carriers
for targeted drug delivery, and experimental approaches
using erythrocyte vesicles for transport therapy have
already been demonstrated [53, 54].

The formation of erythrocyte PVs is accompanied
by a change in the phospholipid asymmetry of the
membrane, degradation of cytoskeletal proteins, and
an increase in the proportion of integral membrane
components. The changes detected reflect the
mechanisms of erythrocyte aging and, at the same time,
indicate the potential involvement of these vesicles
in systemic intercellular communication. Erythrocyte EVs
remain a promising subject for research into their effect
on immune regulation, thrombogenicity, and therapeutic
applications.

5. The content of hemoglobin
and prooxidant components in erythrocyte
extracellular vesicles and their effect on blood
plasma redox homeostasis
Under normal conditions, the formation of EV is part
of the physiological mechanism of elimination of damaged
or oxidized cell components, which allows maintaining the
functional stability of the erythrocyte membrane. At the
same time, in pathological conditions such as sickle cell
anemia, glucose-6-phosphate dehydrogenase deficiency,
or during prolonged storage of erythrocyte mass, the
intensity of vesiculation increases significantly, and the
chemical profile of PVs becomes prooxidant [55].
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iCTOTHO 3pocTae, a XxiMiyHun npodoine B Habyeae
NPOOKCUOAHTHOIO Xapaktepy [55].

OCHOBHVMM  BHYTpIWHIM  GifIKOBUM  KOMMOHEHTOM
MB € remorno6iH, SkM y NO3akNiTUHHOMY CepenoBuULLi
BTpPa4a€e aHTUOKCUAAHTHUIM 3aXUCT LMUTO30M0 epuTpo-
uMTIB, 30Kpema rnyTaTioH, MepoOKCUPEOOKCUH 2, rnyTa-
TioHNepokcMaaldy Ta katanasy. YHacnigok LbOoro remor-
nobiH y cknagi MNMB nerko nigaaeTbCsi aBTOOKUCHEHHHD
3 YTBOPEHHSAM CyMNepoKCMAy Ta nepekucy BOAHI [56,
57]. MetremornobiH, WO BWHMKAE NPV LbOMY MNPOLEC,
BMCTYMNae katanisatopom peakuii, nogibHnx Jo peaxuii
deHTOHa, B Aknx Gepe yyacTb BigHOBNEHe 3ani3o, yTBO-
PIOIOYN TiAPOKCUIBHUIA pajavKkan — OAWH i3 Hanarpecus-
HILLMX NPOOKCMAaHTIB y 6GionoriyHux cuctemax. Taka
peakuiiHa aKTUBHICTb CMPUSE OKUCHEHHIO chocdponinigis
i BinkoBMX KOMMOHEHTIB MeMbpanu 1B, 3okpema 6inkis
umMTockeneTa Ta MeMbpaHHMX KOMMIEKCIB.

Ha noepxHi B BMABNSAOTE 3HAYHY KiNlbKiCTb 3anMLLKO-
BOTO reMy, SIKUI 30aTeH KaTanidyBaTu yTBOPEHHSI aKTUBHUX
dopm k1cHo 6esnocepenHbo y nnasmi kposi. Lli npouecu
iHILiIOIOTb MEPEKUCHE OKMCHEHHS MinigiB nnasmMu Ta Moau-
dikaujto BiNKOBMX CTPYKTYp, LIO MNPU3BOAWUTL OO MOPY-
LWEHHS1 aHTMOKCUAAHTHOI PIiBHOBArM i 3HWKEHHs Giogo-
CTYMHOCTi OKCUAy a30Ty. 3MEHLLIEHHS KOHLEHTpaLii okcuay
a30Ty acoUlETbCA 3 eHOoTenianbHOK AMCHYHKLIE,
Ba30KOHCTPUKLIE, akTuBalielo TpombouuTiB i nigsu-
LLIeHHsIM ekcnpecii monekyn apgresii, Takux sk VCAM-1,
ICAM-1 Ta P-cenekTuH, WO CTBOPIOE YMOBW A1 PO3BUTKY
3ananbHOi peakuii CyanHHOI CTiHku [58].

Y cknagi B igeHTndikoBaHO 3HAYHY KinbKiCTb
NPOAYKTIB NEPEKUCHOrO OKUCHEHHS MinigiB, KapboHinbLo-
BaHMXx OinkiB, OkMCHeHux docdoninigie i dparmeHTiB
LUMTOCKENeTHMX BirnkiB, BKMHOYAKYM CMEKTPUH i aHKIpUH.
Taki KOMMOHEHTW € MapKepamMm XPOHIYHOro OKCUAATUBHOTO
MOLLUKOXXEHHS epuTpouMTapHOi MembpaHu, Wo nepeaye
Be3vKynsuii [59]. BBaxaeTbCs, WO OCHOBHUMYW KaTanisa-
TOpamMu UMX peakuin € dhepMeHTH, acouinoBaHi 3 Memb-
paHoto, 3okpema NADPH-okcuaasa Ta kcaHTUHOKCMAasa,
SKi NPOAYKYHOTb Cynepokemng i nepeknc BogHto [60]. Micns
BMBINbHEHHS B kpoBoobir MNB 3gartHi 36epiratv akTuB-
HICTb UMX PEePMEHTIB, MATPUMYIOYM reHepaLito akTUBHNX
OpM KMCHIO Ta CTBOPIOKOYM JOKamnbHE MPOOKCUAaHTHE
MikpocepeaoBuLLE.

[onatkoBUM [DKEperioM OKMCHIOBarbHOI aKTMBHOCTI
€ 3ani3o y BiOHOBMEHIN OpPMi, O BUBIMBLHAETBCA Nig
Yyac pgerpagadii remy. Y NpuUCYTHOCTI MEpeKucy BOAHIO
Le 3ari3o iHiLiloe NaHUroBy peakLito ninigHoi nepokcu-
hauii, sika CynpoBOOKYETbCA YTBOPEHHAM TOKCUYHMX
anbAerifiB, Taknx sik ManoHoOBWUA Adianbaerif i 4-rigpokcu-
HoHeHanb. Lli cnomyku yTBOpHOKOTH KOBaneHTHi 3B’s13Ku
3 Binkamu nnasmu, 3MiHIOKYM IXHIO CTPYKTYPY i (pyHKLUi0
Ta 3HWXKYKYM aHTUOKCUAAHTHY EMHICTb nNna3mu [61, 62].
YHacnigok uboro nnasmoBi 6inku, 3okpema anbOymiH,
hepMeHTN aHTMOKCUMAAHTHOI CUCTEMU Ta KOMMOHEHTU
CUCTEMM KOMMIEMEHTY, BTpa4aloTb yHKUiOHaNbHY
aKTUBHICTb, LLO MOCUIIOE CUCTEMHE OKCUAATVBHE HaBaH-
TaxeHHs [63].

BuBinbHeHHa 1B y kpoBoobGir € nogieto, sika Mae
[OBOICTUI BMMB Ha peAoKC-roMeocTas nna3mu. 3 OgHOro
60Ky, MNMB MoxyTb ByTn Axepenom NPOOKCUAAHTIB, Crpu-
UYMHSAKOYM TeHepauito akTMBHUX (POPM KUCHIO Ta asoTy,
a 3 iHLIOro — BUKOHYBATW POJib NEPEHOCHUKIB (hEPMEHTIB
AHTUOKCMAAHTHOIO 3aXMCTY, LLO TMMYaCcOBO CTabini3ytoTb
OKMCHO-BIOHOBHY piBHOBary [64, 65]. 3a HopmanbHMX yMOB
MB MmicTATb NepoKCUPEenoKCUH 2, rnyTaTioHnepokcuaasy,
Katanasu Ta TiOpedOKCUMHpeAyKkTasu, ki 3abe3nevyoTb

The main internal protein component of PV
is hemoglobin, which in the extracellular environment
loses the antioxidant protection of the erythrocyte cytosol,
in particular glutathione, peroxiredoxin 2, glutathione
peroxidase, and catalase. As a result, hemoglobin in PV
is easily auto-oxidized to form superoxide and hydrogen
peroxide [56, 57]. The methemoglobin that arises in this
process acts as a catalyst for reactions similar to the
Fenton reaction, in which reduced iron participates,
forming a hydroxyl radical-one of the most aggressive
pro-oxidants in biological systems. Such reaction
activity promotes the oxidation of phospholipids and
protein components of the PV membrane, in particular
cytoskeletal proteins and membrane complexes.

A significant amount of residual heme is found on the
surface of the PV, which is capable of catalyzing the
formation of active oxygen species directly in the blood
plasma.

These processes initiate the peroxidation of plasma
lipids and the modification of protein structures, leading
to a disruption of the antioxidant balance and a decrease
in the bioavailability of nitric oxide. Adecrease in nitric oxide
concentration is associated with endothelial dysfunction,
vasoconstriction, platelet activation, and increased
expression of adhesion molecules such as VCAM-1,
ICAM-1, and P-selectin, which creates conditions for the
development of an inflammatory reaction in the vascular
wall [58].

A significant amount of lipid peroxidation products,
carbonylated proteins, oxidized phospholipids, and
cytoskeletal protein fragments, including spectrin and
ankyrin, have been identified in PV. These components
are markers of chronic oxidative damage to the
erythrocyte membrane, which precedes vesiculation [59].
It is believed that the main catalysts of these reactions
are membrane-associated enzymes, in particular NADPH
oxidase and xanthine oxidase, which produce superoxide
and hydrogen peroxide [60]. After being released into the
bloodstream, PVs are able to maintain the activity of these
enzymes, supporting the generation of active oxygen
species and creating a local prooxidant microenvironment.

An additional source of oxidative activity is iron in its
reduced form, which is released during heme degradation.
In the presence of hydrogen peroxide, this iron initiates
a chain reaction of lipid peroxidation, accompanied by the
formation of toxic aldehydes such as malondialdehyde
and 4-hydroxynonenal. These compounds form covalent
bonds with plasma proteins, altering their structure
and function and reducing the antioxidant capacity
of plasma [61, 62]. As a result, plasma proteins,
in particular albumin, antioxidant system enzymes, and
complement system components, lose their functional
activity, which increases systemic oxidative stress [63].

The release of PV into the bloodstream is an event
that has a dual effect on plasma redox homeostasis.
On the one hand, PVs can be a source of pro-oxidants,
causing the generation of active forms of oxygen and
nitrogen, and on the other hand, they can act as carriers
of antioxidant defense enzymes that temporarily stabilize
the redox balance [64, 65]. Under normal conditions,
PVs contain peroxiredoxin 2, glutathione peroxidase,
catalase, and thioredoxin reductase, which ensure the
neutralization of active forms of oxygen and maintain
the homeostatic level of oxidative processes. However,
in cases of increased oxidative stress, when the activity
of erythrocyte antioxidant defense enzymes decreases,
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3HELUKOMKEHHSI aKTUBHMUX (DOPM KUCHIO Ta NiATPUMKY
roMeoCcTaTM4YHOrO PiBHA OKcMaaTMBHUX npouecis. MNpoTe
y BuMNagkax nigBULLEHOro OKCUMOATUBHOIO CTPEecy, Komu
3HWXKYETBCA aKTUBHICTb (PEPMEHTIB aHTUOKCUAAHTHOTO
3axucTy eputpouuty, y cknagi NB nepeaxalTb Okuc-
HeHi hopmu BinkiB i ninigie, Wo 3miwye 6anaHc y ik okuc-
HeHHs [66, 67, 68].

HakonunuyernHa Takmx B y nnasmi KpoBi CynpoBo-
DXKYETbCA 3MEHLUEHHAM PiBHSA BiAHOBIEHOrO FIyTaTiOHY,
nopyLueHHAM uukny pereHepadii NADPH i nigBuweHHAM
KOHUEHTpauii nepekMcHux npoaykTi. Lle npussognTb
00 BUWCHAXEHHS aHTMOKCMAAHTHOro pesepBy MNna3mu,
3HWKEHHS aKTVMBHOCTI KaTamasu Ta [nyTaTiOHNnepoKCcu-
[asn, SKi NnepexofsaTb Y HeakTVBHI hopmu Mig BNAVBOM
HagnuLIKy nepekncy BogHw. B ymoBax Takoro gucba-
naHcy BiabyBaeTbCs KackagHe YTBOPEHHS FAPOKCUbHMX
pagvkaniB i MepoKCUNbHUX pagukaniB, siki MOCWUMIOKTb
OKWCHEHHS MnasMOoBMX NinigiB i MmembpaH KNiTUH KpPOBi.
Lle, y cBow uyepry, miaBuLye KPUXKICTb €PUTPOLIMTIB,
Cnpusie remoridy Ta MNOAAnbLUOMY BUBIMbHEHHIO Temy,
dhopmytoun camonigTpMMyBanbHUI LIMKIT OKCUOATUBHOMO
NOLUKOXEHHS [61].

Y nna3mi kpoBi npookcuaaHTHi B akTMBHO B3aemo-
OiloTb 3 eHAoTenianbHUMK KIiTUHaMK1, TpoMobouuTamm
Ta nenkouMTamu, iHOYKYUM eKCNpecito Mornekyn agresii
Ta CekpeLilo npo3ananbHUX UUTOKIHIB. Byno nokasaHo,
wo B, Garati Ha meTremornobiH i depunremornobiH,
akTuBytoTb Toll-nogibHuii peuenTop 4 Ha eHAOTenianbHUX
KNiTUHaxX, WO Npu3BOAUTL OO0 MNiABULLEHHSI CYAMHHOI
NMPOHVKHOCTI, PEKPYTYBaHHS iIMYHHUX KNiTUH Ta dopmy-
BaHHSA nokanbHoro 3ananeHHs [69, 70]. Kpim Toro, mig
BMNIIMBOM Takux Be3WKyn BigbyBaeTbCA aKTMBALiA TPOM-
OouuTiB i 3pOCTaHHA KOArynsiLiitHoOro noTeHuiany nrnasmu,
LLIO cnpursie MiKpOTPOMOO03y Ta Ba30okmnto3ii. MoaibHi mexa-
Hi3MV BCTaHOBIEHI NpW CeprnonoAibHOKMITUHHIA aHemil,
Oe BMCOKa KinbkicTb eputpounTapHux [1B kopentoe
3 TSKKICTIO CYAMHHMX YCKIagHEHb i piBHEM CMCTEMHOrO
3ananeHHs [71, 72].

MopyweHHa  pepokc-romeocTasy nig — BNIVBOM
MB nposBNAeTbCA He nue akTMBaUiel 3ananbHuX
i KoarymsuinHMX KackagiB, ane W npaMumMu 3MiHaMu
MeTaboniyHoi akTMBHOCTI nnasmu. Bigomo, wo niasu-
LeHUn piBeHb rigponepokcuaie ninigis i GinkoBuMx
KapOOHINiB CNpPUYMHSAE iHAKTUBALiO hepMeHTIB eHepre-
TUYHOro OOMiHY Ta CMCTEMM 3ropTaHHs, 30Kpema rnyTa-
TiOHpeaykTa3n Ta TiOpeAOoKCUHpenyKkTasu, ski 3abesne-
YyHTb MIATPUMKY BIOHOBHOMO CTaHy KNiTUHHMX OinkiB.
Taki 3mMiHK BeayTb 0 MUBOKMX METabOoMiYHMX NOPYLLEHb,
LLIO NOrMMBMIOITbL aHEMIYHWUIA | 3ananbHUA CTaH.

Y KOHTEKCTi KNiHIYHOI MpaKTUKN KIiNbKICHIi Ta SKiCHI
XapakTepucTtukn eputpouutapHux B posrnggaiotbes
SK iHpOpMaTUBHI MapKepy CUCTEMHOrO OKCUAATVMBHOIO
HaBaHTaxeHHsi. Bucoka koHueHTpauia MB, wo mictaTtb
OKMCHEHi hopMu remornobiHy, € NPEAUKTOPOM iHTEHCKB-
HOCTi remoni3y, 3ananeHHs Ta CyaQuHHUX ycknagHeHb [73].
OpHouacHo oujiHka hepMeHTHoro npoginto MNB, 3okpema
PiBHA NEpOKCMPEdOKCUHY 2, [ryTaTioHnepoKcuaasm,
CynepokcuaaMcMyTasu Ta Katanasu, Moxe OyTv BUKOpU-
CTaHa AN BU3HAYEHHHA (PYHKLiOHANbHOI CMPOMOXHOCTI
AHTMOKCMAAHTHOI CUCTEMW OpraHiamy. 3HWKEHHSI aKTuB-
HOCTi umx dpepmeHTiB y cknagi NB € mapkepom BucHa-
YKEHHS1 epUTPOLIMTAPHOro pegokc-pesepsy [74].

Takvum 4ynHoMm, eputpoumTapHi MB BigirpatoTe ABOICTY
ponb Yy NigTpumaHHi abo MopyLUEeHHI peaoKc-roMeocTasy
nnasmm Kposi. 3a disionorivHnx ymoB BOHWM 3abe3ne-
YyHTb eniMiHaLil0 MOLIKOMKEHUX KINITMHHUX KOMMOHEHTIB

oxidized forms of proteins and lipids predominate
in the composition of PV, shifting the balance towards
oxidation [66, 67, 68].

The accumulation of such PVs in blood plasma
is accompanied by a decrease in the level of reduced
glutathione, a disruption of the NADPH regeneration cycle,
and an increase in the concentration of peroxide products.
This leads to depletion of the plasma antioxidant reserve,
a decrease in the activity of catalase and glutathione
peroxidase, which become inactive under the influence
of excess hydrogen peroxide. Under conditions of such
imbalance, there is a cascade formation of hydroxyl
radicals and peroxyl radicals, which enhance the oxidation
of plasma lipids and blood cell membranes. This, in turn,
increases the fragility of erythrocytes, promotes hemolysis
and further release of heme, forming a self-sustaining
cycle of oxidative damage [61].

In blood plasma, prooxidant ROS actively interact
with endothelial cells, platelets, and leukocytes, inducing
the expression of adhesion molecules and the secretion
of proinflammatory cytokines. It has been shown that PVs
rich in methemoglobin and ferrylhemoglobin activate Toll-
like receptor 4 on endothelial cells, leading to increased
vascular permeability, recruitment of immune cells, and the
formation of local inflammation [69, 70]. In addition, these
vesicles activate platelets and increase plasma coagulation
potential, contributing to microthrombosis and vaso-
occlusion. Similar mechanisms have been established
in sickle cell anemia, where a high number of erythrocyte
VCs correlates with the severity of vascular complications
and the level of systemic inflammation [71, 72].

Redox homeostasis disruption under the influence
of PV manifests itself not only in the activation
of inflammatory and coagulation cascades, but also
in direct changes in plasma metabolic activity. It is known
that elevated levels of lipid hydroperoxides and protein
carbonyls cause inactivation of energy metabolism and
coagulation system enzymes, in particular glutathione
reductase and thioredoxin reductase, which maintain the
reductive state of cellular proteins. Such changes lead
to profound metabolic disorders that exacerbate anemia
and inflammation.

In the context of clinical practice, the quantitative
and qualitative characteristics of erythrocyte PVs
are considered informative markers of systemic
oxidative stress. High concentrations of PVs containing
oxidized forms of hemoglobin are predictors of the
intensity of hemolysis, inflammation, and vascular
complications [73]. At the same time, assessment
of the enzyme profile of PEs, in particular the level
of peroxiredoxin 2, glutathione peroxidase, superoxide
dismutase, and catalase, can be used to determine the
functional capacity of the body's antioxidant system.
A decrease in the activity of these enzymes in the PV is
a marker of depletion of the erythrocyte redox reserve [74].

Thus, erythrocyte PVs play a dual role in maintaining
or disrupting the redox homeostasis of blood plasma.
Under physiological conditions, they ensure the elimination
of damaged cell components and can temporarily
transport antioxidant defense enzymes. However, under
conditions of pathological oxidative stress, PVs are
transformed into active mediators of oxidation capable
of initiating a cascade of inflammatory and thrombotic
reactions. Understanding the mechanisms of their
formation, composition, and biological activity is of
important pathogenetic and diagnostic significance.
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i MOXYTb TUMYacOBO NMepPeHOCUTN PEPMEHTUN aHTMOKCU-
OaHTHOro 3axucTy. [poTe 3a yMOB MaTOMOriYHOro OKCU-
patmBHoro ctpecy B nepeTBOpOOTLCS Ha aKTUBHMX
MefiaTopiB  OKMCHEHHS, 34aTHWUX iHiuitoBaTM Kackag
3ananbHUX i TPOMOOTMYHUX peakuin. Po3ymiHHS mexa-
Hi3MIB iX YyTBOPEHHS, cknaay Ta 6ionoriYyHoi akTUBHOCTI
Mae BaXIMBE MaTOreHeTUYHe i AiarHOCTUYHE 3HaYeHHS.
Mopanblwi [OCNiMKEHHA B LbOMY HanpsiMKy BigKpu-
BalOTb NEPCNEKTUBMN AN pO3pobOKM HOBUX CTpaTerin miky-
BaHHS, CMPAMOBaHNX Ha BiAHOBIEHHSA pedoKC-piBHOBArm,
30KpeMa 3a JOMOMOrOK aHTMOKCUOAHTHUX i MeMOpaHo-
NPOTEKTOPHUX 3acobiB, WO AiloTb Ha piBHi 1B [65].

6. BnAMB epUTPOLLUTAPHUX NO3AKAITUHHUX

BE3UKYA HA (PYHKLLIOHOAbHUIK CTAH

€HAOTEAIQABHUX KAITUH, arperawiiHy aKTUBHICTb

TpoM6GoUMTIB i NpoLLeC 3rOPTAHHS KPOBI

BaxnuBoto ocobnusicTio eputpountapHux MB € ixHin
NpAMWIA BNNUB Ha eHAoTenianbHi KNiTUHW, SKi BUCTUNAaTb
CYAVHHY CTiHKY i 3abe3nevyoTb 6ap’epHy, MeTaboniyHy
Ta aHTUKoarynsaHTHy yHKuii. BcrtaHoBneHo, wpo [1B,
SKi MICTATb BiNbHUIA reMOornobiH i rem, CNPUYUHSIOTH
3Ha4yHe MiABULLEHHSA NPOAYKUii aKTUBHMX (POPM KUCHIO
B eHAoTenianbHUX KNiTUHaX, WO Beae A0 akTuBaLlil OKuC-
HO-BiIHOBHUX CUrHaNbHUX LWNAXiB, BkModatoun NF-kB,
p38 MAPK Tta JNK [75]. AKTuBaLia uMx KackagiB iHOYKye
ekcnpecito monekyn agresii — ICAM-1, VCAM-1 i E-ce-
NEKTUHyY, WO crpusie aaresii nenkouuTiB OO eHOoTenito,
iHiLilOIYM 3amanbHUA Npouec y CYAUHHIA CTiHUi. Kpim
Toro, MB moxyTb mogmdikyBatu GiogocTynHicte NO,
SKAN € KIOYOBMM Ba3ogunaTaTtopoMm i perynsatopom
CYAVHHOTO TOHYCY. BinbHui remornobiH, skvin nepeHo-
cutbea y cknagi MB, 3pgatHun 3B’asyBatm NO 3 yTBO-
PEHHSIM HITpaTy, L0 MPW3BOAUTb OO Ba30KOHCTPMKLIT,
3HWXKEHHS CyAVHHOI PEaKTUBHOCTI Ta NiOBULLIEHHS PUSKKY
rinepTeHsii [76].

[ocnioXeHHss  nokasyloTb, WO  epUTpouMTapHi
MB He nuwe BNNMBaKTb Ha CYAWHHY PEaKTUBHICTb,
ane " ©GesnocepedHbO 3MiHIOKTE  MOPdOdQYHKLIO-
HanbHWI cTaH eHgoTenito. lig iXHiM BAMBOM crocTte-
piraeTbCs MOPYLUEHHA MiXKEeHAOTeNanbHNX KOHTAKTIB,
3MiHAQ MNPOHUKHOCTI CYOWHHOI CTiHKM Ta pgectabini-
3auis LMTOCKENETHNX CTPYKTYp, WO BKa3ye Ha BTpaTy
Oap’epHOi pyHKUji. Y KynbTypax eHaoTenianbHUX KIiTWH
nicnga iHkyGauii 3 B Big3Ha4eHO 3HWXKEHHsI ekcnpecii
VE-kagrepuHy Ta B-KaTeHiHy, SiKi € KI04YOBMMMU KOMIMO-
HEHTaMM LWiNbHUX MDKKNITUHHUX KOHTakTiB [77]. Kpim
TOrO, NIABULLEHHSI PIBHS BIifTbHOMO remy, LU0 BUBINbHS-
eTbes 3 [1B, iHiuitoe YTBOPEHHS FAPOKCUMbHUX pagu-
KaniB 3a MexaHi3MoM peakuii PeHTOoHa, WO nigcunoe
nokarnbHe OKMCHEeHHS ninigis i 6inkiB y membpaHax eHao-
TenianbHWX KNiTWMH. Takui npouec CynpOBOMKYETLCS
aKTMBaLiE anonTo3dy Yepes CUrHarnbHi LAXKW, 3anexHi
Bi kacnas-3 Ta kacnas-9, WO MOXe CnpuaTh PO3BUTKY
MIKpOCYOUHHOI AncdyHKUii [78].

Brnnve MNB Ha TpomMbBouMTM Mae He MeHLL Baxnvee
natodisionoriyHe 3HadveHHs. NoBepxHeBi cocdoninian,
30KkpemMa ocatnaguncepuH, a Takox MikpoPHK, Ginkosi
dakTopn i remornobiH, wo mictatbea y MNB, cnpusaTb
akTmMBauii TpombouuTiB HaBiTb 6e3 y4vacTi KnacuyHMX
aroHicTiB, TakMx sk TpombiH abo AP [79]. BcTtaHoBneHo,
wo npu koHTakTi MB 3 TpombouuTamu BiobyBaeTbCA
NiOBULLEHHS  PIBHA  BHYTPILIHBOKMITUHHOIO  KanbLiito,
36inbweHHs ekcnpecii mikonpoTeiny lb/llla Ta BuBINb-
HEHHS1 TPOMOOKCaHy Az, O CTUMYIHOE arperawio Tpom-
bouunTiB i mocuntoe TpomboyTBopeHHs [80]. MNB Takox

Further research in this area opens up prospects for
the development of new treatment strategies aimed
at restoring redox balance, in particular with the help
of antioxidant and membraneprotective agents that act
at the level of PV [65].

6. The effect of erythrocyte extracellular
vesicles on the functional state of endothelial
cells, platelet aggregation activity,
and the blood coagulation process

An important feature of erythrocyte EVs is their
direct effect on endothelial cells, which line the vascular
wall and provide barrier, metabolic, and anticoagulant
functions. It has been established that VEs containing free
hemoglobin and heme cause a significant increase in the
production of reactive oxygen species in endothelial cells,
leading to the activation of redox signaling pathways,
including NF-kB, p38 MAPK, and JNK [75]. Activation
of these cascades induces the expression of adhesion
molecules—ICAM-1, VCAM-1, and E-selectin—which
promotes leukocyte adhesion to the endothelium,
initiating an inflammatory process in the vascular wall.
In addition, PVs can modify the bioavailability of NO,
which is a key vasodilator and regulator of vascular tone.
Free hemoglobin, which is transported as part of PEs,
is capable of binding NO to form nitrate, which leads
to vasoconstriction, decreased vascular reactivity, and
an increased risk of hypertension [76].

Studies show that erythrocyte PVs not only
affect vascular reactivity but also directly alter the
morphofunctional state of the endothelium. Under their
influence, there is a disruption of interendothelial contacts,
a change in the permeability of the vascular wall, and
destabilization of cytoskeletal structures, indicating
a loss of barrier function. In endothelial cell cultures
after incubation with PV, a decrease in the expression
of VEcadherin and B-catenin, which are key components
of tight intercellular contacts, was noted [77]. In addition,
an increase in the level of free heme released from
PV initiates the formation of hydroxyl radicals via the Fenton
reaction mechanism, which enhances local oxidation
of lipids and proteins in endothelial cell membranes. This
process is accompanied by the activation of apoptosis
through signaling pathways dependent on caspase-3 and
caspase-9, which may contribute to the development
of microvascular dysfunction [78].

The effect of PV on platelets is no less important
in pathophysiological terms. Surface phospholipids,
in particular phosphatidylserine, as well as microRNAs,
protein factors, and hemoglobin contained in PV,
promote platelet activation even without the involvement
of classical agonists such as thrombin or ADP [79]. It has
been established that when PV comes into contact with
platelets, there is anincrease inintracellular calcium levels,
an increase in the expression of glycoprotein llb/Illa, and
the release of thromboxane A., which stimulates platelet
aggregation and enhances thrombus formation [80]. PVs
can also act as transport carriers of bioactive molecules,
in particular prostaglandins and lysophospholipids, which
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MOXYTb LiSATW SIK TPAHCNOPTHI HOCIi 6i0aKTMBHUX MONeKyr,
30Kpema npocTarnaHAauHiB Ta nidodocdoninigis, ki
onocepeakoBaHO MOAYMIOTb TPOMBOUMTaPHY (OyHKLtO.
Taka B3aemMogisd CTBOPIOE CMPUSTIIIBE MiKPOCEPEAOBULLE
Ans opMyBaHHS TPOMOy, 0COBnMBO y 30HaX YMNOBINbHe-
HOro KPOBOTOKY abo eHAoTenianbHOro YLIKOAXKEHHS.

Kpim aktmBauii TpombouwutiB, B 6e3nocepenHbo
BNIIMBaIOTb Ha NNa3mMoBi (hakTopu 3ropTaHHA KpoBi. [loBe-
O€EHO, WO BOHM BepyTb y4acTb Y NPUCKOPEHHI akTuBaLii
daktopa X Ta nNpoTpombiHy, hopMylouMn KaTanisatopHy
NMOBEPXHIO ANst 30MpaHHs Koarynauiitinx komnnekcis [81].
Y nna3mi KpoBi nauieHTiB i3 ceprnonopibHOKMITUHHOK
aHemieto abo HWUMKW TEMONITUYHMMUK CTaHaMu piBEHb
MB cyTTeEBO NiABULLIEHWUN, WO KOpEentoe 3i 30inblUEeHHSIM
aKTMBHOCTI TPOMBIHY, piBHS D-gumepiB Ta yKOpOYEHHAM
aKTMBOBAHOIO YacTKOBOrO TPOMOOMNMNacTUHOBOIO yacy.
Taki 3MiHM cBigYaTb MPO CUCTEMHY Tinepkoarynsuito
Ta CXWMbHICTb A0 MiKpOTPOMO03y. HasaBHICTb Benukoi
KinekocTi B y umpkynauii TakoX acouitoeTbCa 3 Nocu-
NEHNM YTBOPEHHSIM MIKPOTPOMOIB y MiKpocyauHax cere-
3iHKW, HMPOK i NEreHiB, WO € XapakTepHUm Ansa 6araTbox
reMoniTMYHMX natonorin [82].

MB uMHATL TakoX oOnocepedkoBaHW  BMMVB
Ha cuctemy ibpuHoniay. NMoka3aHo, WO BOHU MOXYTb
3B’A3yBaTy iHribiTOp akTMBaTopa nna3miHoreHy-1, 3meH-
LWYIOYN aKTUBHICTb TKaHWHHOIO akTvMBaTopa nna3wi-
HOreHy i TMM camMyvM MpurHidytoum nisuc ¢ibpuHy [83].
Lle nopaTtkoBo cnpusie ctabinisauii TpoMOy i TOOOBXEHHO
MOro pesncTEeHTHOCTI A0 Aerpagadii. MNpyn naTonoriyHmx
CTaHax, Takux $IK CeprnonofibHOKNITMHHA aHemis abo
pediunTt rmioko30-6-cbocdaraerigporeHasu, Len edekTt
HabyBae 0COOGNMBOI BMPAaXXEHOCTi, MOCUIIIOIYN PU3UK
TpomboemboniyHMX yCcKnagHeHb.

Baxnueum acnektom gii MNB € ixHa ponb y nepegadvi
MDKKITITUHHUX CUTHaniB, WO BMIMBAKOTb Ha perynsito
CYAVHHOTO TOHYCY, 3anarneHHs Ta remocrtas. Yepes nepe-
HeceHHs PHK, 6Ginkie i ninigis MNB 3paTHi 3miHOBaTH
eHOTUN  KMiTUH-MILLEHEN, 30KpemMa eHOOoTenioumTiB
i TPOMOOUUTIB, CIPUSAIOYN IXHIN akTMBaLii 200 ANCAYHKLT.
Hanpuknag, mikpoPHK, wo wmictateca y cknagi B,
MOXYTb MOAWUMIKYBaTU EKCMPEeCito TreHiB, MNOB’A3aHMX
3 npoaykuieto NO, aHrioreHe3om abo KmMiTMHHOK aare-
sieto [84]. Takui MexaHi3aM MIKKITITUHHOI KOMYHiKauji
CTBOPIOE HOBWI PiBEHb perynsuii CyAMHHOro roMeocTasy,
KV BUXOOWTb 32 MEXi KIacuYHMX ryMOpanbHWX BNVBIB.

3aranom, Hakonu4eHHs epuTpoumTapHux MNB y nnasmi
KpOBi cnifg, po3rnagatv sik MapKep i BOgHOYac akTUBHUIA
MediaTop naTonoriyHMX MNpoueciB, MOB’S3aHUX i3 nopy-
LLEHHAM pefoKCc-roMeocTasy, eHaoTenianbHoT AUCAYHKLUIT
Ta rinepkoarynsuiiHUX cTaHiB. IxHill BNAMB Ha engo-
Tenin, TpoMOOUMTU Ta CUCTEMY 3ropTaHHs € Oararo-
BEKTOPHUM i B3aemoniacuntoBanbHum: MB nigBuLLyoTh
NPOAYKLil0 aKTMBHUX HOPM KWUCHIO, MOPYLLYIOTb aHTUKO-
arynsHTHUIA NOTeHuian eHaoTenito, iIHAYKyTb akTUBaLiio
TPOMOOUMTIB Ta MPUCKOPIOKTb KOoarynsuinHUA Kackag.
Lli npouecn chopmMyoTb maTonoriyHe Koro, sike Crnpusie
PO3BUTKY MIKPOCYANHHOI ANCHYHKLIT, iLUEMIYHMX ypaXKeHb
Ta TPOMOOTNYHMX yCKNaaHeHb [85].

Y ubomy koHTekcTi B posrnsgawTbcs He nuvwe
SK BTOPWHHWIA MPOAYKT TEMONITUYHMX MpoueciB, ane
i §K nOTeHUiMHa TepaneBTMYHa MiweHb. Mopgynto-
BaHHS 1X YTBOPEHHSA, KnipeHcy abo yHKUioHanbHOT
aKTMBHOCTI MOXe BIiOKPUTM HOBIi  MOXNMBOCTI  Onis
nNpodinakTMkn  CyAMHHUX YCKNagHeHb Yy MauieHTIB
i3 MaTomnorigsMu, Lo CyNpPOBOMXYTHCA XPOHIYHUM OKCU-
JatvBHMM cTpecoM. [loganblii JOCHigKEHHS MatoTb

indirectly modulate platelet function. This interaction
creates a favorable microenvironment for thrombus
formation, especially in areas of slow blood flow
or endothelial damage.

In addition to activating platelets, VPs directly
affect plasma coagulation factors. They have been
shown to participate in the acceleration of factor X and
prothrombin activation by forming a catalytic surface for
the assembly of coagulation complexes [81].

In the blood plasma of patients with sickle cell
anemia or other hemolytic conditions, the level of VADs
is significantly increased, which correlates with
an increase in thrombin activity, D-dimer levels, and
a shortening of activated partial thromboplastin time.
These changes indicate systemic hypercoagulation and
a tendency to microthrombosis. The presence of large
amounts of PV in circulation is also associated with
increased microthrombus formation in the microvessels
of the spleen, kidneys, and lungs, which is characteristic
of many hemolytic pathologies [82].

PVs also have an indirect effect on the fibrinolysis
system. It has been shown that they can bind
to plasminogen activator inhibitor-1, reducing the activity
of tissue plasminogen activator and thereby inhibiting
fibrin lysis [83]. This further contributes to thrombus
stabilization and prolongs its resistance to degradation.
In pathological conditions such as sickle cell anemia
or glucose-6-phosphate dehydrogenase deficiency, this
effect is particularly pronounced, increasing the risk
of thromboembolic complications.

An important aspect of the action of VCs is their role
in the transmission of intercellular signals that affect the
regulation of vascular tone, inflammation, and hemostasis.
By transporting RNA, proteins, and lipids, EVs are capable
of altering the phenotype of target cells, particularly
endothelial cells and platelets, promoting their activation
or dysfunction. For example, microRNAs contained
in EVs can modify the expression of genes associated
with NO production, angiogenesis, or cell adhesion [84].
This mechanism of intercellular communication creates
a new level of vascular homeostasis regulation that goes
beyond classical humoral influences.

Ingeneral, the accumulation of erythrocyte VEs in blood
plasma should be considered as a marker and, at the
same time, an active mediator of pathological processes
associated with redox homeostasis disorders, endothelial
dysfunction, and hypercoagulable states. Their effect
on the endothelium, platelets, and the coagulation system
is multidirectional and mutually reinforcing: VPs increase
the production of active oxygen species, disrupt the
anticoagulant potential of the endothelium, induce platelet
activation, and accelerate the coagulation cascade. These
processes form a pathological circle that contributes to the
development of microvascular dysfunction, ischemic
lesions, and thrombotic complications [85].

In this context, VADs are considered not only
as a secondary product of hemolytic processes, but
also as a potential therapeutic target. Modulating their
formation, clearance, or functional activity may open
up new opportunities for the prevention of vascular
complications in patients with pathologies accompanied
by chronic oxidative stress. Further research should focus
on elucidating the mechanisms of interaction between
VADs and endothelial cells and platelets, as well as on
developing methods for controlling their plasma levels
as a biomarker of thrombotic events. Based on the
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OyTn CnpsIMOBaHi Ha 3'ACyBaHHSA MeXaHi3MmiB B3aemogil
MB 3 eHpgoTenianbHUMKU KMiTUHAMK Ta TpombouuTamu,
a TakoX Ha pO3pOoOKy METOAiB KOHTPOSHO iXHbOro PiBHSA
y nna3mi sk Giomapkepa pusvKy TPOMOOTMYHUX MNOAIN.
3 ypaxyBaHHAM HaKOMUYEHWX [OOKasiB, MOXHa CTBep-
DKyBaTu, WO eputpoumTapHi MNB € Kno4yoBMMKU enemeH-
Tamy MiDKKINITUHHOI KOMYHiKauii y cuctemi KpoBooOiry,
LLIO BM3Ha4atoTb PiBHOBAry MiX reMmoctasom i Tpombo3om,
a TaKkoX CyTTEBO BNNMBAKOTb HA MPOrpecyBaHHs CYOUHHUX
ypaxkeHb Npu pi3HMX NaTonoriyHnx ctaHax [1, 86].

7. IMYHOMOAYAIOBAAbHI BAQCTUBOCTI
€PUTPOLUTAPHUX MO3AKAITUHHUX BE3UKYA:
CTUMYASILLIA CUHTE3Y LIUTOKIHIB i B3OEMOAIA

3 MOHOLMTAMMU TA Makpocharammu

JlitepaTypHi paHi  ceigyaTb, WO epuTpOLMTapHI
MB 3pgaTHi BNnMBaTM Ha KIHOYOBI JTAHKM BPOMKEHOT
Ta afanTUBHOI iIMyHHOI BiAMNOBIAl, MPU LibOMY CNEKTP iXHiX
edekTiB BU3Ha4aeTbCcst ymoBaMu chopMyBaHHs B, ixHim
OiOXiMIYHMM CKNadoM i KNITUHHUM KOHTEKCTOM. Y AocHi-
[PKEHHSAX in Vvitro BCTAHOBMNEHO, WO AOA4ABaHHA epuUTpo-
untapHux NB 40 MOHOHYKNeapHUX KNiTMH nepndepuyHoi
kpoBi (PBMC) cynpoBOgXyeTbCA MOCUIIEHHAM CeKpeLii
npo3ananbHUX XEMOKIHIB Ta LMTOKIHIB, @ TakoX MiaBK-
LLEHHAM BWXMBaAHHSA HecTuMmyneboBaHux PBMC [1, 87,
88]. Takmm komnnekc 3MiH MOXe BigobpaxaTu akTuBaLiio
CUTHarnbHUX LUNAXIB, 3anyyYyeHuX Yy BiAMOBiAi HA 30BHILLHI
CTUMYNSITOPY, 30KpEMa LUNAXIB, aCOLiNOBaHNX 3 peLenTo-
pamu po3nidHaBaHHA natepHiB. MigBULLEHHS BKMBAHHA
PBMC 3a BigcyTHOCTI [oOOaTKOBMX CTUMYIB [03BOMSIE
npunyckatu yyactb epuTtpouutapHux MNB y mogndikauii
MeXaHi3MiB KMiTMHHOI CTIKOCTI, WO TpaguuinHO cnocTe-
piraeTbCs NpU akTMBaLii BPOOXKEHOIO iMYHITETY.

ICHYHOTb AaHi, LLIO KIMHOYOBY POSib Y 3aryCKy CUHTE3y Mpo3a-
nanbHUX LMTOKIHIB Bigirpae B3aemopgis MK €K30COMHO
dopakuiero TpoMboLMTapHUX, eHaoTenianbHMX abo eputpo-
unTapHux MNB Ta MoHouuTamMu, SiKi pearyloTb Ha 30BHILLHI
curHann Haibinbl vyTnveo [88]. MosipHo, Lie Bkniovae
nepegady MiKKNITUHHUX curHanis 4Yepe3 MembpaHHi Ginku
MB abo TpaHCMOpPTyBaHHSA BHYTPILUHLOKIITUHHUX KOMMO-
HEHTIB, 304aTHUX MOAUMIKYBaTU TPaHCKPUMLiVHI npouecu
MOHOUMTIB. 3HaYYyLLMM € TaKOX BCTAHOBMNEHWI ebekT niacu-
NeHHs pennikauii mitoreH-akTmBoBaHux CD4* i CD8* T-nim-
douuTiB, LLO peanidyeTbCs Yepes BrNMB Ha aHTUIEHNPe3eH-
TyBanbHi KMiTUHW. TakMin MexaHi3m BignoBigae KoHUenLii,
3rigHo 3 gkoto 1B MOXyTb OnocepenkoBaHO 3MiHIOBaTh
IHTEHCMBHICTb a4anTVMBHOI BIAMOBidl, perynowyn sKicTb
Ta KinbKiCTb KO-CTUMYMIOBarbHMX CUTHanMIB.

Pesynbratn, oTpumani 'y pocnimkeHHi  Piwepa
Ta CniBaBT.,, NITBEPOUNN 3A4ATHICTb E€PUTPOLMTAPHUX
MB iHaykyBaTn cMHTE3 nNpo3ananbHux mMegiatopis PBMC
i BOAHOYAC 3MiHIOBaTU PyHKUiOHANbHY aKTUBHICTb TPOM-
6ounTiB, WO NPOSABNSETLCH MOCUMEHNM YTBOPEHHSAM
KOHTaKkTiB TpOMOOUMTIB 3 HeWTpodinamy Ta MOHOUM-
Tamu nicns iHky6auii 3 MNB [88]. Taki 3MiHM MOXyTb OyTK
03HAKOK aKkTMBALii aAre3aMBHMUX MEXaHI3MiB, XapakTepHUX
Ons CUCTEMHOI 3ananbHOoi Bignosidi. Y TpaHcdyaiono-
rYHMX CUTyauisix Le Mae 0cobnuBe 3HAYEHHSsI, OCKINbKK
dopMyBaHHS  TPOMOOUMTAPHO-NEVKOLMTAPHNX — arpe-
raTiB 4acTo po3rnsgaeTbCA SK OAMH 3 paHHIX Mapkepis
PO3BUTKY NOCTTPAHCAY3iIHNX peakLin.

HapsBuyanHO BaXknMBOK € TakoX BCTaHOBMEHa
3paTHICTb epuTpoumnTapHux MNB i3 30epexeHnx oguMHULb
KPOBi 3B’A3yBaTMCA 3 MOHOLMTaMM Ta akTUByBaTW €HOO-
TenianbHi  KNiTMHM 3@ y4acT  B-iHTErpuH3anexHoro
mMexaHiamy [89]. Taka B3aemodis MOXe ChpUYMHATH

accumulated evidence, it can be argued that erythrocyte
EVs are key elements of intercellular communication
in the circulatory system, determining the balance
between hemostasis and thrombosis, and significantly
influencing the progression of vascular lesions in various
pathological conditions [1, 86].

7. Immunomodulatory properties

of erythrocyte extracellular vesicles: stimulation
of cytokine synthesis and interaction with
monocytes and macrophages

Literature data indicate that erythrocyte EVs are
capable of influencing key links in the innate and adaptive
immune response, with the spectrum of their effects
determined by the conditions of EV formation, their
biochemical composition, and cellular context. In vitro
studies have shown that the addition of erythrocyte
PVs to peripheral blood mononuclear cells (PBMCs)
is accompanied by increased secretion of proinflammatory
chemokines and cytokines, as well as increased survival
of unstimulated PBMCs [1, 87, 88]. This complex
of changes may reflect the activation of signaling pathways
involved in the response to external stimuli, in particular
pathways associated with pattern recognition receptors.
The increase in PBMC survival in the absence of additional
stimuli suggests the involvement of erythrocyte PVs
in the modification of cellular resistance mechanisms,
which is traditionally observed during the activation
of innate immunity.

There is evidence that the interaction between the
exosomal fraction of platelet, endothelial, or erythrocyte
PVs and monocytes, which are most sensitive to external
signals, plays a key role in ftriggering the synthesis
of proinflammatory cytokines [88]. This probably
involves the transmission of intercellular signals through
PV membrane proteins or the transport of intracellular
components capable of modifying the transcriptional
processes of monocytes. Also significant is the established
effect of enhancing the replication of mitogen-activated
CD4* and CD8* T lymphocytes, which is achieved through
the influence on antigen-presenting cells. This mechanism
is consistent with the concept that PVs can indirectly alter
the intensity of the adaptive response by regulating the
quality and quantity of co-stimulatory signals.

The results obtained in the study by Fisher et al.
confirmed the ability of erythrocyte PVs to induce the
synthesis of proinflammatory mediators in PBMCs and,
at the same time, to alter the functional activity of platelets,
manifested by increased formation of contacts between
platelets and neutrophils and monocytes after incubation
with PVs [88]. Such changes may be a sign of activation
of adhesive mechanisms characteristic of the systemic
inflammatory response. This is particularly important
in transfusion situations, as the formation of platelet-
leukocyte aggregates is often considered one of the early
markers of post-transfusion reactions.

The established ability of erythrocyte PVs from stored
blood units to bind to monocytes and activate endothelial
cells through a B-integrin-dependent mechanism is also
extremely important [89]. Such interaction can cause
an increase in the expression of adhesion molecules,
which, in turn, facilitates the recruitment of leukocytes to the
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nigBULLEHHS eKcnpecii mMonekyn apresii, Wo, y CBO
yepry, nornerwye pekpyTyBaHHS NENKOUUTIB A0 CyANHHOI
CTiHKK, (QOPMYHOUM YMOBW ANsi JFOKanbHOI 3ananbHoi
peakuii. Y TpaHcysiinHMX cueHapisx nodibHi mexaHiamm
4acTo MOB’A3YI0Tb i3 PO3BUTKOM 3anasibHUX YCKITagHEHb,
OCKiNbKM akTUBaLis eHOoTenito Ta MOHOUWUTIB € OfHielo
3 paHHiX Mopgin, WO nepegyrTb reHepadii npo3ananbHuX
UMUTOKIHIB i cTumynsauii HenTpodinbHO-TpoMbouMTapHOT
B3aemogii [88, 90].

MpoTnnexHi 3a HanNpsAMKOM eeKTn epUTPOLUTaPHNX
B cnocTepiranucs y 4ocnigxeHHsx, Ae Makpodaru none-
pPeaHbO nigaaeanu Aii 3umosaHy A abo ninononicaxapuay.
Y umx ymoBax dparouutoBaHi 1B gemoHcTpyBanm imyHocy-
NPECVBHY Lit0, LLO MPOSBASANOCS 3HWKEHHAM BUBINbHEHHS
dhakTopa HeKpo3y MNyXJNUHW-A i 36iNbLUEHHSM MPOAYKLii
iHTepnenkiHy-8 [91]. Takuii 3CcyB LMTOKIHOBOrO Mpodinto
MOXe BigoOpaxaTn aganTauiHUN MeXaHi3Mm, CrpsiMo-
BaHWA Ha OOMEXEeHHs HaAMIPHOI 3ananbHOI aKTUBHOCTI,
LLIO HEePIOKO CMOCTepiraeTbCs Micnsi IHTEHCMBHOI akTuBaLil
makpodaris. Lleii pbeHomeH npvBepTae yBary, OCKinbKu
CBiQUNTb MPO MOXIMUBICTb perynauii  MakpodaranbHUX
dyHKuUi Yepe3 npouec caroumTody B, Wo NoTeHuinHO
BKIIOYAE nepegady perynsatopHuMx Mikpomonekyn abo
MeMOpaHHMX MiMigHUX KOMMOHEHTIB, 34aTHUX BMMMBaTh
Ha TPaHCKPUMLiNHI Kackagu KMiTnHu-edekTopa.

IMyHOCynpecuBHi edektn epuTpoumuTapHuX
MB nigTBEepmXeHi i B eKCnepyMeHTanbHUX Mogensx
CUHreHHWX TpaHcdysin, ae dpopmysaHHs CD9-ta CD81-no-
3uTmBHNX B CcynpoBOAXYyBanocs MPUrHiYEHHSM peakuin
rinepyyTnMBOCTI  YMOBIMBHEHOrO  TUMY,  OMOCEPEAKOo-
BaHux MikpoPHK-150 [92]. 3a umx ymoB crocTtepiranocs
3HKEHHS akTuBauii T-KMiTUH Ta NiOBULLEHHST IHTEHCUB-
HOCTi anonTo3y eMEeKTOPHMUX KNiTWH, WO Y3roMKyeETbCA
3 MOZEenmo iHAYKLii nepndepnyHoi TonepaHTHOCTI. Takui
MeXaHi3M, MMOBIPHO, BKITKOYAE NPsiMe NEpPEHECEHHs pery-
nsTopHux MikpoPHK go T-knitvH abo onocepenkoBaHuin
BN/IVB Ha a@HTUIEHMPE3EeHTYBarbHi KMiTUHW, WO 3MIHIOE
XapakTep noganbLUoi iIMyHHOI BIiAMNOBIA;.

Oxkpemoi yBaru notpebytoTb eputpouuTapHi B, yTeo-
peHi BHacmnigok iHdikyBaHHA epuTpouuTiB Plasmodium.
BcraHoBneHo, wo Taki MB 3gaTtHi 3miHOBaTN DyHKLiO-
HanbHUI CTaH MEPBMHHUX Makpodarie Ta HerWTpodinis
noguHm [31]. Bnnme moxe BkntovaTy mogudikauio daro-
LUMTapHOI aKTMBHOCTI, perynsuiio eKkcrnpecii peuenTopis
po3ni3HaBaHHA NaTepHiB, a TakoX 3MiHy cekpeLii npo3sa-
nanbHUX MeAiaTopiB, LLO € KPUTUYHO 3HaYYLLMM Y naTore-
He3i ManspinHoI iHPeKL;i.

Y3aranbHiotoun, eputpoumTtapHi B OeMOHCTpyoTb
LWUMPOKMA Ta HEOOHOPIAHWMW CMEeKTp iMyHOMOZYIHo-
BanbHUX eeKTiB — BiA BMPaXeHOi npo3ananbHoi akTuB-
HOCTi [0 34aTHOCTI MPUrHiYyBaTh iMyHHy BignoBigb. Taka
BapiabenbHICTb CBIAYNTL MPO CknagHy GaratodakTopHy
npupoay ixHbOI Aii Ta NigKPecnioe BaxnuBICTb nopanb-
LLIOrO BMBYEHHS LUMX CTPYKTYp Y TpaHcdysionorii, imyHo-
norii Ta iHEKLUinHNX xBopobax, 0cobnvMBo 3 ormagy
Ha iXHi noTeHuian MoAynoBaTV PeakTUBHICTb iMyHHOI
CUCTEMM Y KMiHIYHO 3HaYyLLMX CTaHax.

[MepcnekTnBHMM HanpsiMKOM AOCHiMKEHb € nojarnblue
BMBYEHHSA B3aeMogii eputpouuTiB i ixHix B i3 aeHgpuTHuMmn
KMiTMHamMn, Makpodaramy Ta T-mimcpoumTamy, a Takox
BM3HAYEHHs1 MOTEeHLjany iXHbOro BUKOPWCTaHHS B iMyHO-
Tepanii. YpaxoBylouM 3OATHICTb E€pUTPOLMTIB BNMBaTH
Ha [03piBaHHA AeHAPUTHUX KNITUH i popmyBaHHa Th1-sig-
MoBIAj, MOZYMOBaHHSA LIMX MPOLECIB MOXeE CTaTU MiarpyHTAM
ONs1 HOBWX TepaneBTUYHUX CTpaTerin y niKyBaHHI ayToi-
MYHHWX, 3ananbHKX i NyXMMHHKUX 3aXBOptoBaHb [87].

vascular wall, creating conditions for a local inflammatory
response. In transfusion scenarios, such mechanisms are
often associated with the development of inflammatory
complications, since the activation of the endothelium
and monocytes is one of the early events preceding
the generation of pro-inflammatory cytokines and the
stimulation of neutrophil-platelet interaction [88, 90].

Opposite effects of erythrocyte PVs were observed
in studies where macrophages were pretreated with
zymosan A or lipopolysaccharide. Under these conditions,
phagocytosed PVs demonstrated an immunosuppressive
effect, manifested by a decrease in the release of tumor
necrosis factor-a and an increase in the production
of interleukin-8 [91]. Such a shift in the cytokine profile
may reflect an adaptive mechanism aimed at limiting
excessive inflammatory activity, which is often observed
after intense macrophage activation. This phenomenon
is noteworthy because it indicates the possibility
of regulating macrophage functions through the process
of phagocytosis of PV, which potentially involves the
transfer of regulatory micromolecules or membrane lipid
components capable of influencing the transcriptional
cascades of effector cells.

The immunosuppressive effects of erythrocyte
PVs have also been confirmed in experimental models
of syngeneic transfusions, where the formation of CD9-
and CD81positive PVs was accompanied by suppression
of delayed-type hypersensitivity reactions mediated
by microRNA-150 [92]. Under these conditions,
a decrease in T-cell activation and an increase in the
intensity of effector cell apoptosis were observed, which
is consistent with the model of peripheral tolerance
induction. This mechanism probably involves the direct
transfer of regulatory microRNAs to T cells or an indirect
effect on antigen-presenting cells, which alters the nature
of the subsequent immune response.

Erythrocytic PVs formed as a result of Plasmodium
infection of erythrocytes deserve special attention. It has
been established that such PVs are capable of altering
the functional state of primary human macrophages and
neutrophils [31]. The effect may include modification
of phagocytic activity, regulation of pattern recognition
receptor expression, and changes in the secretion
of proinflammatory mediators, which is critically important
in the pathogenesis of malaria infection.

In summary, erythrocyte PVs demonstrate a wide and
heterogeneous spectrum of immunomodulatory effects,
ranging from pronounced pro-inflammatory activity to the
ability to suppress the immune response. Such variability
indicates the complex multifactorial nature of their
action and emphasizes the importance of further study
of these structures in transfusion medicine, immunology,
and infectious diseases, especially given their potential
to modulate the reactivity of the immune system
in clinically significant conditions.

A promising area of research is the further study
of the interaction of erythrocytes and their PVs with
dendritic cells, macrophages, and T lymphocytes, as well
as determining their potential for use in immunotherapy.
Given the ability of erythrocytes to influence the
maturation of dendritic cells and the formation of the
Th1 response, the modulation of these processes may
become the basis for new therapeutic strategies in the
treatment of autoimmune, inflammatory, and neoplastic
diseases [87].
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8. AiarHocTM4He TA TEpPANEBTUYHE 3HAYEHHS

€PUTPOLUTAPHUX MO3AKAITUHHUX BE3UKYA

Y PO3BUTKY TA KOpPEeKLLii MaTOAON4YHUX

NpoL.eciB Pi3HOro NOXOAXEHHS

3pocTatoya  KinbKiCTb  eKCrepuMeHTanbHnx — pobit
OeMOHCTpye, Wwo NMB epuTpouMTapHOro NOXOAXEHHS € He
NpocTO MOGIYHMM MPOAYKTOM KNITMHHOrO MeTaboniamy,
a aKTMBHUMW Yy4acHVMKaMW NaTOreHETUYHMX MpPOLECiB.
BoHu 3gatHi iHiuitoBaT abo nocuntosaty Tpom603, BNu-
BaTM Ha remoctas, mogynoBatn nepebir iHDEKLiNnHMX
Ta 3ananbHuX XBopob, a Takox Bpatn y4acTb y po3BUTKY
3rogKkiCHMX HosoyTBopeHb [20, 93, 94]. Y nauieHTiB
i3 ceprnonogibHOKNITUHHOK — aHeMmielo,  TpombBo3oMm,
CcepLueBO-CyaNHHMMM naTonoriaMmn Ta AediunToM rnoKo-
30-6-chocataerigporeHasn Big3Ha4YaeTbCA NiABULLEHHS
piBHSA epuTpoumnTapHux MB y nna3mi KpoBi, Wo Kopentoe
3 TSKKICTIO KIiHIYHOro nepebiry 3axBoptoBaHb [94, 95].

Lli cnoctepexeHHsa cTanu NiArpyHTAM AnS po3rnsay
MB Ak nepcnekTVBHWMX AiarHOCTUYHUX | MPOrHOC-
TUYHUX GiomapkepiB. BMICT i KOHUeHTpauinHi npodini
TakMX Be3VKyn MOXYTb Bigobpaxatn cTaH epuTpo-
UMTIB i CMCTEMHY BIAMOBiAb OPraHiaMy Ha NaTonoriyHi
ctumynu [93, 94]. lixwiit GioxiMiuHWit cknag BKovae
docdoninian, docdaTmauncepuH, Ginkn  LUTOCKE-
neta, remorno6iH, a Takox pparmeHTn PHK i mikpoPHK,
WO [03BOMNSE 1M BWKOHYBATWU CUTHambHi  yHKUIT
B KNITMHHNX Mepexax.

OpHieto 3 ocobnusocTten eputpoumnTapHux lMNMB € ixHA
BMCOKa CTabinbHiCTb i GiocymicHICTb. 3aBasikv BiACyT-
HOCTi 94pa 1 iIMyHOreHHUX OinkiB NOBepXxHi, BOHN MatoTb
HU3bKUWA PU3UK BUKNUKATK iMYHHY BignoBigp, WO pobuTb
X npuaaTHUMK ANst BAKOPUCTaHHS K NPUPOLHI HAHOTPaH-
cnopTepu TepaneBTu4HMX areHTiB [54]. Ui Bnactu-
BOCTi 3yMOBMWIN 3pOCTaloYMI iHTEpeC A0 BUKOPUCTaHHA
epuTtpoumnTapHux MNB sk nnatdopm AN po3pobkM cuctem
LinecnpsAMoBaHoOi JOCTaBKU MiKapCbKUX PEYOBUWH, HyKne-
THOBMX KUCNOT i perynatopHux Monekyn. [ocnimkeHHs
nokasanw, WO Taki BE3VKynu MOXyTb e(EeKTUBHO nepe-
HocuTw many iHTepdepytody PHK (siRNA) abo imyHomo-
pynioBanbHi PHK, 3abesnevytoun ctabinbHicTb | TpyBane
nepebyBaHHA B KpoBoOOLiry [54, 96, 97].

Kpim Toro, 3aBasku 34aTHOCTI MPOHMKATU Kpi3b rema-
ToeHuedaniyHni G6ap’ep i 36epiraTy CTPYKTYPHY Linic-
HiCTb y nnasmi, eputpouuTtapHi 1B posrnagatoTbea
SK MepCcrneKkTMBHI HOCIT AN nikyBaHHA HenpoaereHepa-
TUBHMX | OHKOMOTYHMX 3aXBOPIOBaHb. IXHiil NpUPOAHUI
cknag docdoninigis i membpaHHux 6inkiB [03BONSAE
B3aEMOAIAT 3 peuenTopamn KniTUH-MilleHew, 3abe3ne-
Yyko4M BUCOKMI CTYMiHb CNeundiYHOCTi JOCTaBKM.

Monpn Ui nepeBaru, npakTU4HEe 3acCTOCyBaHHA
eputpoumTapHux MNB cTUMKaeTbCs 3 HU3KOK TPYOHOLLIB.
[lo HMX HanexaTb CTaH4apTM3aUis MeToAiB iX BUOINEHHS,
OYMLLEHHS Ta KiNbKICHOI OUIHKM, a TaKoX BUBYEHHS
BNNMBY yMOB 36epiraHHs Ha ixHin GionoriyHmn npodine.
CknagHiCTb nonsrae TakoX y reteporeHHoOCTi nonynsuin
MB: HaBiTb y MeXax OAHOro 3paska BOHW MOXYTb Pi3HW-
TUCS 3@ PO3MIpOM, LWINbHICTIO i cknagom, wo notpebye
BAOCKOHANEeHHs aHaniTMyHux nigxoais [54, 96, 97].

MMigcymoBytouM, MOXHa KOHCTaTyBaTu, LIO epuTpo-
uuTtapHi MNB € He nuwe Mapkepammn KNiITMHHOrO CTapiHHA
Y/ MOLUKOOXKEHHS, ane W akTMBHUMW perynaropamu
MDKKNITUHHUX B3aemogiin. Ix yyacTb y KoHTponi 3ana-
NEHHs,, TPOMOOYTBOPEHHS Ta KMiTUHHOI curHanisauii
BiOKPMBAE LUMPOKI NEpCnekTVBM ANS  BUKOPUCTaHHA
B KMiHiYHiM npakTuui. NoganbLui 4ocniaXeHHsA MatoTb byTn

8. Diagnostic and therapeutic significance
of erythrocyte extracellular vesicles in the
development and correction of pathological
processes of various origins

A growing number of experimental studies show that
erythrocyte-derived PVs are not simply a by-product
of cellular metabolism, but active participants
in pathogenetic processes. They are capable of initiating
or exacerbating thrombosis, affecting hemostasis,
modulating the course of infectious and inflammatory
diseases, and participating in the development
of malignant neoplasms [20, 93, 94]. In patients with sickle
cell anemia, thrombosis, cardiovascular pathologies, and
glucose-6-phosphate dehydrogenase deficiency, there
is an increase in the level of erythrocyte VEs in blood
plasma, which correlates with the severity of the clinical
course of diseases [94, 95].

These observations have led to the consideration
of PVs as promising diagnostic and prognostic biomarkers.
The content and concentration profiles of such vesicles
may reflect the state of red blood cells and the body's
systemic response to pathological stimuli [93, 94].
Their biochemical composition includes phospholipids,
phosphatidylserine, cytoskeletal proteins, hemoglobin,
as well as RNA and microRNA fragments, which allows
them to perform signaling functions in cellular networks.

One of the features of erythrocyte VEs is their
high stability and biocompatibility. Due to the absence
of a nucleus and immunogenic surface proteins, they
have a low risk of causing an immune response, which
makes them suitable for use as natural nanotransporters
of therapeutic agents [54]. These properties have
led to growing interest in the use of erythrocyte VEs
as platforms for the development of targeted delivery
systems for drugs, nucleic acids, and regulatory
molecules. Studies have shown that such vesicles
can effectively transport small interfering RNA (siRNA)
or immunomodulatory RNA, ensuring stability and
prolonged residence in the bloodstream [54, 96, 97].

In addition, due to their ability to penetrate the blood-
brain barrier and maintain structural integrity in plasma,
erythrocyte PVs are considered promising carriers for
the treatment of neurodegenerative and oncological
diseases. Their natural composition of phospholipids and
membrane proteins allows them to interact with target cell
receptors, ensuring a high degree of delivery specificity.

Despite these advantages, the practical application
of erythrocyte PVs faces a number of difficulties. These
include standardizing methods for their isolation,
purification, and quantitative assessment, as well
asstudyingthe effectofstorage conditionsontheirbiological
profile. The complexity also lies in the heterogeneity of PV
populations: even within a single sample, they can vary
in size, density, and composition, which requires the
improvement of analytical approaches [54, 96, 97].

In summary, it can be stated that erythrocyte PVs
are not only markers of cellular aging or damage, but
also active regulators of intercellular interactions. Their
involvement in the control of inflammation, thrombosis,
and cellular signaling opens up broad prospects for their
use in clinical practice. Further research should be aimed
at developing effective methods of their bioengineering,
as well as creating therapeutic strategies based on the
use of these natural nanostructures as biocompatible
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CrpsIMOBaHi Ha pPo3pobKy edeKTUBHUX MeTOoAIB iX GioiH-
XKeHepii, a TakoX Ha CTBOPEHHH TepaneBTUYHMX CTpa-
Terin, Wwo 6a3ylTbCa Ha BUMKOPUCTAHHI LMX MPUPOLHUX
HAHOCTPYKTYP SIK BIOCYMICHMX CMCTEM OOCTaBKM AN1S NiKy-
BaHHSA pi3HMX naTonoriyHux ctawis [20, 96, 97, 98].

BUCHOBKHU

EputpouunTapHi no3akniTMHHI BE3WKynu CTaHOBMATb
KITIOYOBUIA  €NEMEHT  KNMITUHHO-NNa3MoBOI  B3aeMofii,
30aTHUN aKTMBHO BNNMBATW Ha (PYHKUIOHANbHWUA CTaH
eHpoTenianbHNX KNiTMH, TPOMOOUWTIB | KOMMOHEHTIB
KoarynsiyinHoi cuctemn. BoHn GepyTb yyactb y dopmy-
BaHHi 3ananbHOi peakuii, akTusauii TpoMOOYTBOPEHHS
Ta PO3BUTKY MIKPOCYAUHHOI AncdyHKUii. TxHa npucyT-
HICTb Y UMpPKynsAUii Binobpaxae iHTEHCMBHICTb KNITUHHOTO
cTpecy Ta Moxe OyTW NpeauKTOpOM CYAMHHMX ycKnag-
HEeHb MpPK Pi3HNX NATOMOrYHNX CTaHaXx.

KinbkicTb i MOnNeKkynsipHui cknag epuTpoLUTapHuX
NO3aKNiTUHHUX BE3WKYN CYTTEBO 3MIHIOIOTLCS MPWU OKCU-
OaTMBHOMY CTpecCi, FiNOKCii, reMOniTUYHMUX aHeMmisx
Ta 3ananbHUX 3axBoproBaHHAX. BuseneHo, wo nigsu-
LWEeHHA PIiBHA UMX CTPYKTYp Y MnasMi KpoBi Kopentoe
3 aKTuBauieto eHgoTenito, MiABULLEHHSM TPOMOIHYTBO-
PEHHSI Ta 3HWKEHHAM (PiIOPUHONITUYHOT akTUBHOCTI. Taki
3MiHN MOXYTb BUKOPUCTOBYBATUCA AK MOTEHLiMHI AiarHoC-
TWUYHI 1 NPOrHOCTUYHI GioMapkepn CUCTEMHOI rinepkoary-
nauii Ta eHgoTenianbHOT ANCKYHKLT.

3aBasikv CBOIM MpupogHin  GiocymicHocTi, TpuBanin
LUMPKYNALii, HU3bKiA iIMyHOreHHOCTI Ta 34aTHOCTI NepeHo-
CUTK BIONOriYHO aKTUBHI MOMNEKYNnW, epuTpoUMTapHi nosa-
KNITUHHI BE3UKYNN pO3MMsAaloTbCsl SK iHHOBaUiiHa Tepa-
neBTUYHa nnatdopma. BoHn MoXyTb BUKOPMCTOBYBaTUCA
SIK BEKTOpW AN UinecnpsiMoBaHOi OOCTaBKM MiKapCbKMX
3aco6iB, HYKNEIHOBMX KUCMOT i BINkiB y TKaHWUHW-MiLLEHI,
BiIKpUBAIO4M HOBI NEPCMNEKTVBM Y MiKyBaHHI TPOMOOTUYHUX,
3anarnbHUX, cepLeBO-CYOUHHUX | OHKOMNOTiYHUX NaTOmMOTiN.
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CONCLUSIONS

Erythrocyte extracellular vesicles are a key element
of cell-plasma interaction, capable of actively influencing
the functional state of endothelial cells, platelets, and
components of the coagulation system. They are
involved in the formation of inflammatory reactions,
activation of thrombus formation, and the development
of  microvascular  dysfunction. Their  presence
in circulation reflects the intensity of cellular stress and
may be a predictor of vascular complications in various
pathological conditions.

The number and molecular composition of erythrocyte
extracellular vesicles change significantly during oxidative
stress, hypoxia, hemolytic anemia, and inflammatory
diseases. It has been found that an increase in the
level of these structures in blood plasma correlates with
endothelial activation, increased thrombin formation, and
decreased fibrinolytic activity. Such changes can be used
as potential diagnostic and prognostic biomarkers
of systemic hypercoagulation and endothelial dysfunction.

Due to their natural biocompatibility, long circulation,
low immunogenicity, and ability to carry biologically
active molecules, erythrocyte extracellular vesicles are
considered an innovative therapeutic platform. They can
be used as vectors for the targeted delivery of drugs, nucleic
acids, and proteins to target tissues, opening up new
prospects in the treatment of thrombotic, inflammatory,
cardiovascular, and oncological pathologies.
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Limitations of the study

In the current review, we have analysed clinical and laboratory
data on the RBC microvesiculation and the role of released
vesicles in immune, cardiovascular, and circulatory conditions.
Vesiculation peculiarities of other blood cells were also
considered. Molecular mechanisms of microvesicle budding
and shedding from RBC were analysed, and lipid and protein
content of daughter particles compared to the parent cell
were characterized as well. We have not specifically focused
on the particular methodologies of artificial induction of RBC
microvesiculation, and also just envisaged perspectives
of therapeutic use of formed RBC-MVs as drug delivery vehicles
and therapeutic targets. Microvesiculation of RBC during long-
term storage was analysed to draw attention to the whole new
field of such studies, which are of particular practical importance
for biobanking and blood storage practice, and were already
reviewed in detail in several recent publications.

Prospects for further research

Our further research in this field will be focused on elucidating
mechanisms and elaborating technologies for inducing RBC-MV
release and loading MVs with active pharmaceutical ingredients
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aKTMBHUMK (hapMaLEeBTUYHUMK iHrpeaieHTamy Anst BUKOPUCTaHHS!
OTPUMaHMX HaHOPO3MIPHUX BE3UKYN SK MEPCrEKTVBHUX CUCTEM
[OCTaBKM MikiB. TakoX MU NNaHyeMO MEpEernsHyT! HasiBHI MiaXoau
[0 BuAineHHs epuTpountapHux 1B 3 npenapartiB eputpomMacut
Ta LinbHOI KPOBI Mpu TpuBarioMy 36epiraHHi KpoBi Anst NMOKPaLLEHHs!
SIKOCTi Ta NOJOBXEHHS TPMBANOCTi 30epiraHHA KOMMOHEHTIB KPOBI.

KoHdAIKT iHTepecis

Bci aBTopu nopganv OO pepakuii 3anoBHeHy €auHy dopmy
PO3KPUTTSI KOHNIKTY iHTepeciB MixkHapogHOro KoMiTeTy peaak-
TopiB mMeaudHux xypHaniB «ICMJE» (International Committee
of Medical Journal Editors). ABTOpu pykonucy CBiAOMO 3acBia-
YyloTb BIACYTHICTb (hakTUYHOro abo MOTEHLIMHOTrO KOHMIKTY
iHTepeciB WoAo pe3ynbTaTiB Uiei poboTn 3 dhapmMaLeBTUHHUMU
KOMMNaHisiM1, BMPOGHMKaMU GiomMeanyYHUX MNPUCTPOIB, HLWIMMU
opraHisauisgMmu, 4ui NpoaykTwu, mocnyru, ciHaHcoBa nNigTpUMKa
MOXYTb OyTW MOB’si3aHi 3 NpegMeToM HagaHux Matepianis abo
SIKi CIOHCOpYBanv NpoBeAeHi AOCHiAXEHHS.

AOTPUMOHHSA €TUMHUX HOPM

ABTOPY pyKOMUCy CBiJOMO 3acBiA4yHoTh, LLO MiAFOTOBKA PYKOMUCY
3pificHIOBanack BUKIIOYHO Ha OCHOBI BigKpUTO onybnikoBaHMX
HayKoBuX mxepen. Y poboTi He BUKOPUCTOBYBANWCb MEPCOHi-
ikoBaHi AaHi nauieHTiB, pe3ynbsTaTi NEPBUHHUX KNiHIYHKMX abo
OOKNIHIYHMX AoCHiAXEHb. Y 3B'A3KY 3 LM OTPUMaHHS CXBaneHHs
KOMICIii 3 NUTaHb GioeTukn He BMMaranoch. [ocniaKeHHs BUKO-
HaHe 3 JOTPUMAHHAM MPUHLIMMIB HaNEeXHOI HayKoBOI MPaKTUKK
Ta BiQNOBIAHO A0 MiKHApPOOHWX €TUYHMX CTaH4apTiB, 30Kpema
pekomeHpauin  KomiteTy 3 nybnikaudiiHoi etukn «COPE»
(Committee on Publication Ethics).

BUKOPUCTAHHS LUTYYHOrO iIHTEAEKTY

ABTOpY pyKOnuCy CBIAOMO 3acBiAuytoTb, LUO Yy Mpoueci npoBe-
[eHHS JOCNiMKEHHS Ta NiAroTOBKM LibOro PyKOMmncy He BUKOPUCTO-
BYBasM XXOAHUX iIHCTPYMEHTIB abo cepBiciB reHepaTUBHOIO LUTYY-
HOTO iHTENEKTY AN BUKOHaHHS OyAb-AKuX 3aBAaHb, NepeniveHnx
y TakcoHowmii generyBaHHs 3aBAaHb reHepaTVBHOMY LUTY4YHOMY
iHTenekty «GAIDeT» (Generative Artificial Intelligence Delegation
Taxonomy, 2025 p.). Yci etanu pobotn — Big koHuenTyanisawii
[0 iHanbHOro pefaryBaHHA — BUKOHaHI 6e3 3anyyeHHsi reHepa-
TUBHOTO LUTYYHOIO iHTENEKTY, BUKIMIOYHO aBTOPaMMu.

MepBuHHI AaHi Ta MaTepiaAn

ABTOpPM pyKOMUCY CBIAOMO 3aCBiAYYIOTb, L0 NEPBUHHA MeANYHa
OoKyMeHTaUist (icTopii XxBopobu, aMBynaTopHi kapTku, MPOTOKONM
obcTexeHb, pesynbraTi NabopaTopHMX Ta iHCTPYMEHTanbHUX
OOCHifKeHb KOHKPETHUX NaLieHTIB) Ta CcTaTUCTUYHI 6a3n aaHux
y poboTi He BMKOPUCTOBYBanuUcs. YCi TBEPMKEHHS Ta y3aranb-
HEHHS MNigKpinneHi NocunaHHAMK Ha nepluopxepena, AOCTYMHi
y BigkputoMmy AocTyni abo yepes HaykoBi 6ibnioTeuHi pecypcu.
[opatkoBi MaTepianu, Lo CTocyTbCst MpoLecy Binbopy axepen
4n geTanisauii metogonorii aHanisy, MoxyTb B6yTu HagaHi aBTo-
POM-KOPECMNOHAEHTOM 3@ OBrpPyHTOBaHUM 3amnMTOM.

IHdbopmaluis Nnpo doiHaOHCYBAHHS

CratTa € (parMeHTOM NMaHOBMX HayKOBO-AOCMIAHMX POBIT
Kadeapu MOMeKynsapHoi Ta meauyHoi Giodisvkn dakynesteTy
pagiodianky, GiomeguyHoi  enekTPoHikM Ta KOMM'HOTEePHMX
cuctem «®DisMyHMN AusariH HaHonnatdopMm AN KepyBaHHS
6i0aKTUBHICTIO @HTUMIKPOOHUX NenTuaiB», TEPMiH BUKOHAHHS:
2026-2028 pp., kepiBHUK — 3aBigyBad kadenpu MonekynsipHoi
Ta MeauyHoi Giodpisukn, dpakyneteTy pagiodisukn, GiomeamyHoi
€NeKTPOHIKM Ta KOMIMIOTEPHUX CUCTEM, OOKTOP (hisuko-matema-
TUYHUX Hayk, npodpecop Bepect B.IN. Ta kadenpun iHMEKLiINHMX
XBOpOO Ta KfiHi4YHOI iMyHonorii XapKiBCbKOro HaLlioHanbHOro

to be used as prospective drug delivery systems. Also, we plan
to revise available approaches of RBCEVs separation under the
long-term storage of blood to enhance the quality and duration
of stored blood components.
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