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NepiAnyn

Ta epuBpokUTTaPA CUVIOTOUV TO CUXVOTEPQ HETOYYLWOUEVO TapAywyo aipatog. Qotdco, Katd TV anobrkeuon
TOUG o€ oUVONKeC Tpamelag alpatog udIloTaVTAL UL OELPA XPOVO-EEAPTWLEVWV KL N, OVTLOTPEMTWY KoL LOVLLWY
duaolohoykwy, Sopkwy kot Bloxnuikwv aAloaywv, ol omoieg amodidovtal pe tov 6po «Amobnkeutik PAARN
epuBpokuttapou». Ot BAGBeg katd TV amobrnkeuon ex vivo pmopolv va dlakplBolv os: a) BloxnUikEG aAAOYEC
(uelwon ATP, embektikOTNTA Ot OLEOWTIKO OTPeC K.a.), PB) Mnxovikég aMayég (kavotnta €AOOTIKNG
mapapopdwong, aAlayrn oxnUAatog K.o.) Kot y) MeuPpavikég alayeg (s€wtepikeuon SEIKTWV ATOUAKPUVONG,
oANayEC OTO TPWTEWHA TNG LEUBPAVNG K.a.). Ta tedeuTaia xpovia €xeL mapatnpnOel pla tepdotia petafAntotnta
OTNV OIMOBNKEUTIKN LKAVOTNTO KOl TNV UETO-UETAYYLOLOKN) OVAKTNON, UETA ThV amobnkeuon aipatog amod
Sladopetikoug 60teC. Mo dyvwotoug AOyoug Ta €puBpoKUTTOPA CUYKEKPLUEVWY SOTWYV, KATNYOPLOTIOLNUEVWY
Baoel yevetikd KoBOOPLOPEVWY XAPOKTNPLOTIKWY (T.X. $UA0) i mepBalloviikwy mapayovtwy (m.X. KATVIoUQ),
gudavifouv amokAivouoca amoBnkeutikr kavotnta. Mpdypatt, TAEOV TIOAEC PUOLOAOYLKEC LOLOTNTEC TWV
omoBnKeUPEVWY gpUBPOKUTTAPWY UItopoUV va BewpnBolv «KANPOVOUNGLUOL XOPOKTNPEG» N EAPTWHUEVOL AT
EYYEVNA XOPOKTNPLOTLKA TOU aLoSOTH. AVAUECH OE QUTEG CUYKOTOAEYOVTAL: N EVTOG TOU 0.0KOU aLlpoAuon, n 24wpn
oavaktnon in vivo, ta enineda ATP, n anodoTikotnta petadopds ofuyovou, N cUCCWPELCN SEIKTWV 0EELBWTLKOU

OTPEG K.QL.

Ztnv mapovoa Alatplpn peAetiOnkav atpodoteg pe stepoluywrtia otn B-pecoyelakn avatpio (BMA), éva cuxvo
VEVETIKO XOPOAKTNPLOTIKO OTn Xwpa pag. Elval yvwotd nwg ot etepoluyol yia BMA mou gpdavilouv evbokuttapla
alpoodatlpivn avw twv oplwv NG awodooiag, Sev amokAeiovral and avtiv. MapdAAnAa, ta epuBpokUTTIAPd TOUG
napouctdlouv kamoleg Sladopég oe oUYKPLON HE TOV PECO alLodOTn, 600V adopd yla MAPASELYHA KAAOLKEG
OULLOTOAOYLKEG TIAPAETPOUG, TO 0feldoavaywylko LoolUyLo Kal tTnv LovtoavtaAAayr). Qotdco, oUTE TO MPOTUTIO TNG
oamoBnkeutikng BAABNG, oUTE N avakTnon Kol GAAQ XAPAKTNPLOTIKA TNG HUETO-UETAYYLIOLOKAG KATAOTOONG TWV
omoBNKEVPEVWY EpUBPOKUTTAPWY ELVaL YWWOTA yLol AUTOUG TOUG alpodotes. Me BAon Ta Mopamavw, oKOTog TG
napoloag AlatpLBrg ATAV O EKTEVIG KOL EUMEPLOTOTWHEVOG EAEYXOG TOU QLATOC, KOl KUPLWE TwV EpUBpoKUTTAPWY
etepOluywv yia BMA alpodotwy, otoug TPELS Kpikoug tne alucidag tng HeTtayylong: in vivo mpLy tnv anobrkeuon,
OTO TAPAYWYO KATA TNV amoBOAKEUCN CUUTIUKVWHEVWY €pUBPOKUTTAPWY Kal in vitro/in vivo HeTA TN HETAYYLON UE
™ xpnon in vitro/Twikwv povtédwv. 2to dpEoko aipa Kot Ta anodnkeupéva epuBpokUTTOPA CLHOSOTWY HE N XWPIg
otiyua PBMA peletBnkav mopdpetpol duclohoyiag (atpoluon, ofeldoavaywylkd ooluylo, popdoAoyia,
npwrtedotaon), Kabwe Kal HETABOAWMIKY OvAAUGCN Twv gpuBpoKuTTApwv. EmumAéov, Katd tnv amobrikeuon
TIPOYLOTOTIOONKE TPWTEWHUIK QVAAUCN TwV €PUOPOKUTTOPLKWYV HEUBPAVWY KoL TWV KUOoTWSiwv Tou
cUCOWPELOVTAL OTN HoVASA PETAYYLONG. Mo TO in vitro LOVTEAO UETAYYLONG, amoBnkeupéva epuBpokUTTapa TWV
600 KATNYOPLWV ALLOSOTWY EMWACTNKAV O TAACUA ard Tbavolg Sékteg (opoluyoug yia BPMA 1 vyteig) yua 24
wpeg oe Bepuokpacia cwpatog, mMpotou avaluBouv Slddopeg MapdpeTpol TNG ducloloyiag Tous. TEAOG, oto

{WKO HOVTEAO petayylong, epubpoklttapa Tepldpeplkol aipatog Kol omd Hovadeg Hetayylong twv dvo



KOTNyoplwv algodotwv onuavenkav pe ¢Oopilouoeg XPWOTIKEG Kol Xopnynbnkav Oe QVOOOETMOPKELG Kal

OVOOOQVETOPKELC LUEC YL VO UTIOAOYLOTEL CUYKPLTIKA N 24wpn OVAKTNGCT) TOUG.

JUudwva PE TA ATOTEAECUOTO, Ol OLHOSOTEG e eTepoluywTio o€ peTaAAayEG TNG BMA amoteAoUv pn apeAntéo
TTOC0O0TO TOU ALoS0TIKOU TMANBUGHOU TNE XWPAS HAG KoL T EpUBPOKUTTAPA TOUG AVTLUETWTTI{OUV EVTUNIWOLAKA TO
amoBnKeuTikd oTpeg, KaBwg BpéBnkav avOektikd oe AUon avefoaptNTwe epediopartog kal S1EBetav BeATwEvo
ofelboavaywylkd Loollylo o cUYKpLON UE ekelva Tou pPEaou alpodotn. MaAlota, n avtiotoon o KuTTapikr Avon
davnke va eival appnkta ouvdedepévn pe tnv WBLlaltepn YEWUETPIA TWV KUTTAPWY TWV E€TEPOlUYWV KAl TN
otaBepdTNTa SOUIKWY TIPWTEIVWV KOTA TNV TPoodo Tou Ypovou amobrikeuong. EmumAéov, t0 oUVOAO TwV
anoteAeopdatwy, eite adopolv otn ¢uololoyia Kol To PETAPBOALOUO £ite OTNV MPWTEIVIKA cUOTAON KAl TNV
MPWTEOOTACN, OXNUOTIIEL TNV ELKOVOL €VOG KUTTAPOU KOAQ TIPOCOPUOCHEVOU Ot otabepd TANV Ao enineda
0€eldWTIKOU OTPEG, ETOLUOU VO QVILUETWTIOEL TEPALTEPW OEEOWTIKEG TIPOKANOELG. MNa mapadelypa, Ta emnineda
TWV AVTLOEELBWTIKWY KOl TIPWTEOOTATIKWY eVIUUWV BpEOnKav TAEOVEKTIKOTEPO OTA KUTTOPO TWV £TEPOlUYWY, T
omola mapaMnAa Epepav HELWUEVEG OEEOWTIKEG BAABEC Kol XOUNAOTEPO OEELOWTIKO ¢dopTio, Kupiwg MPog To
TENOG TNC amoBnkeuTikng meplddou. Me Sedopévo to Baolkd pOAo TOU OEELOWTIKOU OTPEC OTNV TPO0SOo TNG
amoBnkeutikng BAABNG, daivetal mwe ta epuBpokuTTpOpa Ue otiyua BMA pmopouv, xapn otnv «ekmaibsuon»

Touc o€ eAadpwG auENUEVO 0EELOWTIKO dOopTio, va TNV AVILLETWII{OUV TTAEOVEKTLIKOTEPOQL.

H «umepoxn» oe enimedo amoBrKkeuong, TOU aVIIKATOMTPI(eTOL £viova oTa Helwpéva emineda aluoluvong
(LOVaSLKO TOLOTIKO XOPOKTNPLOTIKO TNG amoBrkeuong aipatog cupudwva pe tov MNaykoouto Opyaviouo Yyeiag),
ouvoSeuoTaVY Kol armd BEATLWHEVO TIPOTUTIO OMOKPLONG OE UETA-UETAYYLOLOKO OTPEC. Ta amoteAéopota amo Ta in
vitro kot {wika povtéAa PeTAyyLong cuykAivouv kat (o) avadeikviouv Tn SLatrpnon MAEOVEKTIKOTEPNG KUTTAPLKNG
duaolohoyiag LeTA TN PeTAyylon, Kot (B) umoatvicoovtal avénuévn 24wpn in vivo avaktnon Twv HETAYYLOUEVWV
€pUBPOKUTTAPWY (MOVASIKA HETO-UETAYYLOLOKN HETPNON EMITUXOUC UETAYYONG oUpdwva pe tov MaykOouLlo
Opyaviopo Yyeiag) otnv mepimtwon twv €tepoluywv yio BMA. MEOw OTOTLOTIKAG OVAAUCNG ylo €UpPEODN
ocuoxetioewv avadeixBnkav xapakTnpLloTKA Onwe oL xapunAol deikteg euBpauototntag, To HEyeB0C TwV KUTTAPWY
KOBWG KaL n oxupn €€WKUTTAPLA AVTLOEELOWTIKN LKAVOTNTA TWV Hovadwy eTepoluywv GopEwv va oxeTilovTtal Ue
XOUNAN META-UETAYYLOLOKN dloAuon kal erupiwon twv gpubpokuTtdpwy Toug otnv KukAodopla tou SEKTN.
@aivetat AoUTdV WG OPLOMEVES TIAPAETPOL TTOU SLakpivouv Toug eTepOlUyoUC in vivo f/Kal KaTtd tnv anobrikeuon

Sev eival oUBETEPEC WC TIPOC TN HETA-UETAYYLOLAKT GUGCLOAOYLA/ETTAPKELD TWV EPUOPOKUTIAPWV TOUC.



Abstract

Erythrocytes are the most frequently transfused blood product. However, during their storage in blood bank
conditions, a series of time dependent or independent, reversible, or irreversible, physiological, structural and
biochemical changes occur, which are attributed to the term "Erythrocyte Storage Lesion". Defects during ex vivo
storage can be distinguished into: a) Biochemical changes (ATP depletion, susceptibility to oxidative stress, etc.), b)
Mechanical defects (deformability, morphology changes, etc.) and c) Membrane lesions (externalization of removal
markers, changes in the membrane proteome, etc.). In the last years, a huge variability in storage capacity and
post-transfusion recovery has been observed after storing blood from different donors. For unknown reasons the
erythrocytes of distinct donors, categorized by genetically determined characteristics (e.g., sex) or environmental
factors (e.g., smoking), show divergent storage capacity. Indeed, many physiological properties of stored
erythrocytes can now be considered "heritable characters" or dependent on intrinsic characteristics of the blood
donor. Among them are in-bag hemolysis, 24-hour in vivo recovery, ATP levels, oxygen transport efficiency,

accumulation of oxidative stress markers, etc.

In the current thesis, the distinct blood donor group that was studied were eligible donors with heterozygosity for
beta-thalassemia (bThal), a frequent genetic trait in our country. It is known that bThal heterozygotes who show
intracellular hemoglobin above the threshold for blood donation are considered eligible. At the same time, their
red blood cells (RBCs) differ compared to the average blood donor in classic hematological parameters, redox
balance, and ion exchange, among other. However, neither the storability profile nor recovery and other
characteristics of the post-transfusion state are known for stored erythrocytes from these blood donors. Based on
the above, the aim of this thesis was the extensive and thorough examination of blood, and mainly of RBCs, from
heterozygous bThal blood donors, in the three links of the transfusion chain: in vivo (namely, before storage), in
the blood unit during the storage period, and post-storage or after transfusion by using in vitro or in vivo (animal)
models of transfusion, respectively. Physiological parameters (hemolysis, redox balance, morphology, proteostasis)
as well as metabolomic analysis of RBCs were performed in fresh blood and stored erythrocytes of blood donors
with or without bThal trait. In addition, proteomic analysis of erythrocyte membranes and extracellular vesicles
(which accumulate in the supernatant of the transfusion unit) was performed during storage. For the in vitro
transfusion model, stored RBCs of the two cohorts of blood donors were incubated in plasma from potential
recipients (with bThal major or healthy) for 24 h at body temperature, prior the analyses. Finally, in the animal
model, erythrocytes from peripheral blood and from the blood units of the two categories were labeled with
fluorescent dyes and administered to immunocompetent and immunodeficient mice to comparatively calculate

their 24-hour recovery.

According to the results, blood donors with heterozygosity for bThal mutations constitute a non-negligible
percentage of the blood donation population of our country. Their erythrocytes cope with storage stress, as they

were found resistant to lysis regardless of the stimulus and exhibited an improved redox balance compared to



those of the average blood donor. In fact, resistance to cell lysis appeared to be inextricably linked to the distinct
geometry of the heterozygotes’ cells and the stability of structural proteins during the progression of storage time.
Furthermore, the results in total, whether they concern physiology and metabolism or protein composition and
proteostasis, point to a cell well-adapted to steady but mild levels of oxidative stress, ready to face further
oxidative challenges. For example, the levels of antioxidant and proteostatic enzymes were found to be more
advantageous in RBCs from bThal heterozygotes, while the same cells also showed reduced oxidative damage and
lower oxidative load, especially towards the end of the storage period. Given the key role of oxidative stress in the
progression of storage damage, it seems that bThal-trait erythrocytes are able, thanks to their "training" to a

slightly increased oxidative load, to deal with it more effectively.

The "superior" storability of bThal units (strongly reflected in the reduced levels of storage hemolysis, namely, the
gold quality parameter of blood storage according to the World Health Organization) was also accompanied by an
improved pattern of post-transfusion stress response. Results from both in vitro and animal models of transfusion
converge and (a) highlight the maintenance of the more advantageous cellular physiology post transfusion, and (b)
imply an increased 24-hour in vivo recovery of transfused RBCs (the gold quality measure of successful transfusion
according to World Health Organization) in the case of bThal heterozygotes. Through correlation analysis,
distinguishing characteristics of heterozygotes, such as low RBC fragility indices and cell size, as well as strong
extracellular antioxidant capacity were shown to be associated with low post-transfusion hemolysis and better
survival of their erythrocytes in the recipient's circulation. It therefore appears that some parameters that
differentiate heterozygotes in vivo and/or during storage are not neutral with respect to the post-transfusion

physiology/adequacy of their erythrocytes.



MNpoAoyog

H mapovoa diatplpn ekmoviOnke otov Touéa Blohoyiag Kuttdpou kat Bloduoikng tou Tunpatog BloAoyiag tou
Maverotnuiov ABnvwy, und tnv enifAedn tng Avaminpwtplag Kabnyntplag k. Maptavvag X. Aviwvélou. Oa
NBela apyXLlKA va euxapLoTHow TNV eMPBAENOUCA TNG SLOAKTOPLIKAG HoU SLaTpLprg yla TNV €UMLOTOCUVN TIOU OV
£xel 6¢eiel ta TeAsuTalio emMTA XpOVIA KOTA TA OMOILO HOU €XEL KAVEL TNV TLUN VO AmoTeAw evepyd HENOG TNG
E£PEVVNTIKAG TNG Opadag. Tnv euxoplotw, eniong, yLa TG CUUPOUAEG Kal Tnv evBdppuveon Tou €haBa 6Ao auto tov
KOLPO, Kal TN SuvaTOTNTA TIOU UoU £8WOE VOl LEAETOW £va BLOAOYIKO OVTLKEEVO IOV ayanw. Eipal dlaitepa
EUYVWUWV TIOU HE TIPOETPEPE Vo CUPUETEXW Ot OAa Ta otadla TnG gpeuvnTikng Sladlkaciag, amd Ttov
TIELPOLATIONO, HEXPL TNV avaAuaon Kal afloAoynon twv Sedopévwy Kal Tn dnuoaotomnoinor toug, otadla ota onoia

NTav onUavtikni n cupBoAn kat n kaBodnynaor tg.

Euxoplotieg odpeidw Kkat oto HEAN TNG TPLUEAOUC CUUBOUAEUTIKNG EMLTPOTIAG, TV OUOTIUN Kadnyntpla k. lodwpa
2. Nanacidépn kot tov Kabnynth k. lwavvn M. Tpouykdko, ylati Atav navra Stabéoipol va pe cupBoulédouy Kat
va le kaBodnyroouv Omote to xpelalopouyv. Avtiotolya, Ba RBgha va suxaplotiow tnv Kabnyntpla k. MavayolAa
KOAALa, tov AvamAnpwtn Kabnyntr tou Tunpatog Blolatpikwy Emotnuwy tou MNaveniotnpiov AUTikAG ATTKAG K.
Avaotaoto . Kplepmapén, tnv Avarminpwtptla Kabnyntpla k. Baohikry Owovopidou, Tov Avarminpwtni Kabnynth K.
Awopavtn 2idepn, kat tnv Kabnyntpla k. Oupavia E. TowtalAwvn, yla TNV TIUH TTOU JOU €KAVOV UE TN CUUHUETOXN

TOUC OTNV EMTAEAN EEETAOTIKN EMLTPOT TNE Mapovaag SlatplPic.

Q&AW va EUXOPLOTACW TILO TPOCWTIKA TNV OpoTun Kabnyntpla k. lowbwpa Nanactdépn, kabwg Bplokotav Ki
ekeivn SlmAa pou amd Ta MPWTA HOU PBAUOTA OTO €PYAOTNPLO KOL N TIOPTA TNG NTAV TIAVIOTE QVOLXTH Yl
oUUBOUAEG kal oulntnoelg. Tnv euxaplotw ylati umnpés Baclkd HENOG TNG EPEUVNTIKAC OUASAC TOU TtapdVTOoG
TPOTLeKT. Eva pPeydAo euxaplotw BEAw va nmw otov AvamAnpwth Kabnyntr tou Tunpatog Bolatplkwy Emotnuwy
tou Noavemotnuiou AUTIKAG ATTIKAC K. Avaotdaclo Kplepmdpdn, kabwe amotéhece MOAUTIHO OUVEPYATN TNG
OUYKEKPLUEVNG Epeuvag, BonBwvtag oe kaBe otadlo, amo tn cuAAoyr] TwV SEYUATWY WG KAl ThY TpoyUaTonoinon
TELPAUOTIKWY TIPWTOKOAAWY OTO €PYACTHPLO TOu. TOV EUXAPLOTW YLa TN BETIKOTNTA TOU, TNV EVBAPPUVOT| TOU Kal
TN oTNPLEN TOU TA TEAEUTALA XPOVLA TTOU £XW TNV TLUN va ouvepyalopat pall tou. Odeilw, eniong, va euxapLotow
v Kabnyntpla k. Oupavia ToltolAwvn Kal To €pyooThpld TG Yl TNV OyaoTr CUVEPYOOLA O CUYKEKPLUEVA
TELPAPOTA TNG apoVoag AlatplBnc. Oa nbela va ekbpdow eNKpLVELG euxapLoTieg oTov EMoTnoviko AleuBuvtn
Tou EBvikoU Kévtpou Awodooiag, Ap. Kwvotavtivo ITOHOUAN, KaBWE KAl O0TOUG OUVEPYATEG amo To Kpatikod
Noookopeio Nikatag kal amnod to Imnokpdtelo NOGOKOUELD, Kol oUyKekpLéva Tov Ap. Baoilelo ouAdkn, tov Ap.
Mavaywwtn Zwoupouvn, TNV Ap. ABnva Bepydkn kat tnv K. Edn NavAou yia TV cuvelodopd Toug otn cUAAOYA Twv
Boloyikwv Setypdtwy. Euxaplotw moAl tov Dr. Angelo D’Alessandro, tov Dr. Kirk Hansen kat tnv Dr. Monika
Dzieciatkowska amno to Mavemniotrpio tou Colorado, kat Kat’ €MEKTAON TOUG GOLTNTEG ATIO TG EPYOOTNPLAKEC TOUC
opadeg Davide Stefanoni, Francesca Cendali, Lorenzo Bertolone kot Fabia Gamboni, yla tTnv mpaypatomnoinon tg

METABOAWLKAC KAl TN TTPWTEWLKAG avaAuong. Mapa moAAG EUXOPLOTW AVAKOUV OTO GUVEPYALOUEVO EPYOOTHPLO



tou Kévtpou KAwikng, Melpapatikig Xelpoupytkng kot Metadpaotikng Epeuvag tou 18pupatog latpoLohoyikwv
Epeuvwv Akadnuiag ABnvwv (IIBEAA) pe StevBuvt) tov Ap. NwkoAoo Kwotopntoomoulo yla tnv agoyn
ocuvepyaoia 6cov adopd ota {WIKA LOVTEAA HeTAYYLONG. Oa £0TLAoW otov Ap. EUBUUN Noapwvn Kal Tov K. BayyéAn
MniaAdda mou pe xapd avéAaBov Tov XEPLOUO Kal Th dpoviida tTwv melpapatolwwy, péoa otn SUOKOAN Kol
TIEOTIKN Tiepiodo tn¢ mavdnuiag, kabwg kot otnv Ap. Avaotacio AooToAldou yla TNV €€ALPETIKN avAAUCH TwWV

QTMOTEAECUATWY LETA-LETAYYLOLOKAG AVAKTNONG.

O£Aw va euxapLotow 0ooug SleTédeocav AleuBuvteg tou Topéa Bloloyiag Kuttapou kal Bloduaotkig ta teAsutaia
XPOVLO, KoL CUYKEKPLUEVA TNV Opotiun Kabnyntpla k. lowbwpa MNanacwdépn, tov Kabnyntn K. lwavvn Tpouykako
Kot tnv Avarminpwtpla KaBnyntpia k. Baowhikrp Owkovopidou, yiwa tn ¢lofevia otov TOHEA. ZEXWPLOTEC
guyoplotieg odellw otov Ap. Oavacn BeAévila yla tn Bonbela Kal T CUUPBOUAEG TOU TIOU TIAVTO TOPElXE HE
XOpOyeMo. Elpal eUyVOUWV amévavtl o OAa To LEAN KoL TO SLOLKNTLKO MPOowTkO Tou Topéa Bloloyiag Kuttapou

KoL Bloduaotkig yia to 6popdo KALHA Tou EMIKPATOVUCE KATA TNV EKIIOVNON TNG apovoag SLatpLpnic.

Oa ntav tTepdotia mapAAewpn va AElmeL amo TIG EUXAPLOTIEG 0 HETASIOAKTOPAG EpeuVNTAG Ap. Bacihng T{ouvakag.
O BaoiAng ival ekelvog mou e TIPE Ao TO XEPL TIPLV EMTA XPOVLO KOl LOU EOELEE TIWC VO EKTEAW TA TIELPAMOTIKA
TIPWTOKOAAQ TOU €pYOOTNPILOU, VA OTHVW VEQ TIPWTOKOAAQ, VA AfLOAOYW TA ATMTOTEAECUOTA KAL VO CUUUETEXW OTN
ocuyypoadn EMOTNUOVIKWY ApBpwv. O AUTA Ta EKAVE LE TIEPLOGH UTIOUOVH KOL EUITLOTOCUVN 0TO IPOCWTTO KOL TLG
SUVOTOTNTEG Pou. Tov EUXOPLOTW VLA TN LETAAQUTASEUON TWV YVWOEWVY TOU, VLo TOV KOTEUVAGCUO TOU AyX0oUg HoU
KOL yla TNV KoOnuepwvy tou othplén. YmApEe UTOUOVETIKOG HEeTaSLOAKTOPAS, HETASOTIKOTATOG SACKOAOG,
oKpLPOSIKALOG EMIOTNUOVIKOG UTIELBUVOC OTO TPOYPOUHA TIOU (Yol TN XOPA VO CUMUETEXW EVEPYA, LOAVIKOG
OUVEPYATNG Kal TOAUTIHOC ¢dilog. Xto mAaiolo autd Ba nBsAa va euxaploTHow OAOUC TOUC POLTNTEG UE TOUG
0moloU¢ CUVEPYAOTAKAE OTO TALOLA TOU SL8AKTOPLKOU LOU, KOL CUYKEKPLUEVA ToV Anuntpn Kapadnua (MSc), to
Xpnoto Xpiotoywwpyo (BSc), tn Baowkikn KoupkouPBd (BSc) kat tn Bdaow ApPavitn (BSc), otnv omoia kat Ba
eotidow. H PonBeld ¢ oe epeuvnTkd (kaL pn) INTRHAto ATAV ONUAVTIKOTATN, TOOO ota TAaiola TNng
SUTAWHATLKAG TNG, 000 KOl MEPA Ao AUTH. TNV EVXAPLOTW YLA TNV OPEEN TNG, TNV EPYATIKOTNTA TNG Kal TN dAla
™G, mou oénynoe otn Snuloupyia piag opopdng Kat Asttoupyikng tpladag pali pe tov BaoiAn. KaAltepoug lab

partners kat book buddies (pall pe tnv Maplavon Mevtoyévvn) e Ba €Rploka.

Euxoplotw oAl 6Aoug Touc diloug pou yia Tnv apéplotn otnplén toug, kabwce kat tov NMoavAo rov Atav SimAa pou
og KGOe Bripa Seixvovtag Hou EUMPOAKTA TTOCO TILOTEVEL OTIG SUVATOTNTEG Hou. TEAog (but not least), 6 Ba édtava
w¢ edw av dev eiya T oTAPLEN TNG OLKOYEVELAG HOU, KAl KUPLWE TwV yoviwv pou, Tiudbsou kat Muptwg. Htav
SlmAa pou pe kaBe TPOMO AUTA TO TPia XPovia, Xaipovtav MePLOCOTEPO QO HEVA UE TIG EMITUXIEC HOU Kol
Aumtdvtoucav/ekveupilovtav MepLocOTEPO OO HEVA UE TG afmo)Tuyieg pou. Toug EUXAPLOTW TIOU UE TtpoEtpeav

VO KUVNYROW Ta OVELPA OV KaL VA TTPOoTIaBrow Va EpY0OTW O KATL TTOU e yeULLeL.
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KatdaAoyog ZuvtopoypadLwv

BMA: B-uecoyelakr avatuio
APS: UTtEPOELLKO OUUWVLIO

ATP: tpipwodopikr) adevoaoivn
BMI: 8eiktng palag cwpatog
BSA: aABoupivn opol Booslbwv
Ca?*: katbvta acBeotiou

CaCly: YAwplouxo aoPéotio
CAT: kataAdon

Cl': aviovta YAwpiou

CO,: 610€eiblo Tou avBpaka

CPD/SAGM: cuvtnpntikd SLGAuvpa pe Kitplkd, dwodoplkd kot de€tpoln kot mpocbeto ahatouyo SLGAUpO pE

adevivn, YAUKOTn Kal LovVITOAN

CPDA: ouvtnpnTikd SLAAUMA PE KITPKA, dwodopikd, SeETpoln kat adevivn
DMSO: diueBurocourdoteiblo

DNP: dwitpodaiviAio

DNPH: dwiuitpodawvulubpalivn

EDTA: alBulevoSLapvoteTpaoiko ol

G6PD: adudpoyovdon tng 6-dwodoptkng YAUKOING

GAPDH: adudpoyovaon tne 3-dwodopkng yAukepaAdeliong
GPx: untepogelddaon tng yhoutabelovng

HCl: udpoyAwplo

HRP: untepoelddon

HSP: mpwrteivn Beppikol ook

14



K*: katiovta kaAiou

KCl: xYAwplouxo kaALo

MCH: péon epuBpokuttaplkn atpoodalpivn
MCV: Héoog epuBpOoKUTTAPLKOC OYKOG

MDA: paAovdlaAbeiidn

Na*: katiovta vatpiou

NaCl: yYAwpLoUxo vatplo

NaOH: uépoteiblo tou vatpiou

NO: povoteibio Tou alwtou

0Os0,: TeTpoeidlo Tou oopiou

PBS: StdAupa dwodoplkol aAatog

PE: dpukoepuBpivn

PKC: mpwteivikn kwvaon C
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A. Elcaywyn

A.1 Alpo

A.1.1 MeviKa ITOYELOL

To aipo amotedel evawwpnuo Eupopdwv otolxeiwv (epuBpwv Kol Asukwv olpoodalpiwv  Katl
oLpomeTaAlwy) o €va uypo SLEAUUO OpPYOVIKWY HOoPLlwy, TIPWTEIVWY Kol AAdTWV Tou ovopaletal mAdoua (Baskurt
and Meiselman 2003). SULLETEXEL O€ €va GUVOAO GUOLOAOYLKWV AELTOUPYLWY, EK TWV OTIOLWV N PacLkotepn ival n
petadopd ofuyovou kot Slogetdiou Tou avBpaka amd Kat pog ta Stddopa dpyava Tou cwWUAToS. AAAoL poAol Tou
adopouv otnv apuva Evavtt maboyovwy, tn Hetadopd TOLKIALAG OUCLWV Kal T SloTpnon TG opoldoTacnS Tou
owpatog (Bepuokpacia, pH) (Farley et al. 2012). OL neploodtepol eviAikeg £xouv 4-6 Aitpa aipatog (~7-9% tou
Bapoug Tou cwHaTog Toug), evw n Bepuokpacia kal to pH tou eivat mepimou 38°C kat 7,35-7,45, avriotolya. To
KOKKLVO XpWHa Tou aipatog odeiletal otnv awpoodatpivn, kot avaloyo Le TNV KATAoTtacn ofuyovwong SLaBETel
OO OVOLXTOXPWHEC £WC OKOUPOXPWHUES amoxpwoelg (Hand 2001). MNa va SLaxwpeLloTel ota EMIUEPOUC CUCTATIKA
TOU, TO aipa HeTd TNV awpoAnyia pmopei va puyokevipnBel: oto xapnAotepo oTpwWA TTOU TTPOKUTITEL Bplokovrtal
Ta epuBpd awoodaipla, oto uPnAotepo eviomiletal To MAAOUA KoL evOLApEoa BplokeTal N oTBAdA TwWV AEUKWY
awpoodalpiwy Kot Twv atponetaliwv (Bain 2004). O dpoc alpatokpitng, avadEpPeTal 6TO TOCOOTO TOU OYKOU ToU
aipatog mou kataAaupavouv ta epuBpokUTTapa, Kol GUCLOAOYIKA Ol AVTPEG EXOUV TLUEG KOvTa oTo 45%, evw oL

yuvaikeg oto 42% (Hand 2001).

A.1.2 N\dopa

To mMAGopa, OMWG OAA TOL UYPA TOU AVOPWIILVOU CWHATOG, aroTeAeital wg et To mAeiotov (92%) amo vepo.
Ye auto PBplokovtal SLHAUPEVEG 1 WG evolwpnUoTa TTOAAEG OUCIEG, HUE PBOOLKEC EKMTPOCWIIOUC TIC TTPpwTEiveg. OL
TIPWTEIVEG TOU MAAOMOTOC VKoLV OTLC £€NG Katnyopieg: (a) mpwteiveg mou ekkpivovtal amd LoToug Kal §pouv oTo
mAdopa (pe PBaowotepn tnv aABoupivn), (B) avocoodalpiveg, (y) TpoobETeg yla UTOBOXELG OF HAKPLVEG
omootaoelg (opuoveg), (6) mpoodétec yia TomikoUg uTtoSoxelg (KUTTapoKiveg), (€) Mapodikol «epaoTikoi» mou Sgv
£xouv 8pacn oppovng kal Siépyovtal amd To TMAACUO yla va ¢tdcouv otnv tomoBecio omou Ba Spacouv
(Auooowuikég mMpwteiveg), (oT) mpoidvta Stappong twv Adyw Bavatou f BAABNG (m.x. kapdlakég Tpomovivec), (1)
ekkploelg amd maboloylkoug LoToug (KapKvikol deikteg) kal (n) E€veg mpwteiveg (m.x. mpwteiveg mapaocitwv) (N.L.
Anderson and Anderson 2002). MNépav Twv MpwTteivwy, To MAGOUA gival MAoUGCL0 0 NAeKTPOAUTEG, SLOAUPEVA
agpla, Bpentikd cuotatikd (Brrapiveg, Aumidia k.a.) kot petaforikd andPAnta. Ito mAdopa Bplokovral, emiong,
efwkuttapla kuotidla, ta omoia amoptilouv €va e€TEPOYeVEC CUVOAO OO HEUPPAVIKEC OOUEC KUTTAPLKNG
TMPOEAEUONG, HE KUPLOUG EKTIPOCWIOUE TA EEWOWHATA KOL TA HIKPOKUOTISI. Ta MpwTta TPoEPXovTal anod To
eVOOOWLKO oUOTNUA, EVW TO SEUTEPA ATOKOMTOVIAL ANMO TNV MAACHATIK HepBpavn (Raposo and Stoorvogel
2013). H etwkuttapla Kuotidlomoinon omoteAel HNYOVIOUO KUTTOPLKAG OMOLOCTACNG Kol SLOUKUTTAPLKAG

ETIIKOWVWVIAC 0 omolog emitpénel ota KUTTapa vo avtaAlalouv mpwteiveg, Amidla kot yevetikd UALKO (van Niel et
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al. 2018). MdAlota, n oclotaon TwV €EWKUTTAPLWY KUOTWOIWY Kol to ¢doptio Toug Ta Kablotolv LSavikoug

Blodeikteg oe Sladopeg acBéveleg (Joncas et al. 2019, Chung et al. 2021, Pasetto et al. 2021)

‘Eva. MOAU ONUOVTIKO Kal BOCIKO XOPAKTNPLOTIKO TOU MAGOHATOC £ival N avtlofeldWTIK TOU LKavOTNTA,
KoBwg Slabétel 000 USaTOSLOAUTA, 000 Kol AUTOSLOAUTA avtlofeldwTikd popla. Ta uopla autd Spouv
OUVEPYLOTIKA LE OKOTIO TNV KATATIOAEUNGN TWV 0EELOWTIKWV pL{wv. XTo udpodLro Stapéplopa evromilovral Kupiwg
TMPWTEIVEG, OUPLKO Kal aokopBLko ofl, evw oto AUTODIAO KAPOTEVOELSH Kal a-ToKkopePOAn. Autd oxnuatilouv eva
aVTLOEELOWTLKG SIKTUO, EVIOXUOUV TO €val TO GAAO KAl QVTLLETWITI{OUV TIG 0EelbwTIKEG PAAPeG (Yeum et al. 2004).
‘Eva mapddeLlya TG CUVEPYLOTIKAG TOUG dpdong slval n ofelbwtik dpadon tng a-tokodpepOAng evavtl Autdiwy in
vitro, n omoilo OUWG UTOPEL VO AMOTPATIEL HETA TNV avaywyr TS pllag a-tokopepOAng o a-tokopePOAn amod to
aokopBiko ofL (Hirano et al. 1997). Emiong, To oupiko oL €xel deyBel mwg otabepornolel To ackopPLkod, HEow
avayaitiong plag s€aptwpevng anod tov oidnpo ofeibwong tou (Sevanian et al. 1991). SUVOAIKA, N CUVEPYLOTLKNA

S6pdon Twv BacIKWV avTLOEELSWTIKWY Tou MAdopatog paivetal otnv Etkova Al.

Y AqH
Aq- AgH
pot . Sz
P‘EG“ Fe¥*
: A AscH-
AscH UA U SC
H* + CAR Fe?

H* + Asc™ e

15y UA Asc

Lipophilic
Compartment
Hydrophilic
Compartment
EGCG-OH EGCG-0°

Ewkova Al: To ouvepyLloTikd Siktuo aAAnAemdpaoewy LETOEU AVTLOEELSWTIKWY LOPLwY ToU MAAopaToG (Avatunwan and Yeum
et al, 2004). AscH-: aokopBLko, Asc--, aokopBUALkn pila, CAR: kapotevoeldeg, CAR+:, KATLOV KAPOTEVOELSIKNG pilag, a-TOH: a-
TokodpepOAn, a-TO-, a-tokodepoUALKN pila, UA: oupikd o€y, UA:: pila ouptkol of€oc.

Mépav Twv mapandvw popiwv, n aABoupivn, n mo adOovn Mpwteivn Tou MAACUATOC, EKTOC Ao TN BACLKN
NG CUUUETOXN OTN PUBULON TNG OOUWTIKAG Tieong Tou aipatog (Rozga et al. 2013), Spa KAl 0TV AVTLOEELOWTIKN
AuUVa TOU cwpatog. Mpwtov, Aoyw Twv BLOUCIKWY TNEG XOPAKTNPLOTIKWY Uropel va deopeloel LOVTO PETAAAWY
(Halliwell 1988) kat va mayldevoel SpacTikeg pileg ofuyovou (ROS) (Iwao et al. 2012). AeUtepov, £xel SeiyBel nwg

SloB¢tel dpdon Belosotepdong Kal umepoeldaong tng yAoutabelovng kal tng kuoteivng (Cha and Kim 1996).
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TéNog, umopel va evioXUOoEL Kal EUUECA TNV QVTIOEELSWTLKN AUVO TOU 0PYaVIOHOU, HECW TNG SE0UEUONG TNG OTN

XoAepuBpivn, kaBwg e autdv Tov TpOMo avayattilel tnv unepoteidwon Twv Autdiwy (Belinskaia et al. 2020).

A.1.3 Eppopda Juotatkd

A.1.3.1 Neuka Awpooaipta kot AtuometaAla

Ta AeuKkd atpoodaipla CURHETEXOUV OTNYV AUUVA TOU OPYaVIoHOU Kol £ival Ta pova EUpopda CUCTATIKA
TOU aipaTog mou amoteAolV «KAACLKA» KUTTApa, KOBWE mepléouv muprva Kot opyavidia. NMapdyovtal 6To HUeAO
TWV 00TWV Kal Slakpivovtal oe autd ou cuvSpdpouv oth GpUOLKN Kal eKkeiva mou mailouv poAo oTNV EMIKTNTN
oavooia. Itnv TPwWTn Katnyopia ovAkouv To KOkKlokUtapa (Bacsdodla, nwowodla, oudetepddira), Ta
povokuttapa/pakpoddya, ta kuttapa ¢uotkol ¢oveig, ta Sevdpltikd Kal Ta pactokuttapa. Xtn Seltepn
katnyopla cuppetéxouv ta T- kol B-Agpdokitrapa. JUVOAKA Ta Aeuka alpgoodoaipla £gouv TNV LKAvOTNTA va
TPOOGEPOUV  YyPHyoPn, ONMOTEAECUATIKY, €L6IKA KOl HOKPAC OSlopKeiag amokplon €vovtl maboyovwy
pikpoopyaviopwy (Leichner and Kambayashi 2014). Ta atpomnetaiia anoteAovv Bpalopata HEYOKAPUOKUTTAPWY
KOL CUMUETEXOUV OTNV TIHEN TOU alpaTtog Kol TNV OLLOOTACK, EVW EKKPivouv TARO0G avamTtuiLlaKwY mapayovIwy
Tou oxetilovral pe tnv emdlopbwon totwv. O xpovog Lwhg Toug otnv kKukAodopla avtiotolyel og 10 nuépeg, oto

TEPAG TWV omoilwv dpayokuttapwvovtal (Holinstat 2017).

A.1.3.2 Epudpad Alpoopaipla

Ta epuBpokutrapa anoteAovv to 1o adpBovo EUpopdo CUOTATIKO TOU aipatoc, ival anupnva Kol £Xouv
XQPOAKTNPLOTIKO oxnpa apdikolou Siokou (Stapetpog 7,5-8,7um kot maxog 1,7-2,2um). Mapdyovtal HECW TNG
Sladlkaolag Tng epubpormoinong otov HUEAO TWV 00TWVY, KATA TNV OTMola 0 TUPNVOG TOU TIPOYOVLKOU KUTTAPOU
amopakpUveTal kat dayokuttapwvetol (Konstantinidis et al. 2012), ta opyavidio eykataAelmouv To KUTTAPO Kall
OUTO aMOKTA TO XOPAKINPLOTIKO Tou oxnua (Manwani and Bieker 2008). O xpovo¢ IwNg TwV WPLLWY
gpuBpokuTTApwy otnv KukAodopia sivat mepimouv 120 nuépeg. To oo TOug Toug MPoadibel TV KavotnTa va
TAPAPopdWVOVTAL AVILOTPENTA KATA TNV 6{080 Touc amod ta TpLXoeLldn ayyela yla va emteAécouv T Bactkr Toug
Aettoupyla mou eival n avtaMayr agpiwv (Namvar et al. 2021). H awoodatpivny, n kOpLa KUTOGOALKA TPWTEIVN
TOU €pUBPOKUTIAPOU, ELVAL TO HECO YLA TNV ETUTEVEN TNG CUYKEKPLUEVNC AstToupyiag, kaBwg prmopel va Secpelel
0&uyOVO KOl e PULKPOTEPN ouyyEveLa SLogeidlo Tou davBpaka (CO,) (Hamasaki and Yamamoto 2000). Ztoug eVAALKEG
TO HopLo TNG aoodatpivng anoteAeital anod duo a-odpalpiveg kat dUo B-odalpiveg, KAOe pia amo Tig onoleg Ppépel
€va Hoplo aipng. Ot ouadeg tng aipng dtabétouv 6idnpo, o omoiog pmopel va SecpeVel SLATOUIKOUG AEPLOUG

npoodeteg (L.J. Smith et al. 2010).

Mapad to yeyovog OtL ta epuBpokUTrapa elval yvwotd ylol Tov pOAo Toug otn petadopd ofuyovou oToug
LoToUC Kal TV amopdkpuvon dofetdiou tou avBpaka amd autolg, outr Sev eival N AmoOKAELOTLKN TOUG Asttoupyia.
Ta epuBpokUtrapa nailovv poAo oTo avTLOEESWTIKO SuVaLKO Tou opyaviopou. Eival e€omAlopéva pe evIuULKA
KOl pn eVvIUUIKA avTloEeldwTka pHoplo Tou Stotnpouv tnv awloodalpivn o pn ofeldwpévn popdn ylo va

anogpeuxBolv BAABec otn LeUPpavn Tou pmopet va odnyrjoouv og AUon tou kuttdapou (Kuhn et al. 2017). Etol
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T(POOTATEVOVTAL OL LOTOL KL 0 OpYAVIOUOC, KABwG N ameAeuBEpWON CUCTATIKWY TOU £pUBPOKUTTAPOU UTopEL va
odnynoel oe duochettoupyia Tou evdoBnAiou (Grubina et al. 2007), Autdikn unepoteidwon (Alayash et al. 2001),
Kol pAsypovwdelg avtdpaoelg (Ghosh et al. 2013). EmumAéov, Ta epUBPOKUTTAPLIKA OVTLOEELSWTLKA LOVOTIATLOL Kl
N KAVOTNTA ToUuG va aAANAETLOPOUV e TO €EWKUTTAPLA AVTLOEELOWTIKA MECW TNG SLAUEUPPAVIKAG HETADOPAC
NAekTpoviwy, 0 OUVOUAOUO HE TNV KLWNTIKOTNTA Twv £puBpokuttdpwv otnv kKukAodopia, kablotouv Ta
OUYKEKPLUEVA KUTTAPA WG Lavikoug pubuLotég twv ROS mou pmopolv vol GUUBAAAOUV GTN GUVOALKH GUOTNULKN
opolootacn TG ofedoavaywylkng woppomiag (Kuhn et al. 2017). Eniong, ta epuBpokutrapa mailouv onUAVTLKO
POAO OTOV €AeyX0 TOU OUOTNUIKOU HeTaBoAlopol povofeldiov tou alwtou (NO), otn petadopd KoL oTnv
ameAeUBEPWON AYYELO-EVEPYWY OUCLWV, CUHHETEXOVTAG £TOL OTOV EAEYXO TNC Kapdlayyelokng Aettoupyiog (Straub
et al. 2014). Aitel, Télog, va avadepBel nwg ta epubBpokutrapa aAAnAeniépouv TOCO HE ToV PETAPBOALOUO TOU
OWUOTOG 000 KAl LE TO avooomolnTikd cuotnua (Papadopoulos et al. 2021) kot umopouv va AEITOUPYCOUV WG

Blodeikteg mpooPoAng Tou opyaviopol amo oug i Baktpla (Johansson and Falk 2021).

A.2 EpuBpokuTttapikr) MepBpavn

To epuBpokUTtTapo, £xovtag XAoEL TOV TUPHVA Kol Ta opyavidld Tou, otnpiletal KUpiwg otn HeEpBpavn Tou
yla tTnv opaAr Tou Asttoupylia kot Tn pUBULON Tou PETOBOALCHOU KOL TOU OXNUATOC Tou. Omwg OAEC oL BLOAOYLKEG
MEUBPAVEC, £TOL KaL N €pUBpOKUTTAPLKN amopTileTal amo Autidia mou oxnuatilouv pia SutAooTtiBada eKAEKTIKA
Slamepatn o€ MOALKA popla. Auth n doun «dhofevel» Sladopeg StapepBpavikeg mpwteiveg mou kaBopilouv T
AsttoupylkotnTa ™G HepBpavng (Trejo-Soto et al. 2022). YrmopeuPBpavikd ota epuBpokuttapa Pploketal o

KUTTOPOOKEAETOC, Le BaOLKA ToU TIpWTEivn Tn omektpivn (Goodman et al. 1988).

A.2.1 Auudikn AuthootiBada

H Autdiky SuthootiBada tou epubpokuttdpou amaptiletal and XoAnotepoAn kot pwodoAnidia os ion
petafy toug avaloyia. H xoAnotepoAn oopolpaletal Petaty Twv dVo oTtadwv, aAld ota dwodoAmidia umdpyel
ooUupETPN Kotavoun: n dwodatiduloxolivn kal n odblyyopuehivn Bpiokovtal kuplwg otnv e€wteptkn otifada,
evw n dwodatibuloaBavolapivn kat n pwodatidulocepivn (PS) otnv scwtepikr (Mohandas and Gallagher
2008) (Ewkova A2). H acuppetpia, Kal Kuplwg n mapapovi Tng PS otnv eowtepikr povootipada, sival kpiowun ya
T0 gpubpokuttapo. H emidaveiakn PS sival onpa dpayokuttapwong amd pakpodayo (Wood et al. 1996), sevw
Umopel eniong va o8nynosL otnv mPookoAAnon Twv epubpokuTtdpwy o KUTTapa Tou evdoOnliou, amotpénovrag
™ ducloloyik Kukhodopia toug (Setty et al. 2002), kaBwg kot otnv evepyomnoinon tng npobpouPivng Spwvtag ot

CUVEpPYELX e ToV mapayovta nnéng Va (Weinreb et al. 2003).

MNa tn datnpnon TnG acUMPPETplag sival amoapaitntn n Asltoupylot CUYKEKPLUEVWY TIPWTEIVWY TOU
petartornilovv dwodoAutidia and tn pia otfdda otnv aAAn. OL PpAtdoeg pnopouv va petadEpouv Amidio anod
™V e€WTEPLKN OTNV ECWTEPLKN povooTBAada, evw ol dAomdoeg Stekmepalwvouy Thy avtiotpodn dtadikaaoia. Mo th

Aettoupyla Toug ival amopaitnTtn N KOTavaAwaon evépyelag. AVTIOETWE, oL OKPAUTIAACEG eKTEAOUV TGO «dAUT»
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000 Kal «dAom» peTadopes oUubwva Pe TN SLoBABULON CUYKEVTPWONG, ETMOUEVWE SEV AMALTOUV KATAVAAWGN

evépyelag (Pomorski and Menon 2016) (Etkova A2).

ESwrepikp MovooTiBada

Swagohmisia
(%)

PC

PE PS

Eowrepiki} MovooTiBada

Ewkova A2: H Autdikr SuthootiBada tng epubpokuttaptlkic HepuBpdvng kat n Statipnon g ¢wodboASIKrG 0loUUETPIAG.
(Avatunwaon ano Kuypers 2011).

A.2.2 Mpwtéwpa MeuBpdvnc

H mpwtelvikn cluotaon tng HepBpAvng elval Slaittepa onpavtiki yla tv opaAn {wr Tou epubBpokuttdpou
otnv kKukAodopla. H otaBepdtnta Tou €pUBPOKUTTAPOU KAl N LKAVOTNTA €AACTIKNG Mapapdopdwong otav auto
SlEpxeTal amd ta PKPNAG SLAUETPOU TPLXoeLd odellovtal O0To MPWTEWUA TNG LEUBPAVNG KOL TOU UTIOKELEVOU
KUTTOPOOoKeAETOU (Asaro and Zhu 2020). H puBuion Tou epuBpOKUTTOPLKOU OYKOU €EQPTATAL QTOKAELOTIKA OO TN
ocuvbuaoTikn Asttoupyla evoc cuvolou peuBpavikwv petoadopéwv (von Lindern et al. 2022), kamolot ek Twv
ormolwv Ba avaAuBolv otn cuvéxela. OL petadopeic autol mpoodidouv oto gpubpokuTttopo T duvatdtnTa va
elval 8laitepa pn-Slamepato oe katlovta, oAAAd oAU Stamepatod oe oudEtepeg SLAAUTEG ouaieg, Omwe gival N
YAUKOIN kal n oupia. MAAwota, N eAdxLotn SLAMEPATOTNTA O KOTIOVTA EMUTPETEL TN pUOULON TOU OYyKOU UE

OHEANTEN KaTavAaAwon epuBpokuTTaplkng evépyelag (Lew and Tiffert 2017).

Zwvn 3

H Zwvn 3, yvwot) Kat w¢ oaviovtoavtaldktng 1 (AE1), Bploketalr oes peydAn adBovia otnv
epuBpokuTTapikn pepBpavn. Metaypddetal and 1o yoviblo SLC4A1, amoteAeital and 911 apwoikd KatdAouto
KOl TTAPOUOLATEL 3 KUPLEC TIEPLOXEG: MiO AULVOTEALKT) KUTOOOALKN) TIEPLOXN), Miot KapBoEUTEALKS) KUTOOOALKN TiEPLOXN
kat tn SlapepPpavikny meploxn mou Slamepva 12-14 ¢opég tn UeUPpavn. ZuvnBwg oxnuotilel Siuepn Kot
TETPOUEPH OTN HEUBPAVN TwV pUBOPOKUTTAPWY, OUWC KABOE povopepEég sival Aettoupyikd aveédptnto (Reithmeier

et al. 2016).

H mpwteivn autr CUPUETEXEL GUECA OTNV avTaAlayh agplwv HEoWw TNG avtaAAayng LOVTWVY XAwpilou e Ta

SuttavBpoKikd Lovta ou mapdyovtal amd To HetaBoAopd tou Slofeldlou Ttou dvBpoaka (Eltkova A3). Ta
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SITTavOpaKIKA LOVTO TTPOKUTITOUV pall e TpwTovia amo tn dpdon tng kapBovikng avudpaong Il ota popla tou
Slo&eldiov tou avBpaka (West et al. 2014). H Zwvn 3 elval eniong Slaitepa oNUAVTLKA YLl TV AKEPOLOTNTO TOU
£pUBPOKUTTAPOU, KOBWE HECW TNG QULVOTEALKAG TNG TIEPLOXNG CUVOEETAL E TOV KUTTOPOOKEAETO SNULOUPYWVTAG
otaBepd oUUMAOKA He T cuppetoxn Sladopwv mpwteivwyv (van den Akker et al. 2010). H ouvelodopd NG
OUYKEKPLUEVNG TTPWTEIvNG otn puBulon tou petaBoAlopol oAAG Kal Tov Bdvato tou kuttdapou Ba avoAuBouv

TIAPAKATW.

H20 + CO»2 M} H++HCOg ©F

avudpaon I

awoodatpivn

COo

Ewkova A3: H Baotkn Aettoupyla tng Zwvng 3 Tou epubpokuttdpou. (Avatunwan and Badior and Casey, 2018).
Yéatonopivn-1

H vdatomopivn-1 ivol To TPWTO MPWTEIVIKO USATLKO KAVAAL TIOU XAPAKTNPLOTNKE SOULIKA KoL AELTOUPYIKA.
To povopepég tng udatomopivng-1 anoteAeital anod 269 apwoikd Katdhouta. TGoo To KapPofuteAikd, 6GO Kal TO
opLvoteALkS TNg akpo sival udpodha Kal Pplokovtal 6TV KUTOOOALKN TAsUPA TG HepPBpavng. Ocov adopd oto

LVSpOPoPo SlopepBpaviko TUAUA TNG MPWTEIVNG, Stamepva 6 popég tn dumhootipada (Benga 2012).

Itn MePPpdvn n uvdartomopivn PBploketal wG TETPAPEPES, OUWE KABE povouepéC eilval avefdptnto
Aetoupyikd. H Baoikni tng Asttoupyia €ival n 0OUWTIKA 1 SLOXUTIKY HeTadopd poplwv vepoU eykapoiwg Tng
MEUBPAVNG, EMOUEVWG N TTPWTEIVN auth xapaktnpiletal and moAu vPnAn vdatikny Stanmepatotnta (Benga 2012).
Mépav G petadopdg poplwv vepou, €xel dewxbel mwg Héow Tou MOPoU TNG udatomopivng SLépyovtal emiong
agpla, onwe to CO, (Endeward et al. 2006, Hsu 2018) kat to NO (Herrera et al. 2006), aAA& 6xL to H,0, (Orrico et
al. 2022).

ukodopiveg

Ot yAukodopiveg eival pia katnyopia Slapepppavikwyv MPwIeivwy mou GEPouv oTnV eMLPAVELA TOUG
adBova olalikd ofa. H yAukodopivn A eival n kupla yAukodopivn tou gpuBpokUTTApPOU, Kal Ta CLAALKA TNG
kataloura sivat ol kUplot 1BUVoVTEG TG Snuloupylog apvntkol doptiou otnv epubpokuttapikn emipdvela (Aoki
2017). H oaméktnon apvntikd ¢optiopévng emidpavelog sivat peilovog onupooiag KoOwg amotpémel TIg

oAnAsmudpdoelg epubpokuTtdpou-epuBbpoKkUTTAPOU Kal epuBpokuttdpou-evdoBnliou otnv kukAodopia (Eylar et
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al. 1962). ‘Evag akopn pohog mou €xel mpotabei yia tn yAukodopivn A gival n Aettoupyia TG WG HopLakr ouvodog

yla T petadopa tng {wvng 3 otn peuppavn (Aoki 2017).

Metadopéag Mukolng Glut-1

O petadopéag yAukolng Glut-1 eival pio udpodofn mpwrteivn mou amoteAeital and 492 apwvoéa mou
oXNUOT{ouv 12 HeUPPAVIKEG O-EALKEG LE TO AULVOTEALKO Kol KOPBOEUTEAIKO AKPO VO TPOEKBAAOUV GTO KUTOOOALO
(Carruthers et al. 2009). O Glut-1 eival umevBuvog ya thv madntiky Sidyxuon popiwv yAukdlng, aAAd kol
adudpoaockopPLkol of£og, Eow evocg «SLakomTn» Tou Kabopilel Tt Ba petadepbel, Tn otopativn (Ewkova Ad). H
eloobo¢ tou adudpoackopBLlkol oTo gpuBPOKUTTOPO KOL N UETATPOTH TOU 05 0oKopPLKO o0&V (Bltauivn mou &¢
umopet va PBloouvBioel o avBpwmog) emITpémel TNV amoBrnkeuon aokopPlkol OTo €puBpPOKUTTAPO KAl TNV
OVOKUKAWGN TOU O0To MAAopa yla va evioyuBel to avtiofeldwtiko Suvaulkd (Hornung and Biesalski 2019). O

HETOPOPENC OIUTOC CUMUETEXEL ETTLONC OTN CUVOEGDT TOU KUTTAPOOKEAETOU HE TN LEUBPAVN, OTtwG Ba avaAuBei otn

OUVEXELQL.
2AA 2 DHA rukoln DHA 6 DHA 6 AA
I _ | B ]
: \,‘L\ GLUT-1 OTOMQTIVA f = \
y
vl AA s

2DHA  2AA — VPR R 3xyAukdln 6 DHA : 6AA  6DHA

-2 NADPH#H® ;f

2H,0, yAukoAuan < 6 NADPH+H"* 6 NADP*
T : 7

n |
. / 12 GSH e
6 ATP SATP

& yaraktikd 6 NADPH+H*

5 yaAakTiko

3¢0, 6 GSSG 12 GSH
- N

6 NADPH+H*  6NADP*

Ewkova Ad: H SutAn Aettoupyia tou Glut-1 tou epuBpokuttdpou otn petadopd YAUKOING Kal adudpoackopBLkol oféog (DHA).
(Avatunwon amo Hornung and Biesalski, 2019). AA: aockopBlkd o0&y, HMP: povomdtt povodwodopikwyv €€olwv, GSH:

yAoutaBelovn, GSSG: StoouldLdikn yhoutabelovn.

AvtAia Na*/K*

H ATPd&on Na*/K' eivat pia StapepBpavik mpwteivn umelBuvn yla tn Statpnon tng NAEKTPOXNMLKNG
Sapaduiong wvtwv kaAiou (K*) kal vatpilou (Na*) evidg ki ektdG TNG MEUPBpavng. H kataAuTikh umopovada Tng
avtAlog kwdikomoleltatl anod Stadopa yovidia. Ma tnv anopdkpuvon Na* anod 1o KutoooAlo kat Thv elcodo K* oe
ouTto udpolletal tpidpwodopikn adsvooivn (ATP) (Dunham and Gunn 1972). H Stadoplkry CUYKEVTPWON LOVIWY

£VTOC KL EKTOG TOU puBpoKUTTAPOU ival TOAD oNUOVTLKA Yo TN Slatrpnon Tou 8Laitepou oXNUaTog apdikotlou
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Slokou Twv €pUBPOKUTTAPWY, TO OTOLO ETUTPEMEL PE TN OELPA TOU TN BEATIOTN ETUTEAECN TNG AvTAAAAyNG asplwv

otnv kukhodopia (Lew and Tiffert 2017).
Piezo-1 kau KavdAia Gardos

H mpwteivn Piezo-1 eival éva KavaAl LOVTWY guaiocBnto oe pUNXaviko oTPeC TOU KwSLKOTMOLElTaL anod To
yoviSlo PIEZO1. Anotelel évav akoun petadopéa mou oxetiletal pPe TN pUBULON TOU KUTTAPLKOU OYyKOou, KABwG
amokpivetal og Stadopa pnxavikd epebiopota «petadpdlovtdc» ta os por Wvtwv acBeotiov (Ca*). H avénon
Tou evdokuTtaplou acPeotiou evepyormolel Ta kavaAlo Gardos, To omoia Hmopouv va EMAyouV TV ATTOUAKPUVON
K* kat popiwv vepol (Ewkova A5). Etol ta epuBpokUittapa pmopouv TaxUToTa VA HELWOOUV TOV OYKO TOUG WG
QIOKPLON O€ UNXOVLKN KOTATTOVNON Katd thv KukAodopia Toug otov opyaviouo (Cahalan et al. 2015). MaAlota,
UTtApYouv evleifelg TwG oauUTA 1N EAQXLOTOTOINON TOU KUTTAPIKOU OYKOU EUVOEL TNV avtaAlayn

ofuyovou/8Sloeldiou tou avbpaka (Rao et al. 2009).

Ca*

Ewova A5: O polo¢ tng Piezo-1 kal twv kavohiwv Gardos otn pUBULON TOU KUTTAPLKOU OYKOU HETA QTO LNXAVIKA

katanovnon. (Avatunwon ard Cahalan et al, 2015).
CD47

H CD47 eival pia yAukompwteivn mou Stamepvd 5 dopEg Ty epubpokuTttoptkn HepBpdvn kKat pépeL To
OLVOTEALKO TNG GKPO OTOV EEWKUTTAPLO XWPO Kol To KapBofuteAikd oto kutoooAlo (Lindberg et al. 1993). O
Baolkdg Tne poAog eival va Asltoupysl wg oApa ovayvwplong sautol ota epubpokitrapa (Ewkéva A6). Mo
OUYKEKPLUEVA, OTav o urtodoxEag SiRPa mou Bpiloketal otnv emidpAveld Twv pakpodaywv aAAnAemidpaosl pe tn
CD47 twv gpuBpoKkuTTapwV amoTpenetal N payokuttdpwor] toug (Oldenborg et al. 2000). Opwg, 6tav mpokuyouy
oAAayEc otn dopr TG MPWTeivng ) HELWOEL N tapouacia tng otn HepBpavn, Umopel TeAKA To KUTTOpo va 0dnynBetl

og anopdkpuvon, onwe Ba avaAuBel otn cuvéxeLa.
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Ewkova A6: O polog tng CD47 wg Selktng eautol Tou epubpokuttdpou. (Avatunwan amd van Bruggen, 2013).

A.2.3 KuttapookeAetoc — Tuvdeon ue tn MeuBpdvn

O UTIOUEUBPAVLKOG OKEAETOG TWV EPUBPOKUTTAPWYV eival éva Peudoetaywvikd Stodldotato diktuo (Etkova
A7), mou amaptiletal katd kUpLo Adyo amd omektpivn. Bploketal otnv eowtepikr emdAveLd TNG LEUPPAVNG KoL
OUVOEETAL HE AUTA HEOW TPWTIEIVIKWY CUUTAOKWY. Ta cUpmAoko autd eival Slaltepa OnUOVIKA ylo TV
OKEPALOTNTA TOU g€puBpoKkUTTApOU KaTA TN 61080 Tou amd to UKPNG Slapétpou ayyeio tng kukAodopiag. O
£pUBOPOKUTTAPLKOC OKEAETOC EMITPETEL, PAALOTA, TNV emavadopd TNG MPOTePNS Lopdr¢ Tou epubpokuTTdpou otav

OUTO SEXETAL UNXOVLKEG TILECELG.

OL MAEUPEG KaL OL aKTIVEC TwV €£ayWVWV OVIUTPOOWTTEVOUV TETPANEPH OMeKTpivng. H gpuBpokuttapikn
OTekTpivn eival pla ehactiky mpwrteivn mou amoptiletal and 2 mopdAAnAsg aAluoideg (a- kol B-omektpivn).
Mepovwuéveg aviutapdAAnAeg o- Kot B-aAucideg dnploupyolv, OpxLKA, £TepOSLUEPN, Ta omola ev cuvexeia
OPYOVWVOVTOL O ETEPOTETPALEPN. ITO €va AKPO TNG TMPWTEIvNG uTtdpyouv B€oelg yla alnAemibpacn Siuepwv-
TETPOUEPWY OTEKTPIvNG, OAAA Kal yla aAAnAemidpacn e thv aykupivn. AmO tnv GAAnN MAEUPA Umopouv va
npocdebouv Sladopeg mpwrteiveg, cupnephappfavouévwy Twv 4.1R, 4.2R kat aktivng (Lux 2016). To kEvTpo KL oL
YWv(eC TOU MOAUYWVOU TOU SLKTUOU TOU KUTTAPOCKEAETOU, ETOUEVWC, AVILOTOLXOUV oTa cUUMAoKa {evENG aktivng,
SnAadn Tig opllovileg aAMNAETLOPACELS TOU KUTTOPOOKEAETOU, OMw¢g daivetal otnv Ewkova A7 (Barbarino et al.
2021). Ta vnuatia aktivng ota epuBpokuTTapa eival kovid Kat amotedovvtal anod 14-16 povouepn B-aktivng. To
MNKOC TOUG UTIOKELTOL OE QUOTNPO €AEyXO QMO TNV TPOTIOMUOGCIVN Kol TO GKPA TOUG KOAUTTOvVTOL amd Tnv
TpomopovtouAivn kal tnv adoucivn (Picart et al. 2000). H eyyevig eAaotikOTnTA TNG OMEKTPivNG e€aocdalilel oe
peyaAo Babuo tnv mapapopdwoluoTnTA TwY €pUBPOKUTTAPWY OTNV KUKAOodopia. MeTtaAAayEg oTO HOPLO TNG
OCUYKEKPLUEVNG TIPpWTEVNG €xel SelyBel mwg odnyouv oe To UBpavoTa KUTTAPA, HUE HELWHEVN EAQCTIKOTNTA KOl

ouénuévn emippenela o AUon (Zhang et al. 2013).
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- ayKupivn

aktivy

‘aBoucivn

F-axTivn

TPOROPUOTLVY
Ewkovar A7: IXNUOTIKA avamopdotacn Tou £puBpokuTtoplkol KUTTOPOoKEAETOU (B) kal Twv oplloviiwy Kot KABetwv
oAnAemdpdoswy pe tn pepPpavn (C,D). (Avatunwaon amod Barbarino et al., 2021). a-SP1: a-omektpivn, B-SP1: B-omektpivn,
GP: yAukodopivn, Prx2: unepoteldoaivn 2, GEC: yAUKOAUTLKA EvTU QL.

‘Oocov adopd oto mpoavadepBév oumAoko {evéng aktivng, Baociletal os €vav mupnva mou oxnuatiletal
AOyw TAeuplkwv ouvdécewv NG mpwreivng 4.1R, tng aktivng kat tng B-omektpivng (Becker et al. 1990). Yno
duaolohoyikég ouvBnkeg n omektpivn 6ev mopouotdlel UPNAR CUYYEVELA PE TA VAUATLA akTivng. AUTO TO KeVO
CUUIANPwWVEeL N MpwTteivn 4.1R kaBw¢ pmopet va Seopevoet TIg SU0 OKEAETIKEG MPWTEiveC Kal va dnuoupynBel éva
oUuMAoKo VPNARG ouyyévelag. To apvoTeAko akpo tNG 4.1R SlaBétel Slakplteg B€oelg alnAenidpaong Ue
MPWTEIVEG TNG HeUPpavng, omwe tn yAukodopivn C kat ta Siuepn tng lwvng 3, €MTPEMOVTAG £TOL TNV KABETN
oUVOEDN TOU KUTTAPOOKEAETOU He tn MeEUPpavn (B.G. Han et al. 2000). Ito cUMMAOKO {eUENG CUMUETEXOUV
ermuumAéov n mpwteivn p55, n depativn kat n adoucivn (Mankelow et al. 2012, Lux 2016). Ot U0 TeAeuTaiEg
SlaB€touy, emunmAéoy, Tnv Suvatotnta va aAANAeTdpoUV Kat e Tov petadopéa yAukolng Glut-1 oxnuartilovrag to
cUpmnAoKo tou petadopéa yAukolng (Mohandas and Gallagher 2008).

IT1G KABeTeG AANAEMLSPACELG TOU KUTTAPOOKEAETOU UE TN MEUBPAVN CUMBAAAEL KoL TO cUMMAOKO {wvNnG
3/aykupivng. O TUPAVAC TOU CUYKEKPLUEVOU GUUTTAOKOU adopd ot TeETpapepr] TNG {Wvng 3, Ta Omoia HECW TNG
OMLWVOTEALKAG TOUG TIAEUPAC CcuVOEovTal Pe TNV aykupivn kot tnv mpwrteivn 4.2R (Mankelow et al. 2012). H
QYKUPLVN TIAPOUGCLATEL TPELG AELTOUPYIKEG TIEPLOXEC: OULVOTEALKA CUVOEETAL pE TETpAUEPT LWVNG 3, KEVIPIKA UE TN
OTEKTPLVN, VW N KapBofuteAikr TNG MAEUPA €xel puUBULOTIKO poAo (Lux 2016). Avtiotowa, n mpwteivn 4.2R dépel
Béoelg éopeuong TG00 yla TNV aykupivn 000 Kal yla tn omnektpivn (Salomao et al. 2008). 3to cUUMAOKO AUTO
eniong ouppetéxouv Sluepn yAukodopivng A. To cUumloko wvng 3/aykupivng pmopel va emektabel kat va
OXNMOTLOEL TO HOKPOOUMIAOKO TG {wvng 3 HEow TNG aAAnAentidpaor|G Tou e to oupunAoko Rhesus. To teAeutaio,

amnoteAeital anod ta Rh moAunentidia kat tn RhAG yAukompwteivn (etepotpluepeéc RhAG,Rh) mou aAAnAemidpouv
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pe tn CD47 kot tn YAukodopivn B. H mpwteivn 4.2R Asttoupyel wg cuve£TNG Twv SU0 CUUMAOKWY ULAG Kol Uropel
va Seopeutel otn CD47. EmumAéov, TO ETEPOTPLUEPEG TOU CUUMAOKOU Rhesus €xel TNV LKOAVOTNTA VO CUVOEETAL UE
NV aykupivn Kol EPUECWE E QUTOV TOV TPOTIO LE TN OTEKTPLVN Tou KuttapookeAetou (Van Kim et al. 2006). OAa
TO cUMMMAoka Tou uTtofonBoulv otn Slaolvdecn TOU KUTTAPOOKEAETOU UE TN HEUBpdAvn mapoucialovtal otny

Ewova AS.

Meppdvn

Kutoooho

Elkova A8: IXNUATIKA avamopdoTacn TwWV CUMMAOKWVY TNG pubpokuttaplkis pepPBpavne. Mapouaotdlovtal To GUUTAOKO
Rhesus, to ocUpmAoko {wvng 3/aykupivng, To LAaKPOOUUITAOKO TG {wvng 3 Kal to cUIAoKo (evéng (Avatunwaon and Bruce and

Gyorffy, 2019).

Onwc avadepbnke, n 8Laitepn EAACTIKOTNTA TNC OMEKTPIVNG O CUVSUAOUO LE TIG 0PLIOVTLEC KOl KABETEC
OAANAETULOPAOELG TOU KUTTOPOOKEAETOU KOl TNG LEUPPAVNG TOU £pUBPOKUTTAPOU UTOOTNPIIOUV TNV KAVOTNTA
£AAOTIKAC MOPAUOPPWONG Tou. OUwWE, 0TAV LKAVOTNTA QUTH £lvol apwyog Kol n un Uik puooivn HA. Ta vnpdtio
NG CUYKEKPLUEVNC TIPWTEIVNG AAANAETLEPOUV HE TOV KUTTOPOOKEAETO KOl CUYKEKPLUEVA LE TOL VAUATLO OKTIVNG
(Ewkdva A9). Me tn cUvSeon auth Slatnpeltal To XOPOKTNPLOTIKO OXNHA Tou epuBpokuTttdpou, aAAd pubuiletatl

eMUTA£0V Kal N Tapapopdwoluotntd tou (A.S. Smith et al. 2018).

EpuBpokuttaptki pepppavn

=

K AAX X } i hofom
----- AR 1 ! Nnpério ativag (~40nm)
3 P : b 2 235's
...... 3

) —g

Nnpéro NMIIA (~200nm)

—_— ZuctoAn = Al
AvaSUTAWHEVO TETPapEpES
onektpivng (~60nm)

Awatopn
Ixnpa
gpubpoKuTTApou &

Ewkova A9: IXNUOTIKA avamopaoTach TG CURMETOXNAG TWV VARATIWY PN HUIKAG Luooivng IIA otn Slatipnon Tou oxnuatog Kal

NG LKAVOTNTAG EAACTIKAG TTOpAOPpdwWONG Tou epuBpokuttdpou. (Avatunwan and Smith et al, 2018).
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A.3 MNpwrteivikog EAeyxog — Opoldotaon EpuBpokuttdapou

To epubpokUTTOpO oTEPEiTAL TPWTEIiVOOUVOEDNG, EMOUEVWE Slatnpel Tn AELTOUPYLKOTNTA TOU 0TV TTadpodo
Twv 120 nuepwv {wng Tou otnv KukAodopia PECW TNG MPOOTACIAC TOU MPWTEWHUATOS TOU amd eKTETAUEVEC PAGBES
KOL TNG amopdkpuvong ofelbwpévwyv mpwrtelvwy. Mpwtelve¢ TOU €EUMAEKOVTIAL OTNV TPWTEOCTOCN €XOUV
avadelyxBbel wg kUplog mupnvag Tou gpubpokuttaplkol aAAnAsmdpoowpatog (interactome) avadeikviovtag T
{wtikn onuaoia tTng avadimlwong Un owotd SoUNUEVWY TTIPWTEIVWY, TNC SLAOTIOONG CUCCWUATWHATWY KAl TNG
MPWTEOAUONG MPWTEIVWV TIOU €XOUV UTIOOTEL eKTeETAUEVEG BAAPBeC (Sae-Lee et al. 2022). Evag akoun Booikog
TIOPAYOVTAG TNC €PUOPOKUTTOPLKAG OHOLOOTOONG EVOL N AMOUAKPUVON HUn EMLSLOPOWOLUWY TIPWTEIVWY LEOW

kuotidlomoinong tng epuBpokutTapikng LepPpavng (Leal et al. 2018).

A.3.1 Moplakéc Suvodol

Ta wpLpa epuBpokuTTapa £pxovtal avIlLETWA He Stadopwy eldwWV OTPEG KATA TNV KUKAodopia Toug atov
opyaviouo. H €kBeor) Toucg o UTIOELKEC CUVONKEG, GUVONKEC evepYELaKAG EAVTANONC, UPnAA entimeda ofeldWTLKOU
doptiou kat avénpévo svdokuttdplo aoPeatio sival tkav va odnyriost o AavBaopévn avadimiwaon, BAGBN fi/kat
cuoowpatwon nmpwteivwyv (Mathangasinghe et al. 2021). MNa to Adyo autod datnpouv MANB0G HOPLAKWY CUVOSWY

OTO KUTOGOALO TOUG.

armotpornn
OUCOWHATWONG

npu)re(vwv OUCCWHATWHA
TPWTEOTOELKO OTPEG MPWTEIVWV

duoLohoyikn ur] owota avaém}\wusvn
TMPWTELVN Hn avaduTAWKEVN

TPWTELVN ‘
gnava-avasdimiwon Qro-cuoowHATWON

npwteivne TPWTEIVWV

Ewkova A10: IxnUOTIKA avamapdactach tg §pAcong Tou cuoTthpatog tng HSP70 otnv emdlopbwon twv MPwIElVwY Twv

gepuBpokuttapwyv. (Avatunwon ano Mathangasinghe et al, 2021).

OL mpwtelveg Bepukol ook (HSP) elval pia onuaviikr kotnyopia mou Kuplopxel oto cuvodoocwpa
(chaperome) twv wplpwv gepuBpokutTdpwy, e To clotnua tng HSP70 va avtiotolyel oto 1/3 tou cuvolou Twv
poplakwv cuvodwv (Mathangasinghe et al. 2021). To ocUotnua autod amaptiletal and tv HSPAS, Svo JDP
ouvobol¢ (DNAJA kat DNAIB) mou avoyvwpilouv pn owotd avadmAwWUEVES/CUCCWHATWUEVEG TIPWTEIVEC, Kal
mapayovteg tUmou Hspll0 mou otnpllouv TNV MPWTEIVIKA anodopnon/enava-avadimiwon tTwv MPpWTIEivwV ota
avOpwriiva kuttopa (Rampelt et al. 2012, Mattoo et al. 2013, Nillegoda et al. 2015, Nillegoda et al. 2018). H
Aeltoupyla Tou cucTApATOC oTta wWpPLpa epuBpokittapa daivetal otnv Ewkdva A10. Ocov adopd otn Soun g

HSP70, amoteAsital and pio umopovada unevBuvn yla T 6£0UEVCH TOU UTIOCTPWHATOS KAL [ia urtopovada mou
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Seopevel ATP 1) ADP pe okomo th puBuion tng dpacong tng (Mayer 2010). TomoAoyLkd evtomileTal 0To KUTOOOALO,
OUWC 0€ CUVONKEG £VTOVOU OTPEC LETOVAOTEVEL OTN HeUBpavn 0mou aAANAETLOPA e SOUIKEG TIPWTEIVEG UE OKOTIO

N otaBepomnoinor toug (Gudi and Gupta 1993).

Eva akOUn TPWTEOCTOTIKO oUoTnUa Tou €xeL PpeBel va kuplapxel oto mpwrteivikd Oiktuo Twv
epuBpokuttdpwy eival to oUpmAoko T. AmoteAsital amd 8 OLOKPLTEG UTIOMOVASEG Tou oxnuatilouv évav
Bapehoeldy OXNUOTIOUO KAl CUUMETEXEL 0T owoth avadimAwaon (Melville et al. 2003) kol TNV amoTPOmH TNG
cuoowuatwong mpwteivwy (Tam et al. 2006), kaBw¢ KaL otn PUBULON TNG ATIOKPLONG OTO TPWTEOTOELKO OTPEG
(Neef et al. 2010, Neef et al. 2014). MapdtlL oL umopovadeg €xouv PBpebel O0TO KUTOOOALD TWV WPELLWV
£pUBPOKUTTAPWY Kol PropolV va oAAnAsridpacouv petafld toug, Sev elval okKOUn amooadnViopévo €AV TO
cUMAoKo T eival Aettoupylkd 6cov adopd OToV MPWTEIVIKO EAEYXO TWV CUYKEKPLUEVWY KuTtapwy (Spillman et al.

2017).

H kAaotepivn amotelel €idog poplakng ocuvodou mou Asttoupyel pe tpoémo aveédaptnto tou ATP. Eival
TiBavo va aAAnAsmidpad pe tnv uSpodofn TEPLOX UEPLKWE ATMOSIETOYUEVWVY TIPWTEIVWV KAl va TtapeUmodilel tn
ocuoowpatwor tToug (Poon et al. 2000). EmumAéov, £xel mpotaBel MwWG KOTA TN YAPAVON TOU £pUBPOKUTTAPOU N
kAaotepivn, mOavwe péow TNG aAnAemibpacnc¢ tng e tn lwvn 3, tn CD59, tnVv aipoodoalpivn Kat
KOpBOVUALWUEVA HEUPBPAVIKA HOPLA, OCUUMETEXEL EVEPYA OTNV OTMOUAKPUVON OEELOWHEVWV OUCLWV HECW

kuotidlonoinong (Antonelou et al. 2011).

A.3.2 MpwTEOAUTIKA TuoTAUOTA

To MPWTEACWHA ATIOTEAEL £VOL UTIEPUOPLOKO GUUITAOKO TIOU CUUUETEXEL OTNV AOSOUNCN MPWTEIVWY ToU
£xouv uttootel BAABN. Tumikd amaptiletal amd €vav Keviplkd mupnva (20S) kot éva i} SUo PuUBULOTIKA oTolxela
(19S) mou OAa pall oxnuatiflouv TO 26S mMpwrtedowpo. OL pn owotd avoSuTAwpEvVeEG TPWTElveg
OUBLKOULTLVUALWVOVTAL Kal avoyvwpilovtal ano ti¢ 195 puBULOTIKEG UTIOUOVASEG, OL OTOoLEG TIG UETAdEPOUV OTO
20S npwtedowpa. To 26S mMpwredowpa amottel Td6oo oufkouttivn 6co kat ATP yla tn Asttoupyia tou, timota
Opwg amod ta dUo Sev gival mpoamaltoUpevo yla tn Asttoupyio tou 20S (Raynes et al. 2016). Zta epubpokuTtrapa
KupLapxel o 20S mpwteacwkog tupnvag (Neelam et al. 2011, Sae-Lee et al. 2022), Tou omnolou ol umtopovadeg B,
B2 kot B5 embelkviouv evepydtnta TUMOU Kaomaong, Bpudivng kot xupoBpuivng, udpoAlovtag MeEMTLOIKOUG
Seopoug oto KapPofutehikd dakpo Ofvwv, PBaocilkwv Kat udpodoPwv kataloinwv, avtiotolya (Rousseau and
Bertolotti 2018). Av And0Oel unoPn to uPnAd ofeldwTtikd doptio Tou avilpetwrnilouv ta gpubpokuTTapa, N
KupLapxia tou 20S eival aVOPEVOEVN TIPOCAPHOYN KOG Kal o tuprvag 20S eival 1Slaitepa amoTEAEGUATIKOG OTNV
avTlleTwron ofelbwpévwy mpwteivwv (Davies and Goldberg 1987, Salo et al. 1990, Davies 2001), aAAd kal
avOeKkTIKOG og ofeldwtikéG PAaBeg (Reinheckel et al. 1998, Reinheckel et al. 2000). ExeL paAiota dexBel nwg oe
oUVONKeC 0EELOWTLKOU OTPEC O€ QLUOTIOLNTIKA KUTTtapa N HSP70 pecolafel yia tov amoywplopd twv 19S and to

26S, £10L wote 0 20S MPWTEACWHA VO AVTIHETWITIOEL TIC ofelbwuéveg mpwrteiveg (Grune et al. 2011). Mapodtt n
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ave€aptntn Asttoupyia tou 20S Bpioketal akOUn UTIO Slepelivnon, UTIAPXOUV OpKETEG evOeilelc umép tng (Sahu and

Glickman 2021, Sahu et al. 2021).

‘Eva emmA€ov mMPWwTEOAUTIKO cUOTNUA TOU EpUBPOKUTTAPOU amoTEAEITAL Ao Uid OLKOYEVELO TIPWTEACWVY,
TIC KaAmaiveg, pall pe Toug avaoToAsl auTwy, TIG KaAmaotative. To ouoTNUA OUTO AslToupyel e aoBEoTio-
efaptwpevo tpomo (De Tullio et al. 2018). Baolkr avitmpoownog TG opadag eival n KoAmaivn 1, €TepoSIUEPES
ploag umopovadag 28kDa kot piag 80kDa (Goll et al. 2003). H mpwtn unopovada adopd otV KATAAUTLKNA TIEPLOXN
™¢ KaAmaivng-1 evw n Seutepn dépel BEon S€éopevong acPeotiou kal eival puButotikr (Sorimachi and Suzuki
2001). Xapn otn 6paon tng KoAmaotativng dlatnpeital os avevepyn popdn (Dantas de Medeiros et al. 2002),
OHWE N avénon twv evdokuttdplwy erunédwv Ca** odnyel otnv evepyonoinoh tne (Goll et al. 2003). Q¢ npwtedon
KUOTElvNG, n koAmaivn-1 otn ouvéxela mpwteollel Stddopa popla, onwg n Ca*-ATPdon tng HepRBpdvng, n
otpoodalpivn aAAd kot N MPpWTEivikr Kwvaon C. Me Tov TPOTO aUTO CUUUETEXEL ELUECWC OTN PUBLILON TNG ELOPONG
Ca?, 1o oXNUATIONO owpoTiwv Heinz kat Tt puBuLon tne dwodopuliwong npwteivwy, avtiotowya (Wieschhaus et

al. 2012).

A.3.3 Kuotidlomnoinon

H nmapaywyn efwkuttdplwv Kuotdiwv (extracellular vesicles, EVs) pe amnsuBeiag amokomnn Toug amod thv
epuBpokuttapikr pepPpavn (Etkéva All) amoteAel KUPLO OMOLOOTATIKO UNXAVIOUO, TOU €ival Tautdxpova
uneBUVOC yLa TNV anwAeLla Tou 20% g apoodatpivng Kot TG LEUPBPAVNG KATA TN GUCLOAOYLKN in vivo ynpavon
Twv gpuBpokuttapwyv (Willekens et al. 2003, Willekens et al. 2008). Eviog twv KUOTISWY QUTWV EUTIEPLEXOVTOL
KOTA KUPLO AOYyo HMn avaoTpEPiuo aANOLWHEVEG MOPdEC alpoodalpivng, omwe n YAukoluAwwpEvn (HbA:c kat
HbA1e;), AN kal EvIUa TTOU CUMHETEXOUV OTNV opolootacn Tou ogeldoavaywykol ooluyiou (Willekens et al.
1997). 2tn pepuPpavn twv kuotdiwv Bpiokovral kupiwg n {wvn 3 (Bosman et al. 2012) kal orpata AMopAKpUVONG
amnod tnv kukAodopia, onwg dwodatibulooepivn kal enitomnol tpononownpévng Lwvng 3 (Willekens et al. 2008). H
napoucia tng Lwvng 3 Kal N TAUTOXPOVN AIoUcLa OTIEKTPILVNG KAl ayKupivng umtovooUv tn Bpalon Tou GUUITAOKOU
{wvng 3/aykupivng, mou mBavwe odnyel og xaAdpwon Tou KUTTapooKeAETOU Kal kKuotidlomoinon (Sens and Gov
2007, Leal et al. 2018). Yndpyouv, miong, evdeifelg mwg ot PAAPeC otnv atpoodatpivn mBavwe mupodotolv thv
kuotidlomoinon (Leal et al. 2018). Ocov adopd oTNV eKTETAPEVN UTIAPEN ONUATWY AmopdaKpuvong, odnyel otnv
tayutatn e€alsudbn Twv kuoTdiwv amod tv kKukAodopia, mbavwg akdpa KL eviog pepkwv Asmtwy (Willekens et al.
2005). Etot TeAKA TO -KOTA T AAAa AELTOUPYLKO- EpUBPOKUTTOPO ATIOUAKPUVEL TOELKA LOPLA ATIO TO ECWTEPLKO TOU

KoL mopateivel Tnv KukAodopia Tou oToV OPYAVIOUO.
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Ewkdva All: Sxnpatikn avamapaotoaon tng Stadikaciag tng kuotdlonoinong. (Avatunwon amo Leal et al, 2018).

A.4 MetaBoAlopog tou Epubpokuttapou

Ta epuBpokUTTapa Slabetouv evepyd PETABOALGUO TIOU TOUC ETUTPETIEL VO TIOPAUEVOUV AELTOUPYIKA. Agv
elvat Alye¢ oL OSladikaociec mou elvat kpiloweg ywa tv  emBlworn Toug KOl amaltoUv evEPYELQ,
cupnepAapBavopévwy TG SLATAPNONG TNG OLOUUUETPLOC TNG MEUBPAVNG, TNC OUOANG AELTOUPYILAC TWV LOVIIKWY
SLOUAWY KAl EVOC OUVOAOU TIPWTEOOTOTLKWY KOL OVTLOEELOWTIKWY €VIUMLKWVY UNXOQVIoHwY. Mo va amoKTtioouy
evépyela pPe tn popdry ATP ta epubpokuttopa Bacilovial otnv avaepofia yAukoAluon kabBwg otepouvial
ptoxovopiwv. EmutAéov, SlabBétouv €va LoYupod oUOTNUA QVILOEELSWTIKWY UNXOVIOUWY Yld VA TIOPAREIVOUV

AeLToupyka apouasia Tou uPnAou ofeldwTtikou $opTiou ToOU Ta XapaKTnpileL.

A.4.1 MetoBoAlopoc MAukolng

Onweg avadépbnke mponyouuévwg, N YAUKOLN €L0épyeTal ota gpubpokUTtapa HECW TOou HeTadopéa
YAUKOING Glut-1. Ta popla yAukolng kataBoAilovtol péow SUO GNUOVILKWY MOVOTOTLWY: TOU HOVOTATIOU TNG
YAUKOAUONG, YWwotou Kal wg Embden-Meyerhof kat tou kUkAou Twv dwodopikwyv mevtolwv (Ewkova Al12) (Aziz
and Mohiuddin 2022, Chaudhry and Varacallo 2022). To povomdtt Embden-Meyerhof kataAnyel oe
TIUPOOTADUALKO 1] YAAOKTIKO, Ttapdyovtag ATP w¢ Tnyn evEPYELOC yla va eMITEUXO0OUV oL SLAPOPEG KUTTAPLKEG
Slepyaoiec (Asha 2018). EmutAéov, SleukoAUVEL TNV Mopoywyn Tou avnypévou cuveviupou NADH kat tou 2,3-
Sibwodoyhukepikol 0€£0g TTOU elval CNUAVTLKO yLa T pUBULoN Tt ofuydvwaonc T atpoodatpivng. Ooov adopd
otov KUKAO Twv dwodopikwy Tevtolwy, N YAUKOLN Héow autol KatoPoliletal os svdlapeooug petafoliteg mou
elval amapaitntol yla tnv mpootocia Tou KUTTApou &vavit ofeldwtikwv BAapwv. H pon tng yAukolng ota

povomdatia outd e€optatal and ta emnineda ofuydvou oto kUTTapo. Otav ta epubpokuttapa sival ofuyovwpéva

31



OVAOTEAAETOL O PETABOALOUOC pEow Tou Embden-Meyerhof, kal emdyetol To0 LOVOTATL TWV GpwodopLlkwV Ttevtolwy
yla vo evioxuBel n avtofeldwrtik apuva. AvtiBétwg, otav ta gpuBpokuttapa dev €xouv LPNAG emineda
ofuyovou, enayetal o PLeTaBoALoUOC TG YAUKOING HEow Tou Embden-Meyerhof yla va avtiotaBuiotel n unoéia

(Grace and Glader 2018, Aziz and Mohiuddin 2022).

A.4.1.1 NAukoAvan — Movoratt Embden-Meyerhof

To povomatt tng yAukOAuong KataPoAilel mepimou 1o 90% TNG YAUKOING TIOU ELOEPYETAL OTO
gpuBpokUTTapo kat amaptiletal amnd 6éka evIUPO-KATOAUOUEVEG avildpaoels. H efoklvaon, mou mapouolalel
vPNnAn ouyyévela yla TV evdokuttdpla yAUKoln, Slevepyel To apXko Brila TOU HOVOTATLOU, TIPAYLOTOTIOLWVTOC
pla avtidpaon dwodopuliwong kat odnywvtog otn dnuwovpyia g 6-dwodopikig yAukolng (Ewéva Al2). H
vPnAn ouyyévela Tou ev{UPOU HE TO UTTOCTPWHUA Tou e€aodalilel TV MPaAyUATONOLNCN TOU LOVOTIOTIOU aKOUA KL
OTaV TO KUTTAPLKO amdBepa yAukolng sival xaunAo. To 6° frAua tou povomatiol odnyel otnv mapaywyn tou 1,3-
SipwodoyAukeplkol amo tn dpacn tng adudpoyovaong tng 3-dwaodopikng yAukepaldeliidng (GAPDH). To 1,3-
S1dpwWodOYAUKEPIKO HEOW TWV ETOUEVWY OTASIWV TOU povomatiou Ba 0dnynoeL otnv mapaywyr 2 popiwv ATP
(Yachie-Kinoshita et al. 2010, Chaudhry and Varacallo 2022). Ouwg, amokAeloTIKA ota epuBpokuttapa to 1,3-
S1bwodoYAUKEPIKO UMopEl va TapakApeL TO EMOUEVO Bripa tng YAUKOAUGNG Kal vo eloéNBel os pia StakAadwon
YVWoTH w¢ povomatt Rapoport-Luebering. Ekel petatpénetal os 2,3-61dwodoyAukepikd (Rapoport and Luebering
1950). Autog o petafoAitng pmopel péow LSpOAUCNG va emLoTpEYPeL oTo povomatt Embden-Meyerhof. To teAko
BrApa tng yAukdAuong kotaAletal amd TNV MUpPootaduALKr KLVAon Kol TPOKUMTEL TUpooTadUAKO Kot ATP.
JuvoAlKa Tapayovtal péow TG YAUKOAuong 2 uopla ATP kat 2 NADH ylo kaBe poplo yAukolng (Ewkova Al2)
(Chaudhry and Varacallo 2022).

A.4.1.2 KbkAoc Qwaopopikwy lMevrtolwv

To povomnartt Twv ¢wodopkwy mevtolwy eivatl mapdAAnio tou Embden-Meyerhof kat povo to 10% tng
YAUKOUNG petoPoliletol péow autol uTd dpucloloyikég ouvOnkeg (Aziz and Mohiuddin 2022). To epuBpokUTTapo
Baoiletal otov cuyKekpLUEVO KUKAO yla TNV Ttapaywyn Tou avaywytkol NADPH (Alfarouk et al. 2020), emopévwg
elval Aoylkd Tou n por] OTO OUYKEKPLUEVO HOVOTIATL aufdvetol o ouvOnkeg o&slSWTIKAG Katamovnong.
Anoptiletal ano pia ofeldwtik dpaon, Katd tnv onola mapayovral 2 popta NADPH, kat pia pn ogeldwtikn daon
(Ewkdva A12). To ap)LKO LOPLO TIOU ELCEPXETOL OTNV OEELSWTLIKA ddon elval n 6-pwodopikr) YAUKOLN, n omoia PEow
™¢ Spaong tng adudpoyovaong tng 6-dwaodoplknc yAukolng (G6PD) petafoliletal Kot mapdnmAsupa UTAPXEL
avaywyr NADP* oe NADPH. TeAlkd To 0EELOWTLKO TUAHA TOU HOVOTIOTIOU KATAANYEL 0TV 5-dwaodopikr pLRouidln
KOLL TNV Ttapaywyn evog akopa popiou NADPH (Kruger and von Schaewen 2003). AkoAouBeil n pn oeldwtikn dpadon
KOTA tnv omola péow Miag oelpdg aviidpdoswv n 5-pwodopikr plBouldln kataAnyel oe evdlAPECA TNG

YAUKOAUONG KOl ETTAVELCAYETAL 0TO YAUKOAUTIKO povortdrtt (Etkdva A12) (Aziz and Mohiuddin 2022).
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Pyruvate

Ewkova A12: O petaBoAopog tng yAukolng ota epuBpokuttapa. Mapouctdalovtal Ta Movomatia tng yAUKOAUONG, TOu

Rapoport-Luebering kat twv pwodopikwv neviolwyv (Avatunwon arnd www.allaboutblood.com).

A.4.1.3 PUoBuion MetaBoAiouou Nukolng

H wooppormia petalt tng Asttoupyiag Tou povomatiol thg YAUKOAUGONG Kol Tou KUKAOU TwV ¢wodopkwv
nievtolwv Umnopel va puBulotel and tnv katdotacn ofuyovwong tou kuttapou (Ewtkova A13). TAukoAuTika évivpa
Omw¢ n GAPDH, n aAdoldon kal n ¢pwododpouKTOKIVAON UmopouVv va cuvdeBolv OTo apLVOTEAIKO GKPO TNG
Zwvng 3 mopoucio ofuyovwuévng aloodatpivng. Ta cuvdedepéva évlupa elval avevepyd kal €tol n yAukoln
KataBoAiletal péow Tou KUKAOU Twv dwodoplkwy meviolwv. Otav UMApXEL UN-0EUYOVWUEVN atpoodalpivn,
kaBobnyeital n (Sla otnV KUTOGOALKH TIAEUPA TNG {wvng 3 Kal avtaywvileTal Ta yYAUKOAUTIKA €vIupa Ta omoia Kot
aneAeuBepwvovtal, Ovtag MAEoV Kava va emiteAécouv TIg Spdoelg toug (Etkova Al3) (Campanella et al. 2005,
Stefanovic et al. 2013). AtiZel va avadepBel mwe n ouyyEvela TNG atpoodalpivng pe To ofuyovo eEaptdatal Kal amd
v aMnAeniSpaon pe to 2,3-6lpwodoyAukeplkd o0 TIOU TAPAyETAL AMO Tov KUKAO Rapoport-Luebering. To
MOPLO auto deopeleTal pe UPNAOTEPN OUYYEVELDL OTNV M OfUYOVWUEVN aldoodalpivn o oxéon HE TNV
ofuyovwpeévn. Me tnv aAAnAenidpaon autr LELWVETAL N CUYYEVELD TNG aloodalpivng pe To 0uyovo Kal emayeTal
oAAooteplkd n aneheuBépwaon Tou uToAedOpeEVOU ofuyovou Ttou elval Secpeupévo otnv algoodatpivn (Benesch

and Benesch 1967).
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Ewkova Al13: IynUOTK ovamopaotacn Tng ofuyovoefapTwHevng puBULonNg tou KatofoAlopol tng yAukolng ota

epuBpokuTtapa (Avatuntwon ano Gibson, 2016).

A.4.2 MetoBoAlopoc O&eldwtikwv Plwv

A.4.2.1 OfelbwTtiko STpEC

Ot uPNA£EC oUYKEVTPWOELG popLlakol oEuyovou, ailpng, ald kot atdépwy oldrpou ota epubpokuTTapa, To
KkaBlotolv Slaitepa emippenr oe dlatapayxeg tou ofeldoavaywylkou Looluyiou (Kanias and Acker 2010).
JUYKEKPLUEVA, N auTO-ofeldwan TG alpoodalpivng amoteAel TNV KUpLa Ny dpactikwv pulwv ofuyovou (ROS) oe
oautd (Kuhn et al. 2017). Ektog amo pileg umepofeldikwv aviovtwv (0;7), HeETA TV 0UTo-ofeldwaon NG
alpoodalpivng mpokumtel pebatpoodatpivn, amno to poplo TG omoiag pmopsl va aneAeuBepwBel o TpLoBevig
oiénpog (Fe3*) kat va Spdoel kL auToC 0EelSWTIKA. OL pileC UTIEPOEELSIKWV AVIOVTWY CUUUETEXOUV OE QVTLOPAOELC
ofeldoavaywyng ano Tig onoleg unopei va npoku el umtepoeidlo tou udpoyodvou (H,0;). H mapaywyn Tou popiou
autoU elval blaitepa emikivduvn kabwg péow Twv avidpdoswv Fenton kat Haber-Weiss (Ewkova Al4) obnyeil

otnv napaywyn dpactikwy plwv udpofuliou kat ofelbwuévou owdrpou (Bunn and Jandl 1968).

'0,” + F¢’' = F¢*' + 0,
Fo2 | 1,0, , Fe, +OH + OIT Fenton reaction
0, + H,0, F—LF O, +0H" +0H Haber—Weiss reaction

Ewkova Al14: Ol avtibpdoelg Fenton kat Haber-Weiss (Avatunwaon and Menkveld, 2010).

H pebawoodatpivn, Aoyw tng ofetdbwtikng tng BAABNG, wmopsl va petatparnei os aotobesic Souég mou
ovoualovTal OLUOXPWHOTA. TO ALUOXPWHATO £XOUV TNV LKAVOTNTA VO CUYKEVIPWVOVTAL OTNV ECWTEPLKA TIAEUPA
™G epuUBPOKUTTAPIKNG UEUPBPAVNG UECW OUOLOTIOALKNG SECHEUONG 08 SOUKEG TTPpWTEiveg (Kuplwg otn Lwvn-3),

Suoxepaivovtag TNV KavotnTa £AACTIKAG Tapapopdwong tou epubBpokuttdpou. Emiong, ouupetéxouv otnv
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mpoaywyn TnG ofeldwong ocuoTaTkwy TNG KEUPBPAVNG KAL OTO CXNMOTIONO ohpdtwy ekkaBdplong (Delobel et al.
2010, Kanias and Acker 2010). Yno ¢uclohoyikég ouvbnkeg, n pebBalpoodatpivn pmopel va avokukAwOel otn
AeLToupyIKn TG Hopdn HEow TNG avaywyaong tng pebawpoodalpivng, n omoia amaltel wg nAsktpovioSoTn TO
NADH. EmutAéov, o eAelBepog 6idnpog pmopel va ekkabaplotel anod tnv epuBpokuttapikn depptitivn, n omnola pe

TOV TPOTIO QUTO QTTOTPETEL TNV MPOYHATOTOINON TWV 0€eldWTIKWV avtidpacswv (Kuhn et al. 2017).

A.4.2.2 Avtioéetbwrikoi Mnyaviouol

To avtloeldwTIKA CUCTAMATA TWV EPUBPOKUTTAPWY otnpilovtal TO00 og eVIUULIKA OGO KOl Un eVIUULKA
popLa (Ewkdva A15). X0pOKTNPLOTIKECG N EVIUMLKEG aVTLOEELOWTIKEG ouaieg elval n yAoutaBelovn Kal To aokopBLko
o&U, to omoio mpoavadépbnke. H yAoutaBeldovn eival tputemntidio (kuoteivn — yAoutautlkd ofy — yAukivn) pe
Kplowun oupBoAn otnv ofeldoavaywylkr opoLlooTach Tou KUTtdpou. Mapouaoia ofeldwTlkoU oTpeC N yAouTaBelovn
ofeldbwvetal kat pmopei va emavadepbel otnv mponyoUUeVN KATAOTACNH TNG HECW TNE SpAONE TNE AVOywyAonc TG
vAoutaBelovng mou xpnolpomolel w¢ oupmoapayovta to NADPH (Pastore et al. 2001). H yAoutaBelovn
xpnotgoroleital and mAnbwpa evIUUWY WG CUUIOPAYOVTAC VL0 VA ATTOTPEPEL TNV KATAOTPOdH TOU KUTTAPOU OO
™ 6pdon twv ROS. KAaolkd mapadsiypa amoteAel n xprion tng yAoutabeldvng amod tnv Umepoeldbaon Tng
vyAoutaBeldvne (GPx) yia tn petatponr) tou H,0, os vepo (Pompella et al. 2003). M'evikd, To anoBepa avaywyLKng
Suvaung pe tn popdrnn NADH kat NADPH eivat uvyiotng onuaciag ywo tnv opaAr Asttoupyio moAAwv

ovTLOEE LS WTIKWV pnxaviopwyv (Kuhn et al. 2017).

=
P2 HbFe2*-0, O, H,0,

HbFe?*

/_|O§a|6w11|(6 OTPEG Gs@H H,O  Trx(SH), TrxS,

ASC [ /GSH
‘GRx L, avaywydon
DHA N@DI’H N@DPH

YAukéZn
’} ooo B FAuk6Auon KUKAOG dwo@opikwyv Meviodwyv ]

® e
o 0

Ewkova A15: IXNUOTIKN QvamopAaoTach TWV aVTLOEELSWTIKWVY UNXAVIOUWY Tou epuBpokuttdpou. Mapouactdlovtal ot KUpLoL Un
evlupkol kot eviupikol pnxoaviopol mou O8loB€tel To epubpokUTTOPO yla VO AVTIHETWIOEL TG Slatapayxeg Tou

ofeldoavaywytkol tou Looluyiov (Avatunwaon amo Kuhn et al, 2017).

Mépav tng GPx mou avadépBnke RéN, Ta epUBPOKUTTAPA TIEPLEXOUV OPKETA OVTLOEELSWTIKA VIV, OTIWG

n umepoeldikn Slopoutaon (SOD), n kataAdon (CAT) kat ol unepoéelboaiveg (Prdx) (Mohanty et al. 2014). H SOD
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Bploketal oTtnV MPWTN yPAUUA AUUVOG EVavTL TOU ofeldwTKoL oTpeg, KaBwe kataAUel Tn petatpont O, og H,0;
(McCord and Fridovich 1969). Ano ekeivo to onpeio, maipvel Tov €Aeyxo kupiwg n GPx, aAAd otav ta enineda H,0;
elvat vPnAad, ouppetéxel kat n CAT otnv ekkaBApPLOr TOU, HETOTPEMOVTAC To 0t vepO Kkal ofuyovo (Cohen and
Hochstein 1963). H CAT anaptiletal and 4 umopovAdeg e OUASES aipng, KoBepla ek TwV omoilwv GEPeL Eva LOPLO
NADPH (Antunes et al. 2002). Ocov adopa otig Prdx, cuvictoUv pia olkoyévela umtiepoéeldaowy, LE Kuplopyxn ota
epuBpokuTTapa tnv Prdx2. TOMOAOYLKA QUIMAVTATOL OTO KUTOCOALO KOl avtaywviletal KL ekeivn tnv GPx kat tnv CAT
yla TNV amopdkpuvon tTwv popiwv H,O; (F.M. Low et al. 2008). e cuvBnkeg LoxupoU ofeldWTLKOU OTPEC, OUWC,
petatoniletal otn pepPBpavn (Cho et al. 2014) 6mou pmopel va mpootateVosl To AUtidlo and ofeldwTIKEG PAGBEG

(Matte et al. 2013).

A.5 EpuBpokuTttaptkr Mpavon

Qualoloyika, ta epubpokuttapa in vivo €xouv Xpovo {wng mepimou 120 nuépeg, emopévwg n {wr Kal o
Bavatog Toug dalvetal W UTTOKEWVTAL O auatnpr pudulon. Ztnv mapodo twv 120 nuepwv Ta gpubpokutTapa
£PXOVTOL OVTIHETWITA HE XNHLKO KOL UNXOVIKO OTPEG TIOU TIPOOSEUTIKA TOUC TPOoKOAOUV BAGBEeG. TeAkA ta TLO
ynpaopéva epubpokutrapa eéwtepikebouv PS, mapouoidlouv pelwpéva eminmeda olalitkol 0£€og, XOAnOoTEPOANG
Kot dwodoAmdiwv (Antonelou et al. 2010a) kat aAhayEg otnv evepyotnta Twv evlUwv toug (D'Alessandro et al.
2013). H ynpavon ouvodeletal amd kuotdlonoinon (Willekens et al. 2008), pe amotéAecpa TNV OMWAELQ
awpoodalpivng Kal HEPBPAVIKWY CUOTATIKWY KAl TEAIKA TN cUpplkvwaon Tou KUTTApoU. AKOUN KL av oL pnxaviouol
Tiou puBuilouv to Xpovo LwhG TwV epuBpoKUTTAPWY Sev £XxouV TIANPWG SLaAeukavOel, elval eVpEwg amodekTd MwG
10 ofeldwtikd otpeg (Lutz and Bogdanova 2013, Rifkind and Nagababu 2013) r/kat évag kaAd puBuLopEVOC
HOPLOKOC «OoAyOpLlOpOC» Tou eAéyxel TNV oAAnAsmibpacn petafl epuBpokuttdapwy Kol pakpoddywv (Arias and
Arias 2017) kaBodnyouv tn Sladkaocio tng epubpoKUTTOPLKAC ynpavong. NEViKA, Ta ynpacuéva epubpokuTttapa
amopakplvovTal Katd tn SiEAeuoh Toug amo tov orAnva, aAAd kot to Amop. O epuBpog MoAdog Tou omAnva sival
mAoUoLloG o pakpodaya, €MITPEMOVTIAG TN OTevh emadn Twv tedevutalwv pe ta Siepyoueva gpubpokuttapa
(Corrons et al. 2021). MdAwota, n £puBPOGAYOKUTTAPWON TWV YNPACHEVWY EPUBPOKUTTAPWVY AapBavel xwpa in
vivo aA\d OxL in vitro o€ KAAAEPYELEG OMANVIKWY MOKPODAYwWY, KATL TTOU UTIOVOEL TTWE N «APXLTEKTOVIKA» TOU
omAnva eival KpLoLdn yla TNV ammopaKpuvon Twy ynpaouévwy epubpokuttdpwy (Gottlieb et al. 2012). 1o omAnva
avayvwpilovtal epuBpokUTTAPA HE HELWMEVN LKOVOTNTO €AAOTIKAG TMopapdpdwong, kKabwe kal oPpwviopéva
epuBpokUTtTapa (ta omoia avayvwpilovrtal kat oto Amap) (Eggleton et al. 2000). To otaBepd TUAUA TwWV IgGs
avayvwpiletal and unodoxelc otnv emipavela Twv pokpoddywyv Kol to €pubpokUTTapa GayoKUTTAPWVOVTAL
(Mosser and Zhang 2011). Emiong, amd ta pokpoddya avayvwpilovial ta Slddopa onpata «eat-me» mou
eKTiBevTaL OTNV eMLdAVELA TWV YNPACUEVWY EpUBpOKUTTAPWY Kat Ba avadepBouv napakdtw (de Back et al. 2014,
T.R. Klei et al. 2017). Mpoodateg pehéteg €xouv deifel mwe n aoPeotioefaptwpevn amopdkpuveon K* (Gardos effect)
ond ta epuBpokUttapa odnyel otn peiwon OLAALKWYV KATaAOMWV oTnV emMPAVELX TOUG KoL EMAYEL TNV

gvepyoroinon popiwv npookoAnonc (T.R.L. Klei et al. 2020b). Xtov gepuBpd MOAPO ta KUTTAPA AUTA SeouevovTal
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otn Aapwvivn a5 péow Twv popilwv TPookOAAnong kat Avovtat. Ou pepPpaveg (ghost) mou mpokUTTOUV

avayvwpilovtal kat anodopouvtal ano ta poakpodaya (T.R.L. Klei et al. 2020a).

A.5.1 E¢wtepikevon Owodatibulooepivng

H PS, onwg npoavadépbnke, dlatnpeital oto eocwteplko dpUANo TnG Auttdikng SumAooTtifadag, WS auTA N
OLCUUHETPLOl TPOOSEVUTIKA XAVETAL OTA YNPACUEVA EpUBPOKUTTOPA, YEYOVOG TToU aufavel tTnv e€wtepikeuon PS kot
TNV avayvwpLor tng and unodoxelc otnv emibavela TwWV LAaKpodAYwY WG oo TPOG amopdkpuven (eat-me signal)
(T.R. Klei et al. 2017). Aiwadopol punxaviopoti £xouv mpotabel yia va e€nynBet autr n e€wtepikevon. H ofeldwaon tng
PS (mou aufavetal katd tn ynpavon) LeTaBAAel TRV IKAVOTNTA TNE va §pa WE UTTOOTPWHA YLa T peTadopdcn Tou
gival umevBuvn va ™ peTadEpPEL amo 1o eEWTEPIKO 0TO e0WTEPLKO GUAAO TG Suthootifadag (Tyurina et al. 2000).
Tautoxpova, KOTA TN YAPAVOoN UELWVETAL N EVEPYOTNTA TNG PALTACONC Kol UEAVETAL TO EVOOKUTTAPLO AOBECTLO
TIoU evepyoTiolel tn okpapmAdon (Franco et al. 2013, Arashiki and Takakuwa 2017). EmumA€ov, n PS aAAnAemiSpd e
Tn omekTpivn tou KuttapookeAetol (Kunzelmann-Marche et al. 2001), opwg Adyw TG Slatapaxnig Twv cUVEECEWV
MEUBPAVNC-OKEAETOU KATA TN yrpavaon (Kol CUYKEKPLUEVA TNV ERdAVION TOU VEO-AVTLYOVOU yrnpavong tng {wvng 3
mou Ba avadepBel otn ouvéxela), umopel va dtatapaxBel kot N acupPeTpia TwV PwodoAudiwy TG HeEpBpavng
(Koshkaryev et al. 2020). 2ta ynpacuéva epuBpokuttopa evrorniletal, niong, evepyn koomndon-3, n onola in vitro
£xeL SeyBel va odnyel péow tng dpaocng tng oe e€wrtepikevon PS. OL mapamdvw petaBolic mapoucialovral

oXNUOTKA otnv Elkova Al6.

Ca?* <1 uM (low)

/ o
@
y o
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w
%
w
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& ATP ADP +P,
x
\ & AMnAenidpaocn PS-onektpivng ATP > 1 mM

Mpavon (120
npépeg)

At
' Inektpivn vy
Aykupivn Mukouliwon ATP ~1mM
Ca? > 1 uM (high)

Ewova A16: Ot pHeTafOAEC OTIC HEUPBPAVIKEG SOUEC, TO EVEPYELAKO AMOBEUA KOl TNV EVOOKUTTAPLO CUYKEVTPWON acPeaTiou

€pUBPOKUTTAPWY KATA TN yneovon mou Umopsl va odnynoouv oe efwtepikevon dpwodatibulooepivng (Avatunwaon amo

Arashiki and Takakuwa, 2017).

37



MNapa ta mopandavw dedopéva, afilel va avadepbel nwe emikpatel pla aocvpdpwvia 6cov adopd otnv
efwtepikevon ) oxL PS katd tnv in vivo ynpavorn. H acupudwvia auth £ykettal oto yeyovog otL n PS eival Wblaitepa
Bpoppoyovog wote va ektiBetal ota kKukAodopouvta epubpokutrapa (Antonelou et al. 2010a), kaL oTo OTL EVW
OPLOPEVECG OUASEC €xouv Bpel auénuévn MPookoAAnaon ynpacuévwy epubpokuttdpwy os avvefivn V (Boas et al.
1998), aM\eg Sev £xouv PBpet dladopd oe clyKkplon He Ta veapad kuttapa (Wesseling et al. 2016). Mia g¢nynon
ooov adopd OTn CUYKEKPLUEVN Tapathipnon eival mwg ta epuBpokuttapa mou ekdpalouv emidpavelakn PS
amopakpUvovTal amno TNV Kukhodopia HEow Twv pakpodaywy og éva pubuo mou kablotd adluvatn Tnv avixveuon

touc (Dasgupta et al. 2008, Thiagarajan et al. 2021)

A.5.2 Inpotodotnon péow tne mpwrteivne CD47

H avti-dpayokuttapikr dpacn tg CD47 (don’t-eat-me signal) eival unAotepn Katd TNV y€vvnon twv
gpuBpokuttapwyv. H mpoodeutikry eldttwon tng mapouciag tng otn pepPpavn (Oldenborg et al. 2000) n
HOpdOAOYIKEG HETABOAEC ot Sopn TNG MEWWVOUV TNV  OTTOTEAECUATIKOTNTA TNG WC OVOOTOAEd TNG
dayokuttapwong Kabwg yepvael to kUttapo. H CD47 aokel tnv avaoTtoATikh the Spdon HEow SECUEUONG OTOV
urtoboxéa SIRPa Ttwv HOKPOPAYWY, EMAYOVIOS OVOOTOATIK onuotodotnon. Ouwg Katd Tn ynpavon
Tipaypatonolouvtol otepeodoutkéG aAlolwoelg otn CD47, mdvw otnv omoia dsopeletal n Bpoppoomnovdivn-1
(TSP-1) énuoupywvtog pia kawolpla Béon arnAenidpaong pe tov unodoyxfa SIRPa. H véa autr déopeuon,
ovtiBeta pe TNV mponyoUpevn, TUPOSOTEL KaATAPPOIK ONUATOdOTNON UMEP TNG QMOMAKPUVONG TOU

£pUBPOKUTTAPOU, OTIWG TTAPOUCLALETOL OXNUOTIKA otnv Etkova A17 (Burger et al. 2012).

CD47
SIRPa

CD47/TSP-1
o siRPa Y

dayokuttdpwong Enaywyn
$ayokuttdpwang

Ewova Al17: O poAog tng CD47 w¢ MopLoKOg SLakomtng tng GpayokuTtapwong Tou epuBpokuTtdpou. (Avatunwaon amo van

Bruggen, 2013).

A.5.3 To povornatt the Zwvne 3

Eva amd ta ouxvoteEPA EUPHAHATA TIOU QIMOVIWVTOL OTI( UEMBPAVEG TWV YNPOOUEVWY €pUBPOKUTIAPWY
elval oL tpomomnotnoelg otn Zwvn 3. MaAwta, €xouv Bpebel GUCIKA AUTO-AVTIOWUOTA TIOU CUUHUETEXOUV OTN
Sladlkaoila NG avayvwplong Twv Ynpoopévwy epuBpokuttdpwy amd pokpoddya, ta omoio avayvwpilouv
oAwyopepn t™¢ Zwvng 3 (Lutz et al. 1984). To nmw¢ oxnuoatiletal To veoavilydvo ynpavong tng Zwvng 3 Kal

kaBiotatal ediktr autn n aAnAenidpacn pe ta IgG -mBavwe Kol He TIAPAYOVTEG TOU CUUIMANPWHATOC— eV £XEL
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TANPpwC SladeukavOel, aAld uTtapxouv oplopéveg utoBEoels. H ofeldwtik amodounon tng alpoodalpivng Katd
™ ynpavon odnyel otn dnuloupyla ALLOXPWHATWY TA OO0 CUCCWPEVOVTAL OTO KUTOOOALO, OUV-TIoAUEpilovTaL
LE TNV KUTTOPOTAQCUATIKA TAEUPA TNG ZWwvNng 3 Kot SnULoupyouV £va pn SLOAUTO LOKPOUOPLOKO CUCCOWHATWHA.
H ouvoowpdtwon t™¢ Zwvng 3 AOYyw TWV QLUOXPWUATWY Bewpeltal mwe ekBETEL VEO-avTlyova ynpaveong mou
avayvwpilovtal amd aVTIoWHOTA Kal TEAIKA TO KUTTAPO OTOMOKPUVETAL amo pakpodaya (P.S. Low et al. 1985,

Pantaleo et al. 2008). Autr} n Bswpia mapouvotdletal oxnuatikd otnv Etkévo A18.

Ewkova A18: O poAOG TwV QLUOXPWHATWY oTn Snuiloupyla Tou VEo-avilydvou ynpavong tng Zwvng 3. (Avatunwon amod

Pantaleo et al, 2008).

Mua @AAn Beswpla adopd otn Bpalvon tng Zwvng 3, n omoia mpokoAel otepeodSlatalikég aAAAYEC TTOU
TeAlkA oxnuatilouv to VEo-avtlyovo yhnpavong. Mo ouyKekpluéva, HECW TNG MPWTEOAUONG AOYW KATOLOU
o€eldwtikol cupBAvtog, £pxovTal otV EMPAVELA «KPUUUEVESY QVTLYOVLKECG TIEPLOXEG TNG ZWVNC 3, aVayVWPIOLLEG

amnod avtiowpota (Bosman 2013), 6nwg mapouctdletal otnv Etkova A19.

5. Aéopeuon
Egwkurrdpiog xwpog aVTICWHATOG

Meppdvn

i oM il @

1. Zwvn 3 oty 2. BAdBn om 3. @pavon otn 4. Anpoupyia
pepBpavn {wvn 3 {wvn 3 VEO-aVTIyOVOU

Ewkova A19: H Snuloupyia Tou VEO-avTLlyovou ynpaveong tThs Zwvng 3 péow Bpavong tng mpwreivng. (Avatunwon andé Bosman,

2013).

Mo npoodarta, HeTA TNV Kpuotaloypddnon tng Zwvng 3 kat TV avakaludn tng Soung tng (Hatae et al.

2018) mpotddnke évag ocuvduaopuog Twv dVo mapanavw unobécewyv (Etkova A20). Z0uPwVA E TO CUYKEKPLUEVO
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MOVTEAO, N Zwvn 3 amotelel «HoplOKO poAOL» TNG £puUBpPOKUTTAPLKAG yRpavonc. Katd tn ¢uololoyikr tng
Aeltoupyla wg aviovtoavtaAAaktng, n Zwvn 3 udlotatal TaxUTateg oTePe0SLAUOPDWTIKEG OAAAYEC oTn AUTLOIKA
Suthootifada. Mo CUYKEKPLUEVA, UTIAPXEL LA Teploxy otnv Tpwrteivn mou Ppioketal katd kUpLo Adyo oTo
KUTOOOALO, OAAG umopel omavidtepa va BpeBel kol efwkuttdpla. Av dev emloTpEPouv aUTA Ta apLvoéa oTo
KUTOOOALO META TNV eEWTEPIKEUOH TOUG, dnuloupyolV Hial avilyoviky B€on mou oavayvwpiletol omd auto-
OVTIOWHATA. YTOV EEWKUTTAPLO XWPO, Ta avTiowpata pe tn S€opeuct Toug Ba «mayldbevoouv» Tn Zwvn 3 ot
OUYKEKPLUEVN otepeoSlapdpdwon, Kal Hmopouv va hp€pouv eyyuTepa LETAEL ToUC SLadopeTka popLa TnG Zwvng 3
oAwyopepilovtag ta. Ano tnv aAAn, n Stadlkacio evioYUETOL OTO KUTOOOALO HE TN SE€0UEUON ALUOXPWHATWY OTN
Zwvn 3 KOL TNV EMUKELEVN TIPOAYWYN] TNG CUCOWHATWONC tTNG. Otav Ta cucowpatwpata Zwvng 3 untepfoulv va
0plo peyE€Boug Kal pia oudd oPpwviopoUl, pakpodaya UmopolV va avayvwpioouv ta epubBpokUTtrapa Kal va Ta

anoppidouv amno tnv kukAodopia (Badior and Casey 2018).

A Indvio OTEPEOSLATAKTIKO Nayidsuon

YEYOVOG Héow IgG
It | I Tnannt i
a;\; <> ; _ M
KutocoAo
C .
Zucowpatwon
Héow IgG

ZUCOWHATWON HECW
CLHOXPWHATWV

——

—

Jli,

Y
o
==

S

)
s
.

»

»

-

MeydAa CUCCWHATWHATA ATtO
cuvepyatikn Spaon IgG kat
CLLHOXP WHATWV

Ewova A20: H Zwvn 3 WG TO «OPLOKO POAOL» TNG EPUBPOKUTTAPLKAG ypavong. (Avatunwaon aro Badior & Casey, 2018).

A.6 EpuBpontwon
YTNV TpoNyoU eV evoTNTA avaAUONKe n amopdkpuvon Twyv puBpoKUTTApWY PEow NG Sladtlkaolag Tng
yipovonc. OpwG, UMAPXOUV KATOOTOOELC TOU WIopoUV va TUPOSOTACGOUV TNV TpOWPN OIMOPAKPUVON

£pUOPOKUTTAPWY, HECW EVOG TUTIOU TIPOYPOAUUATIOUEVOU KUTTAPLIKOU BavATOU TIOU OMAVTATOL OMOKAELOTIKA OTOl
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epuBpokUTTapa kal kaleital epuBpomtwon. H gpubpomtwon eival Wlaltepa onpavtikn, kabwg odnyel otnv
amoduyn tng awudiuong (K.S. Lang et al. 2005). e avtiBeon pe TNV KAOQOLWKA dldOAUch, ToU odnyel otnv
Kataotpodn TNG TAQAOUOTIKAG MEUBPAVNG KAl TNV EeTUKElnevn omeleuBépwon tnN¢ algoodalpivng, ota

£pUBPONMTWTIKA KUTTAPA N LEUPBpavn apapével abiktn (Dreischer et al. 2022).

Baolko ep£Blopa ywo tnv emaywyr tThg €puBpomtwong elval n avfnon Tou evOOKUTTAPLOU aOBECTiou TOU
Tupodotel ta opdonua tng epuBpomtwong, dnAadn tnv efwrepikeuon PS kat tn cuppikvwon tou kuttdpou (Foller
et al. 2009). H evSokuttdpla cuykévipwon aoPeotiov UTO PUOLOAOYLKEC ouVONKeg elval TIOAU xaunAdotepn g
avtiotolxng tou mMAdopatog (Bogdanova et al. 2013). H eicoSo¢ Ca?* ota epuBpoKUTTOPA YIVETOL HECW KOVAALWV
mou puBuilovtal/evepyomololvtal amd TANBOG mapayoviwy, OMwEG TN CUYKEVTPWON Loviwv xAwplou (Cl), to
ofeldwtikd otpeg (Duranton et al. 2002), To untepoopwtikd ook (K.S. Lang et al. 2003), tnv mpootayAavdivn E2 (P.A.
Lang et al. 2005), kot tnv mpwrteivikn Kwvaon C (PKC). H wooouwtik avtikatdotaon twv eéwkuttdapiwy ClI pe
YAUKOVIKO A aviovta Bpwpiou 1 wédiou (Duranton et al. 2002), Kol TO UTIEPOCHWTLKO GOK EMAYOUV TN cUVOeoN NG
nipootayAavdivng E2 ota epuBpokuttapa, n omoia pe tn OEpd tng evepyomolel tnv ewopofy Ca?* péow Twv
KovoAlwv katoviwyv (P.A. Lang et al. 2005). Ta aufavopeva emineda evdokuttdplou acPeotiou emdyouv Tnv
amopdaxkpuvon K* and ta kavaAla Gardos kot To KUTTOpo adudatwvetal Kot cupplkvwvetal (Cahalan et al. 2015).
EmutAéov, emayetal n Aswtoupyia TNg OKpaumAAdong kol eEwtepikevetal PS, kabwcg Kkal tn¢ KaAmaivng mou
TPWTEOAVEL TipwTelveg Tou Kuttapookedetol (P.A. Lang et al. 2005). Onwg avadEpBnKe o TPONYOUEVEG
evOTNTEG, Ta €£puBpoOKUTTAPA UTIOKEWVTOL OUVEXWG Ot OLeldWTIKO otpeg. Mapd tnv Umapén Loxupwv
QVTLOEELSWTIKWY NXAVLOMWY, oL vSoKUTTAPLEG ROS Hmopouv va mupodotroouv Thv epuBpomtwaon in vivo, L8LKA
oec oplopévec KAWkEC ouvOrkee (F. Lang et al. 2014). Ta kavdAa TOU €emLTPENOUV tnv elcodo Ca?* ota
gpuBpokUTTapa, KaBwe Kal Ta Kavaila mou petadépouv tovta Cl kat cupBAAlouv oTh cUPPLKVWGN TOU KUTTAPOU
(Huber et al. 2002), svepyomoloUvtat amnod tig ROS (Duranton et al. 2002). ErunpooB£twe, n e€avtAnon svépyelag
urnopel va evepyorotioet tnv PKC (Klarl et al. 2006), n omoia pe tn oglpd TG 08Nyl 0TO «AVOLYHA» TWV KOVOALWY
Ca%, kat ev ouvexeio otnv avadidtafn twv dwodoAutdiwv tne HeEUPPAVNE Kol Tn ouppikvwon Ttou

epuBpokuttapou (de Jong et al. 2002).

To kepapidlo elval emiong KUPLOG KUTTOPLKOG TpowdnTn¢ tng epubpomtwong (K.S. Lang et al. 2004).
Anotelel mpoiov udpoAuong tng adlyyopuelivng (Zeidan and Hannun 2010) kat 6ivel évauopa yla epubpontwon
gualoOnTomolwvTag To KUTTapo ota Ca?t, xwpic OUWE va EMAyEL TNV €lopor| Touc. Emiong, To UMEPOOUWTIKO COK
gmayel tn Snuoupyia kepaputdiov péow dpaong TG odpLyyopUEALVAONG, YEYOVOC TIOU €ENYEL TIWE TO CUYKEKPLUEVO
ook umopel va o8nynoel os epuBpomntwon okopa Kot amouoio efwkuttdplouv acPeotiov (K.S. Lang et al. 2004).
ErumAéov, peléteg £€6siav mwg n mapaywyr kepapdiou pubuiletal omd tov mapAyovia EVEPYOMOinong
otponetaAdiwv PAF, o omoiog petd tn S£0peuct Tou OTov UTOSOXEQ TOU OTNV £pUBPOKUTTAPLKY HEUBPAVN
evepyorolel Tn odlyyopueAvaon, avfdvovtag teAlkad ta evbokuttapla emineda kepaptdiov (P.A. Lang et al. 2005).

OL kUploL unxaviopoi tng epuBpomtwong mapouaotaovtal oxnUatikd otnv Ewkéva A21.
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Juppikvwon

AntwAsia

Evépyelag

Ewkova A21: Synuatikn avanapdotacn tng dtadikaciog tng epubpomntwong. (Avatuniwaon and Lang et al, 2006).

Ta epuBPOKUTTOPA TTOU UTTOKELVTOL O £pUBPOMTWON TBAVWE AMOUAKPUVOVTOL HECW TOU OTMANVA, aAAd
avtl vo CGUPETEXEL 0 £puBpdc MOADOG TTou avadEPBNKE MPONYOULEVWE KUPLO POADO £X0UV Ta HOKpodaya Kol Ta
Sevdpltika KUTTOpa TNG oplakng {wvng. JUyKekpLuEva, ta Sevdpltikd mou pépouv CD207 kat CD8 avayvwpilouv
QIMOTEAECHATIKOTEPA TA EPUOPOKUTTAPA TIOU QTIOTIITOUV KOl TAUTOXPOVA SEV UTIAPXEL AVAOTOAN HECw Tou CD47

(Qadri et al. 2017).

A.7 ArnoBrikeuon kat ArmoBnkeutikr) BAaBn EpuBpokuttapwv

Ta epuBpokUTTapa AMOTEAOUV TO TILO GUXVA HETOYYLWOUEVO TTAPAywyo allatog, €MOMEVWS N BEATLOTN
amnoBnkeuon PETA TN cUAAoyH Toug eival Wolaitepa kpiown. TGoo oL cuvBNKeG amoBrKeLONG OGO KOL TA ETULUEPOUG

XOPAKTNPLOTIKA TOU aLod0oTn daivetal mwe emdpolv oTnV arnoBnKeUTLK LKAVOTNTA TWV EpUOPOKUTTAPWV.

A.7.1 JuvOBnkec ArtoBnkeuong

MNa va mapaxbolv oL HOVASEC CUUMUKVWHEVWY €pUBPOKUTTAPWY, HETA TNV alpoAndio akoAouBel
dUYOKEVTPNON YL TNV ATIOUAKPUVON TOU MAACUATOC, EVW OTLG TIEPLOCOTEPEG TEPUTTWOELG TIPOYLATOTIOLELTOL KAl
Aevkadaipeon. Ztnv EAMa@da n anobrikeuon yivetal oe SloAUpOTA CUVTAPNONG KE KITPKA, Pwodopikd, de€tpoln
kot adevivn (CPDA-1) yia 35 nuépec, dldpkela n omoia enekteivetal Katd pia edopdda pe TNV mpoobnikn tou
npooBetTikol SlaAUpato¢ SAGM 1o omoio Tepléxel emumAéov aAaToUxo puBULOTIKO SLdAupa, yAUKOTn Kot
MOVVLITOAN. Ta KITPIKA Tailouv aviutnkTtiko poAo, KaBwg HUETA TN CUMMAOKOTOINON TOU¢ PE Lovia aoPeotiou
T(POKUTITEL AAAG KLITPLKOU 0€£0C eumodilovtoc ToV KatappaKtn mHENg Tou aipatoc. OL udatdvOpaKke epmepLExovTal

oto StdAuvpa yla va petaforiotolv amd ta kuttapa (Knight 2013), evw n adevivn kal ta ¢wodopikd wg
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evepyelakd amoBépata (Hess 2006). TEAOG, N UOVVITOAN, XAPN OTNV OVTLOLEOWTIKA KAl OTABEPOMOLNTIKA TNG
6pdon oTnV KUTTAPLKN HEUBpPAvN, glval To popLo mou guBuvetal yla tnv BEAToTn amobrkeuon oto StaAupa

CPD/SAGM (D'Amici et al. 2012).

A.7.2 ArtoBnkeutikn) BAABN

Onwc elval Aoylko, otav to €puBpokUTTapO AMOUAKPUVOVTAL amd To PUOLKO Toug meplBAaliov Kal
amnoBnkevovtal ex vivo o€ €va KAELOTO cUoTnUa, enMNPedleTal o PETABOALOUOC TOUG Kal N puactoroyia toug (Tissot
et al. 2017). Bplokovrtal os Beppokpacia MOAU YAUNAOTEPN QUTAG TOU CWHATOC, €AVTAELTOL TO aMOBepa EVEPYELAC
TOUG Kal «{ouv» OTOV (810 XWPOo HE Ta AmMOBANTA TOUG, XWPLG val UTTAPXOUV OL TIPOCTOTEUTIKOL pnxaviopol mou
Aettoupyolv otnv Kukhodopla. Emopévwe, n katamoévnon mou PBuwvouv eival Slaitepa €vtovn. H otadlokn
uroBaduon twv Sladopwyv AETOUPYIKWY Kol SOULKWY TIAPAUETPWY TWV ATIOONKEUUEVWVY €PUBPOKUTTAPWY

ovopaletal amoBnkeutikr) PAAPN (Yoshida et al. 2019).

MA£ov, OTOV ETLOTNHOVIKO XWPO TNG HUETAYYLONG QUpOTOG erikpatel n amoyn mwg n avamtuén tou
dawotumou TNe amodnkeutikng PBAABNC odeileTal TOCO OTNV ATOUAKPUVON TwV £PUBPOKUTTAPWY Ao TO
duaclohoykd Toug meplBAaiAov, n omoia mpoavadépbnke, 600 Kol otnv Tapoucia ofuyovou Tmou odnyel oe
gudavion ofelbWTIKOU OTPEC, TO OMOLO VIEIVETAL E TNV TAUTOXPOVN ATIWAELX TWV BLOXNUIKWY OVTLLETPWVY TOU
Atav AslToupyLkd in vivo. Baoikn avtidpaon mou odnyel otnv ekdnAwon ofeldwtikol otpeg amotelel n ofeibwon
ToUu oldnpou TG aiung tng awpoodalpivne. /n vivo n pebapoodalpivn mou MPOKUTITEL AVAYETAL O alpoadalpivn,
OMWwC Ta €vIUMa TIOU KATEXOUV TOV OUYKEKPLUEVO pOAO €Xouv Teploplopévn 6pdon otoug 4 °C. Telwka
cuoowpeLeTal eAeVBepN alUn OTLG LOVASEG HETAYYLONG, TO ATOMO GLORPOU TNG OMOLlag, HECW TWV AVILOPATEWY
Haber-Weiss kat Fenton, odnyel otnv mapaywyn plwv udpofuliou. Ev cuvexeia, ol Slaitepa SpaoTikég pileg
ofuyovou UmopoUV va MUPOSOTACOUV £vav KOTOPPAKTN OVTLOTPENTWY KL [N OAVTLOTPENMTWY OLELOWOEWY OF
Soutkég (D'Alessandro et al. 2012) kot Asttoupyikeg mpwrteiveg (Wither et al. 2016), ocupnepl\apBavopévwy Twy

evlUpwv, duoxepaivovtag Tov evepyelako HeTafoAlopd (Tavazzi et al. 2001).

A.7.2.1 AAdowwoelg otn MeuBpavn

H ofeldbwuévn awoodatpivn, pall pe AAeG ofelOWUEVEC KUTOOOALKEG TTPWTEIVEG, TIPOOKOAAWVTAL OTOV
KUTTOPOOKEAETO Kal TN HEUBPAvN Kol SuoYepAivouV TNV LKAVOTNTA EAACTIKNG Tapapopdwong Tou Kuttdpou. Mia
aloOntn embeivwon tNg MOPAPOPPWOLHLOTNTAG TWV CUUMUKVWHEVWY EPUBPOKUTTAPWY EEKLVA TIEPLTIOU OTO TEAOC
™ Seltepng eBSopadag amobrikeuong (Barshtein et al. 2021). H mapatnpolpevn av€avopevn déopeuon tne
olpoodalpivng otn pepPpavn, dev Slatapdoost povo TIg cuvdEoelg puepppdavng-kuttapookehetol (Rettig et al.
1999), aA\d emdyel tomikeg ofslbwtikée PAAPeg otig Soutkeg mpwrteivee (Kriebardis et al. 2006, Kriebardis et al.
2007, Delobel et al. 2012). H cucowpeuon ofelbWTIKWV PLLWV €VIOC TOU £puBPOKUTTAPOU €XEL, £TIONC, WG
omotéAeopa TNV TPOOSeUTIKA epdavion Selktwv ofeldwTikol otpeg oto Artdiwpa TG HeUBpavng, Ue Tn Hopdn

KUPLWG palovSLlaAdelidng (MDA) (Dumaswala et al. 1999). Baowkn Kat kpiowpn petofoAr} oTto £puBpPOKUTTAPLKO
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Autdlwpa katd tnv amobrikeuon amoteAel kal n avadlopyavwon twv ¢wodoAutdiwv tng HepPpavng, He

anotéAeopa tnv e€wtepikeuon PS (Kiefer and Snyder 2000).

Kata tnv amoBrikeuon, to epuBpokUTTtapo yla vo avianmetEABel otnv auUEAVOUEVN OCUYKEVTPWON
ofeldwpévwy mpwteivwy kuotidlomoleital (Bardyn et al. 2017) ywa va anopakpUvel emBAapn popla, Buoialovrag
OMWCG £T0L HEYAAO TUAMA TNG MeUBpavng tou (Antonelou and Seghatchian 2016). Autr n anwAsla HePBpavng
evtelvel emumAéov T Slatapayn tTng LKAvVOTNTAS EAACTIKNG TTapapopdwaong Tou kuttapou (McVey et al. 2020) kat
™ Snuoupyla popdwv epubpokuTtdpwy emippenéotepwy os Avaon (Safeukui et al. 2012). Exel dexBel nwg oto
MECO TNG AMOONKEUTIKAG TIEPLOSOU, TO APXLKA SLOKOELSEG EpUBPOKUTTOPO LETOTPEMETOL OE TILO GKAUTITEG HOPDEG,
enuppeneic oe Abon (Melzak et al. 2021), evw mepimou to 1/3 TOU apyKOU epuBpokuttapkol MANBUGHOU
eudavilel opatéG OXNUATIKEG avwHalieg péxpl To TEAOG TG anobnkeuong (Berezina et al. 2002, Blasi et al. 2012).
Mpoodata mapoucldotnkay evdeifelg mwe n amopdkpuvon opoodatpivng [kupiwg oeldwuévne (Kriebardis et al.
2008)] evtog kuoTdiwv BplokeTal OTNV MPWTN YPOUUN GUUVOC TWV AmoBNKEUHEVWY £PUBPOKUTTAPWY, OHWE
avamopeukta SnNUIOUPYEL AKOUMTA KUTTOPO TOU KATAARyouv o€ AUcn Kol OVeEEAEyKTn omeAeuBépwon

awpoodalpivng oto unepkeipevo (Tzounakas et al. 2022a).

A.7.2.2 MetaBoAikéc BAaBec

H amoBrikevon twv epuBpokuTTapwy €Xel WG amotéAdeopa tnv taxltatn e€avtAnon tou ATP kal tou 2,3-
SipwodoyAukepikol 0E€oC, yeyovog TO Omoilo emnpedlel v Kwntik tng Sopevong/anshevBépwong tou
ofuyovou amno tnv awoodalpivn (Nemkov et al. 2016, Paglia et al. 2016). E¢attiag tTng apvnTtikng enidpaong tng
unoBeppuiag otnv evepydtnta Twv eviUUwWV, N anwAela ATP eivatl ToAU uPnAn TPog To TEAOG TNG AMOONKEUTIKAC
neplodou, kal Bewpeital MWG OTOV TO CUYKEKPLUEVO EVEPYELAKO HOpLo eudavilel emimeda XounAotepa €vOg
Kpilowou opiou, Ta gpuBpokuttapa xavouv tn Suvatotnta va petaBoAilouv tn yAukoln (Zolla and D'Alessandro
2012), kATl MOU eMNPEAEL TNV AKEPALOTNTA KOL TN AELTOUPYIKOTNTA TouG. Ovtwg, N kavotnta ouvBeong ATP
¢$Oivel, 600 dBivel kal to evdokuttdplo pH Adyw TN MPoodou tng YAUKOAUGNG O €va KAELOTO CUOTNHA, KAl TO

dawvopevo auto evreivetal Aoyw tng e€aptnong avtAlwy Loviwy omd to ATP (Sun et al. 2017).

Mo cuykekpLéva, Katd T 2 mpwTeg efSopnddeg tng amobnkevong, £xel SeyBel mwe T amodnkevpéva
epuBpokUTTapa petaPfolilouv tn YAUKOIn LECw TOu povomatiol T YAUKOAUONG, aufdvovtag £TOL TO YAAOKTLKO
0&U evtog TNG povadag petdyywong (Messana et al. 2000). Tautoxpova, to 2,3-51pwodoyAukeplkd €xel emimeda
TIOU €UVOOUV TNV amo-ofUyovwUEVn alpoodalpivn, n omoia Seopevetal otn Zwvn 3 aviaywvi{Opevn T
YAUKOAUTIKA €viupa Tou eival eAelBepa va emiteAécouv tn Asttoupyia Touc. Ooo cucowpelEeTALl YOAAKTIKO OEU,
T000 ¢Bivel To pH, yeyovog mou avaoteéAAel tnv mopela ¢ yAukoAuong (Zolla and D'Alessandro 2012), svw
napdAnAa e€avtAeital kot to 2,3-51PpwodoyAUKEPLKO e amotédeopa va powBeital n déopeuon Twv eviUpwyY
™G yAukoAuong otn Zwvn 3 (Issaian et al. 2021) kol va PetatomnileTtal n LOOPPOTIA TPOC TOV KUKAO TWV
dwodopkwv mevtolwv. Méow tou KUKAoU autoU, mapaystol NADPH, mou onwg avadépOnKe Kol PoNyoUREVWG

omoteAel onuavtikd omdBepa  avaywylkng Suvapng ylwa TNV OVIIUETWION Tou ofeldwtikol otpeg. O
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OALYOUEPLOUOC TOU KUTOOOALKOU aKkpou TtnG Zwvng 3 emnpedlel tn Asttoupyla TOU WG «pUBULOTAC» TOU
peTaBoAlopoU, Kal auto To ¢patvopevo evielvetal ota UPnAQ entimeda ROS mou mapdyovtal Katd Ty anodrkeuon.
ErutAéov, n Bpalon Tou pubpLoTIKOU aUToU AKpou (elte Aoyw ofeibwong, ite péow evlUpou) duoyxepaivel
nepetaipw tn petafolAkn puBulon (Rinalducci et al. 2012, D'Alessandro et al. 2015). O puBULOTIKOG POAOG TNG
KUTTOPOTAQCMATLKAG TIAEUPAG TNG Zwvng 3 oTo PETABOALOUO Kal N emidpacn tng amobnkevong napouosialovral

otnv Elkova A22.

A vAURSln B YAukéln YAukoln
[': CDB3 11 CDB3 q] CDB3
HbO Hb '
NADPH FG |:3p
v , >
PPP ON G3P *G3P J £ A
co, co, * -:3.__‘ NADPH R @ Kohnaivn  Kaoméon ROS
DPG .. .~  DPG I
o i
; ; Hb
yaAakTikd ATP yaAaktiké ATP S

Elkova A22: IXNUOTIK QvVOmapdotoon TG KUTOOOALKN G MAEUPAG TNG Zwvng 3 (CDB3) wg «SLOKOTTN» TOU LETABOALOHOU TNG
YAUKOTING MEOw TNG YAUKOAUONG Kal TOoUu KUKAOU Twv dwadopkwv meviolwv (PPP). (A) Ofuyovwpévn alpoodatpivn kat
6éopeuon yAukoAuTikwv eviUpwv otn Zwvn 3. (B) Amo-ofuyovwuévn aiwpoodalpivn deopevetal otn Zwvn 3 Kol
anelevuBepwvovtal ta YAUKOAUTIKA €viupa. () Opavon tng CDB3 kal amwAela ofuyovo-e€apTwHeVNC pUBULONG ToU
petaBoliopou. GAPDH: adubpoyovaon tng 3-dwodopikng yAukepaldelidng, PFK: dwododpouktokivaon, ALDOA: aAdohdaon.

(Avatunwaon ano D’Alessandro et al, 2015).

JuyKekplpéva yla ta epuBpokUttapa mou amobnkevovtal ce CPD-SAGM, o6mw¢ LoxUeL otnv mopouoa
AwatpLBn, €xel mpotabei évag HeTaBOALKOC EMAVATTPOYPOUUATIONOG TPLwY otadiwv (Bordbar et al. 2016). Metagl
TWV TpLwV otadiwv UTIApPYEL oTabepn MTWON OTO HOVOTATL TNG YAUKOAUGNC KAl TO OEELOWTIKO TUAMO Tou KUKAOU
Twv dwodopkwv mevtolwv. And TNV GAAn, to Un ofelWTIKO HEPOC TOU KUKAOU Aeltoupyel Gpuololoyikd oTo
pWTo otddlo, avtiotpédetal oto deltepo mpoadidovrag YAUKOAUTIKA evdlapeca otov petofoAlopd tou AMP, kot
enotpeédel otnv Puolohoyik] Tou Aettoupyia oto tpito otadlo, mpoodidoviag dwodoplkéc pLBOleg otn
vAukoAuon. Ooov adopd oto petaBoriopo tng yAoutabeldvng, daivetal autd to MOAUTIHO OVTIOEELSWTIKO val
ouvtiBetal povo oto mpwto otddlo (Bordbar et al. 2016). MdAlota, €xouv npotabel e€wkuttdplol BLoSeikTES, OTIWG
n YAUkoln, n unofavBivn Kal To YAAQKTLKO 0EU, oL omoiol Pmopolv va Slakpivouy TI 3 auTEG HETOBOAIKEG PATELS

(Paglia et al. 2016).

AtileL vo avadepBel mwe ta amodnksuvpéva epubpokuttopa Sev eival tkavd va petaBoAilouv povo

YAUKOTN. Melpdpata crRpavong Tou KLITpLkoU Ttou cupmepAopBavetal oto StdAupa cuvtipnong £8stéav mweg auto
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peTaBoAiletal o HNAIKO Kol YOAOKTIKO HECW KUTOCOAKWY LoopopdwVv eVIUUWY TOU (UNn-KovovikoU) KUKAoU Twv
TpwKaBoUlikwy offwv (Krebs). Ta éviupa autd KAtaAUoOUV aVTIOPAGCELS TIOU CUMHETEXOUV OTNV aVOKUKAWON
ovaywywwv popiwv (NADH, NADPH), emopévwg HUMopel va UTIAPYEL £VOC HN XOPOKTNPLOMEVOC POAOG TOU
petaBoAlopol twv KapPofullkwv offéwv ota epubpokUTttapa yla TN Satipnon Tng ofeldoavaywylkng

opolootaong (D'Alessandro et al. 2017).

A.8 Ta XapaKtnplotika tou Atpodotn kot o POAOC Toug otnv AmoBOnKeuTikr Ikavotnta Ko
™ Meta-petayylolakn Anokplon twv EpuBpokuttapwy

H amocadrvion twv attiwyv mou odnyolv oto ¢avopevo TnG amodnkeuTikng PAABNG, anoteAel Baoiko
EPWTNUA TNEG EPEUVNTLKAC KOLVOTNTAC TNG HETAYYLONG. Alddopeg LeAETEG €xouv Seifel WG 0 xpovog amobrkeuong
(Kamel et al. 2010, Koch et al. 2013), n otpatnylKR MOU XPNOLIOMOLE(TAL, OMWE TO SLAAUMA CUVTIAPNONG, N
Aeukadaipeon, n aktwvoBoAnon k.a. (Antonelou et al. 2010b, Antonelou et al. 2012, Hsieh et al. 2020, Eshghifar et
al. 2021), kaBwg koL ta ISlaitepa XaPaKTNELOTIKA Tou apodotn (Tzounakas et al. 2016b, Hadjesfandiari et al. 2021)

amOTEAOUV ONUAVTIKOUC OUVTEAECTEG TNG POOSOU TNG amoBnKkeuTikAg BAGBNC.

FeveTiké UTTORABpPO MepiBaAAovTiKoi TTapdyovTEg

HAIKia

(4
‘v
Alatpoon Kamviopa

" )

— s

v

Elkova A23: TeVETIKA KOL MN-YEVETIKA KAOOPLOMEVO XAPAKTNPLOTIKA TWV OLUOSOTWV TIoU €EMISPOUV OTNV TMPOodo TNg

anoBnkevutikng BAapng. (Avatunwon amnod Tzounakas et al, 2016).

Mapd To yeyovog OTL yLla SEKAETIEG 0 XpOvoC amobrkeuong Bewpeito N Pacikr MAPAUETPOC Tou kabBodnyel
v anobnkeutikn PAARN, Ta TedeuTtaia xpovia £xouv £pOEL 0TO MPOOKAVLO TA XOPAKTNPLOTIKA TOU Allodotn Kal
£xouv mpaypatomnolnBei peléteg oe S1adopec SLakpLtéc opddec alpodotwy mou kabopilovtal BACEL TOU YEVETLKOU

umoBaBpou f Tou Tpomou whc toug (D'Alessandro et al. 2019) (Ewkéva A23).

A.8.1 l'evetka KoBoplopgvol NMapayovieg

To pUAo amote)el éva YEVETIKO XOPAKTNPLOTIKO TIOU £XEL UEAETNOEL EKTEVWC OTO XWPO TNG HETAYYLONG.
Eivat apketég ot Sladopéc mou mapouctdlouv to SU0 GUAa petafd TOUC Ot ALUOTOAOYKOUG OeiKTeG,
cupnephappavopévng tg xapnAotepne evbokuttdplog atpoodoatpivng (Rushton et al. 2001). AapBdvovtag
urodn nwg ta enimeda alpoodalpivng mpo-anobnkeutikd cuoyetilovral BTk Pe Ta avtiotolya KAatd tnv

arnoBnkevon (Agnihotri et al. 2014), n peAétn amoBnKeUUEVWY EpUBPOKUTTAPWY TIOU TIPOEPXOVTAL ATIO YUVOLIKEG
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koBiotatal WSlaitepa onpavtikr. MeALTEG 08 LOVASEG ETAYYLONG ATIO OLUOSOTPLEG £6ELEQV TTWG TA CUYKEKPLUEVA
gpuBpokUTTapa eival Alyotepo emippemr) oe auBOpUNTN, OCUWTLKA, ofeldwTikn (Kanias et al. 2017, D'Alessandro et
al. 2021) kaL pnxoavikn owudAiuvon (Raval et al. 2010) oe ouykplon e twv avdpwv. EmumAéov, mapotL oTo
UTLEPKEIPEVO TOUG N avTIOEEOWTIKN LKOVOTNTA Elval XOUNAOTEPN, €VIOC TOU €puBpoKUTTIAPOU CUCOWPEVUOVTAL
Alyotepeg ROS oe oUykplon pe amoBnkeupévo epuBpokUttapa tou aAlou ¢UAou (Tzounakas et al. 2021a).
MNpoodata deiyBnke, emiong, mwg oL HEUPBPAVESG AMOONKEUUEVWY EPUBPOKUTTAPWY YUVALKWVY ELVOL TILO OVOEKTIKEG
oe BAGPeg os oxéon pe Twv avdpwv (Szczesny-Malysiak et al. 2021). MapoTL Ta MOPATIAVW EUPHUATA GUVNYOPOUV
UTIEP €VOG KaAUTepou amoBnkeutikol mpodid, umdpyouv PEAETEC TOU cuoxetilouv tn Xoprnynon aipatog omo
yuvaikeg pue avénuévn Bvnowotnta (Edgren et al. 2017), Slaitepa oe pUuAo-acUpBateg petayyioelg (Zeller et al.

2019).

H avemdpkela tou evlUpou G6PD, péow tng Spdong tou omoiou mapéxetal oto kuttapo NADPH, £€xel
peAetnBel extevwg 1000 600V adopd oTNV AMOBNKEUTLKA LKAVOTNTA, OO KAL OTN LETO-UETAYYLOLAKT] EMAPKELD TWV
£pUOPOKUTTAPWY. JUYKPITIKA OmOTEAEoUATA O amoBnkeupéva epuBpokuttapa G6PD-avemapkwy Kal LUYLWV
Sotwv €dslav Mwg Ta MPWTA SlatnPoUV OE LKAVOTIONTIKO BaBuo mapauétpoug popdoloyiag, mpwrtedotaong,
aoBeotiov kol evépyelag (Tzounakas et al. 2016a, Tzounakas et al. 2022b), OpwG -OMWC ATAV AVOUEVOUEVO-
napouaotalouv mpoBARUOTA OE TIAPAUETPOUC ofelboavaywyikol ooluyiou (Francis et al. 2020). EmumAgov, oTIG
MOVASEC WETAYYLONG OLUOSOTWV HE OVEMAPKELX G6PD cucowpeUovtol TMePLOCOTEPO EEWKUTTAPLO KUOTISLA
gepuBpokuttaptkic mpoéAevonc (Noulsri et al. 2021). H emadn Twv EpuBPOKUTTAPWY OO ALUOSOTEC LIE AVETIAPKELDL
G6PD pe mAdopa umoynolou 6éktn oe Bepuokpacia cwpatog ¢avnke va Spa enMaywylkd oocov adopd otnv
opoAuon kat toucg deikteg ofelbwong (Tzounakas et al. 2016a). AUTA N LELOVEKTIKI] LETA-UETOYYLOLAKI ELKOVA TIOU
ovadelxnke péow in vitro PHOVTIEAOU TPOCOHOIWONG TNG HETAyYLong, emaAnBevBbnke apydtepa omd KALVIKEG

peAETeG IOV £8el€av pelwpévn 24wpn avaktnon (Sagiv et al. 2018, Francis et al. 2020).

AN pia katnyopla mou €xel peAetnBel, av kal oe pkpd Babuod, adopd otoug MOAUNOPPLOPOUG KAl TLG
peTaAlayéG otnv aoodatpivn. Mo cuykekpluéva, pia mpoodatn avadpopiky HEAETN LeYAANG KALpakag €6eLée
Ttw¢ ToAupopdLopol oto yovidlo HbA2 cuoxetilovtal pe HELWUEVN avEnon NG aloodalpivng LETA T KETAYYLON
(Roubinian et al. 2022). Zto (6lo mAaiolo, Ta epuBpokUTIaApA Ao €TEPOIUYOUC yLa SPETAVOKUTTAPLKY avaluia
TIAPOUCLATOUV ETUTAXUVOLEV AMOBNKEUTIKN YPAVon 0€ CUYKPLON LE TOU PECOU aLodoTn, augnuévn auBopuntn
OLUOAUCT, TEPLOCOTEPEG EXLVOKUTTAPIKEG HOPpdEC OAAA KOl MEWUEVN 24wpn avaktnon ot {wk& HOVIEAQ

petayylong (Osei-Hwedieh et al. 2016).

A.8.2 MepBailovtikol MNapayovteg

H nayvoapkia, pe desiktn palag cwpatog (BMI) mou unepBaivel ta 30kg/m?, amotelel oxXeTIkA ouxvn
KOTAOTAON Ot TOANEC XWPEG TOU OUYXPOVOU KOOHOU. MeAETeg peydAng KAlpokag €xouv Seifel mweg Ta
gpuBpokUTTapa MoXUOoUPKWY OLHOSOTWY €ival eTppem otnv amodnkeutikn (Hazegh et al. 2021, Sparrow et al.

2021) kat oopwtiky otpdluon. Mallota, auth n emippénclo otn AUon Bpédnke va cuoXeTileTal Pe PELWUEVN
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avaktnon o€ {wKA MOVTEAD HETAYYLONG, €VW Ol EPUOPOKUTTAPLKEG MEMPBPAVEG TWV OCUYKEKPLUEVWY

gpuBpokuttapwy napoucialav petaforég otn Autdikn Toug cuotaon (Hazegh et al. 2021).

AM\EG TTUXEG TOU TPOTOU IWNC Twv alLoSoTWV TMoU £Xouv HeAeTnBel ota mAaiola TG amoBnKeUTIKNAG
BAGBNC Twv gpubpokuTttdpwy, adopolv otnv Katavalwaon/xprnon duvntikd BAamtikwy ovcwwv. Ta emnineda tou
atBuloyAukoupovidiou, petaBoAlkol Seiktn TG Katavalwaong aAkooA, €xouv Ppebel va cuoyetilovtal pe Seikteg
oeldbwtikoU oTpeg, KOBwWG Kol UE MELWHEVOUG YAUKOAUTIKOUG puBuolg ota amoBnkeupéva epubpokuttapo
(D'Alessandro et al. 2020b). An6 tnv AAAn, n KatavadAwon Kadeivng Kol EVEPYELOKWY TIOTWV GalveTal va £XEL
BeTIKO avTikTuTo OoTa amoBnKeupEva puBpoKUTTAPA, EVIOXUOVTAG TO HETOBOAKO AVTLOEELOWTIKO TOUG SUVALLKO
(Bertolone et al. 2020, D'Alessandro et al. 2020a). H xprion &vo¢ OUVOAOU GOPUAKEUTIKWY TIAPAYOVIWY
(eykekplpuévwy amo tov FDA) npdodata deixbnke mwg Sev eival oudETepn WG IPOG TNV ATOBNKeUON KAl TNV HETA-
LETAYYLOLOK SpaotnplotnTa TwWV £pUBPOKUTTAPWY, HUE KATOLEG OUGCIEC va TIC €UVOOUV KOl KOTIOLEG VO TLG
Suoxepaivouv (Nemkov et al. 2021). Téhog, To KAmviopa odnyel oe cuocowpeuon kapPBofualpoodalpivng oTLg
povadeg petayywong (DeSimone et al. 2019), kATl Mou pmopel va HEWWBElL av oL aLHOSOTEG AmEXOUV Ao TN
OUYKEKpPLUEVN ouvnBela 12 wpecg mpwv alpodotrioouv (R.E. Boehm et al. 2018). EnmutAéov, ota amoBnkeupéva
gpuBpokUTTapa Kamviotwyv €xel mapatnpnBel dtatapaxr tou ofeldoavaywylkol ooluyiou (R.E. Boehm et al.
2020, Stefanoni et al. 2020) kal cucowpeuon ToELKWV OTOLXELWV (TT.X., KASHULo, nOAUBSOC) mou Ba umopoloav va
UTIEPPOPTWOOUV TOV OPYAVIOUO TTALSLATPLKWY Q0BEVWV-OEKTWVY TWV CUYKEKPLUEVWY povadwv (R. Boehm et al.

2019).

A.9 H Quololoyia tou Alpatog Twv Etepoluywv ya B-Meooyelakn Avatuia

H B-peooyelokn avalpia (BMA) adopd os éva cUVOAO KANPOVOULKWY SLOTAPAXWY TOU AOTOG, OTLG OTIOLEG
ENMNpPeAleTOl MOCOTIKA N duolodoyikn alpoodalpivn Aoyw pelwong g olvBeong aiucidwv B-odatpivng. Ot
petaAlayég tng BMA adopolv cuvnBwe oTo YeVeTIKO TOMO Twv aAucibwv B-odaipivng, emnpedlovtdg Tig
MeTaypadIKA Kol PeTA-peTaypadLkd. Avaloya e Tn LETAAAQYN, UIMOPEL val UTIAPEEL ULKpN pelwon Twv alucibwv
B-odaipivng (netardayéc B**), onuaviikn peiwon (petoddayég BY) 1 kol TMAAPNG amoucia €kPpacrg Toug
(uetaMhayég B) (Thein 2013). Ot ¢opeic BMA, und tnv mpoimdBeon nwg dépouv emineda svdokuttdplag
awpoodatpivng mou umepPaivouv to Oplo TG awwodooiog (12,5 g/dL ywa g yuvaikeg kot 13,5 g/dL yla toug
avépeg) dev amokAelovtat amd avtAv. OHwC, opLoPEVA XOPAKTNPLOTIKA TWV EPUOPOKUTTAPWY Kal TOU MAACUOTOC
Toug mou odeilovtal o autr TNV etepoluywTtio Snuoupyolyv to UTORabpO yla TN SLATUMWoN KATTOLWY EUVOTKWV
KOl Kamowwv Sucolwvwv umoBéocswv o6oov adopd otV AmMoONKEUTIKA LKAVOTNTA KOL TN HETA-HETOYYLOLAKN

ETAPKELO TWV puBpoKUTTAPWY TOuG (Tzounakas et al. 2016b).

Mpwta am’ OAa, n HELWUEVN AELTOUPYLKN alpoadalpivn TOU XOPOaKTNPL(EL TA CUYKEKPLUEVA ATOoUa, deV
elval yvwotd katd mooco Ba nrav 1davikn yla tnv alvénon tng aloodalpivng oe €vayv HETOYYLOLOEEAPTWLEVO SEKTN.
ErutAéov, ol eAelBepec aluaideg a-odpatpivng pmopouv va §pAacouy mpo-oEelOwWTIKA SECUEUOUEVEG OTN UEUBPAvN

KOLL TOV KUTTAPOOKEAETO, TpoKOoAwVTAS £VToveC oEeldwTIKEG BAAPeG (Ficarra et al. 2009), KAVEC va EMNPEACOUV TN
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MNXOVLKA OKEPALOTNTA Tou KuTtapou (Schrier and Mohandas 1992). Adyw twv Tofkwv aAuoldwv a-cdatpivng
TeAKA pmopel va tpokAnBel £vag KATapPAKTNG AANOLWOEWVY TTOU GUUIEPIAOUPBAVOUV TNV anmwAsLa HepPBpavng (van
Zwieten et al. 2014), tnv adpuddATwon TOU KUTTAPOU, TN UELWHEVN LKAVOTNTA EAAOTLKAG mapapdpdwaonc (Fortier et
al. 1988, Vaya et al. 2003), tnv ektevy dwodopuliwon tng Zwvng 3 (Pantaleo et al. 2010) kat Tnv auénuévn
gvepyotnta tn¢ kaomaonc-3 (Mandal et al. 2003, Ficarra et al. 2009). Ta epuBpokUTTAPA TWV ATOUWY UE OTlyUO
BMA yapaktnpilovtal €mMAEOV a0 TPOTOMOLNUEVN LovToavTaAlayr, HUE auénuévn Asltoupyla Twv aviAlwy Kal
petadopéwv tng pepPpavng (O. Olivieri et al. 1994), n omola pmopel va odnynoel otnv efAvtAnon Twv
amoBEUATWY EVEPYELOC KAl TN ynpavon Tou Kuttdpou. OAa autd mpounvlouV piot AT QVILUETWILCN TOU

amoBnKeuTikoL oTpeg AOyw auénuévou ofeldwtikol doptiou Kal miBavng emippémnelag o AUon.

2tov avtinoda, ta epubpokuTtrapa atopwv pe BMA mapouoctdlouv Pelwpévn cuoowpdtwon (Falco et al.
2003), n onolia anoteAei patvotuno mou enBapuvetal Katda tnv anodrkevon (Hovav et al. 1999). MapdAAnAa, n
tpomnornolnuévn tovroavtarlayn toug (0. Olivieri et al. 1994) euvoel t cuykévipwon vPnAotepwv erumedwy K*
evOOKUTTAPLA KOl TNV OMWAELN OOUWTLKA €VEPYWV oucwwVv (Gunn et al. 1972). TeAikd ta epuBpokuTTapa AUTA
armoktoUv uPnAotepo Aoyo emidavelag mpog oyko (Schrier et al. 1989) kat kaBiotavral avOEKTIKA O OCUWTLKO
otpeg (Gunn et al. 1972, Almizrag et al. 2013). MdaAlota, o Os€iKtnC OCUWTLKAC €uBpavuototnTag E€xel
xpnotwuornownBel weg Slayvwotiko epyaleio tng etepoluywriog yia BMA (Mamtani et al. 2006). Ta cuykekpLuEva
XQPOKTNPLOTIKA CUVNYOPOUV UTIEP UiaG TTAEOVEKTLKAG OVTLLETWITLONG TITUXWV TNG armodnkeuTikng BAABNC. Agilel va
avadepBel mwg To PawopeVIKA apvnTIKO auénuévo ofeldwTtikd otpeg, Ba umopolos va Spa €uvoika ota
OCUYKEKPLUEVA €puBpoKkUTTOPA, KABwG SUvatal Vo €XO0UV OVATTUSEL QAVTIHETPO KEKTIALOEVOMEVOY OTA OTaBEpA
Ao enineda ofeldwtikol doptiov. Oviwg, Ta epubpokUTTOPO amod dtopa Ue otiypa BMA daivetal va dtabétouv
TIAEOVEKTIKN YEVETLKN pUBOULON OPLOUEVWY aVTIOEELSWTIKWV evIUUWY, OTwCE €ival n Prdx2 kat n SOD (Teran et al.

2020).

B. ZKOTOG

H mapovoa Statpfr £xel we okomd tov moAuveminedo £Aeyxo tng enidpaong tng etepoluywrtiag ya B-
LECOYELOKN avalpia oToug TPelg Kpikoug tng alucidag tng petayyong: (o) mpo-amobnkeutikd (in vivo) otn
duaolohoyia kat tn Ploxnueia Twv €puBpokUTTAPWY KAl TOU TAAOHATOC, OAAA KoL TOV €puBpoKUTTAPLKO
petaBoAlouo, B) otnv amoBOnKeUTIKA LKAVOTNTA (apAUeTpoL atpdAluong, evépyelag, ofstdoavaywytkol Looluyiou,
TMPWTEIVIKAG olOoTAOoNG) TWV €pUBPOKUTTAPWY Ot HOVASEC UETAyyoNng (ex vivo), Kol y) otnv €MAPKELD TNG
peTayyloloBeparneiag oto eminedo tou OEKTN, HE Xpnon in vitro kol {WKwV (in vivo) HOVIEAWV HETAYYLONC.
ErutAéov, n moapouoa SLaTPLP AIMOCKOTEL OTNV €EUPEDN CUOXETIOEWY PETAED MAPAUETPWY TWV TPLWV KPIKWV TNG
METAYYLOLOKAG aAuoidag pe okomod TV avadelen mbavwy attiwy (kat Suvntikwy Blodelktwy) mou Bpiokovtal miow

OO TIAEOVEKTLKOUG N LELOVEKTLKOUC QMOBNKEVUTIKOUG KOl ETA-IETAYYLOLAKOUE PALVOTUTIOUG.
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. YAwka kot M€6odot

.1 YAwka

.1.1 BoAoyko YAKO

XpnoipomnoOnke kal eAeyxBnke dAeBIKO ailpa amod 204 uyleilg apodoteg kal Twv dUo pUAwV. Antd auTtolg
eTUAEXONKav 18 etepoluyol yla B-pecoyelakn avatpia (BMA) kot 20 alpoSOTeG-pAPTUPEG amO TOUG Omoloug
napnxOnoav AsukapolpeUEVEG LOVASES TTAKETAPLOUEVWY EPUDPOKUTTAPWY HE AVTUTNKTLKO StadAupa CPD (KiTpikd-
dwodoplka-6e€tpdln) kal mpoobeto Stdhupa cuvtnpnong SAGM (Stalupa dAatog-adevivn-yAukdln-ovvitoAn).
Ol povadeg petayylong anobnkeutnkav otoug 4°C yla pia mepiodo 42 nuepwv Kat Selypa amnod autég eetalotav
oe eBSopadlaila Baon yla molkideg mapapétpout. EmumAéov 16 Asukadalpepéveg povadeg (8 ava katnyopia) ot
ouvtnpNnTko StdAupa CPD-SAGM mapnxBnoav PE OKOMO TNV MPAYHOTONOINON TWV MELPOUATWY UETAYYLONG OE

{wikA LOVTEAQL.

r.1.2 Zwwa Movtela

Mevrvta 8Uo avoooavemoapkeic NOD.CB17-Prkdcscid/) kot avocosmapkeic C57BL/6J dppeveg pieg, 8-12
eféopadwyv (26 ava yevetikd umoPfabpo) xpnowomowBnkav w¢ EeVOPLWTIKO HOVTEAO HeTAyylong. OL pUEG
ektpadnkav KoL cuvtnpendnkav oe e61kO aveu moboyovwy xwpo, Pe pubullopevn Bepuokpacia Kal vypaocio
(21+2°C kat 55+10%, avtiotolya), kot He 12wpo KUKAO svallayrg pwtog/okotadiol. Atgpevay (4-5 avd KAwBO) os
aepl{opevoug kKAwPouc (Seal Safe 1284 L, H-Temp™, Techniplast, Varese, Italy) pe 70 aAAay£g agpa Tnv wpa. Toug
napexotav npocPacn oe GIATPAPLOPEVO VEPO Bplong Kal tpodr (18,5% npwteivn, 5,5% Ainog, 4,5% GUTIKEG Lveg
Kal 6% tédppa). Ol KAwPol kabapilovtav kat Tonobetouvtav og autokauaoTto uia dopad tnv epdopada. OAa ta Lwa
oflohoyolvtav KALVIKA OTtO €UMELPO KTNVLATPLKO TTPOOWTILKO KaBnuepvd. H katavalwon tpodrg Kal vepou, To
Bdpog, N KVNTIKOTNTA KAl N KOWWVIKOTNTA Kataypadoviav kat aftohoyoutay o efSopadlaio Bacn €wg To mMEPag
ToU Melpapatiopol. OAa ta melpapata pe {wikd povtéha édafav xwpa oto 16pupa latpoBLoloykwy Epsuvwv NG
Axkadnuiag ABnvwv (IIBEAA). Tnpnbnkav OAeg oL Loxvouoeg EBViIkEG 0bnyieg yia tn dpovtiba Kal Tov XELPLOUO TwV

{WWV KoL To TIPWTOKOANO LEAETNG eykpiBnke amod to TuRua Mewmnoviag kat Ktnviatpikng tng Nopapyiag ABnvwy.

.1.3 Xnuwa Avtidpootnplo

e  XAwplouxo Natpto (NacCl)

e NaHPO,*2H,0

e NaH,P0,*H,0

o QawuAudpalivn

e CM- H,;DCFDA, INVITROGEN

e tert-Butyl hydroperoxide (tBHP), SIGMA
e Awauiblo, SIGMA

o  Qawuiudpalivn, SIGMA
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TpiyAwpo&ko oL (TCA)
OcloBapPLtoupiko oL (TBA)

O&ko 0L

O&kd Natplo

2,4,6-tripyridyl-s-triazine (TPTZ), SIGMA
FeCl;* 6H20

Oupikaon, SIGMA

Mukoln

Tris

YépoyAwpto (HCI)

LLVY-AMC (Enzo Life Sciences)
LRR-AMC (Enzo Life Sciences)

LLE-AMC (Enzo Life Sciences)
Fluo-4 AM, (Invitrogen)

XAwptovLyo kaAto (KCl)

XAwplouyo acBéotio (CaCl,)
Yépoteibio vatpiou (NaOH)

Hepes

MupootaduAkod VATpLo

MMoutapkn aAdelion

Youkpoln

KakoSUuALko vatplo

Tetpo&eidlo Tou oopiov, 0OsO,4

ATOAUTN alBavoAn

OpBoBavadiko vatplo (sodium orthovanadate), Calbiochem
Awpeburooourdoleidio (DMSO)

Phenyl methyl sulfonyl fluoride (PMSF), SERVA
FAuKePOAN

B-pepkamntoalBavoAn
Ethyleno-diamino-tetraacetic acid disodium salt (EDTA)
AwdekakuloBeuko vatplo (SDS)
AxkpuAapuidn

YrepBeliko appwvio (APS)

Mukivn

loompormavoin



MeBavoAn

FaAa og okovn (amoyo)

N, N, N, N’ — Tetramethylethylendiamin (TEMED), SERVA
Phosphate Buffer Saline tablets (PBS)

Tween-20

BSA

DopLko o&v

AkeTovitpiAlo

I.1.4 Kt Epymopiou

Plasma protein carbonylation kit (ELISA), BioCell Corp

Nitric oxide detection kit (ELISA), Cusabio

Human clusterin detection kit (ELISA), BioVendor

Zymuphen microparticles activity kit (ELISA), HYPHEN BioMed
Oxyblot detection kit, Millipore

ECL Western Blotting Detection Reagents, GE HEALTHCARE
ECL Plus PERKIN ELMER

.1.5 XpwOTLKEC

Bradford dye reagent concentrate, (BIO-RAD)

MrAe TnG Bpwpodatvoing, (SIGMA)

Coomassie Brilliant Blue G-250, (SERVA)

D-383 (1,1'-Didodecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate, INVITROGEN)
D-307 (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine Perchlorate, INVITROGEN)

r.1.6 Avtiowparta
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anti-glycophorin A-PE (CD235) (rabbit), BD Pharmingen
Annexin-V-FITC, BD Pharmingen

anti-4.1R (rabbit)

anti-stomatin (mouse)

anti-Hsp70 (rabbit), Santa-Cruz Biotechnology
anti-band 3 (mouse), Santa-Cruz Biotechnology
anti-phosphorylated tyrosine (mouse), Millipore
anti-DJ1 (rabbit), Cell Signaling Technology
anti-caspase 3 (rabbit), Cell Signaling Technology

anti-b5 proteasome subunit (rabbit), Enzo



HRP-conjugated anti-mouse IgG, DakoCytomation

HRP-conjugated anti-rabbit IgG, R&D Systems

r.1.7. Qwroypadikd YAKA

Aktwvoypadko G (X-ray film), (KODAC)
Epdaviotég aktvoypadikol GAp (FUIIFILM)
Ytepewtn (fixer) aktvoypadkol pAp (KODAC)

r.1.8 AvoAwowa

20pLyyeg

BeAoveg apoAnyiog (19G)

Eppendorfs dtadpopwv Oykwv

AkpodUola yLo TILETEG TUTTOU Gilson

KuBéteg daopoatopwrtopétpou (SIGMA)

MetaAAika opatpidla

KuBéteg pBoplopopétpou

Avtikelpevodopol (stubs) yia NAEKTPOVIKO UKPOOKOTILO GAPWONG
KaAumtpideg

AwinBOntTkd xapti Whatman 3MM, (SCHLEICHER & SCHUELL)

NitpokuTttapivn 0.45 um (BIO-RAD)

Kinetex XB-C18 otAn uypng xpwuoatoypadiog (150 mm x 2.1 mm x 1.7 um—Phenomenex, Torrance, CA,

USA)
S-Trap filter (Protifi, Huntington, NY)

Evotips

.1.9 Opyova — JUGKEUEC

Erutpanélia duyodkevtpog Eppendorf, 5410

Vortex

AuatoAoyLkog avaAutig, Sysmex K-4500 (ROCHE)

Bloxnuwog avaAutic nAektpoAutwy, Elecsys Systems Analyzer (ROCHE)
Bloxnuwog avaAutnig, (HITACHI 902)

Mutéteg tumou Gilson

QDwtopuetpo (Jenway)

Qwtopetpo (ZEISS)

Wuyopevn erutpanélio dpuyokevrpog Heraus, kedpaln #3344

KAiBavog
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e HAektpovikodg uyoc (KERN PRS 320-3)

e HAEKTPOVLKO EXAUETPO

o @Ooplopduetpo (BIO-RAD)

e Avadeutnpag (Kisker Biotech)

e Enwoaotnpag (heatblock)

e  Quwtopetpo ELISA (ASYS Jupiter)

e Kuttapopetpo (FACSCanto II, BD)

e HAektpoviko MikpookoTio Zdpwong (SEM 515, PHILIPS)

e Juokeun ka@AuPnc yia HAektpovikry Mikpookoria (Tousimis Samsputter-2a)
e Juokeun nAektpodopnong (BIO-RAD)

e Transblot — SDI Semidry Transfer Gel, (BIO-RAD)

e  FACSAriallu/Diva software (BD Pharmingen)

e UHPLC-MS (Ultimate 3000 RSLC-Q Exactive, Thermo Fisher)
e (QExactive system (Thermo, Bremen, Germany)

e Evosep One

o  Qaocpatouetpo Malag timsTOF Pro

.2 M£6odbot

I.2.1 Artopovwon — Noocotkoc Mpoodoplopoc EpuBpokuttaptkwv MeuBpavwv/EEwkuttapiwy Kuotidiwv

r.2.1.1 Arrouovwon EpuBpokuttapikwv MeuBpavwv

H amopovwon twv gpuBpoKUTTAPIKWY UEUPBpavwv mpaypatomnolndnke pe tn HEBOSO TNC UMOTOVLKAG
olpoAuong (Dodge et al. 1963). Mo cuyKeKPLUEVO, CUUTMUKVWHEVO gpuBpokiTtapa (LeTd amd ¢uyokévipnon
oAlkoU aipatog 1000xg) sktébnkav (1:20) os unotovo SlaAvpa dwodopkwv WOvtwy (5mM, pH 8.0) mapoucia
ovaotoléa mpwteoowv (PMSF) yia tThv avaotoAr tng mpwtedAuong. H idta Stadwkaoia, aAd pe avaioyia 1:10
T(POLYLOTOTIOLONKE YLA TNV OIMOUOVWON KUTOOOALOU. To alOAUUA EMWACTNKE OTOV TIAYO (epeTaipw MEPLOPLOUOG
Spaong MPwTeOAUTIKWY eviUUwWVY) yla 45 Aemtd kol akoAoUBnoe duyokévtpnon otoug 4°C, ota 19.000xg yia 20
Aemtd. To unepkeipevo avappodnbnke (1 otnv mepimIwon TNG AMOUOVWONG KUTOCOAlOU amoBnkeUtnke yla
MeANOVTIKN) Xpnon) Kot oakoAoUBnoav MAUCELG TOU LWHMOTOC TWV HEUBPAVWY HEXPL VO OTMOUOKPUVOEL n
atpoodatpivn. Mpwv T dtadikaoia TG UTIOTOVIKAG AUoNG, emAeyuéva delypata epuBpokuttapwy (N=3 ava opdada
alpodotwy) enwaoctnkav yla 1 wpa pe Tov avacTtoAéa pwaodatacwv tupoaoivng opBoPfavadikod vatplo (Huyer et al.

1997), e oKOTIO TOV €AEYXO TWV eMUTESWV dwodopUAlwong ota KatdAoLma Tupooivng tng {wvng 3.

[.2.1.2 Arroudvwon Eéwkuttapiwv Kuotidiwv
H amopovwon kuotiblwv (N=5 avd opdda alpodotwv) amod To UTIEPKEIUEVO TWV HOVASWY HETAYYLONG

OUVTEAEOTNKE OTO TEAOG (NUépa 42) TNG amoBnKeUTIKAG Tteplddou. ApXIKA, TPAYUATOMOLONKE amopovwon
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UTLEPKELUEVOU LETA amo puyokévipnon (2000xg) CUUMUKVWHEVWY EpUBPOKUTTAPWY. To UTtEPKEiIUEVO aKOAOUBWC
SNABe péoa amod amootelpwpéva didtpa vitpokuTtapivng (HéyeBog mopwv 0,8um) kal umepduyokeviprBnke
(37000xg) ywa 1 wpa. To lnua twv kuotdiwv emavadladutonolnbnke oe PBS kat akoAlouBnoav &Uo

$UYOKEVTPAOELG OTLG BLeEG OUVONKEC.

.2.1.3 YrroAoytouoc OAwkn¢ MNpwteivikrc SUykevipwaon¢ Aiyuatoc

MEeTA TNV amopovwaon Twv HePBpavwy Kal Twv KUoTLSiwy, aAAd Kot o€ TTANBOG MEPAUATIKWY SLadKaoLwV
mou Ba avoAuBoUv OTn CUVEXELD, TPAYLOTOTOLEITAL METPNON TNG OALKNG TPWTIEIVLKAG OUYKEVTPWONG TWV
Selypdtwv. H pétpnon autr yivetal pe tn pébodo Bradford (Bradford 1976). Tuykekpluéva, Selypota apalwpéva
oto SldAupa tng avtidpaong/anopdvwong apouacia tne xpwotikng Coomasie Brilliant Blue ¢pwtopetpolvtal ota
595nm. H XpwoTLKA QUTH UTIAPXEL OE TPELG LopdEG: aviov (UTAe), oubEtepn (Mpdoivn) Kal KATov (KOkkwvn). H
Coomasie Brilliant Blue Snuwoupyel évav loxupo Un opoLlomoALkO §eouo He TNV TpwTeivn péow Van der Waals kai
NAEKTPOOTATIKWY aAANAeTOpAcewy. H 8éopeuon autr PeTatomilel To PEYLOTO amoppodnorg TN amo ta 465nm
ota 595nm. H ocuykévipwon tn¢ nmpwrteivng oe kabe Selypa umoloyiletal pe tn Bonbela mpotumng KaumuAng

avadopdg Tou €XEL KOTOOKEVOOTEL PLE TTPWTEIVN YVWOTHG GUYKEVTPWONG.

I.2.2 HAsktpodopnon kot Avocoevtornion tumou Western

.2.2.1 Mpoetotuaocia Astyuatwy yia SDS HAektpopopnaon

OL OO OVWHEVEG HEUBPAVEG Kal Ta KuoTidla tpotol nAektpodopnBouv (N=7 yia tic pepBpaveg, N=5 yia
To KuoTidla ava katnyopla atpodotwv) emnefepyalovral pe Stalupo 20% SDS-10mM EDTA mou TepLEXEL
YAUKEPOAN, B-pepkamrtoalBavoln kot pumAe tne Ppwuodalvoing oe avaloyio 10:10:5:1, avtiotolya. To SDS sivat
£V0L QVIOVTLIKO QOPPUTIAVTLKO TTOU amoSLaTAooEL TIG MPWTEIVES Kal Toug TPpoadidel apvnTikd dpoptio £T0L WOTE va
nAektpodopnBoulv povo Baocel tng palag touc. H pepkamnroalBavoln avayetl Touc SLoouAPLdikol g Seopolg Kot N
amodlataén Twv MPWTEivwyv oAoKANPWVETOL HEow TG B€ppavanc. H yAukepoAn sival amapaitntn yla thv avénon
ToU LEWE0oUG Tou SelypaToc £T0L WOTE va YivVEL CWOTH TOMOBETNON OTO MNKTWHA, EVW TO UMAE TNG BpwHodatvoAng
Slvel xpwpa oto SLaAUTN £T0L WoTe va eivol duvaty n mapakoAouBOnon tng mopsiag Twv SelypudTwy KATA TV

nAektpodopnon.

Ma tv agloAdynon tng kapBovuliwong Twv MPWTIEVWV TNG HeEUBpAvng ta delypata (N=8 ava opada
aluodotwy) mpw TtV nAektpodopnon toug, kat adou StoAutomowBnkav coe 12% SDS, emwAcTnKOV HE TO
ovtdpaotipo Switpodawvulubdpalivn (DNPH). To poplo autd avidpd pe TIC KAPPOVUAIKEG opadEC
Snulovpywvtag to otabepd mapdywyo DNP (SwitpodalviAlo) Kol £T0L HITOPOUV VA EVTIOTILOTOUV EMIAEKTIKA OL
KapBovUAlwpeveg mpwteiveg. MeTd amd OeKATEVIAAETTN enwacn, n ovtidpaocn tepupatiotnke pe SlGAUpA

oubeTepomoinong Kal PooTéBNKe 0To Helypa B-pepkamtoat®avon.
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.2.2.2 Ertimeén SDS-PAGE HAektpowopnon Mowtesivwy kata Laemmli

Ma 1o SlawPLoPo TwV MPWTEIVWY Tpaypatonolnonke eninedn SDS-PAGE nAektpodopnon o€ MAKTWO
kAlong moAuakpudapidng katd Laemmli (Laemmli 1970). Na tn Stadikacia nmapackeudlovtol U0 TINKTWHOTAL
TaKeTapiopatog Kot Staywplopou. Kal ota 00 MNKTWHATA UTIAPXEL OKPUAOULSN, SDS kal puBulotiko Stalupo
Tris-HCI, evw mpootiBevtal kat ot mapdayovieg APS kat TEMED yia tov ToAUHEPLONO TNG akpUAAUISNG. To mAKTwHA
TakeTapiopatrog sival dlaitepa apald os oxéon He Tou Slaxwplopol kol Sladépel emumAéov 1o pH Twv
puBULOTIKWY SlaAupdtwy (6,8 OTO MAKTWHA TIAKETAPIloPATOC Kal 8,8 oTo MAKTWUA Sdlaxwplopou). To mKIwa
TIOAUOKPUAQULONG TOu OSloywplopol Umopel va Topackevootel pe éva peydlo elpog pey£Boug mopwv
petaBdllovtag tnv avadoyia okpulapidng-Sloakpulauidng, avaloywg e TG Tpwrteiveg mou B£Aloupe va
peletooupe. Na thv nAektpoddpnon xpnotpomnoleital Stalupa nAektpodiwv (Running Buffer) to omoio mepléxet
Tris, yAukivn kat SDS (pH 8,3), evw mapéxetal otabepo pebpa 20mA yla KABe TNKTwHA ToKeTaplopatog kat 35mA
yla kaBe mAktwua Staxwplopol. Me tnv edappoyr] peUHATOC, OL apVNTIKA GOPTIOUEVES TPWTEIVEG LETOKLVOUVTOL
TPOG TOV BETIKO TOAO, HE TIC MIKPOTEPEC VA KLVOUVTOL EUKOAOTEPA amd TIG MeyalUtepeC. To MAKTWUO
TIOKETAPIOMATOC OTOLBAIETAL OTN CUOKEUN TIAVW QIO EKEIVO TOU SLoXWPLOUOU yLa vo. EMITPEPEL TNV ekKivnon Twv
npwteivwy amd to (6lo onueio. Ta WOvTa YAwplou Kal n apvntikd Goptlopévn yAukivn kwouvtol poll pe Tig
MPWTEIVEG TIPOC TOV BETIKO TTOAO PEXPL VA EL0EABOUV OTO MNKTWHO TTAKETAPiopaToG. Ekel, og pH 6,8 n yAukivn gival
Kuplwg oudETePN Kal Kveital TOAU mlo apyd, o avtiBeon pe ta OvVTa XYAwpLlou TOU KlvoUvTal ypnyopoTtepaq,
TIOKETAPOVTOG AVAUESA TOUC TIE TpwTeiveg. MOALG ptdoouv oto pH 8,8 TOU MNKTWHATOC SLaxwpLopoU, Ta HopL
YAUKLVNG elval Kuplwg apvnTIKA Kal Umopouv va KvnBouv yprRyopo Tpog Tov BETIKO TTOAO, «TIPOCTIEPVWVTOCY TLG

TIPWTEIVEG KOl ETUTPEMOVTOC TOV SLaXwpLoUO Toug Baoel Tou peyEBouc Toug.

.2.2.3 Teyvikn Avoooanotunwuatog (Western Blotting)

Metd 1o TéAog NG NAekTpodOPNOoNG, oL TPWTEIVEG LeTAdEPONKAV OE VITPOKUTTAPIVEG LE TN XPNON ELOLKNG
OUOKEUNC Hetadopds. Mo ouykekplpéva, tomoBethBnkov ¢UMa yoptiwv Whatmann gumoTIOUEVWY OF
pubuotikd StdAupo petadopdg (Tris, yAukivn, SDS, peBavoln) ekatépwbBev TNG VITPOKUTTAPIVNG KOL TOU
TMINKTWHOTOG. H cuokeuny evwvetal pe TpododoTikd Kol Tapéxetal psvpa pe otabepry taon (20V) yua va

petadepBolV oL MPWTEIVEG OTN VITPOKUTTAPLVN.

ITn vitpokuTtapivn Hmopouv eUKoOAd va avixveuBoUlv oL MPWIEIVEG e Xpron ELBIKWV AVTIoCWUATWY. To
MPWTOo Brpa tng dtadikaoiag eivatl n kKAAUYN Twv PN-e0IKWV B€0swy e enwaocn o€ SLAAupa amaxou YAAaTog f
BSA yia 1 wpa. AkolouBel emwoaon e MPWTOYEVEC AVIIOWHA EVAVTL TNG TMPWTEIVNG oTOXoU (apalWUEVO OTO
Stahupa kaAuyng) kat mAUoelg pe PBS-Tween yla TNV OMORAKPUVON TNG TMEPLOCELNG QVTIOWHATOG. TEAOC, N
MEUBPAVN eMwAleTal e SEUTEPOYEVECG AVIIOWUA CONUOOUEVO LE UTIEPOEELSAON, EVOVTL TWV OTABEPWVY TIEPLOXWV
TOU MPWTOYEVOUG QVTIOWHOTOG. H vitpokuTtapivn EemAévetal aAL pe PBS-Tween Kol EMWATETOL PE TO UTOCTPWHA
™¢ unepofetdaong (AoupwvoAn) mapoucia evioyutwv. H Aoupvohn Sieyeipetal kat mapdyovtol GwTtovio oy

npoortintouv os dwrtosvaicOnta ¢\ auvtopadiloypadiag. H Siadkaoia auty AapPAvel Xwpo O OKOTEWVO
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Bahapo. Ta AL HeTA ThV emadn TOUG UE TNV EMWACUEVN O AOUULVOAN pepPBpdvn tomoBetouvtal og SLGAuua

eudaviong (D19) kat Stdhupa «otepéwaong» (Fixer).

H vitpokuttapivn pnopel va emavaxpnotponotnBel yia véo KUKAO avoooevTomiong. Auto elval ePLKTO PeTA
TNV QMOUAKPUVON TWV TIPONYOULEVWY AVIICWHATWY amd auth HECW EMWACNC tTN¢ otoug 50-60°C oe puBULOTIKO
StdAuvpa amokoAnong (Tris-HClI pH 7,6, 2% SDS) mapoucia B-uepkamntoalbavoAng. Itnv mopouca HEeAETN,
xpnotwuornow0nke n mpwteivn 4.1R wg paptupag Loopoptwaong yla ta Selypato HEPBpOavVWY Kal N OTOMATIVN yLa Ta

Selypata kuotiSiwy.

r.2.2.4 Xpwon OAtkwv lMpwteivwy o€ MNnktwuo

Metd tn HeTadPOPA TWV MPWTEIVWV OTN VITPOKUTTAPLVN, TO TINKTIWHO UTIOKELTAL OE XPWOon yla va yivouv
0paTEC Ol SlaywpPLoUEVEG TTpwTeiveg pe tn popdn {wvwv. ApXIKA Ta MNKTWwHAta enwalovral oe dtaAuvpa 25%
LoompornavoAn — 10% o&ko ofu os Beppokpaoia Swuatiov. AkohouBel enwaaon pe t xpwotikry Coomassie Brilliant
Blue-R250 oe SwaAlupa 10% oflkol of€og otoug 60°C kol emavadopd TOU TNKTWUATOG OTIG TPONYOULEVES
OUVONKEG Yl 2 wpPeG. MNa U0 aKOUO WPEG TO MNKTWUA ENMwAletal og StaAupa 5% oonpomnavoAn — 10% o€lko ofu

KOl KATOANRYEL o€ SLAAUMO LOVO e 0EIKO o0& 10%.

I.2.2.5 Moootikn AéloAdynon MNnktwudtwv — QAU

Metd amd odpwon, TO TMNKTWHATO Kal Ta G prmopolv va emefepyaotolV TIUKVOUETPLKO OTOV
umoloyloth pe tn BonBela tou mpoypappatog Gel Analyser. Opiletal and tov xprotn To unoBabpo, To omoio Kal
oadatpeital autopata ano kabe pétpnon Mpwteivikng {wvng. OL TIHEG TTou TipokUTITouV (ABpolopa GwTEVOTNTAG

pixels) pumopouv va avaAluBoUv oTOTLOTIKA.

I.2.3 Nopapetpot AoAuonc

r.2.3.1 AuGopuntn AwioAuon

H eAevBepn aiwpoodatpivn (Hb) oto mAdopa 1 To UTEPKEIPEVO TWV HOVASWY HETAYYLONG UTtoAoyloTtnke
dwTopeTpkd pe tn pEBoSo Harboe (Harboe 1959), adol eixe yivel Slaxwplopog amod ta spuBpokUiTtrapa pE
duyokévtpnon ota 1000xg. H péBodog PBaoiletalr otn pétpnon tng ofu-awpoodalpivng Tou €XeL HEYLOTO
anoppodnong ta 415nm. Opwg, oto (8lo pRkog KUaTog anoppodouv KL AAEG ouoieg, Omwe n xoAepuBpivn Kal n
aABoupivn. Ta To Adyo autd MpayuaTomoleital YETPNON Kal ota PAKN kopatog 380 kat 450nm. Méow Tou
akoAouBou tumou (8opBwon katd Allen (V. Han et al. 2010)) petatpémetal n TR ™G amoppodnong oe

OUYKEVTpWON alpoodalpivng:
Hb (mg/100ml) = [(167,2xA415) — (83,6XA3s0) — (83,6XAss50)] x 1/1000 x apaiwon (og dH,0) x 100

'O10U Aus1s ,Ass0 KOL Agso OL ATTOPPOGICELG OTA AVTLOTOLXA KN KUUATOG.
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r.2.3.2 Oouwrtika Emayouevn Avon

Ma tov €AeyX0 TNG OOUWTLKNC QVOEKTIKOTNTAG TWV £PUBPOKUTTAPWY Tipaypatonol)nke €kBeon oAkou
atpoatog o kAion ocuykévtpwong NaCl. To toétovo meptBaiiov Twv avBpwrivwv epuBpokuttapwy eivat to 0,9%
NaCl (310 mOsm), GUVETIWE OE GUYKEVIPWOELS UIKPOTEPEC AUTOU poOpLa VEPOU ELCEPXOVTAL HECW TNEG HEUBPAVNG.
‘Otav o 6yKog Twv gpuBpokutTapwyv auénbel tooo mou unepBel To Oplo avtoxnc Toug (oplakog Oykog), mpokaAsital
Slaomacn tng HepPpavng K aneAdeuBépwon alpoadalpivng oto unepkeipevo. EMopévwg, adol mapackeUAoTNKOY
SloAUpata avEavopevng ouykévipwong NaCl (0% - 0,9%) akoAouBnoe mpoobnkn oAlkoU aipatog os avaloyia
1/100 ko emwaon ywa 15 Asmtd og Beppokpacio dwpatiou. Ta delypata duyokevtpnBnkav kot ¢pwtopeTpndnke
To umnepkeipevo ota 540 nm. TEAOG, KOTOOKEUAOTNKE KOUMUAN OCUWTLKAG gubpauototntag, amd tnv omola
umoloyiotnke o Selktng oopwTIKAG euBpavototntag, SnAadn n cuykévipwon NaCl mou npokalel 50% Avon Twv

gpuBpokuTTApwY, Bewpwvtag 0Tl to Slalupa pe pndevikn cuykévipwon NaCl odnyet o 100% Avon.

.2.3.3 Mnyavika Ertayougvn Avon

Kata tn pébobdo autr afloloyeital n LkovoTnNTa TwV £PUBPOKUTTIAPWY VO QVTLOTEKOVTOL OTN HUNXOVIKN
katanovnon. Me xprion Hetalikwy odalpldiwy, avapfr toug pe to delypa kot avadeuon, mpocopoldlovrol Ta
dawopeva Tou KOAElTOL Vol OVTLUETWITIOEL TO €puBpokUTTtapo otnv KukAodopia kabwg Siépxetal amod Ta
tpoetdn. Mo OUYKeKPLUEVA, HETA amd ¢uyokévipnon oto 1000xg Ta CUUMUKVWUEVA £puBpokUTttapa
apalwvovtal pe tootovo PBS oe awuatokpitn 20%. AkoAouBel avadeuon toug mapouaia PeTaAAKWY odalpldiwy
via 1 wpa otoug 4°C, pall He UN-HUNXAVIKA KotamovoUpeva delypata-paptupeg. Me auto tov Tpomo AapBavetal
umoyn povo n awpoodalpivn mou amnedeuBepwbnke AOyw TOU pNxavikou otpeg. Metd tn 1 wpa ta Selypata
¢duyokevtpouvtal (2750xg), to umepkeipevo Eavaduyokevrpeital (20800xg) kat umoloyiletar n eAeuBepn
awpoodatpivn pe tn pEBodo Harboe. Me tnv iSla péBodo umoloyiletal kal n evdokuttdpla alloodatpivn ota
Selypata pe 20% owpatokpitn kol o SeiKTNG HNXOVIKAG €UBPAUOCTOTNTOC TPOKUTITEL aMO TNV E€MAUCH TOU

ako6AouBou tumou:
MF'(%) = [(E}\Ef)eepn Hb(ug Gd)C(LpiéLd)_ E)\El.')eepr] Hb(u(f(p'[upc(g))/(H b(ZO%) - E}\EL'JGEPI'] Hb(udptupaq)] X 100

.2.3.4 Oéstdbwrtika Emoyouevn Avon

H oelbwtikn awoluon umoloyloTnKke PETA TNV EMWOON TwV gpuBpokuTtapwy pe doatvuAudpalivn. To
CUYKEKPLUEVO UOPLo Tipokalel BAGBeg otnv awoodatlpivn, n omola ev cuvexsia tpookoANATaL otn HeUBpPAvn Kat
TOV KUTTOPOCKEAETO KOOLOTWVTOG TG CUYKEKPLUEVEC SOUEC TILO AKOUITEC Kol ALlyOTEPO OoTAOEPEC UE OUVETIELA TNV
ETUPPETIELA TOU KUTTAPOU o€ AUon (Ramot et al. 2008). Katd tnv nelpapatikn dtadikaoia, LeETA Tn puyokEvIpnon
oAlkoU aipartog ota 1000xg, Ta CUPMUKVWHEVA gpuBpokiTtapa apalwbnkav 1:10 pe wootovo PBS. Ita Selypata
npootébnke dpawuAudpalivn (17mM) kot akoAoUBnoe enwaocn otou¢ 37°C ywa 1 wpa. MeTd TO0 MEPAC TNG
ENwaong npaypatonolndnke dpuyokévrpnon (1000xg) kal pétpnon tng eAelBepnc alpoodalpivng oto uTEPKEiLEVO

kata Harboe.
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I.2.4 Napapetpot Ofsboavaywykou looluylou

r.2.4.1 Evbokuttapia Zuykévtpwon Apaotikwv Pilwv Ofuyovou (ROS)

MNa t pEtpnon twv evdokuttapwwyv emmédwv ROS ypnowomowBnke o egotépoag CMH,DCFDA. To
OUYKEKPLUEVO HOPLO lval AUTOPIAO KL EXEL TNV LKOVOTNTA VO SLAmEPVA TN PEUPBPAVN KOL VA ELGEPYETAL OTO KUTTAPO
OTIOU Kall KOPBeTaL amnd £0TEPATEG Kal Sev Umopel mAEov va eEEABeL. EVTOC TOU KUTTAPOU, O €0TEPAG OEELOWVETAL
amo TG ROS kat 6ivel dBopLopo, eEMOUEVWG TO LETPpOU eV emtinmeda $pBopLOUOU glval avaAOYLKA TNG CUYKEVTPWONG
ROS. ApxKa to oAlkd aipa dpuyokevipnBnke (1000xg) Kol Ta CUMMUKVWHEVO epuBpokUTTapa apalwbnkav 1:1 pe
Lootovo PBS. EpuBpokuttaplkd deiypa emwactnke oe PBS mapouoia tou sotépa (2uM) yia 30 Aemtd oto okotadt
UTo avadeuon oe Beppokpacio Swuatiou. AkoAolBNnos puyokévipnon (1000xg) yla anopdkpuvon Tng MepioosLag
£0TEPA Kal emwaocn ya 12 Aemta otig (6leg ouvbnkeg pe ootovo PBS. Télog, ta kuTtapa AUBnKav pe tpoacdnkn
OMEOTAYUEVOU VEPOU Kal LETPRONnKav ta emnineda ¢pOoplopol (URKog KUpatog SLléyepong: 490nm, pNKog KUUOTOG
EKTIOUTIAG: 520nm). AkoAoUBnae UTIOAOYLOUOG TNG MPWTEIVIKAG oUYKEVTPWONG (LEBoSo¢ Bradford) Twv delypdtwy
LE OKOTIO TNV KOVOVLKoTtoinon Twv ermédwv ¢pBoplopov (RFU) mpog avtrv. Ta enimeda ROS eAéyxBnkav Kot PETA
oo TPOCOETO OfELOWTIKO €PEBLOMA. JUYKEKPLUEVA, TIPWV TNV TIPOCONKN TOU €£0TEPA £YLVE EMWACH TWV
gpuBpokuttapwv pe tert-Butyl hydroperoxide (tBHP, 100uM), Stapidio (2mM) katl pawvuludpalivn (100uM) yia 45

Aemta otoug 37°C.

[.2.4.2 Yrepoéeibwon Autidiwv MeuBpavncg

H peAétn tng umepoeibwong Ttwv Autdiwv tng pepPpdavng Baociotnke otV  Qvixveuon TNng
poAovSLlaASeliong (MDA), n omola amnoteAel mapdywyo tehikol otadiou ofeidwong (umepoteldwaong) Twv Auudiwy.
Yo 6&wveg ouvBnkeg kat uPpnAég Beppokpacieg n MDA avtidpd pe dUo podpla BeofapPitoupikol o&gog (TBA) kot
oxnMoatiletal Eyxpwuo mpoidv, To omoio amoppodd ota 532nm. H melpapatiky dtadikaoia mou akoAouBrbnke
ntav n €€ng: Apxka mpootednke TpixAwpofiko ofL (TCA) oe maketaplopéva epuBpokuttapa (aluatokpitng 40%)
HE OKOTMO TNV KOTOKPNUVION TwV TPWTeivwv. Metd omd duyokévipnon (1400xg/15min) amopovwbnke Tto
UTEPKElLEVO 0TO omoio mpootéBbnke TBA (0,67% oe 10% o€k 0U) kot akoAoUBnoe enwaach yla 50 AeMTa otoug
90°C. Ta Seiypata emwaAoTnKAV CE TAYO ylo 5 AEMTd pe okomod tnv malon Tng avtidpaong kot petprdnkav
dwTopeTpka ta emimeSa MDA. H T tng amoppodnong Uetatpannke os UM TBA/mL epuBpokuTtdpwy HECW

TPOTUTING KOUTTUANG.

I.2.4.3 Eéwkuttapia Avtioéeldbwtikn Ikovotnta

Mo tn UETPNoN TNG OVTIOEEIOWTIKAC LKOWVOTNTAC TOU TIAACUOTOG/UTIEPKELUEVOU TIPAYHATOTOONKE N
pnEBoSog FRAP (Ferric Reducing Antioxidant Power (Benzie and Strain 1996)). To umepkeipevo emwaotnke umo
oflveg ouvOnkeg (puBulotikd oflkol 0&foc-oflkol vatpiou) He TO OUMMAOKO TPLoBevolg oLdrpou-
tputuptSudotpralivng (Fe**-TPTZ) yia 4 Aemtd otouc 37°C. Ta pun evIUMIKA avTLOEELBWTIKA pdPLA TOU TAACHUOTOC
(T.X. oupLKO, aokopPLKS 0EV) €xouv TNV LKAVOTNTA Vo avdyouv Tov tploBevr) oidnpo (Fe*) o S1oBevr| (Fe?*) kal to

VEO OUUMAOKO TIOU TMPOKUTTEL £ival éyxpwHo. EMopévwg, akoAouBnoe GwWTOUETPIK METPNON ota 593nm Kol n
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anoppodnon avtiotoxOnke oe UM Fe?* péow mPOTUTNG KAUTTUANG. Mot val UTTOAOYLOTEL N GUPUETOXT TOU OUPLKOU
0&€0C¢ OTNV OALKN AVTLOEELOWTIKA KAVOTNTA, TPV TV Mpaylatomnoinon tng uebodou FRAP To Selypa emwdaotnke

L€ ouplkaon, n omoia USPOoAUEL To oupLko oL (Duplancic et al. 2011).

.2.4.4 KapBovuldiwon Mpwrteivwv MNMAaouatoc

H «kapPovuliwon Twv TMPWTEivwv Tou TAAOUATOC UTtoAoylotnke GwWTOUETPIKA Héow  ELISA
(avooompoopodnon deopevpévou eviUpou) Kit, oUpdwva Pe T 0dnyieg Tou kataokeuaotr (BioCell Corp). e
HLKpoTAdka 96 BEoswv tomoBeTnBnKav Ta Seiypata Kot to mpotuma StaAvupata (mpdTumn KoUmUAn) LETA and Tthy
avtidpaor) toug pe DNPH. To poplo autod avildpd He TIG KAPBOVUALKEC opddeg dnuloupywvtag To otabepo
napaywyo DNP. Adou adalpebnke n nepiooeta DNP mpootébnke BLoTivuAlwpévVo avitiowpa Evavil tou DNP kat
otpentaBLdivn oulevypuévn ue unepoteldaon, pall pe to umootpwpa 3,3’ 5,5’ tetpapeBul-Bevlidivn (TMB) yia tnv
Tipaypatonoinon tng evuuLkAg avtidpaong. Na va otapatiost n avtibpaon mpootednke TPLYAwpPoEIko 0L Kal n
amoppodnon UeTpnOnke ota 450nm. MEOw OVTLOTOLXLONG UE TNV TPOTUTN KAUTUAN UTIOAOYLOTNKE N moootnTa

KOpBOVUALWHEVWY TIPWTEIVWV 0 nmol/mg.

[.2.4.5 Ertimeba Movoéeidiouv tou Alwtou

H pétpnon povoéeldiou tou alwtou (NO) mpaypotomolnOnke PpwTOUETPLKA UE KATAAANAO Kit ELISA
oUpdwva pHe TIc odnyiec tou kataokevaoth (Cusabio). e pikpomAdka 96 B€0ewv MOU NTAV ETUKOAUMUEVN HE
el6lkO0 avtiowpa €vavit NO mpootéBnkav ta Selypota Kot to mpotuma StaAvpata (mpdtumn KapmuAn). 2tn
OUVEXELQ XpNOLUOTIOLNONKE TIOAUKAWVIKO avticwpa évavtt NO, To omoio Atav onpacpévo Pe Blotivn. AkoAouBnaoe
npocBnkn apLdivne oulevypévng pe umepoteldaon, Kabwg Kat to untdotpwpa TMB. TEAog, mpooTtéBnke Beuko ofv,
n avtibpaon oAokAnpwOnke, Kol TPoodloplotnke TO EyXpwHO TPOlOV GWTOUETPKA ota 450nm. Méow

OVTLOTOLXLONG UE TNV TIPOTUTIN KOUTTUAN utoAoyiotnke n cuykévipwon NO os ng/mL.

I.2.5 Nopapuetpot Npwtedotaonc

r.2.5.1 lNMpwteaowuikn Evepyotnta

Mo T METPNON TN TPWTENCWHLKNG evePYOTNTAG ota dlddopa KUTTapkd kKAdopata (N=14 avd opdada
OLHOSOTWY Yyl KUTOOOALO, MepPpdvn Kol umepkeipevo, N=5 ovd opdda awodotwv yla Ta Kuotidia)
xpnotpomownOnkav to umootpwpata LLVY-AMC, LRR-AMC kot LLE-AMC, ta omola £lo£€pXovtal OTo KUTTOpO,
KOBovtal amnod TG evepyodtnTeg TUTOU XupoBpuivng, Bpulivng Kal Kaomaong, avtiotolya, omeAsUOEpWVETAL TO
AMC kot 6ivel pBoplopd. Katd tnv nepapatikn dtadikaoia, 120-200ug mpwTeivikol SElyaTog EMWACTNKAV LIE TO
umootpwuata, mapouoia Tris-HCI kat oe ehadpwg aAkaAiko pH yia 1.30-3 wpeg otoug 37°C. MNa TOV TEPUATIONO
™G avtidpaong mpootédnke Maywpévo puBULOTIKO SlaAupa os Tteplooela Kal petpibnkav ta enineda ¢BopLlopov
(unkog kUpoTog Sléyeponc: 360nm, WNKOC KUMATOC €KTOMMNG: 460nm). AkoAouBnoe avaywyr] Twv povadwv

¢0Boplopou (RFU) péow umoAoylopol TnG MPWTEIVIKAG ouykévipwong (Bradford).
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I.2.5.2 lMoootikoroinon KAaotepivng

MNa ™ pétpnon g kAaotepivng xpnowlomowBnke kataAAnlo kit ELISA cUpdwva pe TI¢ odnyleg tou
koataokevaot (BioVendor). Xe pikpomAdka 96 BO£0swv EMIKAAUMPEVN HME HOVOKAWVIKO avIiowUa €vovtl
KAaotepivng mpooTtéBnkav apxkd ta Sslypata Kol Ta mpotuna StaAvpato (mpdtumn KaumuAn). AkoAouBnoe
TPOoOoBNKN SEUTEPOYEVOUG LOVOKAWVLKOU OVTIOWUATOC oNUacpévou e Blotivn, kat otpentafidivng culeuyuévng
pe unepogelddaon (HRP). TéAog mpootednke to KatdAAnAo untdéotpwua TMB kal n avtiépaon oAokAnpwOnKe HeTA
and npoobnkn oflkol offoc. H amoppddnon npocdlopiotnke ota 450nm. MEGw avVTLOTOLXLONG UE TNV TPOTUTN

KOUTTUAN UTIOAOYLOTNKE N CUYKEVTpWON KAaotepivng og ng/mL.

I.2.6 Nopapuetpot Ouotdotaonc AoBeotiou kL EEéwtepikeuonc Qwodatibulocepivng

I.2.6.1 Evbokuttapta Ertineba AoBeaotiou

O Mmodrog sotépag Fluo 4-AM xpnollomolBnke yloo tn HETPNON TNG EVOOKUTTAPLOC CUCCWPEUONG
ooPeotiov. AdoU Slamepdoel TNV €puBpoKUTTAPLKN HEUBPAVN, EVTOC TOU KUTTAPOU O €0TEPAC KOPetol amod
£0TeEPAOEG, avtidpd pe ovta acPeotiou kal ¢Oopilel oe enimeda avaloya TG evOOKUTTAPLAG GUYKEVTPWONG
oofeotiov. Katd tnv mepapotikn Stadikacia, to oAko aipa puyokevipnBnke (1000xg) Kol T CUUMUKVWHUEV
gpuBpokUTTapa apawwdnkav 1:1 pe wootovo PBS. Asiypo epuBpoKUTTAPWY EMWACTNKE e To avtibpaothplo Fluo
4-AM mapouocia oétovou pubBuiotikol Sdtahvpatog acBeotiov (NaCl 145mM — KCI 7,5mM — CaCl2 1,8 mM —
Mukoln 10mM — Hepes/NaOH 10mM — ntupootaduAikd vatplo 10mM) yia 40 Asmtd oto okotddL os Beppokpoocio
Swpatiou. AkoAoUBNoe GUYOKEVTPNON YLO ATTOUAKPUVON TNG TIEPLOOELAG ECTEPQ KL €K VEOU gmwaon yio 30 Aemta
OTLG 18leg ouvOnkeg. TENOG, MPOOTEBNKE QTMECTAYUEVO VEPO yla TN AUCNH TWV KUTTAPWY KAl €YLVE PETPNON OTO
dOoplopopetpo (Unkog kupatog Sléyepong: 485nm, UNKOG KUPATOCG EKTTOMMNAG: 520nm). OL povadeg dpBoplopou

(RFU) kavovikomolntnkav wg mpog TV MPWTEVIKN ouykévtpwaon kabe Seiypartocg (Bradford).

.2.6.2 Eéwtepikevon Qwaoeatibulooepivng

H efwrtepikevon dwodatiburooepivng (PS) otnv emuddvela TG €puBpPOKUTTOPLKAG MEUBPAVNG
QVIXVeUOnKe MEOW KUTTAPOMETPplaG pong. Mo OuyKekpluéva, Tt epubpokuttapa enwdotnkav pe FITC
(looBelokuavikn pAoBopeokeivn)-onUacUéVo avTiowpa €vavil tou popiou CD235 (yAukodopivn A), kabwg n
OUYKEKPLUEVN TIPWTEIVN €lval XopaKTNPLOTIKY £puBpoKUTTAPIKN TPWTEvn (epuBpokuttapikdg deiktng). Emiong,
£ywve enwaocn pe avvegivn V onupaocpévn pe ukoepuBdpivn (PE) o 1o6tovo pubulotikd Stahupa acPeotiou, Pe
okomo tn 6£éopeuon twv PS*-gpuBpokuttdpwy. Ta Selypata mapépevay yia 20 Asmtd os Oeppokpacio dwuatiou
OTO OKOTASL KL N avtidpaon Slakomnke He mepiooela StohUpotog aofeatiou. To evolwpnpa Twv EpUOPOKUTTAPWY
Slootaupwdnke pe TN Séoun Laser oOTO KUTTAPOUETPO Kal ot SdUo ¢Oopilovocec oucieg petpndnkav pe
moAuxpwpatikn avdAuvon (FITC: exmopmn ota 520nm, PE: ekmoumn ota 580nm). Méow tou mpoypappatog CELL

Quest Software umtoAoylotnke To MO000TO TWV PS*-gpuBpokuTttdpwy.
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.2.6.3 OpouBwrtikn Ikavotnta Kuotidiwv

O umoAoyLopOg TNS BPOUPBWTIKAC LKAVOTNTAC TWV KUOTISlwY €ylve pe tn Xprnon €181koL Kit ELISA, cUudwva
Me TG odnyieg tou kataockevaotn (HYPHEN BioMed). Ze pikpomAdka 96 O€0ewv, TPO-EMIKOAUMUEVWV HE
otpentafLdivn cuvdedepévn pe Blotvullwpévn avveéivn V enwaoctnkav yia 1 wpa otoug 37°C ta Selypata
mAdopatog/umepkelpévou (N=8 ava katnyopia atpodotwv) kat ta pdtuma Stalvpata (pdtumn kapmvAn). Ola
ta Seiypata eiyav opolwbBel oe pubuloTkO SlAAupa Tapoucia avaotoAéwv acPeotiou, mapdyovia Xa Kol
Bpoppivne. Ta kuotidla mou €dpepav otnv emidpaveld toug PS Ba mpocdévovtav UTO QUTEG TIC CUVORKEG oTnY
avvefivn V. AkodoUBnoav MAUGELG yLa OIMOUAKPUVON TWV 1N TPoodedeévwy KUOTLSLwY Kal TPooBnkn Helypotog
TWV Tapayovtwy Xa-Va (mapoucia acPeotiov) kat mpoBpoufivng kal emwaochn oto okotddl yia 10 Aemrtad.
Mapouoia PS kat acPfeotiou, ol mapayovteg Xa, Va evepyomolouv tnv npoBpoppivn oe Bpoppivn. EMopévwe, pe T
MPOCONKN XPWHOYOVOU UTooTpwHATOG Bpoupivng kat AREn tng avtibpaong pe KLTtpltkd ofU, avixveletal
dwropeTplk@ ota 405nm n mapaywyn Bpoupivng n omola eival avaloyn pe tnv meplektikotnTa PS. Méow

QVTLOTOLXLONC KE TNV TIPOTUTIN KOUTTUAN UTTIOAOYLOTNKE N CUYKEVTPWON TWV POBPoUBWTIKWY KUOTLSLIwV og nM PS.

I.2.7 HAektpovik MIKpooKoTila 2ApWonc

H HAektpovikr) Mikpookortia Zdpwong Baaciletal otnv apyn Aettoupyiag evog kaBosikol cwAnva o omoiog
TEPLEXEL TINVia TIOU KATeELBUVOUV TNV NAeKTpoVLIaKN §E€0UN WOTE va TpaypatonolnBsl «odpwaon» g enidpavelag
tou belypartoc. Otav ta nAektpovia aAAnAemidpoulv Pe Tto Selypa, aVOKAWVTOL KOl OOUAKPUVOVTOL amd thv
emipavela tou Seiypatog. Mo tnv mapatnpnon tng emdavelakng popdoloyiog Twv epubpokuTTapwy, OMWE EAafe
XWpa oTnNV Mmopouoa epyacia, XpPNoLLOTOLOUVTAL T SEUTEPOYEVH NAEKTPOVLIA, SnAadn autd mou eEEpyxovtal and
™V emupavela Tou deiypatod. MNa va emteuxBel auto, Ta povipomnolnpéva epubpokitrapa mpEmneL va kaludBOouy
ME €va OTPWHA NAEKTPOVIOTIUKVWY UAIKWV (KaL CUYKEKPLUEVa xpuooU-TaAAasdiou) yla va yilvel aywylun n
emudpaveld touc. MNa tn dtadikaoia Tng poviponoinong, dsiypa epubpokuttapwy (N=8 ava katnyopia aLodotwv)
npootiBetal oe StaAupa 2% yAoutapikng ahdeiong/0,1 mM kakoSuAkoU vatpiou pe pH 7,4 KL emwaletol yia 1
wpa. AkohouBoUv mMAUoEeLG Ue Stalupa 4% ooukpdlng og KakoSUALKO vatplo pH 7,4 kot SeUtepn povipomnolnon pe
1% tetpofeldlo Tou oopiou og 0,1mM KakoSUAWKO vatplo pH 7,4. M TNV amopidKpuven tou vepoul, Ta KUTtopa
ektiBevtal og avioVLoeG CUYKEVTPWOELG aBavoAng (30%-100%) kot akohouBel n kdAuPn pe to pelypa xpuoou-
naMadiou. Katd tn pLKpookomiky mapatipnon AndBnkov nAsktpovioypadieg oe peyéBuvon x1000 kot to
epuBpoklTTapa xapoaktnpiotnkov w¢ oavaotpéPung n oxt popdoloyiog. Touldyiotov 2000 kuTTOpO

alohoynBnkav ylo kaOe Selypa Kol UTTOAOYLOTNKE TO TOCOOTO TWV LN AVAOTPEPLUWY TTApaUopPWOEWV.

I.2.8 MetaBoAwpikn Kot Mpwtewutk Avaluon

r.2.8.1 MetaBoAwuikn Avaduon
MNa t™ petofolwpiky ovdAuon, 100ulL amoBnkevpévwv epubpokuttdpwyv (N=15 avd katnyopia
alpodotwyv) ouMéxBnkav ot  efdopadlaia Bdaon, ekyuAiotnkav oe avadoyia 1:6 oe SGAupa

peBavoAng:aketovitplAiou:vepou (5:3:2) kal avaAuBOnkav Hécw vypng xpwiatoypadiag untepuPnAng anodoong —
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daopotopetplog palag (Ultra High Performance Liquid Chromatography — Mass Spectrometry, UHPLC-MS)
(Nemkov et al. 2019). Ta Sdelypata nmpooteBnkav oe otNAN He KAlon amo 5 €wg 95% (daon A: vepo + 0,1% doppLko
ofu, daon B: aketovitpidlo + 0,1% dopulkd ofU). Ta popla pe uvPnAdTepn CUYYEVELD TPOC TN OTepen ¢aon
TIAPAUEVOUV OTN OTHAN TIEPLOCOTEPN WP, EVW AAAA HoOpLa KlvoUvTal ypnyopdtepa He th Ponbesla tng Kvntng
daonc. Ta popla mou efépyovtal amd T otnAn ekAovovtal Pe tn UHopdr ATUOU OVIOUEVWY HOPLWV OF
daopaTOUETpO, TO Omoio capwvel o€ TANRPn Asttoupyia daopotouetpiog palag n HéEow aveEdptntou
Katakeppatopol (MS/MS avaluon) oe avaluon 70.000 [60-900 m/z sUpog, 4 kV tdon Yekoopou, 15 agplo
Onkng (sheath gas), kaL 5 BonBntko aéplo (auxiliary gas)] pe apvntikn kL £metta Betikn Asttoupyla LOvtwy (o€
Eexwplotouc kUKAoug avaluong). Ta LOvVTa aviyveUoOVTOL HE TNV Tapaywyr evog paouatog palag. Itnv mopovoa
£PEUVA N KATAVOWUN TWV HLETABOALITWV TIPAYHATOTOLHONKE £VAVTL E0WTEPLKAG TIPOTUTING BLBALOBNKNG KoL dev ENaPe

Xwpa npoenefepyacia twv Sedouévwy (kavovikomoinon rn Aoyapibunon) (Nemkov et al. 2017).

[.2.8.2 Mpwtewuikn AvaAvon

Ma tnv Slekmepaiwon NG MPWTEWMLKAC avaiuong (N=12 ava katnyopia alpodotwv) EAaBe xwpa vypn
xpwpatoypadia vavo-unepuPning amodoong — dacpatopetpla palag (nano-UHPLC-MS) (Reisz et al. 2017).
ApxIKa, Tpwteivika Seiypata pepPpoavwyv 1 Kuotdiwv uméotnoav méPn os éva didtpo S-Trap. Ta Selypata
doptwbnkav oe Eexwplota Evotips yla adaAdtwaon Kal otn cuvéxela ekmAUBOnkav pe 20Ul 0,1% dopuikol ogéog.
To clotnua Evosep One mopoAapfavel avtdpata to Evotips kal ta petodépel o ek BUpa Omou Kot
edapuoletal pepikn kAion og uPnAn pon kat xapnAn mieon oe kaBe Evotip. Etol ekAovovtal KAmola pHopLa mPog
ovaAuon kot mopopévouv ta uniol poplakol Bapoug kal ta oAl uSpodofa pépla oto Evotip. Ot ekhouBeioeg
ovaAuopeveg ouoieg petatomilovtol evtog tng KAlong pe t Spdon smumAéov avtAlwv vPnAAg pong/xapnAng
niieong. To popla petadépovial oe cuLleUYUEVO GAOUATOUETPO pAloc timsTOF Pro HeTd amo Loviopo Kot
atpormnoinon Kal yivetal avixveuon Ue tTnv mapaywyn evog ddopatog palag. Itnv mapoloa gpyacia ta dedopéva
oUMEXBNkav o elpog 100-1700 m/z yia MS kat MS/MS oto timsTOF Pro dpyavo XpnoLUOTIOWWVTOS XPOVO

avaAuong 100 ms. Ta enineda kABE MPWTEIVNE KOAVOVIKOTIOLONKAV WG TIPOG TN CUVOALKI TTOCOTNTA MPWTEIVNG.

I.2.9 In vitro Movtélo Metayylong

Mo tn LeAETN GUGLOAOYIKWY TTAPAUETPWY TWV AMOBNKEV LEVWY EPUBPOKUTTAPWY LETA TNV EMAdH TOUG UE
TMAAOPO Ot BepUoKpACia CWUATOG XPNOLWoToLNBnke €va in vitro HOVIEAO TNG HETAYYLONG. Mo OUYKEKPLUEVA,
anoBnkeupéva epubpokuttapa (N=10 ava katnyopla aipodotwv) duyokevrprnOnkav (1000xg) kat to ilnua
avauixdnke pe umepkeipevo (tng dlag povadag petayylong) kat ¢péoko mAdopa (uywolg 1 acBevoug pe B-
peocoyelakn avaluia, N=10 avd katnyopia 8éktn). H avaloyia tng avauléng Atav aviiotolyn tng xopnynong 2
povadwv petdyylong. AkolouBnoe enwacn oe BOepuokpoocia cwWHATOC yla 24 wPeG Kol UeAETn mMARBoug

TIAPAPETPWY alpoAluong kat ofelboavaywyikol ooluyiou.
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.2.10 Zwwkd Movtélo Metdyylong

EpuBpokUtrapa and ¢péoko aipa, KabBwe Kal amd anobnKeUUEVO yio UIKPO (<4 nuepwv) N peyaio (>39
nuepwv) xpovikod dtaotnua (N=8 ava katnyopia ayodotwv) onuavonkav pe tig Amodheg xpwotikeg D-383 (1,1'-
Didodecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate, yia toug etepoluyoug) kat D-307 (1,1'-Dioctadecyl-
3,3,3',3'-Tetramethylindodicarbocyanine Perchlorate, yla toug paptupeg) oUpdwva He TG 0dnyieg ToUu
kataokevaotn (Invitrogen, Carlsbad, CA, USA). EpuBpokUttapa amnd tig SUo katnyopieg alpodotwv avauixbnkav
oe avaloyio 1:1 oe 55% aipatokpitn kot petoyyiotnkav oe 16 HUeG-Oékte¢ (8 OvVOOOETAPKELS Kol 8
avoooavemnopkeic) pe evbodAéBla éveon otnv oupaia dpAEPa. O petayylopévog oykog (~200ul) avtiotolel otn
xopnynon 800 povadwv petayylong (1 ano kabe alpodotn). H idla Sladikacia mpaypotonow|Bnke o 16 emunmAgov
MUEC He TNV avtiotpodn xpwon (D-307 yla toug etepdluyoug kat D-383 yla Toug LAPTUPEG) yla va €aodaliotel
nwe Sgv onuaivovtal StadopeTikd ta KUTTapa Twv SUo opddwv atpodotwv. MapaAndOnke aipa ano tnv GALRa
TOU TPOCWTOU ToU {WwikoU HOVTEAD uia pépa mply, 20 Aemtd petd (100% avaktnon) kal 24 wpeg peta (24wpn
avAKTNOoNn) TN HETAyyLon yia va aflohoynBel (a) n HETO-UETAYYLOLOKT) OVAKTNON HECW KUTTAPOUETPLac pong Kal (B)
ta enineda evdoayyelakng awnoluong (Harboe). Emiong, cuAAEXBnKav oUpa TIG (OLEC XPOVIKEG OTLYUEG yla Vol
peTpnBoLV Ta emnineda apoodalpivng os autd (Harboe). Aipa kat ovpa mapaindOnkav kat amno 20 emumAéov pUEC
(10 avoooemapkeic kat 10 avoocoavemopKeig) mou eixov dexBel petayylon povo amo £va YeVETIKO uToPfabpo

apodotn yla va avixveuBel tuxov Sladoplkn enibpaon o AUECA ALUOAUTIKA GALVOUEVO.

.2.11 Statwotik) Avaluon kot Katookeun BloAoykwv AKTtuwv

Mo T otatloTikn eneepyacia xpnolonoibnke To otatlotikd mpoypappa IBM SPSS (Statistical Package
for Social Sciences, €k6oon 22.0 yia Windows). Ot Stadopég avapeco oe SLOPOPETIKEG OUASEG SelypATWY
eAéyxOnkav péow t-test yia avetaptnta deiypata kal availuon SlakUpavong Katd éva mapdyovia (one way
analysis of variance, ANOVA). Ou xpovo-géoptwpeveg OladopeG eviomiotnkav HE avaiuon Slakupavong
enavalappavopevwy petpioswy (repeated measures ANOVA). Omou xpeldotnke, Onwg ylo thv afloAoynon
TIOAQITAWY CUYKPIOEWVY KATA TN SLAPKELD TNG QmMoOnNKeUTIKAC TepLOdou, edapudoTnNKeE TPOCAPUOYr TUTOU
Bonferroni. Ma tov evtomiopd mBavwyv CUCXETIOEWV avapeoa oc SLAdOPETIKEC TAPAUETPOUC N EEXxwpPLOTA
enineda tng aAuvoidag tng petdyylong (80tng — povada petayylong — 8éktng) mpaypatomnolnOnkav oL éAeyyol
Pearson and Spearman avaAoya e TNV KATAVOLN] TWV TPO¢ €EETOON TIAPAUETPWY LETA OO EMLTAEOV TIPOCAPHOYN
turou Bonferroni. Y& kdBe avaluon mou avadEpbnke mpaypatonoldnkov 0AoL oL amopaitntot éAeyxol 6cov
odopd otig mpoUmoBécelg xpnong tou emileypévou povtélou. Ta amoteAéopata BswprBnkov OTATIOTIKA
onpavtika ywo P<0,05 ) P<0,01, evw o€ OUYKPLOELG OVAUECO O UTIOOMASEG XapnAoU aplBuol Selypdtwy (Ty.
TMPWTEWLK OVAAUGCN avdloya Pe Tn HeTaAAayn Tou alnodotn) Ta amoteAéopota, TAEOV TNG OTATLOTIKNG

onpaoiag, aflohoyndnkav kat pe Baon to moocootd avéopeiwong (fold change > 1,25).

H avdluon Siktiwv mpaypotonolndnke Ye tn xprion tou mpoypdppato Cytoscape (ékSoon 3.2.0) to

omolo evdelkvutal yla TNV OMTIKOMOINON Kot TNV  avdluon PBloAoylkwv SIKTUWV CUCYETICEWV Kol

64



oAAnAerudpdoswy. Qc Sedopéva  €L0060U XPNOLUOTOLNONKAV  ALLOTOAOYIKEG, BLOXNMLKEG, HETOPOALKEG,
TIPWTEIVIKEG Kal BLOAOYLKEC TIOPAUETPOL AVAECA OTLG OTIOLEC TTOPATNPHONKAV OTOTLOTIKA ONUOVTIKEG CUCXETIOELC.
OL TLEG TOou SelKTN CUOXETLONG r KOBOPLOAY TO UAKOG TWV CUVOECEWY HETOED TWV TAPAUETPWY (LEYAAUTEPN TIUA T
— ULKpOTEPN amdoToon MAPAUETPpWY). Ma va ehaylotonolnBei n mbavotnta evowpdtwong Peudwg Betikwv (Anv
OTOTIOTIKA ONUOVTIKWY) OUCXETIOEWV ota  Oiktua, OoUUMEPINAPONKAV ATTOKAELOTIKA GCUGCYETIOELG TIOU

Lkavorolovoayv T ouvenkn P<0,01.
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A. AntoteAéopata

A.1 MeAétn Opéokou Alpatog

210 ouvolo Twv 204 awodotwv mou otpatoloyndnkav, To 9% Bpédnkav etepoluyol yla HeTOAAAYEG OTO
yovidlo tn¢ B-odaipivng. MeAstwvrag tov Tpomno {wng Twv aodotwy, dev mapouactdotnkay Slahopé HeTall Twy
2 KOTNyoplwv (KAMVIOMO, CWHATLKA Aoknorn, aAKoOA). Itnv opdda twv etepoluywv yla BMA avadeixbnke
OTATLOTIKA CNUOVTLKA UEIWON OE ALULATOAOYIKEG TTAPAPETPOUC, OTIWG TOV ALUOTOKPLTN, TOV HECO EpUBPOKUTTOPLKO
oyko (MCV) kai tn péon atpoodalpivn tou epuBpokuttdpou (MCH) (Ewkdva Al). AvtiBetwg, BpéBnke auvénuévog o
OUVOALKOC aplOuoc epuBpokuttapwy. Aladopeg BpEBnKav Kal o€ MTAPAUETPOUC QULUOAUONG, LE TOUG ALUOSOTEC e
otiyua va gpdavilovv pelwpévn auBopunTn Kol OCUWTIKN alloAuon. EmutAéov, ol iSlol alpodoteg sudavicav
TAOoN YL XaUNAGTEPN OALKN TPWTEIVIKA CUYKEVIPWON Kal TPWTEWVIKA KapBovuliwon oto mAdopa oe cuvbuaouo

LE OPLOKN) TAON YL EVICXUMEVN avTLOEEdwWTLKN kavotnta (Ewkéva Al).

Etepoluyol BMA Maptupeg
(n=18) (n=186)

Ap1Budg EpuBpokuttdpwy (RBC) [IEREETEIS 4.94 +0.33 (10%/pL)
Awpatokpitng (HCT) BEERIERRIGE : 44.07 £ 2.58 (%)
Ev&okuttapla Atpoodaipivn (Hb)  [IFEEEINEE I 15.00 + 1.07 (g/dL)
Méaog EpuBpokuttapikdg Oykog (MCV) K TET NS I 89.38 +4.17 (fL)
Méon Evbokuttdpia Alpoodatpivn (MCH) IEFISERNYFE I 30.44 +2.08 (pg)
Méon Zuykévipwon Evéokuttdplag Alpoodaipivng (MCHC) IEFEEINTAS ! 34.00 £ 1.09 (g/dL)
Katavopr) MeyéBoug EpuBpokuttapwy (RDW) 13,64 £ 0,88 12.48 £0.57 (%)
Méoog Awpontetaiakog Oykog (MPV)  IERIEFRViG 7.47 £1.57 (fL)

Ocpwtkd EvBpavotétnta  [EEEETNVER I
EAeUBepn Awpoodaipivn  IEREEEWRLE 1
E€wkuttapla Avtioelbwtikn lkavotnta RECERE VAL

0.438 +0.025 (% NaCl)
3.61+1,83 (mg/dL)

622 £ 94.2 (UM Fe?')
0.350 £ 0.107 (nmol/mg)
7.19 £0.46 (g/dL)

KapBovuliwon Npwteivwv  FEELORE Nk ]
[INCGRIITIGGI 6,78 + 0,56%*

0 20 40 60 80 100 120 140 160 180

Ewova Al: AlQypOUUOTIKI) ATEIKOVION OULUOTOAOYLKWY, OLULOAUTIKWVY Kal 0EEb0avaywyLKWY TTAPAUETPWY 0TO PPECKO alpa
ETEPOIUYWV YLO B-LECOYELOKN OQVOLULO QLULOSOTWY HUETA ATO KAVOVIKOTOINGoN TPog Ta eMimeda Twv alUoSOTWV-HapTUpwy
(urtAe SLokeKOUPEVN YPOUD). Ta AMOTEAECLATO TTOPOUOLATOVTAL WG LECOG OPOG * TUTILKA armokALon. (*) P < 0,05, (**) oplakn
OTATLOTLKI onuooia.

AkoloUBnoce avaAuon eVPECNG CUCKETIOEWY Kal OMTIKOMoinon autwv wg Bloloyika diktua (Ewkoveg A2,
A3). O cuVOALKOG aplOUOC TwV cuvdéoewv be SlEdepes peTatl Twv SV0 opddwy, eV KON ATAV Kal N TUpAvVWon
KAQLOOIKWY QLUOTOAOYLKWV TIOAPAUETPWY, KOBwWC Kot n dnuioupyia cuotadag Autdiwv — Autonpwteivwy. Map’ dAa
auTA, oto SIKTUO TwV eTEPOlUYWY KeVTPLKN B€on, pall pe Toug allatoloylkoug Seikteg, Katelyav mapapeTpol
opoLOoTAoNG OLOMNPOU KAl NITATIKAG Asltoupylag, KaBwe Kal n KAaotepivn. ZToug eTePOIUYOUG EVTOTILOTNKE, EMMIONG,
CUOYXETLON TOU 8elkTn OOHWTIKNAG uBpavoToTnTag Pe Ta eEwkuTtapla enineda K* kat Na*, evw n mapouoia tng
TMPWTEIVIKNAG KapBovuliwaong oto SikTud Toug NTav aLoBNTA ULKPOTEPN OE OXEON LE TO QVTLOTOLXO TWV LOPTUPWVY

(Ewkoveg A2, A3).
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Ewkova A2: Blohoylkd SIKTUO OTOTIOTIKA ONUOVTIIKWY CUCXETIOEWY HETOEY TIOPOUETPWY TOU GPECKOU QLUOTOC ALUOSOTWV-
paptupwy. Me palpn ypapun avamoaplotavrol ol OTIKEG, EVW E KOKKLVN OL OPVNTIKEG CUOXETIoeLS. ALB: aABoupivn opou,
ALP: alkaAikn dwodatacn, ALT: auwvotpavodepdon t¢ ahavivng, AST: apwotpavobepdon Tou aomaptikol oféog, BAS:
Baoceodila, Chol: xoAnotepoAn, Creat: kpeatwvivn, EOS: nwowoda, Fe: oibnpog, Fer: deppitivn, gGT: y-yAouTapuA-
tpavodepaon, Glu: yAukoln opou, Hb: evéokuttdpla awpoodatpivn, HCT: awpatokpitng, HDL: Autompwrteivn uyPnAng
nukvotntag, K: wdvta koAiou, LDL: Autompwteivn xapnAng mukvotntag, LYM: Aspdokittapa, MCF: 8eiKTng OCHWTIKAG
guBpavototntag, MCH: péon gpubpokuttapikr atpoodatpivn, MCHC: péon CUYKEVTPWON €pUBPOKUTTAPLKAG alpoodalpivng,
MCV: péoog gpubpokuttaptlkog oykog, MON: povokUttapa, MPV: pécog atpometallakdg oykog, Na: wovta vatpiou, NE:
oubetepddla, NO: povoeiblo tou alwtou, P: dwodopog, pCa: acPféotio opou, pCarb: kapPfovuliwon MpwTeivwv
mAdopatog, PCT: awponetaAlokpitng, PDW: katavoun pey£€6oug atponetoliwy, pHb: eAelBepn awpoodatpivn, PLT: aplBuog
atpomnetaliwv, RBC: apBuocg espubpokuttapwyv, RDW: katavour peyéBoucg epubpokuttapwy, T-PROT: oAkl TPwIEivn
mAdopatog, TAC: avTlofeldwTiky kavotnta mAdopatog, TIBC: oAk owdnpodeopeutikn kavotnta, Trf: tpavadeppivn, Trf-S:
Kopeouo¢ tpavodeppivng, Trigl: tpiyAukepidia, UA: oupikd ofU opou, VLDL: Autonpwteivn moAU xaunAng mukvotntag, WBC:
Aeuka alpoodaipla.
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Ewkova A3: BloAoylkd SIKTUO OTOTLOTIKA ONMOVIIKWY CUOCXETIOEWY HETOED TIOUPAUETPWY TOU PPECKOU QALPATOC AULOSOTWV-
etepoluywyv ya BMA. Me palpn ypaupn ovamapiotovtal ot OeTikég, evw HPE KOKKLVN Ol OPVNTIKEC CUCXETIOELG. ALB:
oABoupivn opol, ALP: alkaAwkr dwodatdon, ALT: auwotpavodepdacn tng alavivng, AST: apwotpavodepdon Tou
oaomaptikol of€og, BAS: Baocedd\a, Chol: xoAnotepoAn, Creat: kpeativivn, EOS: nwowvodla, Fe: oibnpog, Fer: depprtivn,
gGT: y-yAoutapuA-tpavodepaocn, Glu: yAukoln opou, Hb: evokuttdpla atpoodatpivn, HCT: alpatokpitng, HDL: Autonpwteivn
vPnAng mukvotntag, K: wovta kaAiou, LDL: Autonpwrteivn xapunAng mukvotntag, LYM: Aepudokuttapa, MCF: §£(kTnG OOUWTLKNAG
geuBpavototntag, MCH: péon epuBpokuttapikr alpoodatpivn, MCHC: pHéan GUYKEVTPWON €pUBPOKUTTAPIKAG atlpoadalpivng,
MCV: péoog epuBpokuttaplkog oykog, MON: povokuttapa, MPV: pécog alpometallakog oykog, Na: wovta vatpiou, NE:
oubetepodla, NO: povoleiblo tou alwtou, P: dwodopog, pCa: acPféotio opou, pCarb: kapBovuliwon mpwTEivwV
mAdopatog, pCLU: kAaotepivn mAdopatog, PCT: alpomnetaiiokpitng, PDW: katavopur peyéBoug alponetadiwy, pHb: eAelBepn
awpoodatpivn, PLT: apBuog awpomnetaliwy, RBC: aplbudg epubpokuttapwy, RDW: katavour peyeboug epuBpokuttdpwy,
TAC: avtofeldwTik wavotnta mAdopatog, TIBC: oAk oldnpodeopeutikn tkavotnta, Trf: tpavodeppivn, Trf-S: Kopeouog
tpavodeppivng, Trigl: tpiyAukepibia, UA: oupkd ofU opol, VLDL: Autompwrteivn moAl xapnAng mukvotntag, WBC: Aeukd
alpoodaipla.

A.2 AmoBnkeutikn Ikavotnta EpuBpokuttdpwyv

A6 10 oUVOAO Twv 204 alpodotwv emAéxBnkayv 18 etepoluyol Kat 20 HAPTUPES yLA VA Tipayatornoln et
pila kotd Zevyn pelétn tng puoLodoyiog, Tou HETABOALOHUOU KOl TNC TPWTEIVLKIG CUOTAONG TOGO MPLV, OGO KAl KATA

N SLAPKELA TNG AMOBNKEUTIKAG MEPLOSOU O oUVBNKEG TpAMEelag ALLOTOG.

A.2.1 Anpoypadikd - ALLATOAOYLKG ZTOLYELOL

OL 6Uo ouadeg awwodotwv moapoucialav mopopola cuotacn Pdcel ¢UAou, nAkiag Kal GUAETIKAG
KOTAywyng, Kal elxov KoWeEG cuvnOEeLeEG O OXEDN HE TO KATVIOUA Kal T cuxvotnta awlodociag. Ocov adopd oTig
opadeg alpartog, UTNPXE Hia emikpAtnon TnG opddoag O otnv opdda Twv eTepoluywv. Avadoplkd HE TIG
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OULLLOTOAOYLKEG TIAPAPETPOUC, Ol AULPOSOTEG He oTiypa eiyav auénuévoucg toug Seikteg Tou ouvoAlkol aplBuou
£pUBPOKUTTAPWY, TNG KATAVOUNG ToU HeyEBoug toug (RDW) kat tng HbA,, evw gpudavilav PelwPEVOUC TOUG SELKTEG
MCV kat MCH (Mivakag Al). H emaAnBsuon tng eTepoluywTiog EyLVe PE aViXVEUON TwV LETAAAYWY OTO yovidlo
™¢ B-odatpivng. OL PeETAANAYEG TTOU €VTOTILOTNKAV NTAV KAAOIKEG LECOYELOKEG LETOAAAYEC, OUXVA EUDAVI(OUEVEC

otov ENab o xwpo (IVS I-1, IVS 1-6, IVS 1-110, IVS 1I-1 ko IVS 11-745).

Mivakag A1. Anpoypa@ikd koi AiparoAoyikd Xroixeia Aipodotwv

MdpTupeg Erepdluyol BMA

(n=20) (n=18)
®uho (A/O) 16/4 15/3
HAikia (xpovia) 38+14 40£10
EBvikdtnTa EMnvIKA EANVIKA
Opada Aiparog (A/B/O) 9/2/9 5/0/13
Rhesus (+/-) 1713 14/4
Kamvioua (N/O) 10/10 10/8
Zuyvornta Aiyodoaiag/Xpdvo 1,72+0,46 1,63£0,67
Ap1Bu6¢ EpuBpokuttdpwy (RBC) (x108/uL) 5,0540,35 6,48+0,49*
Aipartokpitng (Het) (%) 43,70+3,77 42,58+2,32
Zuvohiki Aioagaipivn (Hb) (g/dL) 14,49+1,45 13,93+0,53
Méoog EpuBpokuttapikég Oykog (MCV) (fL) 86,67+6,34 65,59+6,26*
Méon Kuttapikr) Aipocgaipivn (MCH) (pg) 28,72+2,32 21,16+2,36*
Méon Zuykévrpwaon Kuttapikig Aipoogaipivng (MCHC) (g/dL) 33,13+1,31 32,21+1,18
Karavopr) MeyéBoug EpuBpokuttdpwy (RDW) (%) 13,36+1,33 15,84+2,16*
Neukd Aipoagaipia (WBC) (x103/uL) 7,27+£2,07 7,55+1,47
Ap16udg Aipotretahiwy (x103/uL) 255452 230441
Aigotrerahiokpitg (PCT) (%) 0,26+0,08 0,24+0,05
Méoog Aipotretahiakds Oykog (MPV) (fL) 10,22+1,59 10,67+1,30
FAukoCuhiwpévn Aiooeaipivn (HbA+c) (%) 4,94+0,35 5,17+0,40
Aigoagaipivn Az (HbA,) (%) 2,50+0,66 4,80+0,63*

H nAikia, n ouxvomnra aipodoaiag Kai ol aiatoAoyIKEG TTApAUETPOI TTapouolalovial wg PECOS 6po¢ + TUTTIKA
amokAion. (*) P < 0,05

A.2.2 Napapetpot AwoAuonc

Ta gpuBpokuTropa Twv eTepoluywy yla BMA alpodotwy napouciacav yapunAotepa enineda avBopunTng
KOl OEELOWTLKNG OLUOAUONG KATA TIG TeAeuTaieg 2 eBdouddeg TG amoBrkeuong, evw gUdAVIOOV XOUNAOTEPOUG
SelKTEG UNXOVIKAG KOl OOUWTIKAG EUBpaUOTOTNTOC KABOALKA KATA TNV TIOPALOVI] TOUG OTLG OVASEG ETAYYLONGC.
MAALoTa, amo TIC TECOEPLG TIAPAPETPOUC OULLOAUONG TIOU HEAETAONKAY, N OCUWTIKN aoAucon spdavile dtadopd

noén in vivo. OL SLapopEC OTIC APAPETPOUC ALOAUGCN G Ttapouatdlovtal SLaypappaTikd otnv Ewkova A4,
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Ewkova Ad: AlQypapUOTIK QIELKOVION TWV EMUTESWY auBOpUNTNG, OLEBWTIKAG, MNXAVIKNAG KOl OOUWTIKAC alpoluong oe
epubpokuTTapa alpodotwy Pe N xwplg etepoluywtia yla B-pecoyelakn avaluia, TOoo MPW 600 Kol KAatd tn SLApKeLd TNG
amoBnKeVoNG Toug oe ouvONKeg Tpamelag aipatog. Ol unapes cPAALATOC AVILOTOLXOUV OE TLUN TUTIKNAG amOkALonG. F: dpéoko
aipa. Ol SLOKEKOUUEVES YPAUUEG QVTUTPOCWIEVOUV YPAUUEG TAONG EKBETIKWVY ) AOYOPLOULIKWY HLOVIEAWV Yl TNV auBopuntn
KOl OOUWTLKA apoAuon, avtiotoya. (*) P < 0,05.

A.2.3 O&sboavaywyko looluylo — Opoloctaon AcBeotiou

TOG0 N oALkr], 660 Kal N e€0PTWHEVN ATO TO OUPLKO 0V £EWKUTTAPL AVTIOEELOWTIKA LKavOTNTA, PpEBnKav

OUENUEVEG OTO MAGOUA KAl TO UTIEPKE(HEVO Twv £Tepoluywv ylo. BMA ailpodotwy, os mAnRpn avtibeon pe tnv

oave€dpTNTN TOU oUPLKOU avTloEeldwTIKN tkavotnta (Ewkova A5).

200
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Ewkova A5: ALoypOULLATIKA ATIELKOVLON TWV EMUMESWY AVTLOEELOWTIKAG LKAVOTNTOCG OTO MAACUO/UTIEPKEIEVO ALLOSOTWY LE R
Xwpl¢ etepoluywtia yla B-HECOYELAK QVOLULO, TOCO TPV 000 KAl KATd Tn Slapkela amobrkeuong oe ocuvbnkeg tpamelog
aipartog. Ot umapeg oOAAUATOC AVTLOTOLXOUV OE TLUN TUTILKNAG oamoOkAwonG. F: dpéoko aipa. OL SLAKEKOUUEVES YPOUUES
QVTUTPOOWTEVOUV YPOUUEG TAONG AoyapLlOuLkwy povtéAwv. (*) P < 0,05.
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Evioc TOU KUTTApOU TopatnpnBOnKe TACH, TIOU OTN OUVEXELA avadeixOnKe wC OTATIOTIKA ONUOVTLKH
Sladopdad, otnv eyyevr napaywyn ROS amno to YEco TNG amoBAKELUONG KAl PETA, E T KUTTOPA TWV ETEPOIUYWV Va
MEPTOUV 0 YOUNAOTEPA £Mimeda amd Ta AVIIOTOLXA TWV HOPTUPWY HETA TNV KopUdwaon tn deltepn eBdopada
Tapapovng otov aoko (Ewkdva A6). Metd tn dpacn tou Slapidiou, To omoio €xelg wg otoxo th yAoutabeldvn (ko
KOT' EMEKTOON TIC OpAdeC Beiou), mapatnpnOnke n (Sl elkova e T eyyeveic ROS, pe xapunAotepa emninedo otoug
€TEPOIUYOUC OTO TEAOG TNC AmoBONKEUTIKAC eEPLOSou. AvtlBETwe, n emnibpaon pe tepT-BouTUA-USPOUTIEPOEEiSIO
(tBHP) i pawvuludpalivn — ofelOWTIKA PLOPLA LIE YEVIKA OTOXEUON N E0TIACUEVN OTNV awoodalpivn, avtiotowa —

6e davnke va ennpealel dladopikd Tig SUo katnyoplieg kuttdpwy (Etkdva A6).
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Ewkova A6: AlaypappaTiK OIELKOVION TWV EMMESWV €VOOKUTTAPLWY SpacTikwy pllwv ofuyovou, WPE 1 Xwpig e€wyeveég
epEBLopa, oe epuBPOKUTTOPA ALLOSOTWY HE I XWPLG ETEpOlUYyWTIA yLa B-LECOYELAK QVOLUia, TOCO TPV OGO KOl KATA T
Slapkela NG anobnkevong o ouvoOnkeg tpamnelag alpatog. Ot unapeg cPAAUATOC AVILOTOLXOUV OE TLUH TUTIKAG amokALong. F:

dpéoko aipa. (*) P <0,05.
Mepvwvtag otig ofeldwtikég BAGPeg, ol mpwrteivee kal ta Autidia Tng pHepBpavng Twv gpubpoKUTTAPWV
otpodotwy pe otiyua BMA mapouciacov pewwpévn kapBovuliwon kat urtepofeidwon, avtiotowya, eite and to

HECO TNG amoBnKeUONG KoL PETA, site kaBoALKA (Etkova A7).
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Maptupeg ——— ETepoluyol
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Elkova A7: ALOQYPOUUATLKE OTTELKOVLON TWV EMMESWV 0EelOWONG LEUBPAVIKWY CUCTATIKWY OE EPUBPOKUTTOPA ALLOSOTWY HE
N xwpl¢ etepoluywtia yla B-pecoyelakr oavatpia, téco mpwv 000 Kal Kotd T SLdpKela TG amobnkeuong oe GUVONKEG
tparnelag aiparoc. Ot undpes opAAUATOG AVTLOTOLXOUV O TLUA TUTILKAG amokAlonG. F: dpEoko aipa. ALAKEKOUUEVEG YPOUMEG:
YPOUUEG TAONG AOYapLOULKWY HOVTEAWVY. TNV AVOCOEVTOTILON: TTPWTElvN 4.1R w¢ paptupag wwodpoptwong. (*) P < 0,05.

TNV TMEPUTTWON TNG €VOOKUTTAPLOC CUOOWPEUONG OoBeoTiou, mMapotl oL etepdluyol Eekivnoav e
auvénuéva enimeda in vivo, n Swadopd auth Slatnendnke POVO WC TAON KATA TNV omoBrkeuon kol O€
petadpaotnke oe e€wtepikevon pwodatidburooepivng (Eikova A8). AvtiBéTwe, and to LEGO TNG anobnKeuong Kal

META OTNV emdAVELD TWV KUTTAPWY TwV €eTepoluywv yia PMA eviomiotnke Alyotepn £EWTEPLKEUPEVN

dwodatibulooepivn oe oxéon Ue Twv paptupwv (Etkova A8).
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Ewkova A8: AlQypappaTIK QTEKOVION TwV EMUTESWY €VOOKUTTAPLWY LOVTWV ooBectiou Kol EEWTEPLKEULEVNG
dwodatidulooepivng, oe epuBpokUlTTapa alpodotwy e 1 xwplg etepoluywTia yla B-peCOyELAK avatlpia, TOCO0 TPV 60O Kal
Kota tn Sldpkela TG amobrikeuong oe ocuvOnkeg tpamnelag aipatog. Ol pndpeg oPpAAUATOC QAVILOTOLXOUV OE TLUA TUTILKAC

anokAlonc. F: ppéoko aipa. (*) P <0,05.

A.2.4 Npwteaowpkr Evepyotnta

Ocov adopd OTO TPWTEOCTATIKO SUVAUIKO TWV €puUBPOKUTTAPWY, N KUTOOOALKN) TPWTIEACWHULKN
gvepyotnta (tumou yupoBpuivng, Bpudivng kat kaomaong) 6e Slédepe PeTaly Twv SUo opadwv. Bpédnkav,
OUWG, AUENUEVEC OL EVEPYOTNTEG TUTOU XUMOBpuPivng KOl KAomAaong otn UEUBPAVN KOl TO UTIEPKEIUEVO TWV
povadwv amo To PECO TNG AMOBNKEUTIKNG TEPLOSOU KAl PETA, OMwG mapoucialetal otnv Ewkova A9. Mapd Tig

oroltec Stadopég HeTall Twv SU0 KATNYOPLWY OLLOSOTWY, OL 3 TIPWTEACWLKEG EVEPYOTNTEG oikoAouBouaoayv to iblo
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XPOVO-££QPTWLEVO HOTIBO KATA TN SLAPKELA TNG AMOBAKEVONG: TTWTLKA TIopeia 0TO KUTOOOALO, aUENON KAl MTwaoh

oTn LEUPPAVN LE LEYLOTEG TIUEG TIPOG TO HECO TNG AMOBONKEUTIKAC TTEPLOSOU, Kol AUENTLKA TTOPELO OTO UTEPKELEVO

(Ewkova A9).
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Ewkova A9: AlaypOUATIKA QTTELKOVLON TWV EMUTES WV TMPWTEACWHLKIG EVEPYOTNTAG 0TO KUTOOOALO (A), Tn HeUPBpavn (B) kat to
urepkeipevo (N epuBpPoKUTTAPWY ALLOSOTWY HE 1 XWPLG eTepoluywTia yla B-pecoyelakr) avaluia, TOoo mpLv 000 Kol KOTd Th
Slapkela tng amobrikeuong o ouvONKeg Tpamelag aipnatog. Ol undpeg ohAAUATOG AVTLOTOLXOUV GE TLUI TUTILKAG amokALong. F:

dpéoko atpa. (*) P <0,05.

A.2.5 MetaBoAlopoc

Méow petafolwpikng avaiuong avadeixbnkav Sladopéc oe oplopéva HeTtafoAlkd povomdtia. Mo

OUYKEKPLUEVA, KaBoALKA Sladopomotnuévo BpéBnkav To HOVOTIATL TNG YAUKOAUGONG Kal 0 KUKAOG TwV dwodopLkwv
nievtolwv ota epuBpokUTtTapa Twv etepoluywv yia BMA in vivo, pe auv€nuévoug Toug LETABOAITEG avoppoikd TG
Klvaong tou mupootadulikol, xwpig va emnpedletal Opws o petaBoAlopdc tng yAoutadelovng (Ewkéva A10). H

Sladopd auth xabnke katd tnv anodrkeuon Kal Sgv cuvexiotnke otov KUKAO Twv KapBofuAkwY of£wv.
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Ewkova A10: ALOYpOUUATLKE OTEIKOVION TWV eMUMTESWY UETABOAITWY TWV HOVOTIATIWY TNG YAUKOAUGNG, Twv dwodoplkwv

=0

Wit

nievtolwv (PPP) kal tng ofeidbwon tng yAoutabelovng, o gpuBpokUTTapa OQLLOSOTWY HE N Xwplg etepoluywtia yla B-
LECOYELAK avalpia, TOOO TPV 000 Kol Katd Tn Sldpkela TnG amobnkeuong oe cuvOnkeg tpamelag aipatog. Ol Undapeg
obAAUATOC QVTLOTOLYOUV OE TLUI TUTILKNAG amtdkAlong. F: dpéoko aipa. (*) P < 0,05.
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ZNUAVTIKEG SLoPOopEG avixveLONKAV 0TO HETABOALOUO TWV OUPLVWY, E TOUG eTepOluyoUC va epdavilouy
auénuéva enineda epubpokuTtaplkol oupLlkoU Kol aAAavtoikoU 0f€og Katd tnv amobrnkeuon, aAld moapAaAAnAa

HeElwpéva entimeda alhavtoivng kal umto€avBivng, onwc dpaivetal otnv Eikova All.

I MdpTupeg

I Etepdluyol

F714 2128 3542
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5-pwoeopikn pIBOIN AMavToiko
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w, &
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MhukdAuon —FOS™ )
¥ Oupike

Ewkova All: ALOYpOUUATIKA QTELKOVION Twv emmédwv UeTaBoAttwv tng ofelbwong/amapivwong Ttwv Toupwwy, o€
€puBpoKUTTOPA QLHLOSOTWY PE N XWPLG eTEpOlUYWTIA YLO B-UECOYELOKN QVALUia, TOCO TPV 00O KAl KATA Tn SLAPKELX TNG
anoBnkevong oe cuvOnkeg tpamelog aipatog. Ol pndpeg oPAALATOG AVILOTOLXOUV O TLUN TUTIKAG amokAlong. F: dpéoko
aipo. (*) P <0,05.

EruumAéov, Sladopomoinpévog BpeBnke o peTaBoAlopog tng PBltapivng B6, pe ta epubpokutrapa HE
petaAhayég oto yovidio tng B-odatpivng va gpdavifouv xapunAdtepa emnineda mupLdogikou kat mupldo§ding, aAla

auénuéva enineda nuptdoapivng (Ewkova Al2).

. [} -
I MapTupeg Mupidogikd Mupido&ain m?;’)?époc;zm MupiBogapivn

PiBo@Aaivn

I ETtepoduyol

F71421283542

Ewkova A12: ALOYPOUUOTIKE) OTEKOVION TwV eMUMESWVY popiwv Tou petafoAlopol tng PBitapivng B6, o gpubpokittapa
QLHOSOTWVY HE N Xwplic etepoluywTtia yla B-UECOYELOKA avalpia, TOCO TPV 000 Kal KAta tn SldpKela TnG anobrnkeuong os
ouvlnkeg tpanelog aipatog. O unapes cHAALATOC AVTLOTOLXOUV OE TLUN TUTIKN G arokALonG. F: dpéoko aipa. (*) P < 0,05.
TéAoc, 8laitepo evliadépov eiyov ol daAAQYEC TTOU evTOTiOTNKOV O0TO METOROAOUO TNC apyLvivng Kal TwvV
vAukolapwvwv. Ta anoBnkeupéva epuBpokUTtapa Twy alpodotwy pe otiypa BMA nepieiyav yapunAotepoa enineda

opywivng, KitpouAivng Kkal kpeativng, aAld tautoypova auvénuéva emineda opviBivng, akétul-omeputdivng kat
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aoUupETPNG SLuéBuloapyvivng, eite omopadika eite kaB’ OAn tn Slapkela TG amoBnKeuTIKNG teplddou (Ewkova
A13.A). 3to povomaTtt Twv YAukolapvwy, n etepoluywtia cuvdeoTav pe auénuéva enineda OAWV TwvV MPodpOUwyY
popiwv tng UDP-N-akétuAo-yAukolapivng, Helwpéva Opwe emtimeda tou (Slou tou teAkoU mpoidvtog (Ewkova

A13.B).
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Ewova A13: AlaypopOTIKY) OTTELKOVION TwV EMMESWV popilwy Tou PeETABOALOHOU TNG apyvivng (A) kat twv yAukolauwwv (B),
o€ gpuBpoKUTTAPA ALHOSOTWV PE N XWPLG eTepoluywTia yLa B-pecoyelakrn) avatpia, Tdoo mpLv 000 Kal KAtd tn SLAPKELX TNG
anoBnkevong oe cuvOnkeg tpamelog aipatog. Ot pmdpeg oPAAUATOG AVILOTOLXOUV O TLUN TUTIKAG amokAlong. F: dpéoko
aipa. (*) P <0,05.

A.2.6 Npwrteivikn YVotoon Kot Aéopevon Mpwteivwyv otn MeuBpavn

MNa va eéetaotel oAokAnpwuUEVA N TMPWTEIVIK oUOTACN TNG MEUPBPAVNG KOL TOU KUTTOPOOKEAETOU TWV
amoBnKeVPEVWY EPUBPOKUTTAPWY, KABWG Kol N SECLEVON TPWTEIVWV OE QUTA, TIPAYLATOTOLNONKE TPWTEWULKNA
QvVAAUoN og amoBNKEUPEVEG LEUBPAVES TIPWLUNG KOL TIPOXWPNUEVNG amoBrnkeuong — kal pooled avdAuon yla Tig

UTTOAOLTTEG XPOVLKEC OTLYUEC TNG artoBnikeuong — evw SlevepynOnkav Kol OTOXEUUEVO TIELPAUATO 0VOCOEVTOTILONG.
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‘Ooov adopd oe BAOIKEG SOULKEG TTPWTEIVEG TNG LEUPPAVNG KL TOU OKEAETOU TOU gpuBpokuTttdpou, map’
OTL oL eTepOlUYOL eUdAVIOAV OPXLKA LELWHEVA ETIMESA APKETWV €€ AUTWVY, OTWG elvat n Lwvn-3, n omekTpivn KAt n
aktivn, n Slatapoayn Twv ermmédwyv Adyw tng mapodou TnG amobnkeuong NTav Alyotepo spdavng o autolg, Ue
OMOTEAECHA VA KATOARYOUV TNV TeAeuTala nuépa pe ioa n kot vPnAotepa emnineda Soukwv Mpwteivwy (Elkova
A14.A). Mapopola NTAV Kal N ELKOVA O€ TIPWTEIVEG TTOU CUPUETEXOUV OTLG AULSIkEG oxebieg (Ewkova A14.B). AtileL
va avadepBel mwg evtunwotakd avénuévn Bp€Bnke n puooivn-9 kaB’ OAn tn SlapKela TNG amobrikeuong ota

gepubpokUTTapa Twv £TEPOlUYWV atpodotwy (Ewkdva A14.A).
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Ewova Al4: ALOYypOpUOTIKA QTIEIKOVLON TwV eTMESWYV SOUKWVY TPWTEIiVWY (A) Kal TPWTEIiVWY ToU CuoyeTilovtal UE TIG
Audikeg oxedieg (B), oe peUPBpaveg epuBpPOKUTTIAPWY ALUOSOTWY LE 1 XWPLG eTepoluywTia YL B-HECOYELOKA avaluio Katd Tn
Slapkela NG amoBbrikeuong oe ocuvbnkeg tpamnelag aipatoc. H mpwteivn 4.1R xpnolponolnke wg Laptupag LloopopTwaong
OTOl TELPAPATA OVOCOEVTOMLoNG. Oplldvtiog dfovag: nuépeg amobrnkeuong. OL pmdpeg odAAUOTOC QVTLOTOLXOUV OE TLUA
TUTILKAG aImOKALONG, EVW Ta €VOETa SLaypAUUATO avTloTolyoUV otnv pooled MPWTEWULK avAAUGoN TwWV EVOLAUECWY NUEPWY
NG amoBnKeuTikAG mepLodou. (*) P < 0,05, (**) P < 0,05 kat fold > 1,25.

Mia oakéun eupela koatnyopia mpwrteivwv mou PpEBnke Tpomomolnpuévn ota epuBpokUTtrapa oo
£tepOluyouc alpodoteg, nrov ot pepPpavikol petadopeic (Ewkova Al5). Tuykekpluéva, Stadoponolnuéva nineda
napouciacoyv MPwrieivec-petadopeic pe poAo otn puOULON TOU OyKOU TOU KUuTtdpou, Omwc n ATPdon Na*-K*

(av€npéva enineda ota veapd epuBpokitrapa), n udatomopivn Kot n piezo-1 (pewwpéva emineda ota veapd n ta

TILO ynpaopéva epuBpokuTttapa, avtiotowya).
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M Etepoluyorll MapTupeg
. ATPdon Na*-K* Ydarotropivn-1 Piezo-1
180
* 80
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MeTtagopéac voukAeoaidiwv ENT1 MeTapopéag aupwviou MeTagopéag oupiag
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Ewkova A15: ALypOUUATIKA OTTEKOVION TWV EMUMESWV TPWTEIVWV-UETADOPEWY O UEUPPAVEC EpUOPOKUTTAPWY ALLOSOTWY
ME n xwplg etepoluywrtia yla B-pecoyelakn avaldio katd tn Sldpkela tng anobrkeuong o€ cuvbnKkeg TPAmelag AlpaToq.
Opulovtiog afovag: nuépeg amobnkeuong. OL Umdpeg oPAAUATOC AVILOTOLXOUV OE TN TUTILKAG QTTOKALONG, EVW Ta €vBeTa
SlaypAppata avIlotolouv otny pooled MPWTEWMULIKN AVAAUGCH TWV EVOLAUECWY NUEPWVY TNG AOBNKEUTIKAG TtepLodou. (*) P <
0,05, (**) P < 0,05 kau fold > 1,25.

Emiong, petadopeic mou oyetilovral pe tov PETABOAOUO TOU alwTtou, OTwC UeTAdPOopEi¢ voukAeoolbiwy,
aupwviou kal oupiag, BpéBnkav pelwpévol elte oto TEAOG gite kKa®’ OAn T SLdpKeLa TNC amoBrkeuong otnv opada

TWV EPUBPOKUTTAPWY ATO ALUOSOTEC Le PeTaAAaYEG otn B-odalpivn (Etkova Al5).

M ErepoZuyol @ MdpTupeg

. Agudpoyovaon g 3- AABoAdon Tng 1,6-
Apyivaan-1 PWOPOPIKNASG YAUKEPAASETONG BIQWOPOPIKAG PPOUKTOZNG
1400 * 400
*
100 * T *
1200 300
60 " il ﬁ! II L 1' IP ii L ﬁ?
1000 1 200 p—
20 14 35 14 35
7 42 7 42 7 42
MeTagpopdaon Avaywydaon @Aapivng ZKpapTTAGoN-1
* *%k

wsYAoOUTaBEIOVNG

40 35
g T I 0 -
20 ; I 25 <o ; L
—
14 35

—_— [— 5
14 35

7 42 7 42 7

Ewkova A16: ALOYPOUUOTIKI) OTEKOVION TwWV eMMESWY eVIUUWY O HEUPPAVEC EpUBPOKUTTAPWY OLUOSOTWV UE N XWPLG
etepoluywTtia yla B-pecoyelakn avalpia Katd tn Sldpkela Tng amobrnkeuong o ocuvOnkeg Tpanelog aipatog. Opllovilog
afovac: nuépeg amobnkeuonc. O unmapeg ohAALATOC AVTLOTOLXOUV OE TLUN TUTIKAG QMOKALONG, EVW Ta £vOeTa Slaypdaupota
QVTLOTOLXOUV oTNnV pooled MPWTEWULK avAAUCH TwV EVOLAPECWVY NUEPWV TNG amoBnkeuTikng meplodou. (*) P < 0,05, (**) P <
0,05 kat fold > 1,25.
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Mowida £€viupa Ppebnkav Sladoplkd Oeopeupéva PeTall Twv PePBpovwv Twv 800 KAThyopLwV
alpodotwyv (Ewkova A16). YnAotepa (eite omopadikd eite kaboAkd) Atav ta emnimeda TG opywaong,
YAUKOAUTIKWV eviUpwy, Onwes n adudpoyovacn tg 3-dpwodopikng YAUKEPaASeliong, aAAd Kol avtloEeldWTIKWY,
OMw¢ n avaywydon tng Aapivng kat n petadopdon tg yAoutabeldovng. AvtlBETwWE, HElWPEVA NTAV Ta eTtimeda

NG OKPAUTAGONG oTa EpUBPOKUTTAPA EMTANUEPNG AMOBKeuoN¢ TwV etepoluywy alpodotwy (Eltkova A16).

JTIC PEUPBPpAvEG TwWV amoBnkeuuévwy epuBpokuTTapwy atpodotwy pe etepoluywtia otn BMA Bpebnkav
vPnAotepa enineda Kwoaowv, oAAd xaunAotepa dwodatacwyv (Ewkdva A17A), uia Swadopiky d€opevon mou
ocuvodeuotav amd evrovotepn pwodopuliwon tng lwvng 3 ota Sla epubBpokuttapa (Etkéva A17B). Eilval
onuavtikd va avadepbel nmweg n PwodPopuliwon Twv NMPwIelvwy HEAETNONKE pPe TN XPAON OVACTOAEWV

dwodatacwy kot adopd povo otn pwodopuliwon kataolmwyv Tupoacivig.

A. Kivaoeg/Qwo@ardoeg

cAMP-gEapTWHEVN KIVAON

M Erepofuyoll MdapTupeg

cAMP-g€apTwpeEVN KIvaon

Kivdon PKA (puBuioTikn

(KaTaAuTIKR UTTOpOVAdQ) (puUBNIOTIKA UTTOPOVAdA) uTTOoOVGdQ)
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m o 7l 1 =
14 35 14 35 . 14 35 =
10 20 5 s
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BMP-2-gmmayopevn Kivaon Pwoeardon MINPP1 B. Pwo@opuliwon Tupoaivnc
*%*
T 2 - Huépa 21 Huépa 42
@l : BT |
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Ewova Al7: AloypapaTikh QTTELKOVLON TWV ETIMESWV KIvaowV Kal dwaodatacwv (A) Kol avocoevionion GwodopuUALWUEVNG
tupoaoivng (B) oe pepPpdveg epubpokUTTAPWY aLHOSOTWY He N XWPIg eTepoluywTio yia B-HeCOYELAKN QVaLUia KOTA TN
Slapkela TNG amobnkeuong oe ouvOnkeg tpamelag aipatog. Opllovtiog afovag: nuépeg amobnkeuong. H Twvn 3
XPNOLLOTOLNONKE WG HLAPTUPAG LOODOPTWONG OTA TELPAUATA AVOCOEVTOTLONG. Ol Umdpeq oGAALATOG AVTLOTOLXOUV OF TLUN
TUTILKAG ammOKALONG, eVw Ta €vOeTa Slaypappata avilotolyolv otnv pooled mpwtewUikr avaAucon Twy eVOLAUECWY NUEPWV
NG amoBnKeuTIKAG epLodou. (**) P < 0,05 kat fold > 1,25.

H teAeutaio katnyopia Mpwteivwv mou SlEdepay EVIUTIWOLOKA HETAED Twv dUo opddwy, Sladopég mou
ovadelxbnkav Kal amod TNV OALOTIKA avVAAUON TNG MPWTEWLKNG KOL OTIO OTOXEUHEVA TIELPGUATO 0IVOCOEVTOTLONG,
TOV OL LOPLAKEC CUVOSOL KOl YEVIKOTEPQ OL TIPWTEOOTATIKEG MpwTeivec. Tooo mpwteiveg Beppikol ook (HSPs), 6co
Kol umopovadeg tou cupmAokou T (T-complex), BpOnkav auénuéveg otn pepBpavn Twv EpUBPOKUTTAPWY Ao
otpoddteg pe petarayég oto yovidlo tng B-odatpivng (Etkova A18.A). MNPpWTEACWULKEC UTIOMOVASEC, LOLAUTEPWG

ToU Tpwteaowpato¢ 20S to omoio kuplopyxel ota epuBpokltrapa, eviomioTnKav KUPlwg OTIC PEUPPAVEG TwV

TipoXwWpPNHEVNG amoBnkeuong epuBpokuttdpwy atpodotwy pe BMA etepoluywrtia (Ewkova A18.B).
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A. Mopiakég Tuvodoi M Etep6luyor Ml MapTupeg
HSP70 *x o Méprupeg  Etepoluyol BMA g0 Mpwreivn-1 T-complex
2 *%
120 o
w ¥
*% ol — _—
60 - —— ] —— — 100
— é of e aees - & Sa v ﬁ ﬁ .
—_— 4 35 14 35
0 7T 21 42 7 21 42 0
7 42 7 42
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Ewkova A18: ALQypOpOTIK QTIELKOVION TWV EMUTESWV HOPLOKWY cuvodwy (A) Kal TPWTEACWULKWY UTopovadwy (B) oe
MEUPBPAVEG €pUBPOKUTTAPWY QLUOSOTWY HE N Xwplc etepoluywtia yla B-pECOyelakn avalpio katd tn SLApKeELd TNG
anoBnkeuong og ouvonkeg Tpamelag aipatog. Opllovtiog afovag: nuEpeg anobrkeuong. H mpwteivn 4.1R xpnowono)Bnke
W¢ MAPTUPAG L0OPOPTWONG OTA TIELPAMATA AVOCOEVTOTLONG. Ol Unmapeg 0PAAUATOC AVTLOTOLXOUV OE TLUH TUTIKIG ATOKALONG,
EVW Ta €vBeTa Slaypdppata avilotololv otnv pooled MPWTEWUIKA AVAAUON TWV EVSLAUECWY NUEPWV TNG ATIOBNKEUTIKAG
neplodou. (**) P < 0,05 kai fold > 1,25.

A.2.7 AKTUWON TIPWTEOULKWY KoL GUCLOAOY LKWV TIOPOUETPWY LE TtUPAVAL TO 20S MPpWIEAoWLAL

H woxupotepn HeUPBPAVIKT TIPWTEOGOTAOH, TTIOU avadelxBnke T000 HECW TIPWTEWLKNAG KOL OVOCOEVTIOTILONG,
000 KOl HECW METPNONG TIPWTENCWHLKNAG EVEPYOTNTAG, EEXWPLOE KOl HEOW OvAAUONG BLOAoYKwY SIKTUWV.
Kataokeudotnkav Siktua pe TO GUVOAO TWV MPWIEWHUKWY KOl GUOLOAOYLKWY TIOPAUETPWY TIOU BpéBnkav va

CUOXETI{OVTAL OTOTLOTIKA CNUAVTLKA UE TIG TPWTELVEC Tou Ttuprva 20S ToU MPWTEACWHIATOC.

Ou katnyopleg mou BpéBnkav va cuoyetilovtal BeTikd pe TI§ mpwteiveg 20S kat otig Vo opddeg Atav: (a)
Ol TIPWTEACWHULKEG vePYOTNTeG, (B) umopovadeg tou 19S MPWTENCWHATOG, TPWIEACWULKOL «oUVEPYO(» Kol
Mpwteiveg mou oxetilovtal pe tnv ouPikouttivn, (y) Hoplakég cuvodol (m.x. HSP70, T-complex), (6) popla mou
oxetilovtal pe tn BloolvBeon kal tov petaBoAlopd Auudiwv (m.y. ouvBaon Autapwv oféwv), (g) aoBeotio-
e€aptwpeveg Mpwteiveg, (0T) evepyelakd Kol QVIIOEELOWTIKA Mopla (m.x. kataAdon), koi ({) mpwrteiveg tou
petaBoAiopol twv voukAsoolbiwv (Ewkoveg A19, A20). MoAL AlyOTEpeC ATAV OL APVNTIKEG OCUVOELOELS, Kol
odopovcav we i To MAsloTOV 0 SOULIKA CUCTOTIKA TNG HEUPBPAVNG, TIPWTEIVEC IOV CUPHETEXOUV O0Th SOUNnoN

TWV At kwv oxebuwv (m.x. dAotidivec), pikpég GTPAOEG Kot 0vocoodalpiveg.
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A. Huépa 7: Aiktuo MaptUpwyv

® MpwTeoMIKES (TTANV 20S TTPWTEATWHATOG) Kal
(PUOIOAOYIKEG TTAPAUETPOI

@ 20S mpwreaowpIKES TTPWTETVES

Ewkova A19: Awktbwon (cuoxetioelg pe p < 0,01) MPWTEWULKWY KAl GUCLOAOYLKWY TIAPAUETPWY ME Tov Tuprva 20S tou
TIPWTENCWOTOG 0€ puBpoKUTTOPA aALLodoTWY papTtupwy (A) kal eTepoluywy yia B-pecoyelakn avatpia (B) awpodotwy, mou
ntav amoBbnkeupéva oe ouvOnkeg tpamelag aipatog ywa 7 nUéEpeG. Ol CUUMAYELG YPOUMUEG QVTLKOTOMTPI(OUV TIG OETIKEG
OUOXETLOELG, EVW OL SLAKEKOUMEVEG TIG apVNTIKEG. OL aplBpol avTiotolyoUV OTLG tapapéTpoud tou Mivaka M1 (Mapdptnua).
Mapd TG KOLWVEG KATNYOPLEG IOV evtomioTnkayv ota Siktua Twv SUo opddwy, Ta KUTTOPA TWV ETEPOIUYWV
eUPAVIoaV APKETA TAPATIAVW CUVEETELG, NON amd T Lépa 7, Kal KATEANEQV o€ MaPOOoLo aplBUo oUVOECEWY OTO
TENOG TNG AIMOBONKEUONG O OXEDN LLE TOUG LAPTUPEG. OL eMUTAEOV GUVSETELG TNE MPWLUNG amoBrikeuong odeidovrtat
otnv uPnAn ouvdeootnta tou 20S MPWTENCWHATOC HE MOPLAKEG ouvodoug (141 évavil 85 cuoxetioewy,

etepOluyol £vavtl popTUpwy), HopLla Tou evepyelakol petaBoliopol, kabwg kot umepoeldoaoiveg (26 vovtl 12

CUOXETIOEWY, ETEPOTUYOL EVAVTL LOPTUPWV).
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A. Huépa 42: Aiktuo MapTtUupwv

® MpwteopIKES (TTANV 20S TTPWTEACWHATOG) Kal
PUCIOAOYIKES TTOPAETPOI
@ 20S mpwTEaoWHIKEC TTPWTEIVES

Ewkova A20: Alktiwon (cuoxetioelg pe p < 0,01) MPWTEWULKWY KAl GUCLOAOYLKWY TIAPAUETPWY ME Tov Tuprva 20S tou
TMPWTEACWHATOC 0 €puBPOKUTIAPA ALLOSOTWY HapTUPwWV (A) Kat eTepoluywy yla B-pecoyelokn avauia (B) alpodotwy, mou
ntav amobnkeupéva oe cuvOnkeg tpamelag aipatog yla 42 nuépec. Ol CUUTMOYELS YPAUMEG QVTIKATOTTPI{OUV TIG DETIKEG
OUOXETLOELG, EVW OL SLAKEKOUUEVEG TIG apVNTIKEG. OL aplBpol avtiotolouV OTLg TapapéTpoug tou Mivaka M1 (Mapaptnua).

A.2.8 Napapetpot Mopdoloyiac — Kuotidlomoinong

EpuBpokUTrapa TPWLUNG, HEONG KOl TPOXwWPNUEVNC amobrkeuong amo T SU0 opddeg aluodotwv
povigomolROnkayv Kol mapatnpnbnkav oe NAEKTPOVIKO MIKPOOKOTILO OAPWONG ylo Vol KATOUETpnOolv oL un
ovaotpéPiuec popdég. T6oo oto HECO, OO Kal oTo TEAOC TNG amoBOnKeUuTIKAG Tteplddou, oL pn avaoTtpEPLUEC
oAAOWWOELS NTav Alyotepeg ota gpuBpokUTtopo Twv eTepoluywv yla BMA (Ewkova A21.A). Asv mapatnpndnke
kamota Stadopd we MPOC TNV TINKTLKA LKAVOTNTA TWV KUOTWSlwV Twv 8U0 ouddwv katd tnv anodrkevon (Ewova
A21.B), oUTE WG TPOC TNV MPWTEIVIKA OCUYKEVIPWON TWV KUOTWSlwvY Tou eiyov cucowpeuBel otn povada
METAyyLoNG TNV nuépa 42 (Ewdva A21.). Map’ 6Aa autd, ta Kuotidla Twv etepoluywy ya BMA mapouciacav

opLaKNA TAOoN yla XapnAotepn kapBovuliwon kot pwodopuliwon MPpWTEIVWY, e TAUTOXpOVN auénuévn mapouaia
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HSP70, DJ-1 kat kaomdong-3 (Eikova A21.A-T). EmutAéov, ol TPELG TUTIOL TPWTEACWULKAC EVEPYOTNTAC BpéBnKay

0pLOKA aUENUEVEC OTA KUOTLSLO TTOU TIpoépyovTay amno epubpokuttapa pe etepoluywtia otn BMA (Ewdova A21.Z).

A M Erep6guyoll MdapTupeg
MdpTupeg Etep6luyol BMA

30 Mn avaotpéPLues popdEg (%)

*
20

*
10
0
7 21 42 Bow (i
Huépeg amobrikeuong

B [MpPoTINKTIKA evepyodTNTA r MpwTeivIKr) ouykévipwon A A€IKTNG TTPWTEIVIKAG E dwogopuAiwan

KuoTIBiwv (nM PS) KuoTIdiwv (mg/mL RBCs) KapBovuAiwong Tupoaoivng (A.U.)
600 0.20 i 35| -
p=0.053
400 ‘_’. 0.10 p=0.075
0.10 28 —
200 - /5 0.05 .
0| 15 0

F 7 14 21 28 35 42

Huépeg AtToBrikeuong
ZT: MapTupeg Etepdluyor BMA MépTupeg Etepdluyor BMA
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3 TrOMCTIVI e . . s
g
X
z MpWTEACWHIKNA evePYOTNTA TUTTOU MPpWTEACWULKA EVEPYOTNTA TUTIOU MNpwTeAoWLKA gvepyoTnTaA TUTOL
XUpoBpuyivng (RFU/Mg pwreivng) kaoméong (RFU/mg npwreivng) Bpupivng (RFU/mg mpwrteivng)
8000 5000
3000 p=0.091 6000 p=0.069 4000 p=0.070
2000 2000 3000
2000
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0 0 0

Ewkova A21: AlaypapUOTIKY QIELKOVLON TOU TTOCOOTOU N avaoTPEWIHWY Hopdwyv EpUBPOKUTTAPWY KATA TNV amobrkeuan,
OUVOSEUOUEVN MO EVOELKTIKEG ELKOVEG NAEKTPOVIKOU HLKpOoKoTiou odpwong (neyéBuvon 1000x) (A). Kuotdlakn avaiuon
(B-Z): wavétnta emaywyng mnéng (B), mpwteivikn ocuykévtpwon (), mpwteivikn kapBovuliwon (A) kat dwodopuiiwon (E),
napoucia eMAeyUEVWY TPpWTEIVWY (2T), KoL TIPWTEACWULKN EVEPYOTNTA (Z) O KUOTIOLO OLOSOTWY HE N Xwplg eTepoluywTia
otn B-pecoyelokn avolpia. OL pmdpeG oPAAUOTOG QVILOTOXOUV O TN TUTIKAG omokAlong. F: dpéoko ailpa. Ot
SLOKEKOUUEVEG YPAUUEG QVTUTPOCWITEVOUV YPOUMESG TAONG EKBETIKWY MOVTEAWYV. H oTopativn xpnolpomnol)nke wg Haptupag
Ll00hOPTWONG OTA TIELPAUATO avoooevTomniong. (*) P < 0,05.

Mépav Twv €puBPOKUTTAPIKWY HEUBPAVWVY, TPAYUOTOTOWONKE TPWTEWHLK) aVAAUCH Kal o€
omopovVwHEVA KUOTiSLo mpoxwpnpévng amoBbnkevong. Kat otig Vo opdadeg ta KUPLA CUCTATIKA Twv KuoTLSiwv

Atav n  owoodoalpivn, mpwrteivec tNg HeuPpdvng Omwc n  otopotivn kKat n lwvn 3, aAAd Kol
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gvepyelakd/avtiofeltdwtikd eviupo, Onw¢ n Katahdon kot n unepofelbooivn-2. Ta amoteAéopato TG
TIPWTEWLKAG E6ELEaV EMUMTAEOV EUMAOUTIONO (LE OTATLOTIKN onpacia r taon) Twv KUuotdiwv Twv eTepOlUywyY CE
HopLakEC ouvodoUg (.. HSP70) Kal MpwTEAOWHUIKEG UTIOHOVASES, og éviupa OTwE N apywvacnh, n adudpoyovdon
™M¢ 3-pwodopikng YAukepaAdelidng kal n avaywyaon tng dAafivng, aAAd pelwpéva emineda nmpwieivwy Tou

CUMITANPWHATOG KoL TwV povoratiwy théng (Etkova A22).

M Erepoduyoll MépTupeg
T-complex —
HSP70 HSP90 uTtopovada 6
% ok 10 * % Awadopég g KUOTLOIOKEG MPWTIEIVEG UE OTATLOTIKN TAON HETAEY
70 40 . e1epO{uywy yia BMA kat aipodotwv paptipwv
l 30 ? T Npwrteivn Maptupeg Etepoluyol  p-value
50| 6 1 BMA
30 I 1 20 - E Adubpoyovaon tng 3-
10 2l bwodopikic 33,80+7,01  41,00+3,81 0,078
yAukepaAbelidng
A B AaBi A i 1 Ccba4a 6,00+0,71 7,80+1,79 0,070
vaywyaon erapivie pquoz* I'IpthEa.t:Jmlen 2,3310,58 4,67+1,53 0,069
* unopovada al
R . - 19 ﬁ Mpwreacwin 3754126  7,2042,95 0,067
6 untopovada a2
80 — Jupmipwpa C3 83,4039,26 43,80:17,74 0,074
0 2 : NnKTkog napayovrog V 14,5016,76 4,33+2,52 0,059

Elkova A22: ALoypOpPATIKA QTIELKOVLON TWV EMMESWY LOPLAKWY oUVOSWV Kal eVIUUWV O KUOTISLA TTOU amopovwonkay amno
MOVASEG CUUTTUKVWHUEVWY €PUBPOKUTTAPWY ALUOSOTWY UE 1 XWPLG eTepoluywTia yla B-pecoyelokn avaldia tTnv teAevtaia
nUéEPa TNG amoBrKeUoG Toug o€ ouVONRKeg Tpamnelag aipatog. EVvOeTog mivakag: MPWTEiveg mou mapouotalouv Sladopeg pe
OTATLOTIKN TAon UETAlL Twv dU0 Katnyoplwv alpodotwy. Ta amoteAéopata oTov mivaka mapouctaloviol w¢ HEcog 0pog +
TUTILKN amtOKALon. Ta avolyta Kat okoUpa xpwpata umodnAwvouv mpwteiveg xapunAng kat unAng adBoviag ota kuotidia,
avtiotola. Ot unapeg odAALATOC AVTLOTOLXOUV O€ TIUA TUTIKAG amokAtong. (*) P < 0,05, (**) P < 0,05 kat fold > 1,25.

A.2.9 AlokUpovon oroOnNKEUTIKWY TIOPAULETPWY EVTOC TNC opAdac TwV TEPOlUYWYV aLLOSOTWV

KaBwg ol petaAlayeg tng B-Heooyelakng avalpiag sival apkeTeC eKOTOVTASEC, OTO EMOPEVO BrAUA TNC
niapovoog SLoTpBhC €yve Katnyoplomoinon twv etepdluywy awodotwy oe B°, B* kot B, avdloya pe to dco
ennpéale n petalayn tn olvBeon twv aAucibwv B-odatpivne (mavteAng éAAewdn, oNUAVTIIKA HPELWUEVN Kal
e\dyloto pewwpévn oLvBeon, avtiotolya). Mop’ OtL oL ouddeg mou TmpoékuPav amoteAolviav amd oAU UIKPO
oplOud atoépwv n kabepia (2 évavtl 9 évavtl 4, avtiotowa) avadeixbnkav evdladepovaoec S1adopEéC 0 KATOLEG
TIAPAPETPOUC. APXLIKA, evtomioTtnkav SladopEC OTIC ALUOTOAOYIKEG HETPNOEL TOU (PPECKOU QULUOTOG, OMWG
auénuévog alatokpitng kot MCV aAAd petwpévo RDW kat HbA, otnv opdada twv B** évavtl kuplwg Twv B* (Etkova
A23.A). Mpoxwpwvtag otnv anobnkeuon, mapotl dev epdaviotnke kamola dtadopd otnv auvbopuntn alloAuon
MeTaty Twv 3 opadwy, Ta gpubpokuttapa B mapouciacav avEnuévo Selktn OCOUWTIKAG €uBpaucTOTNTOC OF
oxéon He ta Bt kat ta B° —xapaKTtnpLoTiko mou Kateiyav \8n in vivo (Ewkéva A23.B). Opoiwe, epddvicav oropadikd
auénuévo Seiktn unxavikng suBpavototntag évavil Twv B* (Ewkova A23.B). Katd tnv mpwiun amobnkeuon ta
epuBpokuTTapa B* elyav yaunAotepa enineda puooivne-9 oe oxéon pe ta B, evw tnv nuépa 42 mapouciacay

vdnAotepa emnineda piezo-1 (Ewkéva A23.T).
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Ewkova A23: ALQypOpOTIK OTELKOVION TwV EMUTESWY OULHOTOAOYLKWY TOPOUETPWY oTo dpéoko aipa (A), KoL Twv
TIOPAUETPWY alpOluonG o dpgoko aipa kat amobnkeupéva spubpokittapa (B) etepoluywv B, B+ kal B° oe cuvlrKeg
tpanelag aipartog. () Emeypéveg mpwteiveg mou OXETI(OVTAL LE TOV KUTTAPOOKEAETO Kal TN puBULon Oykou Tou Kuttdpou. Ou
UTMAapeG 0DAALATOC AVTLOTOLXOUV O€ TLUN TUTUKAG artokAlong. F: dpéoko aipa. A.U.: auBaipeteg povadecg (arbitrary units). (1) P
< 0,05, B** évavtL B*. (°) P < 0,05, B** évavtt B

Mowhopopdia evtog TG opddag eviomiotnke eniong oe MAPAUETPOUG ofslboavaywykol ooluyiou. Ta
epuBpokuTTapa tng opdadag B cucowpeuoav TOCO TPV OC0 KOl PEXPL TO PECO TNG AMOBNKEUTLKNG Tieplodou
Alyotepeg evloyeveig kal emayopeveg (m.x. pe xpnon ¢awuludpalivng) ROS oe oxéon pe ta B* (Ewova A24.A).
ErutAéov, mapatnpndnke Stadopikr MPOodeon KUTOCOAKWY OVTLOEELSWTIKWY MPWTEIVWY 0T HEPBPAVN TOUG, UE

MEWWHEVN TNV Mopoucio umepoeldooivng Kal Kataldong eite otnv apyn elte kal oto MEpAG Twv 42 NUEPWV

(Ewkdva A24.B).
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Ewkova A24: AloypaLOTIKY) OTTELKOVLON TWV EMUMESWV eVOOKUTTAPLWVY SpaoTikwv plwv ofuydvou (ROS) oe dppéoko aipa kat
amoBnkevpéva epuBpokutropa etepdluywy BH, B* kot B° og ouvBrkeg tpdmelag aipatog (A). (B) Emheypéveg npwteiveg mou
oxeti{ovtal PLe TOo 0EELOWTIKO OTPeG. O UMApeG 0PAALATOG QVTLOTOLXOUV OE TN TUTUKAG artokAlong. F: dppéoko aipa. A.U.:
auBaipeteg povadeg (arbitrary units). (1) P < 0,05, B** évavtl B*. (°) P < 0,05, B évavtt B°.

Mapd TO yeyovdg OTL oL etepoluyol dev egudavicav Kamola Sladopd ota KUTOCOAKA emineda
TIPWTEACWLKNG EVEPYOTNTACG EPUBPOKUTTAPWY CE CUYKPLON E TOUG LAPTUPEC, EVIOG TNG OLASAG OL EVEPYOTNTEG
TUTIoU KaoTtAong kal Bpuivng mapouaciaocav XapunAoTePES TIUEG OTOUG B og oUykplon e Toug B* (Ewkdva A25.A).
H npwteaowpikn evepyotnta otn LeUPpavn enédelée o onopadikeg dtadopég, pe Tnv (Sla opdda etepdluywy va
mapoucLalel xapunAdtepa emineda KAl TWV TPLWV TUTIWV EVEPYOTNTAC OTNV apXr A/KoL To TEAOC TN ArOBNKEUTLKAG
nieplodov o oxéon pe toucg B* (Ewkdva A25.B). Afilel va avadepBel OTL oL UTTOUOVASEG TOU MPWTEACWULKOU
CUMTTAOKOU 20S TIOU QVTLOTOLXOUV OTLG TPELG SLaKPLTEG evepydtnteg, dnAadn n B5 (tumou yxupoBpuivne), Bl
(tbmou kaomadong) kat B2 (tomou Opulivng), PpEbnkav Alydtepo OeOPEUUEVEG OTIC UEUPPAVEG TWV
gpuBpokuttapwy B tNg nuépag 42 o olyKpLOoN ME TIC HEPPpaveg epuBpokuTtdpwy otig dUo AMeG opddeg
etepOluywv atpodotwy (Ewdva A25.T). Moplokég cuvodol, omwg ot HSPs kat urtopovadeg tou cupmAokou T, Atov
emiong peElwWPEVEG oTnV opdda twv B oe oxéon pe Twv B*, evw cuykekpiuéva n HSP70 gudavios HEYLOTEG TIUEG

otoug B* évavtl Twv dU0 GAAWV opddwy (Etkova A25.T).
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Ewova A25: AlaypapaTiKy OIELKOVION TWV EMMESWY KUTOOOAIKNG (A) Kal peUBpavikNG (B) MpwIEAoWULKNG EVEPYOTNTOC OF
dpéoko aipa kal anodnkeupéva epubpokutrapa etepoluywy B, B* kat B og ocuvBnkeg tpdmelag aipatog. (I) Emleypéveg
TIPWTEOOTATLKEG MPWTEIVEG. OL UnMApeg 0PAALATOC AVTLOTOLXOUV OE TLUNA TUTILKN G amokALonG. F: ppéoko aipa. A.U.: auBaipeteg
povadec (arbitrary units). () p < 0,05, B** évavtt B*. (°) p < 0,05, B** évavtt B°. (N) p < 0,05, B* évavte B°.

Téhoc, avadeixBnkav StadopEg Kal o PETABOAKEG TTApAUETPOUC. XTa KukAodopolvta epuBpokiTtrapa
Twv atpodotwv B*, n evepyotnta G6PD kat ta enineda NADPH kot muptdo€dAng Atav auénuévo os ox€on HE auTd
twv B* (Ewkova A26.A). Katd tnv anobrkeuaon, Eexwploe n apywivn, n onola Statnpnos ta vPnAdtepa enineda
Tiou mapouciale Kal in vivo otnv opada B évavtl Twv umoAomwy opadwy, cuvoSeudpevn amo TNV apywaon, Ue
N MEWPEVN TTApousia TNG otn HEUPBPAvVN TwWV amoBnkeupévwy epubpokUTTApWY TwV (Slwv alpodotwy (Etkova
A26.B). Emiong, oL B**, ouykplvopevol pe toug B*, epdavicav xapnAotepa epuBpokuttaplka enineda xoAlvng kat 1-

wodopkrg oblyyooivng katd tnv anobrikevon (Ewéva .B). Eotdlovtag otoug B°, petaPoliteg twv
dwodopikng o ' ; on (Ewéva A26.B). Eotidl pe BoAi
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KapBotulikwyv ofEwv, Tou povomatiol Tng yAoutaBeldvng aAld Kol ToUu HETOPOALOUOU TwV AUtapwv ofEwvV

BpeBnkav pelwpévol ota epuBPOKUTTAPA TOUG EVavTL TwV AAAWY SV0 umokatTnyopLwv etepoluywy (Ewkova A27).
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Ewova A26: Alaypappatiky amekévion emmédwy petaBoAltwy o epuBpokutrapa etepdluywv B, B kat B°. (A) Emineda
evepyotntag G6PD kal oXeTIKWV peTaBoAltwy o€ kKukAodopouvta epuBpokuttapa. (B) Eminmeda petafoAltwyv Kot oXeTL{OUEVWY
MPpWTElVWY 0 PpEoKo alpa Kal amobnkeupéva epubpokuTtapa oe ouvOnkeg Tpamelag aipatog. OL pmapseg odAAUATOS
OVTLOTOLXOUV OE TLUN TUTUKAG amokAonG. F: ¢péoko aipa. A.U.: auBaipeteg povadeg (arbitrary units). (T) p < 0,05, B** évavtt
B*. (°) p < 0,05, B** évavtL BC. (#) p < 0,05, B* évavr B°.
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Ewova A27: Anekovion emutéSwy petafolitwv os epuBpokitrapa etepoluywv B oe oxéon pe B kot BT pe ™ popdn
Bepukol xaptn. Ot deikteg adopolv oTnV amobnKeuTikr Tepiodo ou mapatnpouvtatl ot Stadopec. Oco MO GKOUPO TO UMAE

'

XPWHA, TOCO TILO MIKPOG eivar o Aoyog B%/B* i BO/B*. loxVeL p < 0,05 kat fold > 1.25 og OAe¢ TI¢ SladopéEc.
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A.3 Meta-petayylolakr MeAETn in vitro Kal in vivo
Mo va peAetnBolv ta epubBpokUTTapa TWV €TEPOIUYWY YLo B-HeCOYELOKN avalpia oe OAOUG TouC Kpikoug
™G aAucidag TNG HETAYYLONG TPAYUATOTIOONKaY MELpAUATO TPocopoiwang in vitro, KABWG Kal LETAYYLOELG

ONUOOUEVWV EPUBPOKUTTAPWY O€ {WLKA LOVTEAQL.

A.3.1 In vitro Movtého MetayyLoncg

Apxlkd, epuBpokUttapa amd Séka alpodoteg kabe opadag avapixbnkav pe mAdopa uroPndlwy
aoAnmtwy (uylwv Kot petayyloloeoptwpevwy BMA aoBevwv) otnv apyn Kot To TEAOG TNC amoOnKEUTIKNAC
nieplodou. Onwg avaluBnke otnv napdypado twv MeBddwy, n avaloyia tng avapEng avtotolxel otn xopriynon
6U0 povadwv petayylong. AkoAoUBnoe 24wpn enwoon o Bepupokpacia CWHOTOG Kol HETPAOELS TIARBoUC

TOPAUETPWY QLLOAUONG, oeldoavaywylkol Looluyiou KoL MTPwTEOOTACNG.

H £kBeon oeg uylég mMAAopa Kal Bepuokpaocia cwpato¢ odnynoce otn dlatipnon tng XoUNAOTEPNG
ouBOpUNTNG, OOUWTIKAG KOL HNXAVLIKAC OLUOAUONG TwV EPUBPOKUTTAPWY OLUOSOTWY HE UETAANAYEG oTO yoviblo
™¢ B-odalpivng, TO0O eKelvwv TPWLUNG OCO Kal Tipoxwpnuévng amobnkeuong (Ewdva A28.A). MdAlota, Ta
KUTTapA £TEPOIUYWV ALLOSOTWVY Nuépag 42 sudavicav Kol xapnAotepa emnineda eAelBepng alpoodalpivng peta
ond ofeldwtiko epgbilopa. Ooov adopd ota svdokuttdpla enineda ROS, dev mapatnpnbnke kamowa dadopd
METOED TWV AVACUOTAUEVWY KUTTAPWY TwV SU0 OUAdwv, €iTe e gite YwPLg TNV epappoyr EEWTEPLKOU 0EEOWTLKOU
epebiopartog (Ewkdva A28.B). ATtd TNV GAAN, OL TTPWTENCWHLKEC EVEPYOTNTEC TUTIOU XUHoBpuivng, Kaomaong Kat
Bpuivng mapouciaocav vPnAotepa enineda ota epubpokUTTOPA TNG OUASAG ALUOSOTWY E OTiyUO OE OXEon UE
TWV HapTUPwWV, Kol oTLG U0 XPOVLKEG OTLYMEG Ttou peAetnOnkav (Ewkdva A28.T). Itn pepPpavn, n umepoteidbwon
Twv Auudiwv Bpébnke xaunAdtepn otnv idla oudda alpodotwv (Ewkova A28.A). Télog, evw n efwtepikeuon
dwodatibulooepivng PETA TNV TPooopoiwon NG Hetdyyong &g OSlEdpepe petafl twv SUO KATNYOPLWV
£pUBpOKUTTAPWY, TO TOPAYOUEVO KUOTIOLO TIOU €KBETOUV TO OUYKEKPLUEVO HOplo NTav Awydtepa os BMA
£TepOluya pUBPOKUTTAPA TIPWLUNG Kal TipoXwpnUevng amoBbrkeuong (Etkova A28.E). Onw¢ oto UYLEC TAGOUO,
£10L Kol oto Bohaocoalpikd, ta epuBpokitrapa pe otiypa BMA gpdavicav yapunAotepn auvBopuntn Avon, kabwg
KOL MELWUEVN ETUPPEMELD 08 AUON HETA omd UNXOVIKO, OCUWTIKO Kol ofeldwTiko epéBiopa (Etkova A29.A). Ta
gpuBpokUTTApA TPOXWPNUEVNG AmoBnKeuong TNG opAdag Twy eTepOluywyV MoV avacuotadnkav pe PMA mAdopa
elyov pkpdtepn ouoowpeuon evdoyevwyv ROS og 0XEON LE TA AVTIOTOLXO TWV QULUOSOTWV-UAPTUPWY, ATTOTEAECHOL
mou 6ev gpdaviotnke otlg emayopeveg ROS (Ewkéva A29.B). Na akopn pio popd, oL TPELS MPWTIEACWULKEG
eVePYOTNTES BpEBNnKav UPNAOTEPEG KABOALKA OTA AVOLCUCTOUEVA KUTTAPA TWV adlpodotwy He otiypua BMA (Ewkéva
A29.T). e avtiBeon pe To LYLEG MAGOHA, N €kBeon og MAdopa acBevolg dev 0bnynoe oe avadelen dtadopwv otnv
unepotelbwon twv Autdiwv g pepPpdvng Twv Svo Katnyopwwv kuttdpwv (Ewkéva A29.A). Ouwg, mapd tnv
anoucia Sladopdg otnv efwtepikevon dwodatidulooepivng, TAAL AToV AlyOTEPA T TINKTIKA KUOTLSLO TIOU
SnuoupynBnkav petd tnv avacuvotacn PMA etepoluywv €puBpoKUTTIAPWY O CUYKPLON HE TWV UOPTUPWY,

ave€apTATWG Xpovou amnobrkeuong (Ewkova A29.E).
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Ewkova A28: ALOYpOUMOTIKI) QTELKOVION GUGCLOAOYIKWY TIAPAUETPWY OVOCUCTAUEVWY OF UYLEC TAAOUA €pUBpPOKUTTAPWY
alpodotwy pe N xwplic etepoluywtion otn PB-pecoyelokn avalpia. Emimeda mapapétpwyv (A) awpoAiuong, (B) ofeldwtikol
doptiou, (I MPpWTEACWULKNG evepyotntag, (A) unepofeibdwong Autbiwv kat (E) e€wtepikevong dwodatidulooepivng. Ot
UMApEG 0DAAUATOC QVTLOTOLXOUV OE TUUN TUTUKAG AmmOKALONG. Ol SLOKEKOUUEVEG YPAUMEG QVTLOTOLXOUV OTO HEGO Opo TwV
arnoBnkevuTikwy emmédwv. (*) P < 0,05, etepoluyol €vavtl HopTtupwy.
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AvaguUoTtacn os MNMAGopa AoBevolc B-Meooyeiakic Avalpiag
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Ewkova A29: AlaypapUaTIK ONELKOVION (GUCLOAOYIKWY TIAPOUETPWY OVACUCTOUEVWY O Balaooalplkd TAAoua
£puBPOKUTTAPWY aLoSOTWVY PE 1 XWPLg eTepoluywtia otn B-pecoyelakn avalpia. Enineda moapapétpwy (A) atpuoluong, (B)
ofelbwtikol doptiou, () mMpwTeaowLkNg evepyotntag, (A) umepoeidwong Autdiov «kat (E) etwrtepikeuong
dwodatbulooepivng. OL Umdpeg oOAAUATOC OVTLOTOLXOUV O TLUN TUTIKAG amokAlong. Ol SLAKEKOUUEVEG YPOAUUES
QVTLOTOLXOUV OTO HECO OPO TWV amoBnKeuTIKWY eTneédwv. (*) P < 0,05, eTepOluyoL EVaVTL LOPTUPWV.

A.3.2 Zwikd Movté o MEeTayyLong

Mo TNV TPAYUOTONOINGN TWV MELPAUATWY UETAYYLONG 0 HUEG, mapalndOnkav dekaéL emmAéov povadeg
peTayylong (8 amd kabe opdada). To mpwto PAUa, Atav va eAeyxBel OTL N CUYKEKPLUEVN OUAda €TepOlUYWY ATAV

QVTUTPOCWIEUTIKN, Tw¢ apouciale SnAadn tig ibleg dladopeg oe oxéon e TOUG MAPTUPEG. Mo To Adyo auTo,
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ekteAéotnkav lddopa GUCLOAOYIKA TELPALATO OTNV ap)XH], TO LECO KaL TO TEAOG TNG ATOBNKEUTLKNG TTEPLOSOU TWV

véwv povadwv. OL dladopég mapouatalovral otov Nivaka A2.

Mivakag A2. Ala@opég o€ PUAIONOYIKEG TTAPAUETPOUS KOTA TNV atToBfAkeuan puBpoKuTTapWY amd eTepoluyoug yia BMA ka

AIHO0BOTES HAPTUPES.
) Huépa 7 Huépa 21 Huépa 42
MNapdperpol , , , , , ,
MapTtupeg Etepoduyol MapTupeg Etepoluyol MapTtupeg Etepoluyol
AuBoppntn AipéAuon
10,4743,78 8,70+2,24 22,8+4,70 17,10£3,67*  37,22+7,69  25,66+5,61*
(mg Hb/dL)
OopwrtikA AipéAuon
0,443+0,011 0,381£0,029*  0,474+0,010 0,408+0,036* 0,480+0,019 0,409+0,032*
(% NaCl)
Mnxavikn AigéAuon
%) 1,0254£0,190  0,623+0,147*  1,14840,195 0,756+0,082* 1,302+0,181 0,977+0,146*
0
O%e1bwrikA AipdAuon
14,57+3,85 13,26+3,39 29,88+7,42  19,34+6,50*  48,60+12,53  29,93+8,81*
(mg Hb/dL)
Avtio¢eidwrikn IkavoTnTa
(A.l.) Yrepkeipévou 418460 523+95* 392+36 472+103 35552 380+63
(UM Fe?)
E€apTwpevn amd to Oupikd
Al 239+29 358+69* 231138 296+51* 161145 155164
(UM Fe?)
Avegaptnn amwo To Oupikd
Al 178459 165148 161134 176196 194139 235+35
(UM Fe>)
Evboyeveig ROS
] 9804201 840+133 1084+102 942+110* 870+145 694+72*
(RFU/mg mrpwreivng)
tBHP - ROS
30431964 2520+832 3994+1217  2987+1233 2435571 21124610
(RFU/mg mrpwreivng)
Aiopidio - ROS
2067+612 18881679 2198+621 19831633 19331688 1463591
(RFU/mg mrpwreivng)
®aivuludpadivn - ROS
1575145380 1815245552  16492+4238 167133425 1421115344 1540716125
(RFU/mg mpwreivng)
Ymepogeidwaon Amidiwv
35,16+5,26 30,57+3,19 43,3246,04  36,10+4,58*  48,41+512  41,30+5,16*
(WM TBA/ mL RBC)

O1 migég avmioToiyouv ot WEo 6po £ Tumik amokhion. () P < 0,05. ROS: dpaoTikés pieg ofuydvou. tBHP: tepT-foUTUA-

udpouTtepogeidio. TBA: BeloBapBiToupikd 0gu.
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Ta epuBpokUTtrapa tng veo-mapaindBeicag opddag etepoluywv OVIWEG MOPOUCLOTAV TA XAPAKTNPLOTIKA
TIOU avoAUBNKav otnv omoBnKeUTIK UEAETN TNG TponyoUUevnG opdadac. Mo ouykekpluéva, PBpednkav
avOeKTIKOTEPA 0 AUoN Ue 1 Xwplg emumAéov epéBlopa Kal epdavicay pelwpéveg evboyeveic ROS kat xapunAotepn
unepoeibwon Autdiwy armno 1o Héco TN anobrnkeuong Kol PETA, CUYKPLVOUEVO UE TO AVTLOTOLXO TWV OLUOSOTwWV-
paptupwv. Emiong, n e€wkuttdpla ovTLOEELOWTIKN TOUC Lkavotnto BpEOnke aufnuévn, Kuplwg ekeivn Tou

e€aptatal amno to oupLko ofu.

Metd tn petdyylon piypatog dtadoplkd onpoopévwy gpuBpokuTtdpwy amd Tig dU0 opddeg os MUEG
(avoooemapkelg Kal avoooavemapKeig), dev mapatnpnOnke kamola onuavtkr Stadopd otn cupnepldbopd Twv
{Wwv. ZUYKeKPLUEva, ol pueg dev ntav AnBopylkol aMAd yapaktnpiloviav amd GuUOLOAOYLKN KLVNTIKOTNTA,
KOTAVAAWVAV TNV OVAUEVOUEVN TIooOTNTA TPodNG Kol vepoU Kal dlatnpoloav TNV KOWWVIKOTNTA Toug. Eylve
eBSopadlaia katapétpnon Tou BAPoUG TOUG, 0 oUYKPLON HE avtioTolyoug Hueg mou Sev eixav SexBel petayylon,
Kol dev mapatnpnBnke kanota petafoln (Etkéova A30.A). AneuBeiag PeTA TN HETAYYLON (EVTOG ELKOCOAEMTOU) OL
HUEG, avefapTTWE TOU 0lVOOOAOYLKOU Toug umtoBaBpou, spdavicav auvénuévn eAelBepn atpoodalpivn T6co oTo

mAdopa (Etkova A30.B), 600 kal ota oupa (Ewkova A30.T), amotéAsopa mou dev mapatnpndnke 24 WPEC UETA.

A. Bapog (9) META aTTO METAYYION  XWPIg PETAYYION
C57BL/6J (avocoemapkr) NOD/SCID {avocoavemnapkr)
26 26
25 25 :[ T I
24 24 p—— l
23 23 g —"'"l'-- r
22 22
21 21
Mpo 1 2 3 4 Npo 1 2 3 4
EROopadeg HETA TN HETAYYIOT ERSOUAdES PETA TN HETAYYION
B. AlpdAuon petd tn Petdyyion (mg Hb/dL) . Aljyoo@aipivoupia PETA TN HETAYYION (mg Hb/dL)
150 Hnpo M 20min petd 024h petd % 100 Enpo B 20min peta . O24h peta
100
. LI ii iirﬁ i
0 i
C57BL/6) NOD/SCID C57BL/6) NOD/SCID C57BL/6) NOD/SCID C57BL/6) NOD/SCID
Mpwiun Mpoxwenuévn Mpwiun Mpoxwpnpévn
aTToOnRKeUon amoffikeuon aTToBRKEUON amodrikeuan

Ewkova A30: ALaypOUUOTIKI) QTEIKOVLON TAPOUETPWY eLIWIAC Kal aLluoAuong o HUEG Tou S€xOnkav PeTAyylon avBpwrvwy
epuBpokuttdpwy. (A) MetaBoAr Tou BApoug LeTayyL{OUEVWY LUWV OE OXECN UE MUEG-UAPTUPEC. EAeUBepn alpoodatpivn oto
mAdopa (B) kat ota ovpa () LUWV TIPLY, AUECWE HETA KAl 24 WPEC PETA TN UETAYYLON. Ol unapeg odAAUATOC AVILOTOLXOUV OE
TLUNA TUTILKAG amokALong. (*) P < 0,05, 20min PeTA EvVavTL TPLV amod- Kal 24 WPEG UETA- TN UETAYYLON.

Mo va anocadnviotel edv n mapatnpolpevn eAelBepn alpoodatpivn odeileTal TEPLOCOTEPO OE KATOLO

ek Twv 8U0 Kotnyoplwv gpubpokuttdpwy, kat €tol vo eokplPwbel eav umapyxel Stadopd mou pmopel va

EMNPEAOEL TA PUETA-ETAYYLOLOKA OTTOTEAECUATO, EYLVE KoL SLOKPLTA METAYYLON HUWV PE epuBpoklTTapa Twy dUo
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opadwv. Opwe, dev mapatnpndnke kapia dtadopd ota enineda eAelBepng alpoodalpivng oto mAdopa (r.y.,
epuBpokuTTapa mpoxwpnuevng anobrikeuonc, 20 AEMTA 0 AvVOCOETAPKeiG uueg: 81,37 + 38,55 évavtl 85,62 +
31,57 / oe avoocoavemapkeig pueg: 92,55 + 32,12 évavtl 87,32 + 28,48, etepoluyol EVOvTL LapTUpwV), oUTE Kol oTa
oUpa (m.x., epuBpokUlTTapa TTPOXWPNUEVNG amoBrkeuong, 20 Aentd 0 AVOCOETIAPKELG HUEeG: 48,52 + 19,35 évavtl

42,86 + 21,7 / oe avoocoavemnapkeig puec: 40,32 + 26,70 évovtt 51,28 + 32,52, etepdluyoL EVavTL LapTUpwv).

Metd tn petayylon plypatog ¢p€okwv 1 amobnkKeupévwy €puUBPOKUTTAPWY Omo £TEPOIUYOUC Kal
otpodoteg-paptupeg (oe avaloyia 1:1), mou eixav onuoavOesl pe tig dpBopilouoeg xpwotikég D-383 kat D-307,
avtiotoya, avadelyBnkav TtAoelC yla aufnuévn OvAKTNon Twv €puBPOKUTTAPWY TIOU TIPOEPXOVIAV QTo

£1epOluyoug apodoteg, avefapTNTWE TOU YeveTlkol UTIoBABpou Tou {wou-6€KTN Kal TNG NALKIOG TwV KUTTApWY

(Ewkova A31).
A. MeTa-peTOYYIOIOKA AVAKTNON O QVOCOETTAPKEIG HUES BN UGPTUPEC I BMA eTepoluyol
20min peta 24h pera -
p= 0,013 p=0,065
<+—>
5 Bl
58 p= 0,071
-| 2§ g —
o E © | =~ -
5|5 5°
o =
Q b
[} s —\ < 4
2| £¢g A §
a| 23 | ./ g
8 % R/ o~ 1
35 /
>0 —_— A 1
g e C V|l ) 2
E g } /. I /
—— L _/ (ppEOKo aipa TIPLWIKN TIPOXWPNHEVN
D-307 (uépTUpES) amoBrikeuon
B. MeTa-ueTayYIOIOKT) OVAKTNOTN GE AVOOOOVETTAPKEIG HUEC
20min petd 24h pera p= 0,091
[ +—>
3 p=10,100
= O
22 9 - p=0.167
25 g «—
= 2
S| Fe < L
) o 67 4
g 3 .
w b
) — =
[=y \ (=]
2|26 ) 55
{ 35 po f 3
(=] cow / <
S5 / ©
(<5} T L
ge r ) 3
t G —_—— J"’ z ) ’ ., z
@pEako aipa TPWIHN TTPOXWPNHEVN
D-307 (papTupEg) amobrikeuon

Ewkova A31: AlQypapuoTIK QTEKOVION TNG 24wWPNG OVAKTNONG HETA amd METAYYLON avOpwmvwy €puBpokuTTapwyY
(HaptUpwv Kal eTepOluywV ylo B-pECOYELOKN avolpia) o avooosmopkeig (A) kol avoooavemnapkelg (B) puec. Itnv ewkova
daivovral ki emheypéva dot plots amo tnv kuttapouetpia pong. (*) P < 0,05, etepdluyol EvavTL LopTUpWV.

MapoOTL Ol CUYKEKPLUEVEG XPWOTIKEG €XOUV EavaxpnolpomolnBel o MPWTOKOANA HETA-UETAYYLOLOKAG
avaktnong, dev €xouv SoKlpaoTeL oTto MapeABOV oe epuBpokiTrapa alpodotwy e PeTarlayég otn B-odalpivn,

ETOMEVWG TIpaypotomnoBnke kat n ovtiotpodn xpwon He okomd tnv emiPePfaiwon Tou TAPATNPOUEVOU
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npotunou. Onw¢ ¢aivetat otov Nivaka A3, n Siadopetiky emiBiwon oto EEVOPLWTIKO HOVIEAO LETAYYLONG

eruPBefalwbnKe Kal OTLG VEEC CUVONKEG.

Mivakag A3. MeTa-pETAYYIOIOKN OVAKTON EPUBPOKUTTAPWY ETEPOJUYWV YIO B-HECOYEIOKN aVaIMia KOl HOpTUpWY HETA

amoé avrioTpo@n oAV

®péoka EpubpokuTtapa Mpwiun AtmoBrAkeuon Mpoxwpnuévn AtoBrikeuan
Maptupeg Etepdluyol Maptupeg Etepdluyol  Mdaptupeg Erepdluyol
Avaktnon oe C57BL/6J  4,36+1,32 5,59+1,06 4,83+0,89 5,96+1,19*  4,10+0,82 5,05+1,22
HUEg
P=0,059 P=0,049 P=0,091
(%)
Avakmnon oe NOD/SCID ~ 6,26+0,97 7,03+1,35 6,27+1,08 7,29+0,91  5,43+1,30 6,53+1,33
HUEg
P=0,224 P=0,085 P=0,116
(%)

O1 mipég Trapouaiadovtal wg PEdog 6pog E TUTIKA amokAion. (¥) P < 0,05.

H ocuvénela Twv anoteAeopatwy HeTafl Twv U0 CUVEUAGUWY XPWONG TWV KUTTAPWY, SnAadn n otabepa
TIOPOTNPOUUEVN TACN UTIEP TWV £PUBPOKUTTAPWY aLoSoTwY e otiypa BMA, katéotnoe Suvatr Tn CUVOALKN
aflohoynon tng eupebeiocag Stadoplkng avaktnonc. Mo CUYKEKPLUEVA, UECW QAVAAUONG TOU GCUVOAOU TWwV
TTOOOOTWY 24wpNE¢ aVAKTNONG TIou TiPogkuPav armod Ttoug duo Tpomoug xpwong (Etkova A31, Nivakag A3), OAec oL

Sladopeg, avelaptnTw XpOVou amoBKeLoNG KAl AVOCOETAPKELAG SEKTN, avadelxBnkav OTOTIOTIKA CNUAVTLKEG

(Ewova A32).
B HApTUpEG I BMA etep6luyol
Avoooemapkeic Mueg (C57BL/6J) Avoooavetrapkeic Mueg (NOD/SCID)
10 %
* * *
8 * 8 *
. i i * 6 ? ﬁ * *
2 2
dpéoko Aipa Mpwiun Mpoxwpenuévn ®péoko Aipa Mpwipn Mpoxwpnpévn
atobrikeuan amobnkeuon

Ewkova A32: AlQypapuOTIK QTEIKOVION TNG 24wPNG OVAKTNONG HETA amd METAYYLON avOpWmvwy €puBpokuTTApwyY
(LaptUpwv Kot eTepOluywY ylo B-UeCOYELOKN avalpia) o€ avoooemapkelc (A) kal avoocoavemapkelg (B) HUeg, avetaptnTwg
xpwong. (*) P < 0,05, etepoluyol Evavtl Loptupwy.

A.4 Ataouvbeon Alpodotn — Meta-petayylolokwyv Oatvotinwy

Metafl twv SUo0 Katnyopwv atpodotwv mapatnpndnkov Siadopéc os kabe Kkpiko TNC aAuoidag

LETAYYLONG, ETIOUEVWC, Yia va BpeBolv mibaveég umoBAOKOUCEG OLTIES, TipAYUATOTOLRONKAY avaAUCELG CUCXETLONG
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METAEL TOPOMETPWY TWV TPLWV OSLAKPLITWY TUNUATWY TtnN¢ aAucibag. OL CUOXETIOELG QUTEC MMOPOUV va
amoteAécouv TN BAon yla SleEVEPYELA OTOXEUMEVWV TELPOAUATWYV Tou Ba odnynoouv oTnv avixveuon Tou

HNXavLoTikoU urtofaBpou Twv mopatnPoUeVWY Stadopwv PeTatl Twv SUo opAdwv.

A.4.1 Yuoyetioelc AoOnkeUTIKWY — MeTo-petayyLlolakwy Napauetpwy in vitro KoL in vivo

Mpwta art’ 6Aa, eAéyxOnke n UMOpPEN OTATIOTIKA ONMOVIIKWY CUCXETioewv HETAfl PpuUOLOAOYLKWV Kall
OALOTIKWV TAPAUETPWY TWV ANOBNKEUUEVWY SELYUATWY KOl GUCLOAOYLKWY TTAPAUETPWY I TNEG AVAKTNONG LETA TNV
in vitro 1 in vivo petayylon, avtiotolya. ITIC ELKOVEC TOU akoAouBoUv mapoucldlovtal Ta AnmoTEAECUOTA TNG
avaAuong o6cov adopd oe epubpokUTTapPA TPOXWPNHUEVNG OMOBAKELUONG, OVACUOTAUEVO Ot BAAACOALULKO

Ao, OUWG avTioTtolya anoteAéopata avadeixbnkav Kal otig UTtOAOUTEG CUVONKEG TNG TTOPOUCAG EAETNG.

ZUOTATIKA TOU KUTTOPOOKEAETOU, OTIWG N OTEKTPIVN, aAAAQ KOl pHopLa OTwe N aABoupivn Kal oL KOPVITIVEG
TWV armoBOnKeUUEVWY EPUBPOKUTTAPWY, BPEBNKAV aPVNTLKA CUCKETLIOUEVO HE TNV AUBOPUNTN CLUOAUCN LETA TRV
avaolotaon, avetaptATWE TG Uapéng f OxtL petaAAaywv otn B-odalpivn (Ekdva A33.A). AvtiofeldwTika popla,
cupnepappavopévng the muptdolapivng Kat Tou adudpoackopBlkol offog, kabwg Kal To evSokuttdaplo ATP
napouciacav avtiotown ewova. AvtlBeétwg, to NADP* kal Seikteg oTpeg, OMWC TO YAAOKTIKO (UOVO OTOUG
etepoluyouc) 1 n mpocdeon unepoeldoaivng-2 otn LeUPpavn, BpEBnkav BeTIKA cUOXETI{OMEVA e TNV auBOpUNTN
OLHOAUGN HETA TNV in vitro petayylon (Ewkéva A33.A). H OCUWTIKA €MAYOUEVN ALUOAUGCH TWV QVOOUCTAUEVWV
gpubpokuttapwv BpEBnKe avaAoyn TG avtioTolyng KOTA TV amoBnkeuon Kat otig SUo Katnyopieg alpodotwy, Kal
EMUMAEOV  QvAAoyn TNG HNXOVIKAG OLMOAUGCNG QITOKAELOTIKA OToug etepdluyoug (Ewkova A33.B). O
KUTTOPOOKEAETOG, oL AUtbilkég oxediec kol TOo OEelOWTIKO/evepyelako LoolUYl0 EUdAvVIOaAV OTNV OCHWTLKA
euBpavototnta to dlo potifo pe ekeivo mou mapatnpndnke otnv auBopuntn Avon. EmutAéov, n mapouoia
TIPWTEOOTATIKWY Hoplwv otn HePBpavn GAVNKE va CUVOEETAL APVNTLKA LE TN CUYKEKPLUEVN TAPAUETpo (Elkova
A33.B). H pnyovik aluoAucn TwV OVOCUCTOMEVWY EPUBPOKUTTAPWY TIOU TPOEPYOVIAV Omd €ETEPOIUYOUS
aLpodOTEG eudavios emimeda avdloya TOOO TNG MNXOVIKAG 000 KOl TNG OCMWTLKAG aAlWOAuong KATd Tnv
amoBnkevon (Ewkova A33.F). Kol o0g out TNV TOPAUETPO, OUCTATIKA TOU  KUTTAPOOKEAETOU,
cupmepAaUBAVOUEVNG TNG LUOGIVNG-9, SEIKTEC OTPEG KOIL O EVEPYELAKOG LETABOALOUOC, TTapousiacay Kal ot SUo
Katnyopieg epubpokuTtdpwy amoteAéopata avtiotoa Twyv mpoavadepbéviwy. Afilel va avadepbel nwe ta
emnineda Tou pnyavoevaicbntou kavaAlol piezo-1 cuoyetilovtay OETIKA HE TN LNXAVLKA EUBPAUOTOTNTA UETA TV
avaolUotaon (Etkova A33.T). Téhog, tooo ta eyyevn emineda ROS, oo kal n ofeldwtik atpdluon (Kupiwg otoug
HMOPTUPEC) TWV AmoOnKeUUEVWY KUTTAPWY, pall pe deikteg evepyelakol otpeg (AMP) avadeixOnkav wg Oetikd
OUOXETLW(OUEVA LE TNV OEELSWTIKN OLUOAUGN TWV in Vitro « JETayyLOpEVWY» epuBpokuTttdpwy (Ewkova A33.A). Itov
avTimoda, avtlofeldWTIKEG MAPAUETPOL, OTIWG N YAouTaBEeLOVN (0TOoUG eTEPOIUYOUG) Kot To adudSpoackopPikd ofl
(otoug paptupeg), kabBwg kol MAROOC TPWTEOCTATIKWY TIOUPAUETPWY, OCUUTEPIAAUBOVOUEVWY TWV TPLWV
EVEPYOTNTWV TOU TPWIEACWUATOG, TOpoUClaoav apVNTIKEG CUVOECELG HE TNV OfelOWTIKA awoAuon (Ewkova

A33.A).
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A 1 m pGpTupe mm BMA etepGCuyol AvB6puntn AdAuon (mg Hb/dL)
Q
®
MeUBRPAVN-OKEAETOS  «TTPOCTATEUTIKG AvTIOEEIDWTIKO Evepyelakd Acikteg OTpeEg
HopIa OUVOHIKO Icoguylo
B . I
1 Ocpwtikn EuBpavaototnTa (% [Nacl])
EuBpauotétnta  MepBpdvn-okeheTdg AITIOIKEG OxediEg OZeIdwTIKS OTPEC Kal MpwredaTaon
Evepyeiaks igofuyio
r I3 ]
Mnyxavik EuBpauatotnTa (%)
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EuBpavatdtnTta MeuBpdvn-okeAeToC AcgikTeC OTpEG Evepyeiakdg
A METAPBOAIONOG
L Ofsdwtikny AlpoAuaon (mg Hb/dL)
OLeIdWTIKG OTPES AVTIOLEIBWTIKN Evepyelokag MpwredaToon
dpuva HeTaBOAIOHGS

Ewkova A33: AlaypoUpOTIKI) ATEIKOVION CUOXETIOEWV (Katakopudog afovag: r) MapapéTpwy TNG anobnikevong (opl{dvtiog
afovag) kol TNG META-amodnKeuTikng auBopuntng (A), oopwtikng (B), unxavikng (N kot ofeldwTKAG aluoiuong (A).
ALOKEKOUUEVN YPAUUA: OPLO OTOTLOTIKAG onuaociag. 6PG: 6-dwaodoyAukovikd ofl, CCT: umopovada cuumAokou T, COPS:
umopovada COP9 onuatoocwpatog, DHA: adubdpoackopPikd ofy, FBP: 1,6-8ipwaodopikn dppouktdln, G3P: 3-dwodopikn
VAUkepaAbelidn, GPX4: umepofeldbaon ¢ yAoutabeldvng, PSM: mpwiteaowuik) umopovada, S-L-GSH: S-
AaktolidykoutaBelovn, TCP1: mpwteivn 1 tou cuumAokou T.
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Ocov adopd oto ofeldwTikO doptio (eyyevéC 1 eMOYOUEVO) TWV AVOCUCTAUEVWV €pUBPOKUTTAPWY,
gvrorniotnke pia yevikr dtacvvdeon pe ta emnineda eyyevwv/enayopevwy ROS katd tnv anobrkeuon, mapaAinia
pe plo avtiotpodn cuoyETion pe avilofeldwWTIKA LOpLa, OMWG To ackopPlkd N n yAoutabewovn (Ewkova A34).
ErutAéov, aviyvelBnKav apvnTIKEG CUCYETIOELG HETAED TOU evepyelakol UeTaBoAlopol (ATP, dpwodopikd), kabwg
KOL TIPWTEOOTATIKWY TPWTIEIVWY TWV aAmoBNKEUUEVWY KUTTAPWY, Kol TnG oucowpeuong ROS petd tnv
Tmpooopoiwaon tNg Hetayywong. Elval onuaviikd va pnv mapaAndBel to yeyovog OTL Ol €VEPYOTNTEC TOU
TPWTEACWHOTOC EUPAVIOAV OTATIOTIKA ONUAVIIK OUCYXETLON UOVO OTNV OUAda Twv eTepOluywv alUoSoTWY

(Ewkova A34).

A I pdpTupes Il BMA eTepoluyol
Apaotikeg Pigeg Ofuyovou (ROS) (RFU/mg npwreivng)
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Ewova A34: AlaypOppOTIKI) ATEIKOVLON CUOXETIOEWV (Katakopudog afovag: r) MapaUéTpwy TNG anobnkevong (opl{ovtiog
Aafovag) Kol TNG KETA-AMOONKEUTIKAG EVOOKUTTAPLAG CUCCWPEUCNG evioyevwy (A) Kol emayopuevwy amod dawvuludpalivn (B)
SpaoTtikwv p{wv ofuyovou (ROS). AVTiOTOLXEG CUCKETIOELG BPEBNKAV KAL LETA TNV EMaywyr UE TepT-BouTtuA-udpolnepoteidlo
(tBHP) kat Stapiblo. ALOKEKOUUEVN YPOUUA: OPLO OTATIOTIKAG onuaciag. CCT: unopovada cupmAokou T, COPS: umopovada
COP9 onuatoocwpatog, G3P: 3-pwodopikn yAukepaldelidn, PSM: mpwrteacwpiky umopovada, TCP1: mpwteivn 1 tou
oupmAokou T, UAIAC: e€wKuTTApLO AVTIOEELSWTLKA LKAVOTNTA aVeEAPTNTN TOU OUPLKOU.

H MpWTEAOWLKY EVEPYOTNTA TWV OVACUCTAUEVWY £pUBPOKUTIAPWY BPEBNKe avaloyn tng avtiotoyng
KOTA TNV amoBbnkeuon, Omwe Kal avaAoyn Tng UTIAPENG TTPWTEACWLKWY UTIOHOVASWY KAl HOPLAKWY CUVOSWYV 0TN
peuBpavn (Ewkéva A35.A). To ofelboavaywywko Loollylo epdaviotnke yla AAn pio dopd otn CUYKEKPLUEVN

OVAAUGHN, HE OVTIOEELOWTIKEG TAPAUETPOUC (KUplwC oTnV opada Twv TePOlUYwY) va cuvdéovtal BeTIKA Kot

ofeldwrtikolg Seikteg va epdavilouv Stakpttd potifo avaloya pe To xpovo amobrikevong: Betikrn olvdeon otnv

98



apxn (m.x. alavtoikd ofU) kal apvnTik oto TtéAog (m.x. eyyevry ROS) (Ewkéva A35.A). H umepofeibwon twv
AUtdiwv oto meplPaAlov mpooopoiwaong Tou SEKTn, BPEONKe va GUCYETI(ETAL APVNTIKA LLE TO EVEPYELOKO SUVAULKO
(r.x. adevivn) kat tn otopaTivn Kal ot U0 opddeg alpodotwy, evw avadeixbnke emUTAEOV apvnTIKI) CUCKETLON
pe tnv nuptdofapuivn kat tn odlyyooivn ota epubpokiTTapa mou mpogpxovtayv and etepoluyoud (Ewkova A35.B).
AVTIOETWC, BeTikéG ouvbEDelg epdavioTnkay e TIg eyyeveig ROS kal ta enineda cuvdedepevwy avoooodalplvwy
otn peuPpavn (Ewkova A35.B). H efwtepikevon dwodatibulooepivng kol n mapoywyn KuoTdiwv mou tnv
ekppalouv davnke va cuVOEETAL PE TO ofeldoavaywyLlko LoolUyLo TwV armoBNKEVUEVWY KUTTAPWV (TL.Y. OETIKA pe
TI¢ eyyeveigc ROS), KaBwG Kol PE TOPAPETPOUG OXETWIOMEVEG HUE TNV QCUUHETPN Katavoun twv Autdiwv otn
pepBpavn (m.x. apvnTikad pe tn pAutaon) (Ewkova A35.T). Onwg ATav avapevopevo, Hopla tThg opoldoTacng Tou
aoBeotiov avadeiyBnkav ot cuoyetioelg pe TNV ewiepikeuon Pwodatitdbulooepivng, EVw TO EVEPYELAKO

LoolUYLo OTLG OVTIOTOLXEG e Ta TpoBpopuPwtika Kuotidia (Ewkova A35.T).

A Il pdpTupes Il BMA eTepdfuyol

Npwreacwtki Evepydtnta Tunou Kaomdon (RFU/mg npwrteivng)

MpwTedTTAON AVTIOZEIDWTIKNA QEeIdWTIKO OTpEG
duuva

B r -
Ymeposeidwon Armdiwv (uM TBAmL)  E&wrepikeuon PS (%Avvegivnv+ kutapa) ) PS* E§wkuttdpia Kuotidia (nm ps)

Ewkova A35: AlQypOUUOTIKI) QTEIKOVLON CUOXETIOEWV (Katakopudog afovag: r) mapapéTpwy TNG anobnikevong (opl{dvtiog
afovag) Kal TNG META-AMOONKEUTIKAG TPWTIEACWHLKAG EVEPYOTNTAG TUTOU koomaong (A), umepofeidwong Auudiwv tng
peuBpavng (B) kat séwrtepikevong dwodatidulooepivng (PS) oe kuttapa kat kuotidia (). AvtiOTOLXEGC OUOYETIOELG
avadeixBnkav Kal otig evepydTnTeG TUTIOU XUMOBpuYivng kat Bpudivng. ALOKEKOUUEVN YPAULUN: OPLO OTATIOTIKAG ONUACiag.
G3P: 3-dwodopikr) yAukepaAdelibn, GPX4: unepofelddaon tng yAoutabelovng, PSM: mpwteaowikr uropovada, S-L-GSH: S-
AaktoUAyAoutaBeldvn, tBHP: tept-Boutul-udpoumepoleiblo, TCP1: mpwrteivn 1 tou cupmAokou T, UAJAC: efwkuttdpla
OVTLOEELOWTLKI LKOWVOTNTA E0PTWLEVN TOU OUPLKOU.
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TéNoc, eAéyxBnke n UMApPEN CUOKETIOEWY HETAEY TTOPAUETPWY TNG AMOBNKEUONG KAl TNG OVAKTNONG OTOUG
MUEC-6£KTEC. TOOO N auBOPUNTN, OGO KAL N OCUWTLKA KAL N LNXAVLKA OLOAUCN EUdAVIOaV 0PVNTIKH CUCXETLON UE
™V 24wpn avAKTNon Twv gpuBpokuTtdpwy €TepOluywy yia BMA TpWLIUNG KAl TPOXWPNUEVNS amobrnkeuong
(Ewkdva A36.A-T). ATO QUTEG TIG TTOPOETPOUG HOVO N auBopunTn aLUOAUCH TWV YNPOOUEVWY €pUBPOKUTTAPWY-
paptUpwv mapouciooce TNV dla cuvdeon (Ewkova A36.A). AvAUECO OTIG OEELOWTIKEG TTAPOUETPOUC EEXWPLOE N
oeldwtikn aoAuan oto TéAog TnG anobnkeuaong, n omola Bp£Onke avtiotpoda cUCKETIIOUEVN UE TV OVAKTNON
KoL oTLg SU0 opadeg alpodotwy, evw tnv dla cuvdeon mapouciaoav ot evdoyeveig kal tBHP-emayopeveg ROS ota

gpubpokUTTapa MpoXWPNUEVNG amoBrkeuong Twv etepoluywy yia BMA (Etkova A36.A-2T).

péapTupeg ———— BMA eTepSCUYOI
A. AuBopuntn AiyoAuon (mg Hb/dL) A. OEe1dwTIKA AludAUaN (mg Hb/dL)
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Ewkova A36: AloypauUATIK QTEIKOVION OCUOCXETIOEWV HETOED GUOLOAOYIKWY TIOPAPETPWY TWV  OMOONKEVUEVWVY
£PUBPOKUTTAPWY KAl TNG META-UETAYYLOLOKAG OVAKTNONG OE OVOCOETMOPKELG MUEG. Mapouolalovial ol CUCXETIOELS TNG
QVAaKTNOoNG Ke TNV auBopuntn (A), oopwtikn (B), unxavikn (M) kot ofeldwtikn (A) alpoAuvon, kabwg kat pe Tig eyyeveic (E) kat
eMayOUEVEG amod TeEPT-BOUTUA uSpoimepoeidlo (tBHP, IT) dpaoctiké pileg ofuyodvou (ROS). RZ > 0,5 yia P < 0,05. Mapdpota
amnoteAéopata, Ue eEAadpwe Tpomomnotnpéva R?, avadeixBnkav Kol 0TOUG AVOCOAVETAPKE(G LUEC.
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A.4.2 Apeon ko Eppeon Tuvdeon Awwodotn — Meta-petayylookwyv Qavotunwyv

Ot onpavtikég dladopég mou mapatnpndnkav otnv opdda Twv eTePOlLYwWV yla BMA awuodotwv o OAa ta
enineda mou avaAlBnkav otnv mapoloa epyacia, odrynoav otnv npoondbesia cuvdeong tng in vivo puactloloyiag
TOU QUOTOC TOUG UE TNV KOVWTEPN» UETO-UETAYYLOLOKI EIKOVO TWV £PUBPOKUTTAPWY TOUC. EAEyxOBnkav tdéo0 oL
oaneuBeioc ouvdéoslg alpodotn/peta-petayylolakol ¢avotimou, 000 KOl Ol EUUECEC CUVOECELC HEOW TNG
povadag petayylong. Ma to Adyo autd, mpaypatonoltibnkav avalloel cUCXETIONG UETAEY TOPOUETPWY TOU
dpEoKou, TOU QATMOBNKEUUEVOU KOl TOU OVOCUGCTOMEVOU/UETOYYIOUEVOU alPOTOG, OAOKANPWvOVTag £ToL Hia

«TPLYWVLKN» PEAETN TG ahuoidag Tng petayylong (Etkova A37).

"Eppeon ouvdeon péow yEQUPWONG ATTo T HOVAdA PETAYYIONS

ATTOONKEUTIKN
IKOVOTNTA

///////////E

WIIIIIIIIY

MeTayyioi1o0k6 Tpiywvo

duoloAoyia Kal Meta-
METABOAIOHOG ATTOBNKEUTIKNA
KUKAOQOPOUVTWY @ualoloyia kai
EPUBPOKUTTAPWY - Apegon oOvdeon META-PETOYYIOIOKN
TAGOoUATOG avakTnon

Ewova A37: IXNUOTIKI QTIELKOVLON TNG KTPLYWVIKNG» HEBOSOU HEAETNG TWV TPLWV KPIKWV TNG AAUGCLSAC TNG LETAYYLONG.

ZEKWVWVTOG ME TIC TIAPAMETPOUC OLpOAuong, onwe daivetal otnv Ewkdva A38 ta emimedo tou Seiktn
OOUWTIKAG guBpauototntag datnpovoav pio avaloyia PETOEY TWV TPLWV YWVLWV TOU TPLYWVOU HETAYYLONG.
ErmutAéov, n oOpWTIKA alpolucn tou 80tn PBpebnke OeTikd ouoXeTWOUEVN HE TN UNXOVIKA OLUOAUCH TOU
Tapaywyou, n omolo Ue tn oelpd tng avadeixBnke avaloyn TNC OCUWTIKAG HUETA TNV TPOCOMOIwoNn NG
MeTAyylong. H mpwtn olvdeon mapatnpndnke kat avtiotpoda. AvtiBetwg, o deiktng RDW in vivo mapouciace
OPVNTLKI CGUCYXETLON LE TNV OCHWTLKN aloAuch TG00 KOTA TNV amoBbrkeuon 600 Kol LETA TNV avacuoTach, KATL
TIOU TapaTNPERBNKe Kal otnv mepimtwon g Swdpobupivng, ta anobnkeuTika enimeda TG onoiag cuvdéovtay
BeTIKA Pe Ta avtioTola MPoamoBnKEUTIKA KOl EMUTAEOV OPVNTIKA UE TNV OCUWTIKH €uBpauoTOTNTA OTO in Vitro
MOVTEAO HETAYYLONGC. H UNXQVIKA ETTAYOUEVN OLUOAUCH TWV QVOCUCTAUEVWY KUTTAPWVY Bpebnke va ocuoxetiletal
BETIKA TOOO UE TN KNXOVIKA OGO KOl E TNV OCHWTLKN UOAUCH TWV amoBnkeUpévwy, KaBwe Kal Le Tov Selktn
MCV, o omoiog Statnpoloe pia avoloyia Twv eMUTESWY TOU GE OXECN LE TNV TpoamodnkeuTikr ¢aon. ISlaitepo
evlladépov mpoévnos n apvnTikn cvvdeon HeTOEU TWV in vivo emumédwv evdoKUTTAPLoU acBeotiou Kal TG

MNXAVLKAC oittdAuong oto meptBAalAov mpocopoiwaong tou ST, pia cUvSeon Mou «oTAELy oTLg U0 TTAEUPEC TOU
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Pywvou wg £€nc: (o) Oetik cuoxetion aoBeotiov in vivo pe SOULKEG MEUBPAVIKEG/OKEAETIKEG TIPWTEIVEC OTO

Tapaywyo, Kot (B) apvnTikr) CUCXETLON TWV TEAEUTALWY HE TN KNXAVIKA EUBPOUOTOTNTA KETA TNV AvacUoTao).

AnoBnkevon

Mpo-anoBnkeutikd Meta-anoOnKevTKd
AroBrksuvon

—  QcTIK CUCXETION

_______ » ApvNTIKA) CUCXETION

Mpo-anoBnkeutkda i Meta-anofnKeuTika
AnoBikeuon

ZUVTOHEUTEIG
MFI: AgikTng pnyavikrg euBpaucToTnTag

MCF: AcikTng oopwrikig euBpauaToTnTag
DHT: AiudpoBupivn

RDW: AgikTng Katavoprg HEYEBOUS £pUBPOKUTTAPW
Ca?*; EvOoKUTTApIa 16VTa aoREOTiOU
MCV: Méoog epuBpokuTTapIkOG OYKOG
SPTA1: a-oTeKTpivn

MNMpo-amoBnKeEUTIKG Meta-amoOnKeUTIKA

EwkOva A38: ITOTIOTIKA ONUAVIIKEC OCUCXETIOEL HETOEL PEOKOU QUUOTOG, QAMOONKEUUEVWY KOL OVOCOUCTAUEVWY
epuBpokuTTApwY amd €TePOlUYOUG Ylat PB-UecOyelakn avalpia. Ta HETayylolakad Tplywva €0TLA{OUV OTNV OCUWTLKA, TN
UNXOVLKH KoL TNV auBopuNnTn atndAucon UETA TNV in vitro petayylon. H onektpivn deiyvetal wg mapadslypa mAnBoug Sopkwv
MPWTEIVWV oV gpdavicay TG mapanavw ocuvdeoelg (m.x. y\ukodopivn C, aykupivn-1 k.a.).
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Oocov adopd otnv auBopuntn LETA-AMoBNKEUTIKN allpolucn, PpéBnke BeTIkA cuOoXeT(OPEVN UE TNV
oeldwTIKA alHOAuon Twv ¢GPEOKWY Kol amoBnkeupévwy epuBpokuttdpwy. EmumpooBétwg, avadeixbnke éva
OAOKANPWUEVO «UETAYYLOLOKO TPlywVOo» OTN CGUYKEKPLUEVN TIAPAETPO: TA in vivo emineda pwodokpeaTivng fTav
ovaAoyo HE TA avTLOTOLO KOTA TNV amobrkeuon Kot apdotepa spdavilov apvnTikr cOVEECN e TNV ALOAUOoN

TWV avacuotapévwy detypdtwy (Etkdva A38).

H oAkl Kal n €€aptwpevn amd To oUPLKO 08U e€WKUTTAPLEG AVTLOEELOWTIKEG KOVOTNTEG gudavicav
oAAnAoSLocuvdeon HeTaL Twy EMUTESWY TOUG 0To GpEOKO ailpa Kal To mapdywyo (Ewkéva A39). Eniong, ta in vivo
eninedd toucg, KaBWC Kal Ta evdokuTtdpla emineda ouplkol cucxetilovtav BeTikd pe Ta aviiotowa emnineda
ouplKol OTn HovVASa HETAYYLONG. 2TO OUVOAO TOUG OL TPELG QVTLOEELOWTIKEG TAPAUETPOL TNG amoBbrkeuong
Bp€Bnkav 0pvNnNTIKA CUOXETIIOUEVEC HE TN META-amoBnkeuTik efwtepikevon dwodatibulooepivng Kal tnv
napaywyn kKuotdiwv mou tn dpépouv otnv emidpdaveld toug. Mallota, dnpovpyndnkav SUo oAokAnpwuéva
UETAYYLOLOKA Tplywvay, KabBwg ta in vivo emimeda OAIKAG AVIIOEELSWTLKNAG LKAVOTNTAG KOL OUplkoU ATav

anevBeiog avtiotpoda cuvdedepéva e Tov v Adyw peTa-amodnkeutikd ¢pawvotumo (Ewkdva A39).

Anofrkeuan

Mpo-anoBnKeuTika Meto-anodnKeuTikd

TuvTopsUoElg

) ) — —— QeTIKr) OUCYXETION
TAC: Ohikry ewkutTdpia avTiofeidwrikn IkavotnTa (E.AL)

UAdAC: ESuptiopevn ammé To oupikd E.ALL , .
SapTipEn pROEAL e > Apr]TIKn OUCXETION
PS: dwogpanduogepivn

Ewkova A39: ITOTIOTIKA ONUAVIIKEC OCUCXETIOEL HETOEL PEOKOU QUUOTOG, QAMOONKEUUEVWY KOL OVOOUCTAUEVWY
epuBpoKUTTAPWY amd £TEPOlUYOUG YlO B-Hecoyelakr avalpia. To TopOV PETAYYLOLAKO TPlywvo £0TLALEL 0TV e€wTepikeuaon
dwodatidbulocepivng Kal TNV apaywyr KUOTWSLwV ou TtV ekdpalouv PETA TNV in vitro YeTAyylon. To ouplkd oTnV €lKOVA
adopd otov evOoKUTTAPLO UeTABOALTN.

TNV TEPLMTWON TOU TPWTENCWHATOG, TA EMIMESA TNG €veEPYOTNTOCG TUTIOU XUMOBpudivng cuvdéovtav

METAEL TwV TPLWV KpiKwv TNG aAucidag Petdyylong kat oxnuatilav éva oAokAnpwuévo tpiywvo (Ewkéva A40.A). H

EVEPYOTNTA TUTIOU KOLOTIAONG KATA ThV omoBbnkevon eniong epdavile emnineda avaloyo Twv mpo-amodnKeUTIKWY
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KOl ETLMAE0V, OTIWG KAl N evepyoTnTA TUTOU XUMoBpuivng, cuviedTav BETIKA Ue TA LETA-ATIOONKEVUTLKA EMinmeda

KoL Twv dUo evepyotntwy (Etkova A40.A).

Jta avoouotopéva KUTtapa n cucowpsuon ROS petd amd ofelSwTIKO £PEOLOUO, KOL CUYKEKPLUEVOL
Slopidlo, Atav avaloyn tg avtiotowng Téoo MpLv 000 Kal Kotd tnv amodrkeuon (Etkova A40.B). AvtiOétwe, n
mapoucia tupooivng eite oto ¢ppéoko aipa eite ota amodnkevpéva spubsokutrapa Ppédnke avtiotpoda
ouvlebepévn Pe TNV emayopevn amno Stapidlo mapaywyn ROS, tooo os anobnkeupéva 400 Kal OE AVOCUCTAUEVOL

kUTtapa (Ewkéva A40.B).

Anobrikevon
A AnoBnkevo
Tonou
/ KAZN
N Torou X 'P\\
oQ' / o
Q <
%
Oy
o
“
B3
Tonov KAZI‘/
TomouX ——— R=
Npo-anoBnKeuTIKd MeTa-anoBnKeuTkd
———» QeTIKA CUOXETION
Ano@rkeuon 202002020000 —mmm--- » ApvnTiki) GUOYETION
B

ZUVTOUEUCTEIQ
KAZI: Kaomdan
X: ¥upoBpuwivn

ROS: dpaaTikég pifeg ofuydvou

MNpo-anodnKeuTIKA MeTo-amoOnKEUTIKA

Ewkova A40: ITOTIOTIKA ONUAVTIKEG OCUCXETIOEL HETOEL PEOKOU QUUOTOG, QAMOONKEUUEVWY KOL OVOCOUCTAUEVWY
€pUBPOKUTTAPWY ATO £TEPOIUYOUG Yla B-pecoyelakr avatpio. Ta UETAYYLOLAKA TPlywva €0TLA{OUV OTNV TPWTEACWULKN
gvepyotnTa (A) Kal tnv emayopevn ano dtapidlo mapaywyn Spactikwv pllwv ofuyovou (ROS).

Oplopéveg evblodEPOUTEG CUOYXETIOEL TapaTnPAOnKay otV ouada Twv eTePOlUYWY HETAEY TNG in vivo

KATAOTAONG KAl TNG in vitro mpooouolwong tng HeTAayyLong/avaktnong otoug HUeg. Ta enineda tng aubopuntng
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OLUOAUONG TWV OVOOUCTOUEVWY SelyHATwV PpEBnkav apvnTikd ouvledepéva e Ta in vivo emineda ATP,

nuptdolapivng kat dwodoatBavorapivng (Ewkova A41.A). Ocov adopd otlg SUO KUTTAPLKEG UBPAVCTOTNTEG

META-ATOBNKEUTIKA, N UNXAVLK BpEBnke BeTikd cuoxetllOUevn e Ta TpoamobnKeutikad emineda IMP, evw n

OCUWTIKA apPVNTIKA OUCXETL(OMEVN Me Ta avtiotowa emineda poAtolng/coukpolng. Ta in vivo emineda

urto€avBivng epdavicav BeTIK CUOXETLON LLE TNV UETA-ATIOONKEUTIKN e€wTepikevan PS, evw apvnNTLK CUCYXETLON

elyav ta in vivo enineda ATP kal 2,3 81dpwodOyAUKEPLKOU HE TNV Iapaywyr TPoOpoUBWTIKWY KUCTLOLWY Kal TN

Autdikn unepogeidwon, avtiotola, HETA TNV in vitro «petayylon» (Etkova A41.A). TEAog, oL SUO KUTTOPLKEG

g€uBpauoTOTNTEC TWV PPECKWV EpUBPOKUTTAPWV aLpoSoTWY e otiypo BMA mapouciocav aviiotpodn cUGKETION

ME TNV 24wpn avaktnon otoug LUeG-6ékteg (Ewkova A41.B).
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E.2YZHTHZH

Onwc avaAlBnke otnv Elcaywyn tng mapovoag Alatptfig, Ta tedeutaia xpovia €xel £pBeL 0TO TIPOOKNVLO
NG £PEUVAG TNG LETAYYLONG N EMISPACH TWV EYYEVWY XOPOKTNPLOTIKWY TOU ALLoSOTN OTNV OMOTEAECUATIKOTNTA
outng. OL awpodoteg pe otiypa B-pecoyelakng avolpiog (BMA) peAetibnkav ywa mpwtn ¢opd Kol T
gpuBpokUTTapd Toug amodeixbnkav kKaAUtepa 6oov adopd 0TV AmoBNKEUTLKN KOVOTNTA TOUC, EVW Tapouciacav

TIAEOVEKTIKN LETA-LETAYYLOLAKI) ELKOVO OF in Vitro Kol in vivo IoVTEAA LETAYYLONG.

E.1 Npo-amoBnkeutikr) MeAetn (in vivo)

To mpwto otaddlo NG Alatplpr¢ amookomolos oTnV UPECN TOU TTOCOOTOU TWV €TEPOlUYwWVY yla BMA oe
£VOl QVTUTPOCWIEVUTIKO OUVOAO 200 TAKTIKWY OLHOSOTWY, KABwWG Kol 0TN cUYKPLon TIOWKIAWY TIAPAUETPWY TOU
dpEokou alpatog toug pe tov péco alpodotn. Ol etepdluyol dopelg B-pecoyelakng avatpiag daivetol mwg
omoteAoUV PN apeAntéo mMooootd Tou alpodotikol mMANBucpoU tng EAAGSQG, emopévwe eival onuavilkod va
eleyxBel n anodkplon Twv £puBPOKUTTIAPWY TOUG OTO ONMOONKEUTIKO OTPEC KOL N HETA-ETAYYLOLOKN TOUC ELKOVAL.
AtileL va avadepBel MW onUAVTIKA TOoOO0TA £TEPOIUYWVY ALUOSOTWY £XOUV aVIXVEUBEL Kal og ACLOTIKEG XWPES,

onwg n Ivéia (Sundh et al. 2020), n Tathavéon (Kittisares et al. 2019) kat n MoAatoia (Rosline et al. 2006).

Ocov adopd otnv TMPo-amoONKeUTIK) OUYKPLON TOUG HE TOUC OILUOOSOTEG-UAPTUPEG,  APXLKA
eruPBefalwbnkav oplopéva AdnN yvwotd yvwplopata Twv €puBpokuTtdpwv Toug Tou adopolV Kuplwg oTo
OLUATOAOYLKO TOUG TPOdIA, OTWG gival oL YoUNAOTEPES TILEC HEooU epuBpokuTttapikol oykou (MCV) kot péong
epuBpokuttapikng awoodatpivng (MCH) (Sanghani and Haldankar 2006). H eUpeon £upéwg YvVWOTwY
otpatoloykwyv Stadopwv KabLlotd aflomioto to uld PEAETN oUvolo £Tepoluywv Tou €xel ouotabel. Xtnv Sl
Katnyopia yvwpluwv SlodopomolnUévwy  TAPAPETPWY OVAKEL KOl O XOMNAOTEPOC O€IKTNG OCUWTLKAG
guBpauoTtoTNTaG, 0 OMolog £XEL LAALOTO XpnotomolnBel yia Tnv avixveuon tou otiypatog¢ BMA (Mamtani et al.
2006). Map’ OAa aUTA, TO €UPOC TOU CUYKEKPLUEVOU Beiktn BpéBnke auénuévo, yeyovog mou UToSelKVUEL TNV
Umopén e€tepOlUywV HE TLUEC OOUWTLKNAG OLUOAUONG OUYKPIOLUEG HE TOU YeVIKOU TANBuoUoU, eUpnua TOU
Bploketal oe cupdwvia pe malalotepeg peréteg (El-Beshlawy et al. 2007). EmutAéov, ta enineda tng aubdpuntng
QLUOAUONG —TIAPAUETPOC TTIOU BPEBNKE va CUCXETIIETAL [UE TNV OCUWTLKA ALUOAUCN— ATAV CNUAVTIKA XoUnAoTeEpa
oTo MAAoua Twv popéwv. Ta epubpokitrapa popéwv pe otiypua BMA Stadépouv eyyevwe amd ta avtiotolyo tou
yevikoU mAnBuopoul, kabwg mapouclalouv HELWPEVO KUTTAPLKO OYKO Kal auénuévo Aoyo emidavelag:oyko (Gunn
et al. 1972). Niow amd Tov CUYKEKPLUEVO HaLVOTUTIO KpUBETAL 0 peydAo Babuod n TpomomolnUévn opoldoTacn
LOVTWV TIOU TO. Xapaktnpilel, n omoia odnyei otnv £€€060 oouwtikd evepywv popiwv (0. Olivieri et al. 1994). H
£UPECN ONUOVTLKAC CUOXETIONG TWV EEWKUTTAPLWY LOVTWV vaTpiou Kol KOAlou HEe TNV oopwTik euBpauototnta
EVIOYUEL TN OUYKEKPLUEVN UmOBeon. EmutAéov, n mapoTnEOUMEVNn auénuévn e€wKUTTAPLA OVTLIOEELSWTLKA
ovotnta mbavwe va npootatelel TN HeRPBpdvn and ofeldwtikég BAGBeg mou Oa pmopovcav va odnyrnoouv os
AOon, KoBWE Kot TIC MPWTEIVEG ToU MAGOUATOC oL omoleg BpéOnkav Alyotepo ofelbwpéveg. O alobnTd HELWUEVOG

0pLlOUOC CUOYETIOEWY TWV KOPPBOVUALWUEVWY TIPWTEIVWY TOU MAGOUATOC OTNV OHAda Twv eTEpOlUYWV TIOAVWE
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odeidetal ota mpoavadepBévta xapnAd enineda kapBovuliwong, kabwg umopel va «kpUBoUV» OPLOUEVEG
OUVOEDELC /KAl va UTOVOOUV TNV amouciot QUTWV CUYKPLTIKA HE TNV KoTnyopila tou péoou aipodotn. lNa
napadelypa, dev eival omavio va avadelkvuovTal i OXL CUYKEKPLUEVEG CUOXETIOELG avaAoya Le Thv UTapEn f oxL
oUWV oTa emineda TwWV EUNAEKOUEVWY TAPAUETPWY. TEAOG, N eviovoTepn SIKTUWON TNG KAQOTEPIVNG OTOUG
€TEPOlUYOUC, TIPWTEIVN TIOU amoTeAel onUaAvTik poplakn ocuvodo (Satapathy and Wilson 2021), kaBwg kal n
Sladopetikn TomoAoyia tou povoéeldiou Tou alwtou umoSelkvUouv TNV UTIAPEN TPOTIOTOLNUEVNG TIPWTEOCTAONG

Kot Lolaitepou HETABOALOUOU OTA GUYKEKPLUEVO KUTTAPA.

E.2 AmoOnkeutikn Ikavotnta — In vitro MovtéAo Metayylong

E.2.1 Mpodil AwwodAuonc

Toco Kkotd TN OldpKeld NG OmMoBOAKEUONG TOUG Ot oUVONKeG TpAmelag aipotog, 000 Kal UETA TNV
nmpoocopolwon TNG HETAyylong in vitro, Ta gpuBpokltrapa Twv etepoluywv yo PMA alpodotwv emédeléav
EVTUTIWOLOKA avOeKTIKOTNTA 0 AUon. H Statipnon tng eyyevoug TOUG QVTIOTAONG O OCUWTLKA AUON NTAV OXETIKA
OVOUEVOUEVN, KABWE 0 SEIKTNC OOUWTIKNG EUBpOUCTOTNTAG AMOTEAEL MAPAUETPO pe LPNAA TocOOTA avaloyiog
METOED TWV MPO-ATMOONKEUTIKWY, AMOBNKEUTIKWY KAl LETA-AMOONKEUTIKWY eMMESWV TG (Tzounakas et al. 2021b).
EmutAéov, N OOUWTIKA EMAYOLEVN QLUOAUON KATA TNV amoBnKeUON AMOTEAEL ONUAVTIKO TTOCOOTO TNG CUVOALKNG
awoluong (Tzounakas et al. 2017). Onwg avadépBnke kal otnv avaluon tou ¢pEokou aipatoc, £pocov n
etepoluywtia ot BMA amoteAel pia amd TIC ouXVOTEPA OVOPEPOUEVEG MIKPOKUTTOPLIKEG QVOLUIEG, N
avOektikotTnTa o AUon Ba punmopolaoe ev pépel va eEnynBel ammo to pikpdTtepo Péyebocg Kal Tnv LLaitepn yewpetpia
TWV OUYKEKPLUEVWY KUTTOPWV. H egpunvelat autr evioyVUeTal amd Tn CUMMETOXN QLUOTOAOYLIKWY SEIKTWV TOU
urodnAwvouv Oyko/uéyeBog OTo «TPplywvo HETAYYLONG» TNG UETA-ATOBNKEUTIKAG OOUWTIKAG KOL HNXOVIKAG
olpoAuong. MdaAwota, avtiotolyn cuox£ton tou Seiktn avicokuttdpwong RDW €xel Bpebel pe TNV 0OUWTLKA
otaBepodtnta epubpokuttdpwy Stafntikwyv (Knychala et al. 2021). Y& cuxvouc alpodoteg pe xaunAd amnobépata
odnpou kal ¢eppttivng, £xel mopatnenBel PeAtiwpévo amoBOnkeutikd mpodid 6cov adopd otnv ofeldWTLKA
otpoAuon (Kanias et al. 2019), amotéAeopa mou Ba pmopovoe ev pépel va TAapaAAnALoTEL Ue Toug eTepOluyoUC
QLLOSATEG IOV €XOUV in Vivo PelwPEva emineda SeKTWVY apoodatpivng KoL TOUTOXPOVA HKPOTEPN ATOBNKEUTLKN

ETUPPETIELN TWV EPUBPOKUTTAPWY TOUG 0€ 0EELOWTIKA AUoN.

Mpoodatn HEAETN YEVETIKAG CUOYXETIONG OCUVESECE TIPWTEIVEG TIOU CUUUETEXOUV OTNV 0PYyAVWON TNG
£pUOPOKUTTAPIKNG HEUPPAVNG KOL TOU KUTTAPOOKEAETOU, OMwG n {wvn 3, n OMeKTpivn Kal n HUOooivn, HE TNV
OCUWTIKA opoAuon Twv amobnkeupévwy epuBpokuttdpwy (Page et al. 2021). Mpwrteiveg moU avhAKouv ot
CUYKEKPLUEVN KaTnyopia Bpédnkav va Statnpolvtal pe tnv mapodo Tou Xpovou otnv opdda Twv eTepoluywy, o€
ovtiBeon He TOUC MOPTUPEC, EVW EVIUTMIWOLOKO tival To mapddelypa TnG puocivng mou mopoucioos ToAU
vPnAotepa enimeda otnv 6l opdda. MapdAinAa, MpwTteiveg mou pubuilouv TNV evepydTNTA TNE LUOGILVNG, OTTWC
oL Kvaoeg kot n kKoApodouAivn (Mizuno et al. 2008), mapouciacav auénuévn npodcdeon otn HepPpavn Twv

etepoluywv yla BMA. To yeyovog otL ta idla KUTtapa epudavicav ALlYOTEPEC N AVAOTPEWPIUEG TAPAUOPDWOELG UE
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TNV napodo tou Xpdvou amobrkeuong, cUVASEL e TNV AKEPALOTNTA TOUG, KABWC LETABOAEG 0T LEUBPAVN KO TG
OUVOECDELC TNC LE TOV KUTTOPOOKEAETO £XOUV OXETLOTEL e OAAAYECG oTnV epuBpokuTTapikr popdoroyia (Kozlova et
al. 2022). O eeldikeUPEVOC EPUBPOKUTTAPLIKOC OKEAETOG Kol oL TOAATAEC OUVOEOCELC TOU ME T HEUPpavn
ETUTPETEL OTA EPUOPOKUTTOPA VA TIAPAUOPDWVOVTAL OVTLOTPENTA KATA TNV KUKAOodOopia Toug Héoa amo ta oAU
OTEVA TPLXOELON ayyeia, evw MARBOG pHeTaANayWV OE MTPWTEIVEG TTIOU GUUUETEXOUV OTN GUYKEKPLUEVN OPYOVWON
o6nyouv og aloAutika pawvopeva (Risinger and Kalfa 2020). Zuykekplpéva n un-puikn puooivn 1l €xeL cuoxetiotel
ME TNV IKAVOTNTA €AOTIKAG mapapopdwong (A.S. Smith et al. 2018), n omola amoteAel SeikTn TNG OOUWTLKAC
guBpavototntac twv gpubpokuttapwy (Orbach et al. 2017). Epooov oL mpwtelveg Tou okeAeToU ¢avnkav va
ouoyetilovtal PE TO HETA-ATMTOONKEUTIKO OULLOAUTLKO TIPOdIA Kal Twv SU0o KaTnyoplwv alodotwyv otnv moapoloa
epyooia, n Stadopikr) Toug moootnta/otabepdtnta petaly twv SUo opddwv oAU mBavd va cuvdpduel otnv

KOBOALKA avWTEPOTNTA TWV ETEPOIUYWV OTLG TOPAUETPOUC QULUOAUONG.

Mow\ioe Sopikwy TMPWTElVWY eUdavioTNKE OTO «UETAYYLOLOKO TPlywVOo» TNG HETA-OMOBNKEUTIKAG
MNXQVLKAC alpoAuong, os otevh avtiotpodn ocuvdeon pe ta enimeda aoBeotiov in vivo. Méoa oto oUVOAO TwV
povoTaTIwy Kol HeTaBoAwv mou efaptwvtal f emnpedlovial amd Ta Lovia ooBectiou elval n OVILOTPEMTH
«XQAAPWON» TOU KUTTOPOOKEAETOU OTAV TO KUTTAPO SLEPXETAL amd UKpnG Slopétpou ayyeia (Bogdanova et al.
2013), kaBwg kat n dwadopuliwon g lwvne 3 (n omoia BpeBnke auvénuévn otoug etepoluyoug) mou odnyel os
amOSEGHEVON TWV YAUKOAUTIKWY evIUMWV Kol Apa eVEPYELAKN otnplEn tou kuttapou (Chu and Low 2006). Ta
LOVTA aoBECTIOU PImOPOoUV AOLTIOV EUUECWE VO EMLEPACOUV OTN UNXAVLKN oTtaBgpdtnta HEow TNC dAANAemiSpaong

TOUG LE TOV KUTTOPOOKEAETO KoL TN LEUPPAVN.

Mépa amo TOV EVIOXUHEVO KUTTAPOOKEAETO, OO0V adopd OTn UNXAVLKI) eUBPAUOTOTNTA, OTI( CUCYXETIOELG
™G Eexwploe n piezo-1. H ouykekpLuévn MPWTEivn puBULleL TOV OYKO TOU KUTTAPOU HECW UETATPOTIG LNXOVIKWY
epeblopdtwy oe SlapepPpavikn pon katdovtwv (Svetina et al. 2019). Ta pkpotepa epubpoklTTapa Twv
eTepOluywy TUBAVWG va €lval ALyOTEPO ETUPPETI) OE UNXOVLKO OTPEG OTNV KUKAOdopila Kol £T0L va QmaLtouv
MELWHEVN ONUOTOSOTNGCN ATIO TN CUYKEKPLUEVN TIPWTELVN. Ze mpdodarteg PEAETEG N piezo-1 €xeL OXETIOTEL KAl UE
TNV OOMWTLKA aLpoAucn (Page et al. 2021). O poAog tNg w¢ pnxavoolodntpag (KLNXOVIKO OTPEC) Kol pUBULOTAG
OYKOU (OOMWTIKO OTPEG), N CUOCXETLON TNG HE TIG OVTIOTOLXEG ALUOAUOELS, Kal Ta wdlaitepa emimeda OAwv Twv
avadepBEviwy TAPAUETPWY OTOUuG e€Tepdluyoug, TmBavwg va  Pplokovial otn Pdacn NG  EMAEKTIKAG
aAAnAocuoyEtiong Twv 600 KUTTAPLKWY €UBpauUCTOTHTWY OTnV opdda oauth. H evdo-opadikn diadopd oTig
KUTTOPLKEC EUBPAVOTOTNTEG, E Ta avOeKTIKOTEPO EpuBpoKUTIApA TWV B* eTEPOlUYWY Va TTapouoLalouV auEnpévn
pHuooivn Kal petwpévn piezo-1 évavtl Twv B cupmAnpwyvel TIc mapandvw e€nynoslg. Emumpoofétwe, n avénuévn
npoodeon tng unepoéeldooivng-2 otn pepBpdvn Twy B* o oxéon pe Twv B pmopel va cuvEpapEL EPUECWC OTNY
00oUWTIKA avBekTikdTNTa Adyw TNG aAANAeTiSpaonc TN e Ta KavaAla Gardos Kot TNG EMIKELPUEVNC OMOUAKPUVONG

Lovtwv KaAiov (F.M. Low et al. 2008).
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To yeyovog OTL oL TAPAPETPOL algoluong eival xopnAotepeg otoug e£tepoluyoug TOOO KATA TNV
amoBnKeuon 000 KOl LETA-ATOONKEUTIKA €lval LSLaitepa oNUAVTIKO eUpnua. H amoBbnkeutikn atpoAuon amoteAel
plo amod TIg BAOLKEG TIOLOTIKEG MOPAUETPOUG TNG METAYYLONG Kot dalvotumol auoluong €xouv Ppebel OAAEG
dOpEC apVNTIKA CUCKETLIOMEVOL LE LETA-UETAYYLOLOKESG TIOPAUETPOUG. MpwTa art’ 0Aa, n eAeVBepn alpoodatpivn
€xel t™n Suvatdtnta vo Seopelel povoleidlo tou alwtou, Pelwvovtag £tol tn Podlabsopotntda tou. To
OUYKEKPLUEVO UOpLo eival uiotng onuaociog ya TNV ayyeloSLACTOAN, EMOUEVWG N TOTILKY TOU QVEMAPKELD 0dnyel
O€ OyYELOOUOTOAN Kal eA\r) ofuyovwon twv otwv (Kahn et al. 2013). EmumAéov, pmopeil va mpokuouv
dAeypovwOELG avTISPAoELS AOYyW PaLVOUEVWY TOEKOTNTAG apoAuong/owdnpou (Hod et al. 2010). Stnv nmopouvoa
gpyaocia n avuBopuntn Kot N oEedWTIKA QLUOAUCH TWV YNPACUEVWY AmoBnKeUUEVWY puBpoKUTTAPpWY BPEBnKav
va ouoyetilovtol apvnTIKA HE TNV QVAKTNON oOToug HUEC Kal ot dU0 OopAdeg, evw oL 800 KUTTAPLKEG
€UBpOAUOTOTNTEG UOVO OTOUC £TEPOlUYOUC. Avtiotolxn HEALTN amd AANEG €peUVNTIKEG opaAdeg €8elfe mMwg N
OMOBONKEUTIKA KAL N OCUWTLKN alHOAuch €puBpoKUTTIAPWY Ao MOXUOAPKOUC OLUOSOTEG CUVOEETAL OPVNTIKA LE
v emPiwon oe EevoPLwTIKA pHovTEAD petdyyong (Hazegh et al. 2021). H udnAdtepn avtoxr O OCHWTIKA
epebiopata Sivel pla emumAéov duvatdtnta ota epuBpoKUTTOPO TWV ETEPOIUYWV: UMOPOUV VA XPNOLUEUCOUV OE
EVOANOKTLKEG peBOSoUC amoBrkeuonc. Mo CUYKEKPLUEVA, UTIAPXEL Hia KLVNTLKOTNTA P0G TNV EMOVAELOAOYNGN TOU
«katePuypévou aipatog», Paolkd HeOVEKTNUA TOU omolou eival ta auvénuéva emimeda alpoluvong Aoyw
OOUWTIKWV davopévwy kata tnv anoPuén (Henkelman et al. 2010). H kataypadn Twv eTepolUywWV ALLOSOTWV Kall
n emoyn tToug yla evioyuon tou amoBepatog «kotePpuypévou aipatoc» mbavwe vo UMopel va EUVONCEL TN

BEAtiotn Saxeiplon Tou aiparoc.

E.2.2 MetoBoAlopoc kot Ofstdoavaywyko looluylo

E.2.2.1 Evepyeiakoc MetaBoAiouog

Ou etepoluyol mapouciacav AuEnUéVoug PUBPOKUTTAPIKOUG HETOPBOAITEG YAUKOAUGNG avappoika TNg
Klvaong tou mupootaduAikoU in vivo, e €vtovn Tn dpaoTneLOTNTA TOU KUKAOU TwV pwadoplkwy evtolwy KoL TNV
napaywyn avaywywkng duvaung (NADPH). Meléteg oe epuBpokiTtapa amno acbeveig pe BMA aviyveucav upnAa
enineda 2,3-6ipwodoylukepikol (Kuci et al. 2006), kabBwg Kat auénuévn pory otov KUKAO Twv Pwodoplkwy
nevtolwv (Ting et al. 1994). Avrtictolya amoteAéopata, He oUEOPUOULIOHEVA YAUKOAUTIKA €viupa  Kal
TPOTIOTOLNMEVA TAL LOVOTIATLA TNG YAUKOAUONG KAl TV Gwodoplkwv Tevtolwy, £Xouv MPoKUPEL KL aTIO EPEVVES O€
epuBpoPrdaoteg (Leecharoenkiat et al. 2011) kat yoplakég Adxveg (Monni et al. 2019) opdluywv f/kat etepoluywy
vy BMA, avtiotoa. Daivetal Aowmov nwg in vivo oL €Tepoluyol MapoucLlalouV OPLOUEVA XAPAKTNPLOTIKA TTOU
Bupifouv Toucg oudluyoug yo. BMA, touldxlotov 6cov apopd OToV EVEPYELAKO TOUG HETOBOALOUO, Kal LoLaitepa
™V avaywytkn dUvapn mou pocdidel avtlofeldwTiko AeovékTnUa. AUTEC oL Sladopég e Tov Yevikd mAnBuoud
olpodotwy xavovtal Katd tnv anobrnkeuon. Eival yvwotd nmwg eviog TG HovAadag HETAYYLONG MPOoOoSEUTIKA T
epuBpokltrapa mapouoldlouv  YAUKOAUTIKEG OLOTNTEG  avedptnteg Twv emumédwv  ofuydvwong g
alpoodalpivng. Etol, ennpedletal n Baowkn dtakAadwaon mou mpoodidel oto KUTTapo To ToAUTIHo NADPH Kkal

Suoyxepaivetal o ofeldoavaywyiko oolvylo (Rogers et al. 2021). Eniong, pelwvovtal oAU ol petaBolikol puBuol
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Kol glaylotomolovvtal ta eminmeda ATP kat 2,3-6ipwodoyAukepikol (Kuci et al. 2006), ta omoila OpwG
EMAVEPYOVTOL AUECA HETO-UETAYYLOLOKA (Dern et al. 1967, A. Heaton et al. 1989). Qaivetal Aoutdv nMwg n
enidpaon tou amobnkeutikol otpeg «efadavilel» TIC MPOUTIAPYXOUCEC eVeEPYELAKES SLadopeg ot SU0 OpAdEG.
E€aipeon amotedouv ot B° alpuodoteg, ta anobnkeupéva epubpPoKUTTOPA TWV OMOLWV TTAPOUCLAIOUV UELWHEVOUG
gvepyelakol¢ petaBoliteg (voukAsoaidla, popla tou KUkAou Krebs, Autidia) og ox€on e tig aAAeg SUo Katnyopleg
£TEPOIUY WV, TIOPALETPOL TIOU £XOUV Bpebel pelwpéveg o 0po amo opoluyoug yio BMA (Musharraf et al. 2017)

TIVEUHOVLIKA Selypato amo pUeg-poviéla tng aobévelag (Buehler et al. 2021).

MANBo¢ evepyelakwv petaBolitwy avadeixbnkav oTIG CUCKETIOELS e OAOUC TOUG HETA-ATMOBNKEUTIKOUG
daLVOTUTIOUC TWV EPUBPOKUTIAPWY TWV HOPTUPWVY Kal Twv eTepoluywv yla BMA. Ta epuBpokuTttapa to omoia
napouotdlouvv auvénuéva emimeba ATP 1 evlldpeowv TNG yAUKOAuonG mapd thv taxutatn efavtAnon tou
evepyelakol TOUC amoBfpatoc katd tnv oamobnkeuvon, sudavilouv TAeovéKTnUa Ocov adopd OTIC LETA-
OMOBONKEUTIKEG TTAPAUETPOUC TIOU HEeAETAONKaAv. AvtiBEtwe, Oeikteg evepyelakng €€AvTAnong kot PetaBoAlkou
OTPEG, OMwWG To AMP Kal To YaAaKTIKO oV Seiyvouv BeTik cuoXETion Pe GatlvotUToug atuoAuonc Kot oEElOWTLKAC
avioopporiag. Ot evepyelakol petafoliteg £xel SeixBel mwg euvoolV TNV EpUBPOKUTTAPLKA AKEPALOTNTA KATA TNV
amoBnkeuon (Van 't Erve et al. 2015), eVpnua amoAUTwG avopevopevo av AndBsl umoyn n adpBovia StabAwv,
mpwteivwy Slatipnong TG OOUMUETPLOG TNG MEUPBPAVNG KOl QVTIOEELSWTIKWY TIOU oTnpilovtal OTO EVEPYELAKO
amoBepa tou kuttdpou (van Wijk and van Solinge 2005). MdAwta, sotialovtag oto ATP, gpuBpokuttapa e
TIAEOVEKTLIKA eTiMES A £X0UV aUENUEVN BlwolpotnTa peta-petayywowokd (Nakao et al. 1962, W.A. Heaton 1992). Eva
OKON MOPLO TIOU OXETIETAL E TNV EVEPYELA £lval N dwodokpeativn, Ta enineda Tng onoiag BpeOnkav apvnTKA
OUOXETI{OUEVA UE TNV HETO-OIOONKEUTIKA aldoAucn. Népa Tng mpodavou aLTlag TNG EVEPYELOKAG UTIOOTAPLENG
NG KUTTOPLKAC AKEPOLOTNTOC, ELVAL YVWOTO WG TO CUYKEKPLUEVO HOPLO €ival epPBpovo-TipooTtateuTikO (Tokarska-
Schlattner et al. 2012), evw avtioTolxn CUCXETLON TOU HE TNV aldolucon €xel SeiyBel kal katd tnv amobnkeuon

(Alexander et al. 2021).

E.2.2.2 MetaBoAiouoc Mouptvwy kat Ofetboavaywyiko looluyto

OL eyyeveig kal emayopeveg ano Siapidio ROS Bpebnkav xaunAotepeg oTnV opada Twv eTEpOlUYWY KaATA
TO TENOG TNC amoBNnKeUTIKAG TepLodou. Afilel va avadepBel mwg tnv bla xpovikn mepiodo Bpebnke otnv idla
opada pewwpévn efwtepikevon dwodatibulooepivng, emionuaivovtog to poAo tou ofeldwtikol ¢optiou oTo
ouykekplpevo dawvoturo (Yoshida et al. 2019). Nopd to yeyovog T Adyw Tou eyyevoUc ofeldwTikol Toug dpoptiou
e€autiag tng nmepiooelag a-opatpwwv (N.F. Olivieri 1999) 8o avapévape auénuévo ofeldwTIKO oTpeC, LSIKA KoTA
Vv anoBbnkeucon mou to KUTTapo emPBopuveTal MEPETAPW, GAIVETAL TTWG N «EKTIASEUON» TWV CUYKEKPLLEVWV
KUTTAPWV o€ oTaBepd aAAd NTLo 0EELOWTIKO OTPEG in vivo Ta euVoel amoBnkeuTtikd. Oviwg, Ta epuBpoklTIapa TWV
etepoluywv yua BMA eival e€omAlopéva pe auvfopubulopéva avtlofeldwtikd éviupa (Teran et al. 2020), evw TO
TAdopa/uTepkeipevo Twy und e€€taon alpodotwy [oe avtiBeon pe dMeg €peuveg (Selek et al. 2007)] mapouolalet

EVIOXUMEVN €COPTWHEVN TOU OUPLKOU QVTIOEELSWTLKN KAVOTNTA. € OUVOUOOHUO HE TOV TPOTOMOLNUEVO
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METABOALOUO TIOUPWVWY, UE QUENUEVO TO EVOOKUTTAPLO OUPLKO KOl HELWMEVO TO TAPAYWYO OEelSwanG Tou, TNV
aAAavtoivn (Kand'ar and Zakova 2008), ta epuBpokUTttapa Twy etepoluywy kabiotavial avwtepa 6cov adopd oTo
OVTLOEELOWTIKO SUVALLKO, YEYOVOC TIOU QVTIKATOTTPIETAL KOl OTNV EAAXLOTA OEELOWTLKA KOTATTOVNLEVN UEMBPAVN.
MdaAwota, otn pepPpavn Twv etepoluywv PBpilokovtal cuvedepéva MePLOoOTEPA HOPLA AVTLOEELOWTIKWY N
OXETWOUEVWY LE TO OEELOWTIKO OTPEC MPWTIEIVWY, OTWG €lval N petadopdon tng yAoutabewovng (Strange et al.
2001) kat n adudpoyovaon tng 3-pwodoptkng YAukepaAdelidng. H tedeutaia katd tnv anobrkeuon YetatomnileTal
otn PepPpavn HeTa amd ofeldwTLKA TPOMOoToinon Kol €uvoel tn pon YAUKOING otov KUKAO Twv ¢dwodoplkwv
nievtolwv (Rinalducci et al. 2015), evw £xeL Bpebel va umnepekdpaletal os epuBpoPAdoteg opdluywv ya BMA
(Leecharoenkiat et al. 2011). O emBAaBng poAo¢ twv a-aAucidwv odalplvng avadelkvUeTal UETA amd tnv
KOTnyoplomoinon twv etepoluywv o€ umo-opadeg: ol B* mou xapaktnpilovtal amod pkpr nepioosla a-oAucidwyv
eudavilouv yoaunAotepeg ROS oe oxéon pe toug BY, kabBwg Kal Pelwpévn TpOodeon MPWIEIVWV-OEIKTWY
ofeldwtlkol OTPeG OTn HeUPPAVN TOUC. TO EVIOXUUEVO QVTLOEELOWTIKO TOu¢ clotnpa mBavwg dev €xel va
OVTLUETWTTIOEL Ta 18La emimeda ofeldwTtikol oTpeg pe TNV deltepn UTto-Katnyopia. EmumA£oy, Petd and enidpaon
pe dawvuludpalivn, n omola otoxeVel TV dlpoodalpivn, To epubpokUTTOPO TTOU TIAPAYoUV Tieplocotepeg ROS
elval autd Twy B*, £nMelta Twv HapTUPpWV Kot TEAOG Twv B, amodelkviovtag yla akoun pia ¢opd thv Tautoxpovn

Spadon tng nepiooslag a-alucidwv Kal Tou avwTepou avtlofeldwtikol Suvautkou.

MNépav Tou METABOALOHOU TWV TIOUPLWVWY, SLOPOPOTOLRCEL TapaTNPNBNKav Kal o HEUPPAVIKOUG
petadopeic mou oxetilovral pe autov. MNa mapddelyua, o epubpokutTaplkog petadopéas voukAeooldiwv ENTI
TIou BpEOnKe UELWUEVOC OTIC HEUPBPAVES TwV eTepOlUywV eival amapaitntog yia thv mpocAndn voukAeooldiwy
oo tov e€WKUTTAPLO XWPOo. O CUYKeKPLUEVOG peTadopiag £xel Ppebel pelwpévog Kat oTig pepBpavec a.cBevwv pe
Spemavokuttaplky avawuio (Song et al. 2012), kaBwg Kal os dtopa pe avendapkela G6PD (Al-Ansari and Craik
2015). 2e epuBpokuTTapa ou Sev Tov ekdpalouv €xel mapatnpenOel tpomomnolnuévn dpwodopuAiwon cCUCTATIKWV
TOU KUTTAPOOKEAETOU Kol TG HEUBpavng, KabBwe Kal HeTABOAR TOU KUTTOPLKOU OXNUOTOG KOL TNG LKAVOTNTAG
napapopdwong, xwplig va emnpealovtal ol dsikteg atpdluvong (Mikdar et al. 2021). Napd tnv VYPLOTN onuocia Tou
ENT1 yia to petafoAlopo tou epuBpoKkuTTApOU, N LELWHEVN TOoU ékdpacn Ba propolos va amoteAel TAgoOVEKTNUA
oocov adopd otnv ehovooia. Exel deixBel mwg to mMAaouwdlo tng elovooiag s€aptdtal and tnv mMpocAndn
moupwwyv péow tou ENTL tou &eviotn yla va avarmntuxBet (Quashie et al. 2010). MdAlota, to MAacpwsLo in vitro
Sev elval 18laitepa avOekTiko ot 0EeldwTLKO OTPEeG (Preuss et al. 2012), evw n evepyotnta Tou petadopsa ENT1
OVOOTEAAETOL HETA amo ofeldwTlkO epeblopa ota epubpokuttapa (Gero et al. 1991). To yeyovog OTL O
OUYKEKPLUEVOG UeTadopéag £xel Bpebel pelwpévog 0 OUASEG TTOU TTAPOUCLAlOUV aVBEKTIKOTNTA OTNV gAovooia
KoL Tautoxpova xopoaktnpilovtal amo éva eyyeveg auénueévo ofeldwTIKO OTPeG Tou Ba pmopoUos va LELWOEL

niepetaipw tn Asttoupyla tou ENT1, evioxUel tn onuacio tou otov KUKAo {wng Tou mAacpwsiou.

To oelboavaywylkd Loollylo, OTWE Kol TO EVEPYELAKO, BPEBnKe va cuoxeTiletal He OAOUC TOUG HETA-
omoBnkeuTIkoUC datvotumoug Kal ot SUo Katnyopieg ayuodotwv. To ofeldwTkd otpeg KpUPeTOL Tiow oMo

TANBo¢ amoBnkeutikwyv PAapwv (Kriebardis et al. 2007, Yoshida et al. 2019), evw ta avtlOEELSWTIKA LOPLA TWV
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amoBNKeVPEVWVY EpUBPOKUTTAPWY EXOUV CUOXETLOTEL LE TNV 24wpn avaktnon os pues (de Wolski et al. 2016). Ta
TIAPOVTO QIMOTEAECUATA £PXOVTAL EMOMEVWE O cupdwvia pe tnv undapyxouvca PBipAoypadia. To evdokuTTdpLo
ofeldwtikd doptio dpaivetal va oxetiletal pe mo eVBpavoTa KUTTAPA, EMIPPENESTEPA O OEELOWTLKEG BAGPEG Kall
pe TNV e€wtepikeuon SelkTwv amopdkpuvong. Ovtwe, oL 0€elOWTLKEG PLleg TOU TOPAYOVTAL KATA TNV amoBnKeuon
TwV epuBpokuTTApWY BAATTTOUV BACIKA SOULKA KO AELITOUPYLKA CUOTATIKA OSNYyWVTOC O€ HELWON TNG LKAVOTNTAG
gehaotikng mapapopdwong (Fortier et al. 1988, Orbach et al. 2017) kat oe efwtepikevon pwodatidburooepivng
(Yoshida et al. 2019). Ytnv opdda Twv €TePOlUYWV N ETIPPEMELD O OEELOWTIKN AUGCN TPV i KATA TN SLAPKELA TNG
amoBnkeuong daivetal va «OUUPETEXEL» €V UEPEL OTN HETA-AmMoBNKeUTIKA otpoluon. H ofeidwon 1tng
awpoodalpivnG oxetiletal YUe TNV KUTTAPLKA YAPAVON, TNV OMWAELA SOULIKNG QKEPALOTNTAG, KAl EMOUEVWC, TNV
awoluon kata tnv amnobnkeuon (Kanias and Acker 2010). Afilel. va avoadepBel, mwg n apxlka BTk Kal
T(POOSEUTIKA APVNTLK) CUCXETLON METOEU TwV amobnkeuTikwv ofeldwtikwy dektwv (r.x. ROS) kol tng peta-
OMOBONKEUTIKAG TPWTENCWHULKAG EVEPYOTNTAC, UTIOOTNPILEL TNV UTIOBEDN TNG LKOWOTNTOC TOU TPWTIEACWHUATOC Val
ovTueTwrtiel To oeldwtikd doptio (Fujii et al. 2021), al\d kat va «TipooBaMAetaly anod autd (Delobel et al. 2016).
Ta in vivo eninedo PeETABOALTWVY TIOU EUTIMTOUV OTNV aMAUivwon TwV TIoupwvwy, Omwe to IMP kot n untofavoivn,
Bpebnkav va emdpolV apvnTika (Kal ETIAEKTIKA 0TOUG ETEPOIUYOUC) OTN UNXAVIKH oTaBgpotnTa Kal tnv epdavion
SEIKTWY amopdkpuvong otnv enudpavela Twv epuBpokuttdpwy, avtiotowya. To evbokuttdplo IMP £xel cUOYETLOTEL
oto mopeABoOv pe tnv amobnkeutik atpoAuon (Alexander et al. 2021), evw n umnofavBivn amoteAel Blodeiktn
MELWHEVNC UETO-UETOYYLOWOKAG avaktnong (Nemkov et al. 2018). To yeyovog Ot ta emineda Twv 2 peTaBoAltwy
StadEpouv in vivo petaf Twv SUo opuadwv Uropel va e€nyel TNV eMIAEKTIKY) CUCXETLON, KABWG UImopel va uTtapxeL
Kamola oudog emumédwv mou odnyel otnv euddvion g olvdeons. Itov avtimoda, MAROOC avtlofeldwTikwy
popilwv ¢daivetal va Spouv MPOOTATEUTIKA, KOBwC CUOXeTI{ovVTal E EUVOIKO TPOTIO HE TIG UETO-OMOONKEUTIKEG
napapérpouc. H avtiotpodn cuoyétion g unepoelddong tng yAoutabelovng pe tnv alndAuon, Kabwg Kot Tng
€EWKUTTAPLAG AVTLOEELSWTLKNAG LKAVOTNTAC E TN CUCCWPEUON ROS KAl MNKTIKWV KUOTLOLWY, £xouv deLxBel kat kKatd
v anoBbnkevon (Tzounakas et al. 2018, Stolwijk et al. 2021). ®aivetal, Aoutdv, mwg n BTk Toug enidpacn
ouveyiletal kol peta-amodnkeutikd. Afilel emiong va avodepbel OTL MPWTEWMLKS OVAAUCN Ot ALUOSOTEC TOoU
napouctdlouvv vPnha emineda amoBnkeuTIKAG alpoluong €xel avodeifel peiwon os pPePPpovoouvOeEOUEVES
TMPWTEIVEG TTOU oxetTilovtal PE TNV OVTLHLETWTTLON Tou ofeldwTtikou otpeg (D. Chen et al. 2017). Ocov adopd otnv
eEwKuTTApLa avTLOEESWTIKN tkavotnTa, pali pe to evdokuttdpla enineda ovptkol, Snuovpynoav (LOVo oToug
€TEPOIUYOUG) €va  OAOKANPWUEVO  KUETOYYLOLOKO Tplywvo» WeE TN MeTO-omoBnkeutik efwtepikeuon
dwodatibulooepivng oe kUTTAPA Kol KUOTISLO. AVTIOEELSWTIKA UOPLO TWV amoBNKeELUEVWY gpUBPOKUTTAPWY
Bp€Bnkav emiong BeTik& CUCKET{OMEVA LIE TNV MPWTEACWLKI EVEPYOTNTO TWV OVOCUCTOUEVWY KUTTAPWY, KUPLWC
otoug eTepboluyouc, avadelkviovtag pia blaitepn SlaocUvSeon Tou avTLOEELSWTLKOU KAl TPWTEOCTATIKOU SIKTUOU

OTn CUYKEKPLUEVN opada, n omoia Ba avaAuBel S51e€ob1kd ot cuvEyeLa.
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E.2.2.3 MetaBoAiouog Apyvivng, Bitauivng B6 kat Mukoloutvwy

Tooo TpLy, 600 Kal KATd T SLApKeLa TNG amoBnkeuong oe cuvBnkeg Tpamnelag aipatog, Ta epubpokuTTapa
TWV €TEPOlUYWV OLUOSOTWY EUPAVIOAV TPOTOMOLNUEVO UETOPOAIOUO Qpywvivng HE HELWHEVN apylvivn Kol
kpeativn koL auénuévn acOUUETPN SL-p€Bulo-apyvivn Kot aketuAo-omeputdivn. Tig mapandvw SladopomoLr oL
£PXETAL VO CUUTANPWOEL N auénuévn apywvacn-1 otic pepBpaves tTwv etepoluywv atpodotwv. H apywaon-1
ovtaywviletal ™ ocuvBaon tou povofeldiou Tou alwTou yla TO KOWO TOUG UTOCTPpWHA, TNV apywivn. To
povoteiblo tou oalwtou elvol amapaitnto ywa TNV oyyelodlaotoAy otnv  KukAodopia, EMOUEVWG N
BlodlaBeopodtnTad Tou eival vdpiotng onuaociag (Moncada and Higgs 1993). O petaBoAlopdg tng apywvivng sival
Tpomomnolnuévog otoug aobBeveic pe BMA. MdaAwota, KaBwg TMPOKELTOL yla Mia alMOAUTIKN avadio, otav ta
epuBpokUTTapd AVovtal, ameAeuBepwVETAL apywvdcon n omoia PeWveL Tn Blodlabeoipudtnta Tng apywvivng Kat
EMOUEVWG Suoyepaivel TNV ayyeloSLaoToAr, 06NYWVTOG KON Kal 0 TIVEUUOVIKA uTtéptaon (Morris et al. 2015).
ErmutAéov, n apywdon twv BoAacoaliikwy, OMwWE Kal TwV ooBevwy pe SPEMOVOKUTTAPLKN avolpia, Tapouclalest
auv&nuévn evepyotnta (Reynolds et al. 1957, Morris et al. 2005). Evtog tng opddag twv €tepoluywv n opyvivn
BpéBnke mpoodeutikd xapnAotepn Eekwvwvtac amd Toug B kat katalfyovracg otouc B, evw n apywdon Atav
MELWMEVN OTn HEUBpavn Twv B** oe oxéon pe Twv B*. Katd to e€aptwpevo amod To ynpog ofeldwWTIKO OTPEC, TA
enineda NG apywaong-1 auvéavovral os {wika povtéda (Pandya et al. 2019), emopévwg kat' avtiotolyia, to
€€0pTWHEVO a0 TG A-0PALPIVEG TIPOOSEUTIKO OEEIOWTLKO OTPEG Bal UMOPOUCE VO CUPUETEXEL OTOV SLadopLko

METAPBOALOUO TNG apyLVivng EVTOC TNG OHASAC.

Awadoporotnuévog Bpebnke kat o PeTaBoAlopog tng PBitapivng B6 otnv opdda twv etepdluywv. Ta
enineda nuptdoauivng Bpédnkav auvénuéva toco TpLy, 600 Kal KOTA TN StdpKela TNG anobrnkeuong otnv opdada
Twv eTepoluywv. Exel Bpebel nwg o petaBoAiopog g muptdofapivng €xel pelwpévo pubuod os etepoluyous yla
BMA, Aoyw TG XauNnAoTepng evepyotntag tng oteldaong tng nuptdolapuivng (Clements et al. 1981), n omoia odnyel
oTNV apaywyr tg —eAaTtwpévng ota Selypatd pag— dwodopikng muptdofdAng. MaAiota, n avénon tou pubuou
pEow xopnynong plBodAafivng, odnyel oe mapaywyr oAwkng awpoodatpivng (B.B. Anderson et al. 1979). H
LOLALTEPOTNTA TWV ETEPOIUYWV OTO CUYKEKPLUEVO LOVOTIATL PpailveTal va Toug Sivel Eva TAEOVEKTN O OMOBNKEUTIKA
KOl LETA TNV in vitro petayylon. H mupldofauivn €xel SeiyBel mwg avaotéAAeL TNV ofeldwaon TG LEUBPAVNG KaL TN
peiwon tng evepyodtntag tng ATPaong Na*/K* (Jain and Lim 2001) og gpuBpokUTttapa mou nmpocouoldlouy ekeiva
Twv Stafntikwy. Tautoxpova, cUYXPoVeS LEAETEC utooTnpPilouv we to LPNAG emtimeda yAUKOTING OTO CUVTNPNTIKO
Slahupa Tng povadag petdyyong odnyolv os datvotumoug (Lblaitepa ota mio ynpaopéva KUTtapa) mou Bupilouv
gpuBpokUTTapa dtapntikwy (Livshits et al. 2021). uvSualovtag ta mapandavw, Oa propovos va BewpnBel Aoyikn
n ouoxetwon tng mupldofapivne twv omobnkeupévwy €puBpoKUTTAPWY HE SLAPOPEC HETO-AMOONKEUTIKEG
TIAPAPETPOUC KOL TWV SU0 KOTNYOPLWY ALLoSoTwY, KABWE KAl TwV in vivo eTméSwy TG KE TNV aloAucn povo oe

ovaouoTapévo KUTTapa eTepOlUYWV.
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To teleutaio povomdrtt mou BpEBnke Tpomomnolnuévo otouc dpopeic BMA rtav autod Tov YAukolapvwy. Evw
TO TEALKO apaywyo, SnAadn n UDP-N-akétulo-yAukolapivn, Bpebnke pelwpévo, NTav avtiotpodn n eKoOva Twv
MPOSPOUWV HoplwVv Tou. TO CUYKEKPLUEVO LOPLO XpNoLpomoleltal amd YAUKO(UA-TpavodepAoeg yla tn petadopd
UTIOAELUUATWY N-0KeTUAO-YAUKOLAUIVNG O UTMOOTPWHOTA, HE OKOTO TNV Tapaywyr) YAUKOIOULVOYAUKOVWY,
TPWTEOYAUKAVWVY Kal YAUKOAUTSiwv. To mapdv glpnua umovoel eite tnv unepPoAikn katavaAwon tng UDP-N-
akE€tuAo-yAukolapivng, eite Tn pewwpévn olvBear TG AOYW KATOLOG MOPEUTOSLIoNG ota TeAsuTaia otadla Tou
povomnatol. MBavwg o Juyog va yépvel tpog tn Seltepn €€nynon uag kat (a) €xouv Bpebel pewwpéva enineda
vYAUKOTUALWPEVWY Hopiwv Tou Ppépouv N-akéTuAo-yAukolapivn otn pepBpavn acBevwy pe B-Balacoatpia (Basu
et al. 2008), kat (B) n CUYKEKPLUEVN UETA-UETADPACTLKN TPOTOMoinon €ival dlaitepa Kowr oTLG MPWTEIVEG TOU
Plasmodium falciparum (oto omoio eivol avBektikol ol etepoluyol) PETA TNV €l0060 TOU OTOV £EVIOTN

(Kupferschmid et al. 2017).

E.2.3. Mpwteootoon

AvefaptAtwg 60TN, N MPWTEACWHULKI) EVEPYOTNTA TOPOUCIOOE TO (6L0 XPOVLKO MPOTUTO, E TIPOOSEUTIKN
MElwon O0TO KUTOOOALO KOlL TTPOOWPLVH auénon otn HepBpavn oto HECO TNG amoBnKeUuTIKAG eplodou. Mapouotla
katavoun £xel dexBel kal oe amobnkeupéva epubpokUTTapa alpodotwy pe avendpkela G6PD (Tzounakas et al.
2022b), umovowvtog pia PETATOMION N EVEPYOTIOINGN UEUBPAVIKWY TIPWTEACWHATWY Ttepimou tnv nuépa 21. H
OUYKEKPLUEVN XPOVLKN OTLYUN €lval Baoikr yia TARB0o¢ aAAaywV TIOU TTapatnpolVTaL KATA TNV amoBnKeuon, Onwg
elval n cuoowpevon Spaoctikwv pllwv ofuyovou (Tzounakas et al. 2021a) kat n eMovVadIKTUWGCN TOU UETABOALCUOU
(Reisz et al. 2016), emopévwe Sev eival kaBolou amiBavo va eival e€icou onpavtiky yla tn puBULWON TNG
AELTOUPYLOC TOU TPWTEACWHOTOG. XTOUG ALUOSOTEG PE avemdpkela G6PD, TO MPWTEGCWUA UETAVOOTEVEL OTN
peuBpavn pall pe mpwrteiveg «EmbLOpOwong 1 Kataotpodrc», cupmepAaUPBAVOUEVWVY AVTLOEEOWTIKWY VIV WV
Kol poplakwyv cuvodwv (Tzounakas et al. 2022b). Ztnv napoloa epyacia, avtiotolyeg cuvSEoeLg BpEOnKav LETALY
TOU HEUPBPOVIKOU TIPWTEACWHATOS KOL TTPWTEOOTATIKWY MPWTEIVWV Kol 0TI SU0 opAdes. TOOO MPWTEWIKES, 600
Kol BloxnUikeéG avaAloelg dpaivetal va avadelkviouv yla AAAn pia ¢opd Tov KEVTIPLKO pOAo TNG HeUPBpdvng otn
pUBULON TNG EpUBPOKUTTAPLKAG opoLlooTaonG (Bosman 2016). H mpwtedotaon eival Wblaitepa onuavTikn ylo ta
epuBpokUTTapa Aoyw tng aduvapiag Toug va ouvBEooUV VEEC TIPWTEIVEG, emopEvVwe dev mpofévnoe EKMANEN TO
YEYOVOC OTL TO TMPWIEACWHA, O OUVOUAOMO HE TANBOG MPWTEIVWV TOu ouotnuatog «Embdidopbwong n
Kataotpodrc», Kupldpxnoav oto TPWTEIVIKO Plohoykd Obiktuo. e mpwteivikd aAAnAemiSpoowpata
(interactomes) AMwv epeuvnTIKWV opadwv €xel opoiwg avadelyBei n kevtpikr B£on tng mpwtedotaong (Goodman
et al. 2007, D'Alessandro et al. 2010, Sae-Lee et al. 2022). Muag kol To epuBpPoKUTTOPO UTOKELTAL OE £VIOVO
ofeldwtikd otpeg, Ta uPnAdtepa enimeda tou 20S mupAva os ox€on UE TO OAOEVIUUO TOU TIPWTEACWHATOC (Sae-
Lee et al. 2022) mBavwce €nyouivtal arnd To yeyovog OTL elval LSLaitepa avOEKTLKOG QMEVOVTL OTO OEELOWTLKO OTPEG
(Reinheckel et al. 1998), aA\d Kol OMOTEAECUATIKOC 6oV adopd otnv amodouncn ofeldWUEVWY TPWTEIVWY
(Davies 2001). To évoucpa yLa Tn LETATOMLON TOU TPWTEOCTATIKOU UNXaviopol otn pepBpavn mbavwe vo divetal

arnod TN cUCOWPELON OEEOWTIKWY BAABWV Kal TNV MPOoKOAANGon amoSleTaypévwy/ofeldWUEVWY TIPWTEIVWY oTN
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peuBpavn (Antonelou et al. 2010b, Reisz et al. 2016, Wither et al. 2016). Map’ 6Aa autd, 6co emPaplveTal To
TIPWTEWLA TOU EPUBPOKUTTAPOU LE TNV TIAPOS0 TOU XpOVou amoBbnkeuong, BAAITETAL KAl TO (510 TO MPWTEACWUQ,

KL £TOL TapaTnpeital mTwon otn pepBpavikn tou evepyotnta (Delobel et al. 2016).

Ta epuBpokuttapa pe otiyua PBMA euddavicav Katd TNV omoBnKeuon EeVIOXUMEVN HEUBPOVIKN
MPWTEOOTACN, TOCO AOYyw TNG QUENUEVNC TIPWTENCWHLKAG €vepyOTnTag, 000 Kal tng &féoueuong poplwv
MPWTEIVIKOU €Aéyxou otn HePBpavn toug. OL poplakég cuvodol €xouv tn Suvatrdtnta vo Slatnpouv Tnv
TIPWTEOAUTLK €VEPYOTNTO TOU Mpwteoaowpato¢ (Conconi et al. 1998), kAtL mou cuvadel Pe TNV aAu&nuévn
TIAPoUCia TOUG OTn HEUBPAVN TwV €TEPOlUYWV KAl TNV TAUTOXPOVN OETIK CUCYETLON TOUG HUE TN UEUBpaviKi
TIPWTEACWHLKN evepyotnta. KabBwg avtiotolyo mpdtumo, pe uPnAotepa emimedo MPWTEACWHULKNAG EVEPYOTNTAL,
Bp€bnke kal ota KUTTAPA TWV AloSotwv MPe avemdpkelo G6PD (Tzounakas et al. 2022b), Ba umopouoe n
OCUYKEKPLUEVN evioyuon va amoTteAel mpooappoyr TwV CUYKEKPLUEVWY EPUBPOKUTTAPWY 0TO OTOOEPO 0EELBWTLKO
oTpeg ou Buwvouv in vivo (Fujii et al. 2021), kot va avadelkvOeTaL KATA TNV arnobrkeuon mou xapaktnpilletal ano
uPnAo ofeldbwtikd dopTio, HE OKOMO TNV MpPootacia tng HeEUPpavng. Oviwg, n mapoucio Tou GUUMAOKOU
npwteodotaong daivetal va €xel Betikn emidpacn otnv opdda Twv £TEPOlUYWV, MLAG KAl N MEUPPAVN TOUG
TOpoUGCLAleEl UEWWMPEVN TIPWTEIVIKA KapPBovuliwon. MdaAwta, os mpodpoua KUTTapa P-OaAACOOLULKWY E£XEL
napatnpnOel unepEkPpacn MPWIENCWHLKWY UTIOPOVASWY HE OKOTIO TNV amocuudopnon omo T aAuoideg a-
odatlpivng (Khandros et al. 2012). Auvénuévn evepyotnta £xel Bpebel kal oe epuBpokuttapa acBsvwv pe
Spemavokutrapkn avatpia (Strader et al. 2020), kaBwg Kal og epuBpokUTTOPA TTOU UdioTavral ofeldwTikr) BAGBN
(Abi Habib et al. 2020). Evtog tng opadag Twv eTepOlUywy, EVIOXUUEVN BpEOnKe N mpwTtedoTAON OTA KUTTAPA TWV
B* kal B° oe oxéon pe ekeiva Twv B, amotpénovtag TNV eUPAavion MePLocOTEPWY HEUBPOAVIKWY BAABWV AOYW TwV
oAuoidwv a-odatpivng. Eikd ota epubpokutropa Twy B mou napouciacav uPnAéc ROS, o ofeldwtikd otpeg be
petadpaotnke oe umepPolikr emiBapuvon tng HepBpavng kat Avon, avadeikviovtag Eava tn Asitoupyia tou
TIPWTEACWHATOC OTNV anocupudopnon amod Tig eAsUBepeg aAuoideg a-odalpvwy. NMopoTL Kol 0ToUg eTEPOlUYOUS
KOL OTOUG UAPTUPEC TO MPWTEACWUA BpEBnke oTNV KAPSLA TOU TIPWTEIVIKOU SIKTUOU CUVEEOUEVO LE LOPLOKEG
ouvobolg, avtloeldwTIKA HOpLa Kol €viupa Tou evepyelakol HeTOPOAlOUOU, oL OUVOECELC QUTEG ATAV
TEPLOOOTEPEG NON amo tn pépa 7 oto SiKTuo Twv MPWTwV. MNapopolo EVIoXUUEVO £xel BpeBel Kal TO MPWTEIVIKO
OAANAETUE POCWHA TWV EPUBPOKUTTAPWY AoBeVWY PE SPEMOVOKUTTAPLKY avatuia (Ammann and Goodman 2009).
H anwAegla autAg TG MoooTIKAG dladopacg HEXPL TO TEPAC TNC ATIOBNKEUTIKNG TIEPLOSOU, UTTOSNAWVEL VLA OKOLN
ploa dpopd TNV «mpodiabeon» Tou Xopaktnpilel T €puBpOKUTIAPA TWV €TEPOlUYWV Ocov adopd otnv

QVTLUETWTTLON TIPOCOETOU 0EELSWTIKOU, IPWTEOTOEIKOU KL EVEPYELOKOU OTPEG.

Mépav tTNG MOOOTIKAG acupdwviag, avadeixBnkav Kol oplopéveg Sladopeg os EMIUEPOUG CUVOETELC, Kall
paAlota pe mpwteiveg mou Slad£pouv MOoOTIKA OTLE U0 OPASeG. OL TPWTENCWHULKEG EVEPYOTNTEG TWV ETEPOIUYWV
Bp€OnKav cUoXETIIOUEVEC UE LOVTLKA KaVAALY, amotéAdeopa mou mbavwe xpnlet mepetaipw perétng Sedopévng tng
CUHUETOXNG MPWTENCWHLIKWY HOVOTIOTLWY 0Th puBULoN Kal tnv emidavelokn ékdpoon LOVIIKWY KovaAlwv (Abriel

and Staub 2005). Ma nmapddelyua, n cUVEECN TOU MPWTEACWHATOC LE TNV piezo-1 Ba UmopoUoe va UTIOVOEL TN
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onNpaoia TNG EVIOXUUEVNC TIPWTEOCTACNE OTN UNXAVLK avTtoxn Twv BMA etepoluywv epuBpokuttdpwy. Exel OvVIwg
SexBel mwe n pnxavikn éktaon (stretch) onuatodotel tnv amodopnon tng piezo-1 amd to MPWIEACWHA OF
evboBnAlakd kUttapa (Miroshnikova et al. 2021). Emhektiky cUvbeon mopouciooce kol n apywaon-1 pe to
TPWTEACWHA TWV ETEPOTUYWV. H avtaywvioTikn tng Spdon pe tnv ocuvBdon tou povoelbiou tou alwtou, Pe ThY
evboBOnALakn Aettoupyia tng onolag €XeL OXETLOTEL N MPWTEACWULKN evepyotnta (Wei and Xia 2006), Ba pmopouoe

va eUBUVETOL YLOL TN CUYKEKPLUEVN oUVEEDN.

To amoBNKeUTIKA EMIMESO MPWTEOCTATIKWY Hopiwv BpéBnkav va cuvdEovtal eUVOIKA PE TNV 0EELBWTLKNA
OLpOAUoN Kol TN cucowpeuon ROS PeTA-amoBNKeUTIKA OTO in vitro povtélo petdyylong. Eniong, epdadvicav evéo-
OUOXETIOELG Kal oTlg SU0 OpASEC, YEYOVOC TIOU UMOPEl UEPLKWE va altlohoynosl tn diatipnon twv vPnAwv
ETUMES WV TIPWTEACWLKIG EVEPYOTNTAG OTA AVACUOTAPEVA EpUBpoKUTTApPA TWV ETEPOTUYWV yia BMA. Av AdBoupe
umodn oAokAnpn tnv alucida petdyylong, mapatnpeital MPWIEACWLKN SloThpnon Kupiwg otnv opdda twv
etepOluywv n omoia xapaktnpiletal anod wyupn npwtedotoon. Exel SeiyBel mwg napouasia ofeldwtikol oTPES, N
£€kBeon ubpodoPwv apwvoléwv otnv alpoodalpivn daivetal va mupodotel TNV MPwteOAuor TNG OO
npwteaowpoata (Pacifici et al. 1993, Abi Habib et al. 2020). H evtunwolokr TPWTEGCTACH OTNV OHAdA Twv
£TEPOlUYWY, O POAOG TNG OTNV QVTLUETWILON TNC ofeldwpeévng alpoodatlpivng kat ot (mapovoeg Kat otig Suo
OMASEC) OUVOEDELG TNG LE TNV OEELOWTIKN AUGCN UETA amo in vitro Petdyylon, Ba pmopoUoe va euBUVETOL EV HEPEL

ylaL TN UETO-0MOBNKEUTIKA LELWUEVN OEELOWTLIKN aludAucn ota epuBpokuTTapa He otiypa BMA.

E.2.4 EpuBpokuttopikr) MopdoAoyia — Kuotidlomoinon

Ta epuBpokUTTapa Twv eTepoluywy alpodotwy dlatipnoav oe Peyaho Babud tn popdoloyla Toug Katd
™V anobnkeutikn mepiodo. Elval yvwoto MwG KOTA TNV TIOPOEOVH TOUG EVIOG TNG MOVASOC HETAYYLONG Ta
epuBpokuTTapa epdavilouv dAAOLWOELS OTO GO TOUG, TO0O AOYW OAAAYWV OTO HEUBPAVLKO SUVAULKO, 60O Kal
AOYW TNG eKTETAUEVNG KuaTLSLomoinong (Antonelou et al. 2012, Blasi et al. 2012). EmumA€ov, €xel delxBel mwg Ta pn
avaotpéPung mapapdpdwaong epubpokutrapa (opatpoklTrapa, opalpOEXIVOKUTTOPA, 0DALPOCTOUATOKUTTAPA)
elvat Alyotepo avBekTIkd otnv oopwTIKN Katamovnon (Wallas 1979, Hogman et al. 2006) kat tn Abon (Melzak et al.
2021), mapatApnon TOU OUVASEL HE TIC AlyotepeC OANOLWHEVEC HOpdEC oTa avBekTIKA ot opoAuon
amoBnkeupéva epuBpoklTTapa Twv etepoluywv v BMA. Kotda tnv amobnkeuon, Bloxnuwol kat ¢uotkol
napayovteg sublvovtol yla avasSlatdel; otnv opyavwon tou epuBpoKUTTAPOoU, SLATAPACOOVTAC TG OXEOELS
HeTafl KUTTaPOOKEAETOU — pepPpavikng emiddvelag — popdoloyiag (Sherstyukova et al. 2021, Kozlova et al.
2022). H 8LatApnon Twv eMUMESWV OPLOUEVWV KUTTOPOOKEAETIKWY TPWTEIVWY, cupmepAapuPavopévng tne
OTEKTPLVNG, oTa amobnkeupéva epuBpokUTTAPA TWV ETEPOlUYWV yia BMA, miBavwg va cUUBAAAEL OTNV avto)r o€

HOPPOAOYLKEG AANOLWOELC.

Ta KUOTISLO TIOU CUCOWPEUTNKAV OTL( HOVASEC HETAYYLONG TwV €TEPOlUYWV OLUOSOTWY KATA TNV
amoBnkevon, xopaktnpilovtov amd pelwpéva emineda Seiktwv otpeg (m.x. kapBovuliwon) Kal amopdkpuveong

(r.X. ouumAnpwua), YeEYovoC TIOU UTIOVOEL TNV TOPATETAPEVN Ttapoudia Toug otnv KukAodopilo mbavwv
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OLHOSEKTWV O€ OXEON LE EKEVA TWV alLoSoTWV-UapTUpwy. Ta epuBpokuTTAPLIKA KUoTiSLa £xouv Tn duvatotnta va
pubuilouv tn PlodlabeoipotnTta Tou Hovoleldiou tou alwtou (Liu et al. 2013), evw OUMMPETEXOUV OTNV
ofeldoavaywyikn oopporia (Jank and Salzer 2011) kat thv avocopuBuion (Menocha and Muszynski 2019). AgiteL
va avadepBel mwe ouykekpuéva n HSP70, poplokn cuvodog mou Bpébnke auénuévn ota eEwKuTTapla KUoTidla
Twv etepoluywy alpodotwy, €xel Seixbel mwg otnv efwkuttdpla popdn tne (evrdg A eKTOG KUOTLSIWV) eival tkavn
VO EVEPYOTIOLEL in Vitro TNV KUTTOPOTOEIKOTNTA TWV KUTTApWV ducikwv-poveéwv (natural killer cells), epdpavitovrag

avTLKOopKVIk 8paon (Komarova et al. 2021).

E.3 Zwikd Movtélo MetayyLong

H Slaitepn ¢uololoyio Twv €pubpokuTIApWY TWV €TePOluywyv ylo BMA  daivetal, mépav Tng
amnoBrkeuong, va ta euvoel Katl otnv KukAodopla tou petayyllopevou HUOG, odnywvtag os auénuévn entpiwon
TWV OUYKEKPLUEVWVY KUTTAPWY 24 WPEG UETA TN LETAYYLON OE OXEON UE eKEVO TTIOU TIPOEPXOVTOV OO OULUOSOTEG
paptupec. H Stadopd autr) dev opelAOTaV 0 QPECN ATIOUAKPUVON AOYW QLUOAUTIKWY GALVOUEVWY, ULAG KOL N
awpoodalpivn TG00 0To MAGCUA OGO KAl OTA OUPA TWV HUWV ATAV TTApOUoLa aveEAPTATWC TOU ALLATOC TTOU TOUG
xopnynlnke. H avadelén cuoXeTIOEWVY PETAEY TTAPOUETPWY KUTTOPLKNG EUBpauaToTnToC (TO00 TOU hpEGKOU OGO
KOlL TOU aIOBNKEUUEVOU OUATOG) LUE TNV HETA-UETAYYLIOLOKA QVAKTNON EMAEKTIKA OTNV OUASO TWV ALLOSOTWV UE
otiypa BMA evioxUel Tnv epmAokn Tng Woiaitepng ducloloyiag Twv KUTTAPWY TOUC OTNV UELWHUEVN QTTOUAKPUVON)
ToUuC amo tnv Kukhodopia. MapoOuola GUCXETLON, KOl GUYKEKPLUEVO TNG OOUWTLKAG OLLOAUCNG HME TN META-
LLETOYYLOLOK OVAKTNON O MUEG-0EKTEG €xel BpeBel kal yla mayvoapkoug alpnodotec (Hazegh et al. 2021). Ta
£pLBPOKUTTAPA LE HELWHEVN LKOVOTNTO EAAOTIKAG Ttapapopdwong «eykAwpilovral» otov orhnva (Deplaine et al.
2011), evw in vitro TPocoUOLWOoN TWV OTIANVIKWY OXLOUWV HE SLATAEELS PLKPOPONG UTIOOTNPIlEL WG T LNXAVIKA
«ynpacpévoy epuBpokuTttapa eival emippenéotepa o GAYOKUTIAPWON Kol Yopaktnpilovtal amd amwAsla
TIPWTEIVWY TIOU GUHHETEXOUV OTN SOWIN TOU KUTTOPOOKEAETOU, TOV UETAPBOALOUO KOL TNV avTLOEElSWTIKY Gpuva
(Garcia-Herreros et al. 2021). Mépav TNC OCUWTIKAG KOL UNXOVIKAG TOUG avBekTikOTnTag, n Slatnpnon tng
popdoloyiog Twv amoOnKeUPEVWY EPUBPOKUTTAPWY TWV TEPOIUYWV TIpodLabEtel emiong ylo KaAltepn empiwon,
MLOG KOL TAL [N OVTLOTPEMTAG HopdoAoylag UIKpO-EpUBPOKUTTAPA AMOAKPUVOVTAL AUECA META-UETAYYLOLAKA KOl

MElwvouV TtV avaktnon (Roussel et al. 2021).

Yiyoupa Sev mpénel va mapaleldpBei mwg to péyebog Twv petayyl{opevwy epuBpokuTTAPWY, TO Omoio eival
ULKPOTEPO OTNV Tepimtwon twv etepdluywy, €xel Ppebel avtiotpodo cUoXeTW{OUEVO LE TNV QVAKTNON OF
EevoPLWTIKA pOVTEAQ peTayylong. Opwg, ta epuBpokittapa Twv umod e¢étacn BMA etepoluywy alpodotwv Sev
xapaktnpilovrav anod unepPoAikd xapnAég Tipég MCV, akplBwg yia vo ehaylotornotnBsi n cupBoAn Tou peyéBoug
oTNV AMoUAaKpuvaen, evw xopnynonkav kat evyn (etepoluywv-pHoptipwy) EpuOPOKUTTAPWY LE TIOPATIANGLEG TIUEG
MCV Kat n Stadopd cuVEXLLE va YEPVEL UTIEP TWV eTEPOlUYWV. EMiong, oL HNXOVIKEG KOTATIOVAOELG TToU €XovTal Ta
KUTTOPA OTOV UU £lval akopo Tio £VIoVeG amd TG N6 LOXUPEG KOTOTTOVACELS TTIoU SE€XovTol otnv avBpwrvn

KukAodopla (omAnvikég oxopég Stapétpou 0,5-1,0 um (L.T. Chen and Weiss 1973)). Nop’ 6Aa autd, ta
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METAYYLOUEVA EPUBPOKUTTOPA TWV ETEPOIUYWYV Ba AABOUV ULKPOTEPEC TILECELG KAl oTnV KukAodopla evog mibavou
6éktn (avBpwmou), pLog Kal xapaktnpilovral T0oo amod UIKPOTEPO HEYeBOC, 600 Kal amo AlyoTepeG UTIOBAVATLEG

BAAec.

E.4 JUYKEVIPWTIKA ZUUTIEPACHOTA

JUVOAIKA, OL alodoteg pe etepoluywtio os petalayég Tng BMA amoteAolv pn apeAntéo moocooTto Tou
atpodotikol MANBUCUOU TNG XWPOG HOG Kol Ta epuBpokUTIAPA TOUG TTAPOUCLAloUV GNUAVTIKEG Wlopopdieg and
TN OTWYUN NG aldodooiog PEXPL KAl UETA TNV amoBnkeucn ot Hovadeg petayylong. Me tn xpnon mAnbwpag
EPEUVNTIKWY TIPOCEYYIOEWY, CUUMEPIAOUPAVOUEVWY OALOTIKWY TEXVIKWY TPWTIEWUIKAG KoL HETABOAWMULKNAG
OVAAUONG, OTOXEUMEVWV TIELPAUATWY PUOLOAOYLKNG ETAPKELAG Kal ev&eAexoUC BLOOTATIOTIKNAG avAAUONG,
oxnuotiotnke yla mpwin dopd pia cadng ewova o6cov adopd OtV TOWOTNTA TWV OoMOONKEUUEVWY

gpuBpoKUTTAPWY alpodoTwy e otiypa PMA.

Ta KUTTQPO OUTA OVTIUETWTI{OUV EVTUTIWOLOKA TO amOBNKeUTIKO OTpPeG. Mo ouyKekpluéva, eival
avOeKTIKA o€ AUon avefaptnTtwg epebiopatog kal Stab£touv BeATiwpévo ofedoavaywylkd Looluylo o cUYKPLON
pe ekeiva Ttou péoou apnodotn. H avtiotaon oe kuttapikr) AVon poldlel va sivol dppnkta ocuvoedepévn Ue TNV
SLaitepn YEWUETPLA TWV KUTTAPWY TWV ETEPOIUYWV KAl TN 0ToOepOTNTA SOUKWY TPWTIEIVWY KATA TNV TIPO0S0 Tou
XpoOvou amoBrkeuong. EmumAéov, To oUVOAO Twv amnMoOTeEAsopdTwv, £ite adopolv otn duacloloyia Kal To
METABOALOUO €ite OTNV MPWTEIVIKA oLOTACN KOL TNV TIPWTEOCTACK, OXNMOTI(EL TNV ELKOVA EVOG KUTTAPOU KOAA
T(POCOPUOCUEVOU Ot otaBepd TANV Ao emineda ofelSwTIKOU OTPEG, £TOLUOU VO OVTIUETWITIOEL TIEPALTEPW
0€eldWTIKEG TPOKANOELG. MO OCUYKEKPLUEVA, T EMIMESH TWV QVILOEELSWTIKWY KOl TPWTEOCTATIKWY eVIUUWVY
BpeBnkav TAEOVEKTIKOTEPA OTA KUTTOPO TWV £TEPOlUYWY, Ta omoio mapAdAAnAa £depav PELWUEVEG OEELOWTLKEC
BAGPEC Kal XaUNAOTEPO OEELBWTIKO PopTio, KUPLWG TTPOC TO TEAOG TNG amoBNKeUTIKAG Tteplddou. Me SeSopévo To
Baokd poAo Tou 0EELBWTIKOU OTPEG 0TNV MPO0S0o TG amodnKeuTIkAG PAABNG, daivetal mwe Ta epubpokUTTpapa
e otiyua BMA pumopoUv xapn otnv «ekmaibeuon» oe eladppwg aufnuévo ofeldwtikd ¢optio va TNV

QVTLUETWTTI{OUV TTAEOVEKTIKOTEPA.

H «umepoxn» oe enimedo amoBAKELONG, TOU OVTLKOTOMTIPI{eTAl €viovo OTo MElwUEva  emtimeda
OMOBONKEUTIKAC ALUOAUGONG (HLOVASIKO TOLOTIKO XOpaKTNPLOTIKO TNG amobrnkeuong ailpotog cUpdwva pPe ToV
Maykoouto Opyaviopd Yyeiag), ocuvodeletal kot ormd BEATLWHEVO TIPOTUTIO QTOKPLONG OF HETO-UETOYYLOLOKO
otpec. To amoteAéopata amo ta in vitro kol {wikd HovTtéAa petayylong ouykAivouv kat (o) avadesikviouv tn
Slatpnon TNG MAEOVEKTIKOTEPNG KUTTAPLKNG ducloAoyilag LETA T HETAyYYLon, Kal (B) umawicoovtol auénuévn
24wpn in vivo avAKTNon TwV UETOYYIOUEVWY €pUBPOKUTIAPWY (LOVASLKA UETA-LETAYYLOLOKN UETPNON ETUTUXOUG
METAYYLoNG oUpdwva pe Tov Naykdouo Opyaviopo Yyelag) otnv mepimtwon Twv etepoluywy yia BMA. Méow tng
«TPLYWVIKNAG» OVAAUONG ylat TN oUVOEon TwV TPLWV KPIKWV TNG aAUoLSag TNG LETAYYLONG, XOPOKTNPLOTIKA TWV
eTePOlUYWY, OMWG oL xapnAol Seikteg euBpauoTOTNTAG KAl TO UEYEBOG TWV KUTTAPWY TOUG, KABWE Kal n Loxupn

efwkuTttapla avtlofeldwrtikn tkavotnta, Ppebnkav va oxetilovtal pe XOUNAR HUETO-HETAYYLOLOKA OLUOAUOH Kol
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emBlwon twv gpubpokuTtdpwy Toug otnV KukAodopia tou Séktn. Daivetal AoUmOV MW OPLOUEVEG TIAPAUETPOL
Ttou SLakpivouv Toug eTepOlUYOUC in Vivo f/Kat amoBnKeUTIKA, SV eival OUSETEPEG WG TIPOC TN UETA-UETAYYLOLAK)

duaolohoyia/emdpKeLo TWV EPUBPOKUTTAPWV TOUG.

JUUTIEPAOUATIKA, T gpuBpokiTTapa atOpwv e etepoluywtia BMA mou eival amodektol alpodoTeg
KOTEXOUV EYYEVA XAPAKTNPLOTIKA TOU TA KABLOTOUV TIAEOVEKTIKA TOOO 000V adopd oTnv amoBnKeVor TouG o€
MOVASEC PETAYYLONG 00O KAl LETA TN ETAYYLON Toug o€ {wikA poviéda. Ta ev AOyw amoteAéopata xaptoypadoluv
ME HeYAANn Aemtopépsla tn ¢ducloAoyia Kal TOo HETOPOAIOUO TOU OlUOTOC TWV OUYKEKPLUEVWY aALULOSOTWV
napéxovtag (a) to undPabpo yla To oXeSLAOUO TEAIKWY TUXOALOTIOLNUEVWY KALWVIKWY SOKLWUWVY oL omoisg Ba
anocadnvicouv MANPwG TNV €lkova Kat (B) T mAnpodopieg yia evaAloktikn Stoxeiplon f anobrkeuon tou
OHaTOC SLAKPLTWY YEVETIKWY OHAdwV (T.X. epuBpokiTtTapa eTepOlUYWV ALLOSOTWY WE KATEYUYHUEVO aipo Adyw

avBektikotTnTag 0TN AUCh Kot tnv anoPuén).
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Napaptnua

Nivaka¢ Napaptipatog¢ MN1. AplBunTkog Kwdlkag TOU YpnoLldomoleital otnv Tmapouciaon Twv

TIPWTEWULKWY Kol GUCLOAOYIKWY TTAPAUETPWY TWV BloAoylkwy SIkTUwy otig Elkoveg A19 kat A20.
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2',3'-cyclic-nucleotide 3'-phosphodiesterase 2
26S proteasome non-ATPase regulatory subunit 1 3
26S proteasome non-ATPase regulatory subunit 11 4
26S proteasome non-ATPase regulatory subunit 12 5
26S proteasome non-ATPase regulatory subunit 13 6
26S proteasome non-ATPase regulatory subunit 14 7
26S proteasome non-ATPase regulatory subunit 2 8
26S proteasome non-ATPase regulatory subunit 3 9
26S proteasome non-ATPase regulatory subunit 5 10
26S proteasome non-ATPase regulatory subunit 6 11
26S proteasome non-ATPase regulatory subunit 7 12
26S proteasome non-ATPase regulatory subunit 8 13
26S proteasome regulatory subunit 10B 14
26S proteasome regulatory subunit 4 15
26S proteasome regulatory subunit 6A 16
26S proteasome regulatory subunit 6B 17
26S proteasome regulatory subunit 7 18
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55 kDa erythrocyte membrane protein 20
Acetylcholinesterase 21
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Aldehyde dehydrogenase family 16 member Al 25
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Mean Corpuscular Fragility (MCF)
Mean Corpuscular Hemoglobin (MCH)
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Peptidyl-prolyl cis-trans isomerase FKBP3
Peroxiredoxin-1

Peroxiredoxin-2

Phenylhydrazine-induced ROS generation
Phosphatidylinositide phosphatase SAC1
Phosphatidylinositol 4-kinase type 2-alpha
Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha
Phosphatidylinositol-binding clathrin assembly protein
Phosphatidylserine exposure

Phospholipid scramblase 1

Phospholipid transfer protein C2CD2L

Phosphoribosyl pyrophosphate synthase-associated protein 2
Piezo-type mechanosensitive ion channel component 1
Plasma membrane calcium-transporting ATPase 1
Plasma membrane calcium-transporting ATPase 4
Polypyrimidine tract-binding protein 1

Polyubiquitin-B

Probable ubiquitin carboxyl-terminal hydrolase FAF-X
Proteasome activator complex subunit 1

Proteasome activator complex subunit 2

Proteasome adapter and scaffold protein ECM29
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Protein 4.1
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Protein arginine N-methyltransferase 5
Protein argonaute-2

Protein carbonylation
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Protein diaphanous homolog 1
Protein disulfide-isomerase

Protein disulfide-isomerase A3
Protein disulfide-isomerase A6
Protein XRP2
Pyrroline-5-carboxylate reductase 3
Radixin

Ras-related C3 botulinum toxin substrate 1
Ras-related protein Rab-10
Ras-related protein Rab-18
Ras-related protein Rab-21
Ras-related protein Rab-2B
Ras-related protein Rab-35
Ras-related protein Rab-5C
Ras-related protein Rab-7a
Ras-related protein Rab-8A
Ras-related protein Rab-8B
Ras-related protein Ral-A
Ras-related protein Rap-1A
Ras-related protein Rap-1b
Ras-related protein Rap-2a
Ras-related protein Rap-2b

Red blood cell count (RBC)

Red cell distribution width (RDW)
Retinal dehydrogenase 1
Ribose-phosphate pyrophosphokinase 1
RuvB-like 1

RuvB-like 2

Semaphorin-7A

Serum albumin

SH3 domain-binding glutamic acid-rich-like protein

242
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SH3 domain-binding glutamic acid-rich-like protein 2 277

Small integral membrane protein 1 278
Small membrane A-kinase anchor protein 279
Sodium/potassium-transporting ATPase subunit alpha-1 280
Solute carrier family 2, facilitated glucose transporter member 1 281
Solute carrier family 40 member 1 282
Sorbitol dehydrogenase 283
Spectrin alpha chain, erythrocytic 1 284
Spectrin beta chain, erythrocytic 285
Storage hemolysis 286
Stress-induced-phosphoprotein 1 287
Syntaxin-7 288
Syntaxin-binding protein 3 289
TBC1 domain family member 24 290
T-complex protein 1 subunit alpha 291
T-complex protein 1 subunit beta 292
T-complex protein 1 subunit delta 293
T-complex protein 1 subunit epsilon 294
T-complex protein 1 subunit eta 295
T-complex protein 1 subunit gamma 296
T-complex protein 1 subunit theta 297
T-complex protein 1 subunit zeta 298
Tensin-1 299
tert-butyl-hydroperoxide induced ROS generation 300
Total antioxidant capacity (supernatant) 301
Transforming protein RhoA 302
Transitional endoplasmic reticulum ATPase 303
Transmembrane emp24 domain-containing protein 2 304
Transmembrane protein 222 305
Tripeptidyl-peptidase 2 306
Tropomodulin-1 307
Tropomyosin alpha-1 chain 308
Tropomyosin alpha-3 chain 309
Trypsin-like activity (cytosol) 310
Trypsin-like activity (membrane) 311
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Trypsin-like activity (supernatant)

Ubiquitin carboxyl-terminal hydrolase 14

Ubiquitin carboxyl-terminal hydrolase 15

Ubiquitin carboxyl-terminal hydrolase 5
UDP-glucose:glycoprotein glucosyltransferase 1
Unconventional myosin-XVllla

Urea transporter 1

Uric acid dependent antioxidant capacity (supernatant)
Uric acid independent antioxidant capacity (supernatant)
Vacuolar protein sorting-associated protein 13A
Very-long-chain 3-oxoacyl-CoA reductase
Vesicle-associated membrane protein 3
Vesicle-associated membrane protein-associated protein A
Vesicle-fusing ATPase

Vesicle-trafficking protein SEC22b

Vesicular integral-membrane protein VIP36

V-type proton ATPase subunit B

WD repeat-containing protein 81

WD repeat-containing protein 91

Zinc transporter 1
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Variation Effects
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Vasiliki-Zoi Arvaniti’, Effie G. Papageorgiou?®, Issidora S. Papassideri’,
Konstantinos Stamoulis®, Angelo D’Alessandro?, Anastasios G. Kriebardis® and
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" Department of Biology, School of Science, National and Kapodistrian University of Athens (NKUA), Athens, Greece, Department
of Biochemistry and Molecular Genetics, School of Medicine, University of Colorado, Aurora, CO, United States, 3Laboratory of
Reliability and Quality Control in Laboratory Hematology (HemQcR), Department of Biomedical Sciences, School of Health and
Welfare Sciences, University of West Attica (UniWA), Egaleo, Greece, “Hellenic National Blood Transfusion Centre, Athens,
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The broad spectrum of beta-thalassemia (5Thal) mutations may result in mild reduction
(8*), severe reduction (8%) or complete absence (8°) of beta-globin synthesis. fThal
heterozygotes eligible for blood donation are “good storers” in terms of red blood cell
(RBC) fragility, proteostasis and redox parameters of storage lesion. However, it has not
been examined if heterogeneity in genetic backgrounds among SThal-trait donors affects
their RBC storability profile. For this purpose, a paired analysis of physiological and omics
parameters was performed in freshly drawn blood and CPD/SAGM-stored RBCs donated
by eligible volunteers of g+ (N = 4), 8 (N = 9) and ° (N = 2) mutation-based phenotypes.
Compared to *, B** RBCs were characterized by significantly lower RDW and HbA, but
higher hematocrit, MCV and NADPH levels in vivo. Moreover, they had lower levels of
reactive oxygen species and markers of oxidative stress, already from baseline.
Interestingly, their lower myosin and arginase membrane levels were accompanied by
increased cellular fragility and arginine values. Proteostasis markers (proteasomal activity
and/or chaperoning-protein membrane-binding) seem to be also diminished in " as
opposed to the other two phenotypic groups. Overall, despite the low number of samples
in the sub-cohorts, it seems that the second level of genetic variability among the group of
BThal-trait donors is reflected not only in the physiological features of RBCs in vivo, but
almost equally in their storability profiles. Mutations that only slightly affect the globin chain
equilibrium direct RBCs towards phenotypes closer to the average control, at least in terms
of fragility indices and proteostatic dynamics.

Keywords: genetic variability, storage lesion, beta-thalassemia trait, red blood cells, omics
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INTRODUCTION

The storability profile of red blood cells (RBCs) seems to be
highly dependent on intrinsic donor characteristics. Both
genetic and environmental factors have been studied during
the last decade in the context of donor variation effects upon
storage and transfusion therapy. Donor’s sex (Szczesny-
Malysiak et al., 2021), ethnicity (Kanias et al, 2017) and
glucose-6-phosphate ~ dehydrogenase  (G6PD)  activity
(Tzounakas et al., 2016; Francis et al., 2020), as well as
lifestyle aspects, such as smoking (Stefanoni et al., 2020) and
caffeine or alcohol consumption (D’Alessandro et al., 2020a;
D’Alessandro et al, 2020b) have been proven to affect
differentially the storage and/or post-transfusion efficacy of
donated RBCs. The same is true for RBCs with distinct
hemoglobin (Hb) variants. For instance, stored RBCs from
donors with elevated glycosylated Hb present increased
susceptibility to lysis, phosphatidylserine (PS) externalization
and non-reversible shape modifications (Li et al, 2022).
Moreover, polymorphisms in HbA2 gene are associated with
a reduced hemoglobin increment (Roubinian et al., 2022), and
sickle cell trait with increased storage hemolysis and removal in
animal models of transfusion (Osei-Hwedieh et al., 2016).

RBCs from beta-thalassemia minor (SThal") eligible donors
have been extensively studied lately with respect to their
physiological, metabolic and proteomic profiles during storage.
These cells seem to possess an intrinsic resistance to both
spontaneous and induced lysis (Tzounakas et al., 2022), as
well as an array of metabolic and proteomic features indicative
of advantageous control of oxidative and proteotoxic stresses
(Anastasiadi et al., 2021b; Tzounakas et al., 2021; Tzounakas et al.,
2022). Regarding their post-transfusion aspects, stored fThal*
RBCs demonstrate resilience against lysis following exposure to
plasma at body temperature, along with a trend for increased
recovery post transfusion in mice recipients (Anastasiadi et al.,
2021a). These superior post-storage phenotypes have been found
linked to pBThal’-specific variations in baseline or storage
parameters, such as cell fragilities, cytoskeleton composition,
or urate (Anastasiadi et al., 2021a; Anastasiadi et al., 2022).

Besides divergence of specific donor cohorts from the average
control, a range of within-group variation is also anticipated. In
the case of beta-thalassemia the highly heterogenous genetic
setting of mutations and related polymorphisms is translated
to a broad spectrum of clinical and cellular phenotypes (Giardine
et al,, 2021) with variable prevalence within distinct national
settings. More specifically, in Greece, mutations leading to severe
reduction in f-globin synthesis (") represent almost 50% of the
reported thalassemia alleles (Boussiou et al., 2008) followed by
mutations resulting in null synthesis or slight reduction of f-
chains. Therefore, the cellular effects of each mutation might lead
to a different storability phenotype. Having this in mind, the aim
of the present study was to examine the innate variation of
hematological, physiological, metabolic and protein parameters
in freshly drawn and stored RBCs from a group of fThal" donors
stratified by the degree of f§-globin synthesis imposed by the
affected allele.

Storability Heterogeneity in Beta-Thalassemia Minor

MATERIALS AND METHODS

Biological Samples and Blood Unit

Preparation

Venous blood from fifteen regular pThal” blood donors was
collected into EDTA and citrate vacutainer tubes. The same
subjects donated blood to prepare and store RBC units in
citrate-phosphate-dextrose (CPD)/saline-adenine-glucose-
mannitol (SAGM), for 42 days at 4°C. PThal” trait was
confirmed by Hb electrophoresis and molecular identification
of mutations (IVS I-1, IVS I-6, IVS 1-110, IVS II-1 and IVS II-
745). The samples were subsequently categorized as ™ (n = 4),
B" (n=9) and ﬂo (n = 2) according to the impact that the
mutations have upon the f8-globin synthesis (from slight -3 to
severe -B°- reduction in f-globin levels). The RBC units were
sampled every week under aseptic conditions. The study was
approved by the Ethics Committee of the Department of Biology,
School of Science, NKUA and investigations were carried out
upon donor consent, in accordance with the principles of the
Declaration of Helsinki.

Hematological and Biochemical

Measurements

BC-3000 PLUS, MINDRAY Celltac E, MEK-7222 K, NIHON
KOHDEN automatic blood cell counters were used for complete
blood count through double measurements to achieve maximum
reliability, while the automatic analysers Hitachi 902, AVL Series
Electrolyte Analyzer 9,180 and Elecsys Systems Analyzer (Roche
Diagnostics, Risch-Rotkreuz, Switzerland) were used for the
biochemical analysis of triglycerides, lipoproteins, iron (Fe),
electrolytes and ferritin.

Hemolysis Parameters

Storage hemolysis was calculated via spectrophotometry using
Harboe’s method (Harboe, 1959) followed by Allen’s correction.
For assessment of osmotic hemolysis, the samples were exposed
to ascending concentrations of NaCl and then the mean
corpuscular fragility (MCF) index (ie, %NaCl at 50%
hemolysis) was calculated. Mechanical hemolysis was
estimated following rocking of RBCs with stainless steel beads
for 1 h and measurement of the Hb released in the supernatant
compared to non-rocked counterparts (Tzounakas et al., 2022).

Reactive Oxygen Species Accumulation
and Proteasome Activity

The intracellular accumulation of reactive oxygen species (ROS)
was measured via fluorometry (BIORAD Hercules, CA,
United States) by using the membrane permeable and redox-
sensitive probe 5-(and-6)-chloromethyl-2’,7’-dichloro-dihydro-
fluoresceindiacetate, acetyl ester (CM-H,DCFDA; Invitrogen,
Molecular Probes, Eugene, OR, United States). This assay was
performed with or without prior oxidative stimulation of RBCs by
diamide (2 mM) or phenylhydrazine (PHZ; 100 uM) for 45 min
at 37°C. Fluorometry was also used for the determination of
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caspase-like (CASP-like), chymotrypsin-like (CH-like) and
trypsin-like (TR-like) proteasome activities in cytosol and
membrane fractions. For this purpose, 120-200 pg of protein
samples were incubated with the fluorogenic substrates Suc-Leu-
Leu-Val-Tyr-aminomethylcoumarin (AMC) (CH-like), z-Leu-
Leu-Glu-AMC (CASP-like), and Boc-Leu-Arg-Arg-AMC (TR-
like) for 1.30 h (CH-like) or 3 h (CASP- and TR-like) at 37°C in
the dark (Anastasiadi et al., 2021b). All substrates were produced
from Enzo Life Sciences (New York, NY, United States).
Fluorescent units were normalized to protein levels to reach a
quantitative result.

Metabolomics and Proteomics Analyses
For the metabolomics analysis, 100 pl of stored RBCs (or 20 pl of
plasma/supernatants) were collected on a weekly basis, extracted
at 1:6 (or 1:25) dilution in methanol:acetonitrile:water (5:3:2) and
analyzed by UHPLC-MS (Ultimate 3000 RSLC-Q Exactive,
Thermo Fisher), as previously described (D’Alessandro et al,
2019; Nemkov et al., 2019). Sample extracts (10 pl) were loaded
onto a Kinetex XB-C18 column (150 mm x 2.1mm X
1.7 um—Phenomenex, Torrance, CA, United States). A 5-min
gradient from 5 to 95% B (phase A: water +0.1% formic acid and
B: acetonitrile +0.1% formic acid) eluted metabolites into a Q
Exactive system (Thermo, Bremen, Germany), scanning in full
MS mode or performing acquisition independent fragmentation
(MS/MS analysis—5 min method) at 70,000 resolution in the
60-900 m/z range, 4kV spray voltage, 15 sheath gas, and five
auxiliary gas, operated in negative and then positive ion mode
(separate runs). Metabolite assignment was performed against an
in-house standard library, as reported (Nemkov et al., 2017),
through the freely available software Maven (Princeton
University, United States). No data pre-processing (neither
normalization nor log-transformation) was performed.
Proteomics analysis was performed on isolated membranes of
early- and late-stored RBCs (n = 12 at each time point; n = 2 for
B, n =8 for B*, n = 2 for % obtained by hypotonic lysis).
Samples (200 ng) were loaded onto individual Evotips (desalting)
and were subsequently washed (20 pl 0.1% formic acid), followed
by the addition of 0.1% formic acid to keep the Evotips wet. The
Evosep One system was coupled to a timsTOF Pro mass
spectrometer (Bruker Daltonics, Bremen, Germany). Data were
collected over a m/z range of 100-1700 for MS and MS/MS on the
timsTOF Pro instrument using an accumulation and ramp time
of 100 ms. PEAKS studio (Version X+, Bioinformatics Solutions,
Waterloo, ON, United States) was used for post-processing. The
relative protein levels were normalized on the total amount of
proteins.

Statistical Analysis

All physiological experiments were performed in triplicate.
Statistical analysis was performed by using the statistical
package SPSS Version 22.0 (IBM Hellas, Athens, Greece,
administered by NKUA). Between-group differences in freshly
drawn blood (in vivo comparison) were assessed by independent
t-test. Repeated measures ANOVA with Bonferroni-like
adjustments for multiple comparisons was used for the
evaluation of time-course and between groups differences in
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stored RBC units. Significance was accepted at p < 0.05. Due
to the low number of samples analyzed by proteomics methods
(distinguished by dashed boxes throughout the figures in order to
highlight their mostly qualitative assessment) or those falling into
the B° category (Figure 4) all selected parameters satisfied the
criteria of both statistical significance (<0.05) and fold change
(>1.25), with the exception of Piezo-1 that satisfies only the first
criterion.

RESULTS

At first, we focused on probable differences between 7" (slight
reduction in f-globin) and " (severe reduction but not null
synthesis of f§-globin chains) samples. In freshly drawn blood, 8"
heterozygotes presented a trend toward higher hematocrit and
mean corpuscular volume (MCV), but significantly lower red cell
distribution width (RDW) and HbA, (Figure 1A). Moving on to
storage, while similar levels of spontaneous hemolysis were
observed in " and ' units (e.g., late storage: 7.42 + 2.10 vs.
5.83 +2.81 mg Hb/dL, ™ vs. 7, p = 0.294), p*" RBCs presented
increased osmotic fragility and sporadically increased mechanical
fragility throughout storage, with both differences evident in
freshly drawn blood as well (Figure 1B). At the same time,
different levels of myosin-9 and piezo-1 proteins (that play a
role in RBC deformability and volume regulation) were also
detected in those groups (Figure 1B).

Concerning biochemical and proteomic features that vary as a
function of the oxidative burden of RBCs, 8" RBCs presented
lower intracellular levels of ROS when compared to f*, either
intrinsic or induced by thiol- and hemoglobin-oxidizing agents,
from the beginning until the middle of the storage period
(Figure 1C). Interestingly, intrinsic, and phenylhydrazine-
induced ROS already differed at baseline. The binding of redox-
related proteins on the membrane was also distinct: members of
the peroxiredoxin family, along with catalase and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were less evident in the
isolated ™" membranes (Figure 1C). It should be noted that no
differences arose regarding membrane protein carbonylation (e.g.,
protein carbonylation index day 21: 36.73 + 7.04 vs. 33.43 £ 9.12,
B vs. B, p > 0.05) and extracellular antioxidant capacity (e.g.,
total antioxidant capacity day 35: 428 + 93 vs. 354 + 64 uM Fe’*,
B vs. B, p > 0.05).

Proteostasis was also affected by the degree of f-globin
synthesis. In the cytosol of f**, CASP- and TR-like (but not
CH-like) activities were significantly reduced before (for TR-like
activity at baseline p = 0.057) and during storage (Figure 2A)
compared to the " values. With regards to the membrane, all
three proteasomal activities presented lower levels in 87" vs. " at
both early and late storage. This finding was accompanied by a
trend for lower binding of the b5, bl and b2 proteasome subunits
(where the three different proteolytic specificities of the
proteasome are located) in the membrane, especially at late
storage, in " RBCs (Figure 2A). In parallel, heat shock
proteins and components of the chaperoning T-complex also
exhibited lower levels in the membranes of " RBCs in
comparison to 3" (Figure 2B).
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Moreover, the RBCs of " donors demonstrated increased
levels of G6PD activity and of the relevant metabolites NADPH
and pyridoxal in vivo (Figure 3A). Both before and throughout
storage, L-arginine stood out by presenting elevated values in
vs. 57 RBCs, probably in agreement with the lower membrane
binding levels of arginase-1 (Figure 3B). Another metabolite that
was differentially affected by the mutation’s severity was
dihydrothymine. Either throughout storage (intracellularly) or
in the last 2weeks of it (extracellularly) lower levels of
dihydrothymine were detected in the group of ™ versus f*
(Figure 3C). Finally, two metabolites implicated in the
biosynthesis of glycerophospholipids, namely choline and
sphingosine-1-phosphate (SIP), also showed lower levels in
the same subgroup throughout the storage period
(Figure 3D). All other metabolites tested presented similar
levels between the two groups (e.g., urate day 7: 17 x 10°+6 x
10% vs. 13 x 10°+5 x 10° A.U,, B vs. B*).

Despite the low number of f° donors, that renders comparisons
with the other groups mainly qualitative, the f° (null $-globin
synthesis) subjects were characterized by higher levels of HbA, but
lower levels of ferritin, transferrin and osmotic fragility compared
to 8+ or B* donors in vivo (Figure 4A). In terms of metabolism, 8°
RBCs presented a downregulated amino acid metabolism
sporadically during storage, as in the case of L-arginine (lower
levels than in B%) and tr-tryptophan (lower levels than in ).
Nucleotides such as IMP, carboxylic acids and glutathione-related
metabolites were also decreased in 8°, mainly throughout storage
and against both other donor groups. Additionally, molecules
related to fatty acid and carnitine metabolism were found
significantly lower in the same group, especially when compared
to 5* RBCs in specific storage periods (Figure 4A). Lastly, some
proteins also exhibited distinct profiles in the 8° RBC membrane
(Figure 4B), including several proteasome subunits that along with
GAPDH were upregulated during late or early storage, respectively,
when compared to 8. On the other hand, the presence of annexin
A7 and peroxiredoxin-1 was minor in the membrane of late-stored
B° in comparison to 8*. Another protein that differed among the
three groups was carnitine O-palmitoyltransferase 1, the early
levels of which gradually declined from the f** to the ° status
(Figure 4B).

DISCUSSION

As previously shown, RBCs from fThal" donors can effectively
cope with storage lesion, especially with regards to the storage-
related hemolysis stress, maintaining at the same time enhanced
proteostasis capacity and uric acid-related intracellular and
extracellular antioxidant power. Hereby, we report a variation
within the group of heterozygotes, with 7 donors exhibiting
worse RBC fragility indices but lower oxidative burden and
proteasome activity than B*. It was surprising to also find
some f° subjects within the cohort of eligible donors, who
showed unique nucleotide and amino acid metabolism
features. A rather expected variation was found in
hematological and biochemical data among the three sub-
groups (B, " and °) in vivo.

Storability Heterogeneity in Beta-Thalassemia Minor

Silent mutations, which lie behind the 7 phenotype, lead to
just a small imbalance of the a-/B-globin synthesis ratio (Cao
and Galanello, 2010), therefore, less excess of a-chains is present
in cells. It is established that the accumulation of unpaired «-
globin chains promotes the generation of ROS, thus, modifying
the redox equilibrium of the cell and leading to oxidative
damages (Olivieri, 1999). At the same time, RBCs in beta-
thalassemia trait seem to possess an advantageous genetic
regulation of antioxidant enzymes, leading to upregulated
expression of peroxiredoxin-2 and superoxide dismutase
(Teran et al., 2020). Our cohort of beta-thalassemia carriers,
in contrast to previously studied groups (Selek et al., 2007), also
exhibits higher than average extracellular antioxidant capacity,
as well as superior intracellular equilibrium of redox metabolites
(e.g., increased urate, decreased s-allantoin) (Tzounakas et al.,
2022), irrespectively to the variable degree of beta-globin
synthesis imposed by the heterozygous state of f*" and p*
underlying mutations. It is tempting to hypothesize that the
slight excess of a-globin chains in 7 vs. 87 subjects, along with
the boosted antioxidant system observed in both subgroups,
altogether provide the first with an advantage regarding the
control of ROS accumulation. The above hypothesis is also
supported by the susceptibility to PHZ- (and thus, to oxidized-
Hb) induced ROS production: while overall similar to the
control (when all mutations analyzed as a group), when
stratified in the currently examined subgroups fS* RBCs
present sporadically higher but B lower susceptibility to
ROS elevation (e.g., day 28: 20,079 + 5,267 vs. 16,165 + 4,529
vs. 12,058 + 1,946 RFU/mg of protein, " vs. control vs. B, p <
0.05). Moreover, while the storage levels of ROS in the "
subgroup followed the general variation pattern observed in
heterozygous versus control samples, namely lower levels at
late-storage (Tzounakas et al., 2022), the levels of 7" RBCs were
inferior throughout the storage period (e.g., day 14: 2,321 + 678
vs. 2,539 + 789 vs. 1,584 + 83 RFU/mg of protein, ¥ vs. control
vs. f7F, p > 0.05 only for ¥ vs. control). In this context, it would
be very interesting to study the redox equilibrium of RBCs from
the minority group of B° eligible donors during the storage
period.

Following binding to the RBC cytoskeletal network, the free a-
globin chains tend to autoxidize and cause massive membrane
oxidative damage (Ficarra et al., 2009). The enhanced proteostatic
system of 8+ and 8° cells, observed through the elevated levels of
proteasomal activity and/or the increased binding of chaperone
and proteasome proteins to the membrane, seems capable to
ameliorate the detrimental effects of oxidative stress upon the
membrane. Indeed, we found no difference between the levels of
membrane protein carbonylation between the distinct sub-
groups. The proteasome machinery is abundant in the beta-
thalassemic precursor cells to decongest the cell from the free
a-globin chains (Khandros et al., 2012; Rivella, 2012), while in
mature RBCs the same supramolecular complex appears to be
involved in the degradation of oxidized Hb (Abi Habib et al,
2020). Regarding the latter, it has been indicated that several
chaperones are also involved in a-globin detoxification
(Khandros et al., 2012). The simultaneous recruitment of
antioxidant cytosolic proteins such as peroxiredoxin-2 (Cho
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et al,, 2014) in the membrane of " RBCs (which is considered a
response to local oxidative stress) (Rocha et al., 2009), might also
assist in the overall membrane protection, especially considering
the remarkable crosstalk between the redox and proteostasis
networks in pThal” stored RBCs (Anastasiadi et al., 2021b). It
should not be omitted that peroxiredoxin-2 competes with
hemichromes for Band 3 binding and can prevent the latter’s
clustering and formation of senescence neo-antigen (Bayer et al.,
2016). Nonetheless, excess of hemichromes, as shown in RBCs of
BThal mice models can displace peroxiredoxin-2 from the
membrane, highlighting the excessive oxidative challenges
(Matte et al,, 2010). Thus, there might be a fine line regarding

the recruitment of peroxiredoxin-2 to the membrane under
different levels of oxidative stress. In our case, the increased
oxidative stress of p* RBCs, that is additionally burdened during
the stressful storage period, seems not to be translated to extreme
membrane damage and subsequent cell lysis, since the fThal”
sub-groups presented similar spontaneous hemolysis levels. In
striking contrast, in beta-thalassemia intermedia and major
RBCs, the severe defects of the membrane components, caused
by the precipitation of the unstable a-globin chains, contribute to
hemolysis (Romanello et al., 2018). The increased binding of the
cytosolic GAPDH to the membranes of B° and B* RBCs
further highlights the oxidative stress imposed by the
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unmatched a-globin chains, since the relocation of GAPDH is
observed under pro-oxidant conditions during storage and triggers
glucose consumption through the pentose phosphate pathway to
supply RBCs with reducing power (Reisz et al., 2016).

It has been previously shown that the a-globin related
oxidation of membrane and skeletal proteins in thalassemic
RBC:s affects their mechanical stability (Schrier and Mohandas,
1992). The augmented proteostasis at the membrane level along

with the observed variation in the membrane association of
myosin proteoforms and piezo-1 protein could take the credit
for the superior fragility of f* versus " RBCs. Indeed, non-
muscle myosin ITA plays a significant role in the control of RBC
shape and deformability (Smith et al., 2018), while piezo-1 is
involved in the regulation of cell volume (Svetina et al., 2019).
Moreover, it has been shown that the membrane localization of
peroxiredoxin-2 promotes K" efflux through activation of the

Frontiers in Physiology | www.frontiersin.org

June 2022 | Volume 13 | Article 907444


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Anastasiadi et al. Storability Heterogeneity in Beta-Thalassemia Minor

A B++ B+
G6PDH activity NADPH Pyridoxal
15 s W 40000 (A.U.) 500000 , AU
@
" —— 400000
N 300000
20000
. ® 200000
10000 100000
0 0 0
B B* B g* pHt B*
B e e e e e e = e
L-arginine | Arginase-1 :
450000 (A.U) I 100 (A.U.) " :
I
350000 | 80 ! 1
* |
250000 I 60 | - B * |
I - -=--
150000 I 40 - :
50000 : 20 1
F 7 14 21 28 35 42 L early late 1
days of storage
C
— Intracellular Dihydrothymine TEOBO000 Extracellular Dihydrothymine
(A.U.) (A.U.)
*
11500000 T T T £ & L 11000000
Ces *
.- ‘
6500000 't i Jr}} T 6000000 T 7T 7 TT
1 J- l -L 1 ] K I ..... :F.. + i_
1500000 — = 1000000 = 1 1
F 7 14 21 28 35 42 F 7 14 21 28 35 42
days of storage days of storage
D Choline Sphingosine-1-phosphate
(AU.) 4500000 (A.U.)
180000000
3500000
130000000 2500000
1500000
80000000 500000
F 7 14 21 28 35 42 F 7 14 21 28 35 42
days of storage days of storage

FIGURE 3 | Metabolism differences between ** and f* heterozygotes. (A) In vivo differences in reducing and antioxidant powers. Differences in freshly drawn and
stored red blood cells in (B) arginine, (C) dihydrothymine and (D) metabolites implicated in the biosynthesis of glycerophospholipids. Values for average controls are
shown by dashed lines. Proteomic parameters are shown in dashed boxes (n =2 vs. 8, B** vs. *). (*) p < 0.05. F: freshly drawn blood; G6PDH: glucose-6-phosphate
dehydrogenase; 1U: international units; NADPH: nicotinamide adenine dinucleotide phosphate; A.U. arbitrary units.

Frontiers in Physiology | www.frontiersin.org 7 June 2022 | Volume 13 | Article 907444


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Anastasiadi et al.

Storability Heterogeneity in Beta-Thalassemia Minor

A _
G

HbA,
r Ferritin F
Transferrin F

Biochemical
and physiological

Osmotic Fragility
s, LS

L-arginine

Amino acid metabolism
and urea cycle

L-cysteine
L-tryptophan WS
L Creatinine S

r dAMP Ms
Adenine 5

IDP WS

IMP ES, MS

Nucleotides

Citrate WS
ltaconate WS

Krebs cycle [

Glutathione metabolism [

r Choline WS

Phospholipid, fatty acid
and carnitine metabolism

Hippurate WS

PSM: proteasome subunit.

Transferrin Saturation F

Supernatant bilirubin MS S

Supernatant L-arginine £ MS

L Nicotinate ribonucleotide

S-lactoylglutathione WS
Dehydroascorbate WS
Glycerol-3-phosphate MS: 1S
Malonylcarnitine S
Hexanoylcarnitine
Octenoylcarnitine MS
Hydroxyoctanoyl carnitine
10-hydroxydecanoic acid M$

= (82-112-142)-Icosatrienoic acid 5

FIGURE 4 | Statistically significant differences between g** or f* heterozygotes and ﬁo. (A) Biochemical, physiological, metabolic and (B) proteomic differences. All
differences shown satisfy the criterion of 1.25 fold. n =2 vs. 8 vs. 2, " vs. " vs. ﬁo. GAPDH: glyceraldehyde-3-phosphate dehydrogenase; HSP: heat shock protein;

B _8°
B B

GAPDH ES

Annexin A7 S

Carnitine O-palmitoyltransferase 1
Peroxiredoxin-1 '

Hsp70Ws

PSMB3 S

PSMB4 S

PSMB7 'S

PSMA7 S

-6.5 Fold change 6.5

Superscripts annotation
F: freshly drawn blood
ES: early storage

s MS: middle storage

LS: late storage

WS: whole storage

Gardos channel (Low et al., 2008), benefitting the cell in terms of
osmotic stress tolerance. To further support this, elevated RBC
osmotic fragility has been previously shown in Gardos-knockout
mice (Grgic et al., 2009).

Only a few differences were detected in the levels of RBC
metabolites between the three fThal” subgroups, revealing that
the metabolism of RBCs is rather compact in the thalassemia trait.
Freshly drawn RBCs from B'" subjects presented a redox
equilibrium advantage compared to the 8" counterparts, since
they were enriched in NADPH -the driving force of several
antioxidant pathways in RBCs— and the redox-related pyridoxal
(Jain and Lim, 2001), a finding that is in line with the lower levels
of ROS accumulation observed in this subgroup. Arginine was
found in gradually lower levels from the 3** towards the ° stored
RBCs. It is known that arginine metabolism is dysregulated in
thalassemia (Jain and Lim, 2001), while increased arginase-1
expression (currently observed in © versus ") and activity,
in parallel with low L-arginine levels have been linked to oxidative
stress and hemolysis (Morris et al., 2017; Contreras-Zentella et al.,
2019). In this context, the arginase-1 enriched §© RBCs also
presented increased intrinsic oxidative burden when compared to
B*". During aging-related oxidative stress, arginase-1 is elevated

(at least in animal models (Pandya et al, 2019)), thus the
successively higher a-globin chain accumulation in the BThal”
subgroups might play a role in the differential arginine
metabolism. Another metabolite that distinguished ™ from
B" was dihydrothymine. Interestingly, this pyrimidine
metabolite that has been associated with the beneficial osmotic
stability of pThal” RBCs in previous studies (Anastasiadi et al.,
2022) is currently found increased in the least fragile group.
Nonetheless, the mechanistic basis (if any) underlying these
observations needs further examination. Of note, the elevated
levels of spingosine-1-phosphate in f compared to " stored
RBCs, a lysophospholipid related to RBC energy metabolism
regulation (Sun et al., 2016) and transfusion biology (Selim et al.,
2011), predispose for favorable storability profile under hypoxic
storage conditions. To support this, a previous study on G6PD
deficient donors demonstrated significant correlations between
baseline spingosine-1-phosphate levels and quality characteristics
of stored RBCs (Reisz et al., 2017). Finally, f° RBCs presented
decreased metabolites of the carboxylic acid, nucleotide, fatty acid
and glutathione pathways when compared to the other two
subgroups. RBCs from beta-thalassemic patients are
characterized by decreased glutathione levels (Kalpravidh
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et al., 2013) and, therefore, sustained oxidative stress that can be
ameliorated by inhibitors of glutathione efflux transporters
(Muanprasat et al, 2013). In the same context, serum from
beta-thalassemic subjects demonstrates down-regulated fatty
acid metabolism (Musharraf et al., 2017), whereas carboxylic
acids and metabolites of the arginine and glutathione routes were
found slightly or significantly downregulated in the lungs of
murine models of beta-thalassemia (Buehler et al., 2021).
According to these findings, it appears that the metabolism
features of B RBCs are closer to the thalassemia disease
profile, even though the currently studied B° heterozygotes
were considered eligible blood donors. Again, the metabolic
profile of donated RBCs from the fB° subgroup deserves
further examination by studies in bigger cohorts.

Overall, while presenting some solid characteristics that
differentiate them from control RBCs, including the highly
important superior end-of-storage hemolysis and antioxidant
arsenal (such as urate), fThal" stored RBCs also exhibit an
inside-group variation. It is plausible to suspect that this
variation is a-globin excess-dependent, since milder
mutations lead to phenotypes closer to the average control,
while severe mutations tend to phenotypic features that are
closer (at some level) to the disease state. One limitation of this
study that does not allow drawing of broad hypotheses is the low
number of donors enrolled, especially in the group of p°
subjects, and the small number of samples used for
proteomics analyses. However, this is the first time that the
special features of the fThal” donor subgroups are reported in
the research field of RBC transfusion and donor variation
effects. In fact, it would be really interesting and helpful to
design large-scale studies, with pThal® subgroups exhibiting
wider genetic heterogeneity. Such targeted research could give
us the ability to draw more sound conclusions regarding the
relation between the magnitude of the thalassemia imprint on
RBCs and their storage quality metrics.
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Abstract: The clarification of donor variation effects upon red blood cell (RBC) storage lesion and
transfusion efficacy may open new ways for donor-recipient matching optimization. We hereby
propose a “triangular” strategy for studying the links comprising the transfusion chain—donor, blood
product, recipient—as exemplified in two cohorts of control and beta-thalassemia minor (3Thal*)
donors (n = 18 each). It was unraveled that RBC osmotic fragility and caspase-like proteasomal
activity can link both donor cohorts to post-storage states. In the case of heterozygotes, the geometry,
size and intrinsic low RBC fragility might be lying behind their higher post-storage resistance to
lysis and recovery in mice. Moreover, energy-related molecules (e.g., phosphocreatine) and purine
metabolism factors (IMP, hypoxanthine) were specifically linked to lower post-storage hemolysis
and phosphatidylserine exposure. The latter was also ameliorated by antioxidants, such as urate.
Finally, higher proteasomal conservation across the transfusion chain was observed in heterozygotes
compared to control donors. The proposed “triangularity model” can be (a) expanded to additional
donor /recipient backgrounds, (b) enriched by big data, especially in the post-transfusion state
and (c) fuel targeted experiments in order to discover new quality biomarkers and design more
personalized transfusion medicine schemes.

Keywords: transfusion; donor variation; biomarkers; red blood cells; fragility; purine metabolism;
energy metabolism

1. Introduction

While originally suggested by the middle of the 1960s [1], the concept of donor
variation effects, namely, that blood donors’ characteristics, both genetic and environmental,
may affect the storability and post-transfusion efficacy of red blood cells (RBCs) [2,3],
has only been established in the last decade. In terms of transfusion outcome, blood
units from female donors have been proposed to be better for same-sex recipients [4,5],
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whereas glucose-6-phosphate dehydrogenase (G6PD)-deficient individuals have proven to
be inadequate donors [6,7]. Moreover, recovery of RBCs from obese donors seems to be
lower in animal models [8], while there have also been concerns about administering blood
units from smokers to pediatric patients [9,10].

The unique physiology and RBC storability of these (and many additional) distinc-
tive donor groups may be linked to differential post-transfusion phenotypes. There is an
increasing number of studies discussing the importance of linking specific physiological
and metabolic characteristics of freshly drawn or stored RBCs with post-transfusion
parameters of individual events [11-13] to reveal possible biomarkers of good storability
or beneficial transfusion combinations and move towards more personalized transfusion
schemes. For instance, the osmotic fragility of RBCs in transfusion-mimicking conditions
is proportional to that of freshly drawn and stored counterparts [14]. Moreover, both
storage and osmotic types of hemolysis have been negatively associated with the recov-
ery of RBCs from obese subjects [8]. In the same context, the baseline levels of ribose
phosphate in RBCs from G6PD-deficient donors positively impact their post-transfusion
recovery, but storage levels of hypoxanthine have the opposite effect [7], a finding also
evident in G6PD-normal donors [15]. Finally, a recent retrospective study linked donor
polymorphisms in myosin IXB and hemoglobin alpha 2 with decreased hemoglobin
increment post transfusion [13]. Most of the studies either link (a) the donor with the
blood unit or the post-transfusion efficacy or (b) the blood unit with post-storage param-
eters. We hereby propose a more “complete” model to study the transfusion chain, by
performing paired donor-blood unit-recipient analyses and trying to link—directly or
indirectly—freshly drawn blood characteristics with transfusion outcomes. To better
clarify the proposed analysis method, we applied it to RBCs from average control and
beta-thalassemia minor donors pre-, during and post-storage, using in vitro and in vivo
models of transfusion.

Circulating RBCs from donors with beta-thalassemia traits (3Thal") differ from those of
the general population, especially regarding their osmotic fragility and energy metabolism [16].
When stored, pThal* RBCs are resistant to lysis and to membrane/cytoskeleton disruptions
and are also able to counteract oxidative and proteotoxic insults [16-18]. In the final
step of the transfusion chain, 3Thal* RBCs maintain their resilience against rupture and
augmented proteasome activity in an in vitro model of transfusion and they also exhibit
a slightly superior recovery in mouse recipients [19]. Since we have already found some
statistical links between storage and post-storage phenotypes, we proceeded to search
for links between in vivo and (a) storage or (b) post-storage variables. Thus, the aim
of the present study was the investigation of any direct or indirect connection between
in vivo and post-storage/ post-transfusion variables of donated control and fThal* RBCs
by bypassing the blood unit or passing through it (Figure 1). Such an analysis will help
(a) discover easily accessible candidate biomarkers of post-storage performance and (b)
reveal the links between the baseline physiology of Thal* RBCs and their superior post-
storage characteristics.
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Linkage via the bridge formed by the blood unit

Storability profile

Transfusion Triangle

Circulating blood Post-storage
physiology and physiology and post-
metabolism transfusion recovery
Direct linkage

Figure 1. Study design. Proposed routes for the linkage between donor parameters and post-
storage/post-transfusion variables.

2. Materials and Methods
2.1. Biological Samples

Freshly drawn blood in citrate vacutainers and leukoreduced units of RBCs stored
in citrate—-phosphate—dextrose (CPD)/saline-adenine-glucose-mannitol (SAGM) from 18
control and 18 beta-thalassemia heterozygotes were analyzed as previously reported [16-19]
for a significant number (approximately 300 or 700 variables in freshly drawn or stored
samples, respectively) of quantitative hematological, biochemical, hemolysis (storage,
osmotic, mechanical, oxidative), redox (extracellular antioxidant capacity), metabolome
and proteome parameters. Heterozygosity was confirmed by Hb electrophoresis and
molecular identification of mutations (including the common Mediterranean mutations IVS
I-1, IVS I-6, IVS I-110, IVS II-1 and IVS II-745) [16]. All studies were approved by the Ethics
Committee of the Department of Biology, School of Science, NKUA and investigations
were carried out with donor consent, in accordance with the principles of the Declaration
of Helsinki.

2.2. Post-Storage Experiments

Stored RBCs from 10 units per group were reconstituted in plasma from healthy and
transfusion-dependent beta-thalassemia major subjects (n = 10 per group) in a RBC/plasma
volume ratio corresponding to transfusion of two RBC units. Then, the reconstituted
samples were incubated for 24 h at body temperature before measuring several hemolysis
and redox parameters, as previously reported [19]. Freshly drawn and stored RBCs from
the remaining eight donors per group were transfused to immunosufficient (C57BL/6])
and immunodeficient (NOD.CB17-Prkdcscid/J) mice to assess their 24 h recovery [19].
The study was approved by the Department of Agriculture and Veterinary Service of the
Prefecture of Athens (Permit Number: 534915, 23 July 2020).

2.3. Statistical Analysis

Statistical analysis was performed using the statistical package SPSS Version 22.0 (IBM
Hellas, Athens, Greece, administered by NKUA) and significance was accepted at p < 0.05
according to the following rationale, graphically presented in Figure 1. Considering that
the aim of the present study is to reveal potential linkages between the pre- and post-
storage states of RBCs, there are two possible paths to follow, which in combination
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produce a “transfusion triangle”: (a) the direct one, namely, “pre-storage to post-storage”
that bypasses the storage itself and (b) the indirect one, which links freshly drawn blood
to storage and subsequently storage to post-storage variables. In the second case, the
parameters connecting pre- and post-storage states via the storage bridge had to satisfy
the Bonferroni-like adjustment for multiple comparisons. In this context, we examined,
for the first time, possible connections between freshly drawn blood and either stored or
reconstituted /transfused RBCs. Moreover, we evaluated which of the previously reported
storage/post-storage connections [19] satisfy the new statistical criteria. Correlations
between freshly drawn, stored and post-storage parameters (including recovery in animal
models) were evaluated by the Pearson’s test following examination of the variables for
normal distribution and the presence of outliers (Shapiro-Wilk, Kolmogorov-Smirnov
tests and detrended normal Q-Q plots). Since Pearson’s test is highly sensitive to outliers,
such values were excluded, and the analysis was performed again to minimize the false
discovery rate associated with the small size of our groups. If the outcome was not
modified, the outlier was included back in the subgroup. In addition, all correlations were
also validated by Spearman’s test. Regarding links between non-stored and stored samples,
only correlations that were evident at every time-point of storage (weekly measurements)
were accepted as reliable. This was also the case for the links between non-stored /stored
and post-storage variables, where both time-points (early and late storage) and plasma
environments (healthy and beta-thalassemic) were considered, unless otherwise stated.

3. Results
3.1. Transfusion Triangles Evident in Both Donor Cohorts

In order to determine whether the currently proposed model can provide new in-
formation, we applied it to control and BThal* donor groups. The triangularity analysis
highlighted two physiological parameters in both cohorts studied: osmotic fragility and
caspase-like (CASP-like) proteasomal activity. Regarding osmotic hemolysis, the pre-
storage levels were proportional to those of storage and post-storage in vitro states, with
an interesting strong intra-correlation linkage present between the stored and reconstituted
samples (Figures 2 and 3A). In addition, CASP-like activity during storage was proportional
to the one before, and furthermore positively correlated with the post-storage levels in vitro
(Figures 2 and 4B).

Storage
CASP-like
o MCF
Q
< / \ 'P\\
Q
%
A » Z
& o
//Q' 9,
Q~
eI / CASP-like
MCF — __R=0738 5 MCF
Pre-storage Post-reconstitution

Figure 2. Statistically significant correlations between freshly drawn blood, stored, and reconstituted
RBCs from control donors. The correlation triangles focus on osmotic fragility (MCF) and caspase-like
(CASP-like) proteasomal activity. All connections represent repeatable (at every recipient plasma
and storage time-point measured) significant correlations. The R-values concern late storage and
thalassemic plasma.
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Abbreviations
MFI: Mechanical Fragility Index
MCF: Mean Corpuscular Fragility
DHT: Dihydrothymine
RDW: Red Cell Distribution Width
Ca?*: Intracellular calcium
MCV: Mean Corpuscular Volume

SPTA1: spectrin-alpha

Pre-storage Post-reconstitution

Figure 3. Statistically significant hemolysis correlations between freshly drawn blood, stored, and
reconstituted RBCs from beta-thalassemia trait (3Thal™) donors. The correlation triangles focus on
(A) osmotic, (B) mechanical and (C) spontaneous hemolysis of reconstituted samples. All connec-
tions represent repeatable (at every recipient plasma and storage time-point measured) significant
correlations. The R-values concern late storage and thalassemic plasma. * SPTA1 was used as an
example of an array of structural components that correlate with MFI (e.g., ankyrin-1, glycophorin C
and 4.2 protein).

Besides these two parameters, which formed “complete” (three connections) or “par-
tial” (two connections) transfusion triangles in both the average control and 3Thal* donors,
there were additional variables that satisfied the triangularity criteria in the case of het-
erozygotes, as described in the following paragraphs.
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C Abbreviations

TAC: Total Antioxidant Capacity (AC)

UAJAC: Uric Acid-dependent AC

PS: Phospatidylserine

CASP-like: Caspase-like Proteasome Activity
CH-like: Chymotrypsin-like Proteasome Activity

ROS: Reactive Oxygen Species

Pre-storage Post-reconstitution

Figure 4. Statistically significant redox-related correlations between freshly drawn blood, stored,
and reconstituted RBCs from beta-thalassemia trait (3 Thal*) donors. The correlation triangles focus
on (A) PS-exposing RBCs and extracellular vesicles (EVs), (B) proteasome activity and (C) diamide-
induced intracellular ROS of reconstituted samples. All connections represent repeatable (at every
recipient plasma and storage time-point measured) significant correlations. The R-values concern
late storage and thalassemic plasma. Antioxidant capacities of (A) are extracellular, while urate is the
intracellular metabolite.

3.2. Hemolysis-Related Transfusion Triangles in BThal*

Initially, we focused on transfusion triangles targeting post-storage hemolysis profiles
(Figure 3).

The osmotically induced hemolysis of freshly drawn 3Thal* RBCs positively corre-
lated with the mechanically induced one in the unit, which was in turn linked to osmotic
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fragility post storage (Figure 3A). The first link was also observed vice versa, i.e., the
mechanical fragility pre-storage was associated with the osmotic fragility during storage.
Moving on to negative correlations, the red cell distribution width (RDW) index of freshly
drawn RBCs was inversely associated with the osmotic hemolysis of both stored and re-
constituted samples, as was the case for dihydrothymine, too. This metabolite presented
stored levels proportional to the in vivo ones and inversely proportional to the osmotic
fragility post reconstitution (Figure 3A).

The mechanical hemolysis of reconstituted samples positively correlated with both the
mechanical and osmotic fragility of stored RBCs, as well as with their mean corpuscular
volume (MCV), which varied proportionally to the in vivo levels (Figure 3B). An interesting
finding was the direct negative link between the baseline levels of intracellular calcium and
mechanical hemolysis under in vitro recipient-mimicking conditions. This link was broken
in the other two sides of the triangle by (a) a positive correlation of calcium with integral
membrane/cytoskeletal proteins of stored RBCs and (b) a subsequent negative correlation
of the latter with the mechanical fragility index post storage (Figure 3B).

The levels of spontaneous hemolysis post storage in the same donor group were
positively related to the oxidatively induced hemolysis levels of both freshly drawn and
stored RBCs (Figure 3C). A “complete triangle” was formed for the following parameter
as well: the in vivo and storage levels of phosphocreatine were correlated with each other,
and both of them seemed to negatively affect post-storage hemolysis (Figure 3C).

3.3. Redox- and Proteostasis-Related Transfusion Triangles in BThal*

Concerning the antioxidant power of the RBC units, the levels of total (TAC) and uric
acid-dependent antioxidant capacities (UAdAC) of fresh 3Thal* plasma intra- and inter-
correlated with the respective levels in the supernatant, as well as with the intracellular
levels of urate in stored RBCs. Moreover, all three storage parameters were negatively
associated with the externalization of phosphatidylserine (PS) and the production of PS*
extracellular vesicles (EVs) under recipient-mimicking conditions (Figure 4A). Urate also
presented an intra-correlation between fresh and stored RBCs. Remarkably, two “complete
triangles” were formed since the in vivo levels of both TAC and urate were also directly
inversely linked to the PS* RBCs and EVs post storage (Figure 4A).

In the case of proteasome, the (mainly cytosolic) levels of chymotrypsin-like (CH-
like) activity were linked with each other in a “complete transfusion triangle” (Figure 4B).
Notably, the storage levels of CASP-like and CH-like activities positively correlated with
their levels post storage (Figure 4B).

The accumulation of reactive oxygen species (ROS) post stimulation of reconstituted
BThal® RBCs with thiol-oxidizing agents (in our case, diamide), was proportional to the
in vivo and storage levels (Figure 4C). On the contrary, the levels of L-tyrosine either
in freshly drawn RBCs or their stored counterparts seem to be inversely linked to the
production of diamide-induced ROS in both stored and reconstituted RBCs (Figure 4C).

3.4. Direct Linkages of Freshly Drawn BThal* RBCs to Transfusion Variables In Vitro and In Vivo

Finally, some interesting correlations were evident between freshly drawn and recon-
stituted / transfused 3Thal™ RBCs, as shown in Figure 5.

The levels of spontaneous hemolysis in the reconstituted samples were negatively
associated with those of ATP, pyridoxamine and phosphoethanolamine of freshly drawn
RBCs (Figure 5A). Regarding the two RBC fragilities post storage, the mechanical and the
osmotic, they were positively or negatively related to the in vivo levels of IMP and mal-
tose/sucrose, respectively. Interestingly, there was a positive correlation of the pre-storage
erythrocytic hypoxanthine with the post-storage exposure of PS, along with an inverse
linkage between ATP and PS* EVs of the same RBC states. Of note, the in vivo levels of
2,3-bisphosphoglycerate negatively correlated with the magnitude of lipid peroxidation in
the reconstituted samples’ membrane (Figure 5A). Some of the above-mentioned correla-
tions (e.g., in vivo levels of ATP and hemolysis post storage (R? = 0.568, p = 0.141), in vivo
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levels of 2,3-BPG and lipid peroxidation post storage (R? = 0.528, p = 0.165)) presented
the same trend in the control group, too. However, the smaller number of paired control
samples compared to the BThal* pairs rendered the statistical analysis highly unsound in
this cohort. Last but not least, osmotic and mechanical fragilities of freshly drawn $Thal*
RBCs exhibited an inverse link with their 24 h recovery in mouse recipients (Figure 5B). In
this case, the linkage is strongly related to the physiology of the Thal* RBCs, since it did
not emerge in the control cohort which consisted of in vivo vs. transfused RBC pairs equal
to BThal* (R% = 0.355 for osmotic and R? = 0.298 for mechanical fragility, p > 0.05).
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Figure 5. Statistically significant correlations of parameters of freshly drawn blood with the post-
reconstitution physiology and 24 h recovery of beta-thalassemia trait (3Thal*) donated RBCs.
(A) Baseline levels of metabolites correlating with physiological parameters of reconstituted RBCs.
(B) Baseline fragility indices correlating with post-transfusion recovery in mice. The selected scat-
terplots concern late storage, thalassemic plasma (A) and C57BL/6] mice (B), but significant con-
nections (with slightly different R? values) were evident at every condition tested (i.e., early/late
storage, control/thalassemic plasma, immunodeficient/sufficient mice), with the exception of ATP
and hemolysis, a correlation evident only in early storage. PE: phosphoethanolamine; 2,3-BPG:
2,3-bisphosphoglycerate; PS: phosphatidylserine; EVs: extracellular vesicles.
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4. Discussion

We hereby propose a paired “triangular” model for studying the transfusion chain,
presenting it through a correlation analysis of paired donor-storage—post-storage data.
Interestingly, out of hundreds of variables tested in freshly drawn blood and stored RBCs,
two parameters stood out, fulfilling the triangularity criteria in both the average and genet-
ically distinct BThal* donor groups: osmotic fragility and CASP-like proteasome activity,
which have the potential to link donors to post-storage RBC features, at least in vitro. Fur-
thermore, we provide evidence regarding a well-characterized and homogeneous (in terms
of RBC geometry, proteostasis and metabolism) donor group, in which a variety of fragility
and redox parameters, along with metabolites of purine and energy pathways, seem to be
linked directly or indirectly to their overall superior post-storage phenotypes.

The currently proposed triangular approach of transfusion research has the potential
to provide reliable and statistically solid links between donors, blood units and post-
storage/post-transfusion metrics (probably recipient factors, too). It also highlights the
significance of (a) cellular indices that may affect RBC performance, as with the case of
sub-lethal storage lesions in fThal™ RBCs and (b) direct linking between donor attributes
and transfusion outcomes, which presuppose analyses in freshly drawn blood. Regarding
the first point, the correlation profile of sublethal defects versus the typical hemolysis metric
stands as a representative example. It seems that the multiparametric nature of spontaneous
hemolysis [20] does not allow for the completion of a transfusion triangle, while at the
same time both osmotic and mechanical fragilities arise as candidate biomarkers of RBC
physiology and 24 h post-transfusion recovery in mice. As for the second observation,
notable potential links of donor characteristics (including RBC metabolism) with the post-
transfusion performance have been lately reported in obese and G6PD-deficient donor
groups [7,8]. However, the need for such paired studies cannot a priori bypass the storage
factor since the blood unit represents a dynamic rather than a static state (i.e., aging
pathways related to both storage and metabolic time) that links donors to recipients in time
and space; therefore, it is important to consider both the links between freshly drawn and
stored blood [21,22], as well as those between stored and transfused blood [7,19].

Paired analyses, like the one presented in our study, can serve as the first step in
elucidating biomarkers of storage and transfusion quality out of a large number of metrics
that arise through the implementation of high- or low-throughput techniques. Such studies
can feed more targeted experimental approaches in larger cohorts and different donor
groups to validate, expand or reject hypotheses that lean on initial observations. Whatever
the result of the latter approaches might be, the search for donor/recipient signatures
in specific transfusion events will narrow, step by step, the distance between where we
currently stand and the much-anticipated future of precise transfusion medicine. Such
information can also guide blood logistics strategies in periods of inventory shortage, such
as the one imposed worldwide by the COVID-19 pandemic.

The application of the proposed model expanded the previously reported [14] biomarker
potential of osmotic fragility since the direct connection between the pre-donation and
post-storage levels completed the transfusion triangle in both donor cohorts. However,
in terms of post-transfusion performance, it seems plausible that the low susceptibility
of BThal* RBCs to both osmotic and mechanical lysis benefits them in the circulation of
transfused mice mainly due to their unique geometry and membrane/cytoskeleton pro-
teome [18,23] in comparison to controls. The contribution of cell size and geometry to the
mechanical and osmotic stability of stored /reconstituted Thal™ RBCs is also hinted at by
the presence of hematological indices, such as MCV and RDW in the respective transfusion
triangles. The lower volume (MCV: 70.4 & 5.8 vs. 85.2 £ 4.6 fL, 3Thal* vs. control in vivo),
expressed (directly or indirectly) by the above-mentioned variables, probably protects the
cells from stress-induced rupture, a hypothesis consistent with the previously observed
positive correlation between RDW and osmotic stability in diabetic samples [24]. The size
and shape of these cells might also be one of the reasons behind the special interplay be-
tween mechanical and osmotic fragility. It should be noted that the effect of both fragilities
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(in vivo and during storage [19]) upon recovery emphasizes the importance of sublethal
storage lesions in the efficacy of transfusion therapy.

The metabolism of 3Thal* cells was found to be tightly related to several physiological
features. Breakdown intermediates of pyrimidines and purines were found to be “con-
nected” positively or negatively, respectively, to cell fragility and the exposure of removal
signals. Focusing on purine metabolism, the negative association between in vivo levels of
IMP and mechanical hemolysis post storage came as no surprise in the light of the formerly
revealed positive correlations between IMP and storage hemolysis in control samples [25].
In the same context, the observed positive correlation between hypoxanthine and PS exter-
nalization, either in cells or vesicles, comes to support the previously shown negative effect
of this metabolite upon post-transfusion recovery [15]. Of note, both parameters present
lower baseline levels in heterozygotes when compared to controls [16]. High-energy com-
pounds, such as ATP, along with glycolysis intermediates, constitute frequently occurring
beneficial biomarkers in transfusion medicine [20,25-27], hence their currently observed
protective properties with regards to lysis (e.g., in vivo ATP and spontaneous post-storage
hemolysis) and oxidative stress-related (e.g., in vivo 2,3-bisphosphoglycerate and post-
storage lipid peroxidation) variables in both fThal* and control (though as a trend). This
regular emergence of energy-related molecules in such analyses, both ex vivo and in vivo,
is consistent with the abundance of volume-regulating channels, membrane-asymmetry
maintaining molecules and antioxidants that rely on the energy reservoir of the cells [28].
An interesting observation was the linkage of post-reconstitution $Thal™ osmotic hemolysis
with maltose/sucrose, oligosaccharides known to decrease the membrane lesions on frozen
RBCs [29]. Another energy-related molecule, phosphocreatine, was found to anticorrelate
with spontaneous hemolysis post-storage, forming another “complete transfusion triangle”
in heterozygotes. Apart from providing energy-based support, this molecule is also known
to interact with the membrane in a protective manner [30], as previously supported by its
negative association with hemolysis in early storage [25].

As in the case of phosphocreatine, the donor levels of antioxidant pyridoxamine—
the storage levels of which also anticorrelate with post-storage hemolysis [19]—similarly
possesses biomarker potential in BThal™ RBCs. Pyridoxamine, which has been found to
be elevated in these RBCs [16], plays a significant cytoprotective role by eliminating free
radicals and maintaining Na*/K*-ATPase activity [31]. On the other hand, susceptibility
to oxidative lysis, either before or during storage, seems to increase the propensity to
spontaneous lysis after exposure of 3Thal* RBCs to plasma and body temperature. Indeed,
hemoglobin oxidation is associated with cellular aging, loss of integrity and, consequently,
hemolysis during cryopreservation [32]. In the same context, the interplay between the
redox active amino acid L-tyrosine, known for its radical scavenging properties [33], and
the generation of ROS with thiol-targeting reagents was rather anticipated.

The most integrated transfusion triangle in our study was the one connecting the
antioxidant powers (extra- and intra-cellular) with the post-storage exposure of PS in
BThal™ RBCs. The mitigation of oxidative stress inside and outside the cell, mediated by
non-enzymatic antioxidants, such as urate, appears to be associated with a decrease in
PS exposure. The slightly elevated, though within normal range, baseline levels of Ca®*
in BThal™ cells [16] seemed to affect neither the lipid bilayer asymmetry [34] nor calpain
recruitment to the membrane [18] but, on the contrary, they positively correlated to a
superior cytoskeleton preservation, “protecting”—directly or not—the mechanical integrity
of the cell. Calcium cations participate in a huge variety of intracellular metabolic and
signaling networks in RBCs [35], including the reversible loosening of the cytoskeleton
during passage through low-diameter capillaries [35] and the tyrosine phosphorylation of
Band 3 (increased in stored fThal* membranes [18]) that may energetically support the
RBC through unbinding of glycolytic enzymes [36]. Interestingly, a part of the proteostasis
of RBCs, the CH-like and CASP-like proteasome activities, is highly preserved both in bag
and post storage, highlighting the proteasome as a strong BThal*-specific feature in RBCs
previously reported to exhibit unique proteo-vigilance abilities during storage [17].
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Overall, the application of the currently proposed approach to our donor cohorts
provided interesting (either anticipated or biologically reasonable) information and unrav-
eled variables as potential biomarkers of RBC performance. The abundance of transfusion
triangles in the group of Thal minor donors reflects the “compactness” of this cohort in
regard to several of the currently measured parameters. It may also be associated with the
fact that a significant part of the freshly drawn blood variables (e.g., cellular fragilities, intra-
cellular Ca?*, pyridoxamine, extracellular antioxidant capacity) that are linked—directly or
indirectly—to post-storage physiology or performance differ between Thal* and control
donors from the time of donation or during storage, too [16]. On the other hand, there are
also parameters, such as proteasome activities, dihydrothymine or phosphocreatine, with
control range variation which satisfy the “triangularity criterion” only in 3Thal* donors,
indicating a unique, BThal*-related variability. Although it is tempting to hypothesize
the presence of thresholds producing differential correlation profiles in distinct genetic
subgroups (in our case, fThal" carriers with Hb levels > 13.5 g/dL) the small size of our
cohort cannot allow us to draw strict conclusions for such cut-off values.

In conclusion, we strongly believe that the application of the triangularity approach to
wide cohorts of average donors and to different donor/recipient backgrounds, as well as its
enrichment by omics data (genomics, lipidomics, metabolomics, proteomics, modifomics,
etc.) corresponding to RBCs, plasma and extracellular vesicles may lead to the discovery of
a significant number of candidate biomarkers for assessing the transfusion quality of RBCs.
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ABSTRACT

lood donor genetics and lifestyle affect the quality of red blood

cell (RBC) storage. Heterozygotes for beta thalassemia (fThal")

constitute a non-negligible proportion of blood donors in the
Mediterranean and other geographical areas. The unique hematological
profile of Thal" could affect the capacity of enduring storage stress,
however, the storability of pThal® RBC is largely unknown. In this
study, RBC from 18 fThal* donors were stored in the cold and profiled
for primary (hemolysis) and secondary (phosphatidylserine exposure,
potassium leakage, oxidative stress) quality measures, and
metabolomics, versus sex- and age-matched controls. The fThal* units
exhibited better levels of storage hemolysis and susceptibility to lysis
following osmotic, oxidative and mechanical insults. Moreover, fThal*
RBC had a lower percentage of surface removal signaling, reactive oxy-
gen species and oxidative defects to membrane components at late
stages of storage. Lower potassium accumulation and higher urate-
dependent antioxidant capacity were noted in the fThal" supernatant.
Full metabolomics analyses revealed alterations in purine and arginine
pathways at baseline, along with activation of the pentose phosphate
pathway and glycolysis upstream to pyruvate kinase in fThal* RBC.
Upon storage, substantial changes were observed in arginine, purine
and vitamin B6 metabolism, as well as in the hexosamine pathway. A
high degree of glutamate generation in pThal" RBC was accompanied
by low levels of purine oxidation products (IMP, hypoxanthine, allan-
toin). The pThal mutations impact the metabolism and the susceptibil-
ity to hemolysis of stored RBC, suggesting good post-transfusion recov-
ery. However, hemoglobin increment and other clinical outcomes of
pThal' RBC transfusion deserve elucidation by future studies.

Introduction

Inter-donor heterogeneity significantly impacts the two “gold standards” of red
blood cell (RBC) storage quality, namely end of storage hemolysis and in vivo 24-
hour post-transfusion recovery.' Donor age, sex, ethnicity® and lifestyle (smoking,
drinking, caffeine consumption®) all impact stored RBC energy and redox metab-
olism, and thereby RBC capacity to cope with oxidant and other insults. These
factors ultimately affect transfusion efficacy, as gleaned by outcomes like hemo-
globin (Hb) increments upon transfusion.® Genetic factors impacting RBC redox
status and antioxidant capacity have been linked to alteration of the metabolic age
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of stored RBC,” such as deficiency in the activity of glu-
cose 6-phosphate dehydrogenase (G6PD) resulting both
in increased oxidant stress® and lower recovery in healthy
blood donors.” Like G6PD deficiency, genetic polymor-
phisms associated with non-canonical hemoglobin traits
are enriched in certain donor populations. Carrier state
for beta thalassemia (fThal") is characterized by mild
effects on globin synthesis and RBC survival, and as such,
many BThal® subjects are eligible blood donors.® Despite
their unique hematological profile, that could affect the
capacity of enduring storage stress in either a negative or
a positive way, little is known about the storability and
recovery of Thal* RBC.

Apart from RBC indices and minor Hb variants,” fThal*
RBC may exhibit differences in membrane structure,"
deformability and ion exchange," among others. Free
heme and iron reactions bring about mild but sustained
oxidative stress that when combined with decreased plas-
ma antioxidant capacity,” may lead to oxidative defects
in skeletal proteins” and membrane lipids. Augmented
protein phosphorylation and proteolytic cleavage of
band 3% have been also observed as a probable result of
caspase-3 activation. Since the N-terminus of band 3 can
regulate metabolic fluxes through glycolysis by means of
inhibitory binding to glycolytic enzymes, the aforemen-
tioned alterations could trigger excessive consumption of
glucose through the glycolytic pathway at the expense of
NADPH production by the pentose phosphate pathway
(PPP)," with a consequent deficit in the capacity to fuel
several antioxidant systems that rely on this cofactor.
Many of these fThal" RBC distortions are typical storage
lesion aspects and some of them have already been linked
to poor recovery or adverse transfusion effects.

On the other hand, the geometry and membrane
cation permeability of fThal" RBC render them osmoti-
cally resistant, a probably advantageous feature for RBC
at storage conditions.” Of note, baseline adult hemoglo-
bin A. (HbA.) and fetal hemoglobin (HbF) levels in the
general donor population have been found to be positive-
ly associated with resistance of stored RBC to stress
hemolysis.” Moreover, fThal* RBC exhibit low aggrega-
bility,” probably rendering them less susceptible to the
storage-induced tendency to cell aggregation. Improved
metabolic® and total cardiovascular risk profiles,” along
with survival following malaria infection® have been also
reported thalassemia traits. The aim of the present study
was to clarify whether the homeostasis of these unique
RBC acts positively or negatively towards the challenges
of blood banking.

Methods

Biological samples and blood unit preparation

Venous blood from n=204 regular blood donors was collected
into EDTA, citrate and serum vacutainer tubes (in vivo study).
Thirty-eight donors (18 pThal" and 20 controls) were selected to
evaluate RBC storability in citrate-phosphate-dextrose (CPD)/
saline-adenine-glucose-mannitol (SAGM) for 42 days at 4°C.
The two donor groups exhibited typical hematological differ-
ences between them but minimal baseline variation in sex, age,
donation frequency and other demographics (Online
Supplementary Table S1). pThal* trait was confirmed by Hb elec-
trophoresis and molecular identification of mutations. The study
was approved by the Ethics Committee of the Department of

haematologica | 2022; 107(1)

Biology, School of Science, NKUA. Investigations were carried
out upon donor consent, in accordance with the principles of the

Declaration of Helsinki.

Physiological parameters

Free Hb levels were measured in plasma/supernatant through
spectrophotometry,” followed by the Allen correction. In order
to examine the osmotically induced hemolysis, RBC were
exposed to solutions of increasing saline (NaCl) concentration
and the mean corpuscular fragility (MCEF, concentration of NaCl
at 50% hemolysis) was calculated. The mechanical fragility
index (MFI) was determined by measuring the amount of Hb
released in the supernatant of RBC rocked with stainless steel
beads for 1 hour (h). Oxidative hemolysis levels were evaluated
following treatment of RBC with 17 mM phenylhydrazine
(PHZ) for 1 h at 37°C. Reactive oxygen species (ROS) and calci-
um accumulation were measured by fluorometry; the extracel-
lular antioxidant activity and lipid peroxidation were deter-
mined spectrophotometrically; phosphatidylserine (PS) expo-
sure and RBC membrane protein carbonylation were estimated
by multicolor flow cytometry and western blotting, respectively
(see the Online Supplementary Methods for details).

Omics analyses

Preliminary proteomics analyses were performed in stored
samples of RBC membranes through a filter-aided sample prepa-
ration digestion prior to analysis via nano-ultra performance lig-
uid chromatography - tandem mass spectrometer (nano-
UHPLC-MS/MS) (Evosep One system coupled to timsTOF Pro
mass spectrometer - Bruker Daltonics, Bremen, Germany), as
extensively described in prior technical notes.” Metabolomics
analyses were performed as previously reported.” 100 uL of
stored RBC were collected on a weekly basis, extracted at 1:6
dilution in methanol:acetonitrile:water (5:3:2) and analyzed by
UHPLC-MS (Ultimate 3000 RSLC-Q Exactive, Thermo Fisher)
(see the Omnline Supplementary Methods for details). Metabolite
assignment was performed against an in house standard library,
as reported,” through the freely available software Maven
(Princeton University, USA). No data pre-processing (neither
normalization nor log-transformation) was performed.

Statistical analysis

For statistical analysis (SPSS Version 22.0, IBM Corp, NKUA)
Shapiro-Wilk test and detrended normal Q-Q plots (for testing
normal distribution and outliers), independent r-test or repeated
measures analysis of variance (ANOVA) with Bonferroni-like
adjustment (for intergroup differences) and Pearson's or
Spearman's tests (for correlation analysis) were used. Variables
that exhibited repeatable correlations between each individual
storage day (six time points) and fresh blood were used for the
construction of in vivo/ex vivo biological networks (Cytoscape
3.7.2). Receiver operating characteristic (ROC) curves were used
to find out parameters strongly indicative of pThal® status in
stored RBC. Significance was accepted at P<0.05.

Results

Baseline features and storability of beta thalassemia
red blood cells

In a cohort of 204 eligible blood donors the fThal" sub-
group was approximately 9%. As expected, lower Hb
concentration and RBC indices but higher RBC count and
HbA. concentration were measured in pThal* donors
(ROC curve: area under the curve [AUC] for mean cor-

The favorable storability of BThal” RBC e
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puscular volume [MCV] =0.965, for HbA. = 1,000), who
carried an array of f-Hb mutations commonly found in
Greece (IVS I-1, IVS I-6, IVS I-110, IVS II-1 and IVS II-
745). While osmotic fragility was significantly lower in
BThal" RBC, free Hb levels were similar to control. A
trend for high total antioxidant capacity (TAC) and low
plasma protein carbonylation was also observed in fThal*
(Table 1).

For RBC storability analysis, the subgroup of fThal*
donors (n=18) was compared to an equivalent group of
average controls (n=20). The fThal" units exhibited lower
levels of free Hb (storage, oxidative, mechanical and
osmotic hemolysis) either throughout the storage period
(mechanically and osmotically induced hemolysis) or for
the last 2 weeks of it (storage and oxidative hemolysis)
(Figure 1A). According to ROC curve analysis, the osmot-
ic, mechanical and storage hemolysis have very good
potential to predict the fThal* status at every time point
of storage (Online Supplementary Figure S1A). Of note,
only osmotic fragility (which follows a logarithmic
increase during storage) was lower in the fThal" versus
control RBC in vivo. Apart from hemolysis, the extracellu-
lar K* was also lower in fThal* plasma and day 42-super-
natant (Figure 1B). Preliminary proteomics analysis
revealed differences between the two groups in the abun-
dance of membrane proteins physiologically related to
the RBC volume control/cation homeostasis, including
piezo-1, Na*/K* ATPase and aquaporin-1 (Figure 1C).

Higher TAC and uric acid-dependent antioxidant
capacities (UAJAC) were measured in the plasma/super-
natant of the fThal" samples compared to control (Figure
2A). ROC curve analysis revealed variations in both TAC
and UAJAC, strongly indicative of the pThal® status in
stored RBC (Online Supplementary Figure S1B), in contrast
to the uric acid-independent antioxidant capacity
(UAIAC) levels that were very similar to control (Figure
2A). Membrane lipid peroxidation and protein carbonyla-
tion were significantly lower in the Thal® versus control
RBC throughout the storage period or from middle stor-
age onwards, respectively (Figure 2B). Spontaneous intra-
cellular ROS levels were quite similar between the two
donor groups at early storage, but lower levels were
detected in fThal" versus control RBC in the late period
(Figure 2C). Stress-induced (e.g., by tBHP, diamide,

phenylhydrazine) ROS generation basically resulted in no
between-group differences. Although significantly higher
at baseline, the intracellular Ca** of fThal* RBC exhibited
only a trend toward higher levels during storage com-
pared to controls (Figure 2D). In contrast, while similar at
baseline (and for the first weeks of storage), PS external-
ization was significantly lower in fThal* RBC for the last
2 weeks (Figure 2E). According to a preliminary pro-
teomics analysis, the membrane expression of calcium
related proteins (such as calmodulin, calpain and annexin
A7/synexin) and of the lipid remodeling protein scram-
blase differed significantly between the two groups of
stored RBC (Figure 2F).

Metabolic profile of beta thalassemia red blood cells
in vivo and during storage in CPD-SAGM

Full metabolomics analyses were performed in paired
fresh and stored samples from the control and BThal®
groups (n=15, Online Supplementary Figures S2 to S11). In
the case of fresh RBC (Figure 3A) partial least square-dis-
criminant analysis (PLS-DA) separated the two groups
across principal component 1 (PC1), explaining approxi-
mately 11% of the total variance (Figure 3B). The top 25
metabolic changes between the two groups — as deter-
mined by r-test — are highlighted in the heat map in Figure
3C. Increases were observed in fThal" RBC with respect
to metabolites derived from glycolysis or branching path-
ways (2,3-diphosphoglycerate, phosphoglycerate iso-
mers, phosphoenolpyruvate) and PPP (6-phosphoglu-
conate, ribose mono and diphosphate, NADPH) (Figure
3C). Overall, these steady state analyses are suggestive of
activation of PPP and glycolysis upstream to pyruvate
kinase in fresh pThal* RBC, in the absence of significant
alterations of glutathione pools and turn-over (Figure 4A
to C, respectively). Indeed, pThal* RBC were character-
ized by decreases in pyruvate, arginine, creatine, glycine,
inosine and monophosphate (Figure 3C), suggestive of
alterations in purine deamination/oxidation and argi-
nine/polyamine metabolism (Figure 4D to E).

Metabolomics analyses were thus performed on stored
RBC units from the same donors on a weekly basis
(Figure 3D). Unsupervised principal component analysis
(PCA) and hierarchical clustering analysis of significant
metabolites by repeated measures ANOVA are shown in

Table 1. Selected characteristics of beta thalassemia blood minor in vivo compared to control.

Red blood cells (x107uL) 4.94 +0.33 5.88 + 0.34
Hematocrit (%) 44.07 + 2.58 39.84 + 2.20°
Total Hemoglobin (g/dL) 15.00 + 1.07 13.36 £ 0.71°
Mean corpuscular volume (fL) 89.38 + 4.17 67.07 + 6.72°
Mean corpuscular hemoglobin (pg) 30.44 + 2.08 22.51 + 242
Mean corpuscular hemoglobin concentration (g/dL) 34.00 = 1.09 32.69 + 0.67°
Red cell distribution width (%) 12.48 + 0.57 13.64 £ 0.88
Mean platelet volume (fL) TAT + 1.57 924 +2.17°
Mean corpuscular fragility (% [NaCl]) 0.438 = 0.025 0.389 + 0.028
Free hemoglobin (mg/dL) 3.61 +1.83 2.73 +1.24
Total antioxidant capacity of plasma (TAC) (uM Fe*) 622 + 94.2 735 + 142¢
Carbonylated proteins of plasma (nmol/mg) 0.350 + 0.107 0.296 + 0.111°
Total plasma proteins (g/dL) 7.19 + 046 6.78 + 0.56°

Data are presented as mean + standard deviation. *P<0.05; (*) marginal significance. fThal*: beta thalassemia minor.
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®
Figure 8E and E respectively. Of note, several of the observations were accompanied by a higher degree of
metabolic differences between the two groups at base- glutamine consumption and glutamate generation in
line were further exacerbated during storage, with signif- pThal* RBC after storage day 7 (Figure 5A; Online
icantly lower levels of IMP, hypoxanthine and adenosine  Supplementary Figure S8, respectively), suggestive of
monophosphate (AMP) in the stored fThal* RBC (Figure ongoing glutaminolysis. Interestingly, metabolites of
5A). On the other hand, the fThal* RBC had higher lev-  purine metabolism such as urate, allantoate and gluta-
els of urate throughout storage. Since human RBC lack a  mine represent very good predictors of Thal* status in
functional uricase, chemical oxidation of urate promotes  stored RBC (ROC curve analysis, Online Supplementary
further catabolism to allantoin and allantoate, that were  Figure S1C). Intertwined with purine (especially adeno-
found significantly lower and higher in the fThal* RBC, sine) metabolism, S-adenosylmethionine (SAM) synthe-
respectively, throughout storage (Figure 5A). These sis and consumption were not significantly altered in
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Figure 1. Variation in hemolysis variables of fresh and stored red blood cells in beta thalassemia minor and control donors. (A) Time course evaluation of storage,
osmotic, mechanical and oxidative hemolysis. Dashed lines represent trend lines of exponential or logarithmic models for storage and osmotic hemolysis, respec-
tively. (B) Potassium leakage. (C) Storage levels of selected proteins related to osmotic/mechanical hemolysis. Data are presented as mean + standard deviation.
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RBC from the pThal* group (Figure 5B). Cysteine levels
were higher and cysteate levels lower in the BThal*
group, especially past storage day 28 and at the end of
storage (Figure 5B). Significantly higher levels of sphin-
gosine 1-phosphate (S1P) — a marker of systemic hypox-
emia” - were observed in RBC from the pThal* group on
day 0 and throughout storage (Figure 5C).

Like in fresh RBC, changes were observed in arginine
metabolism between the two groups as a result of storage
duration — with RBC from the fThal* group being charac-

The favorable storability of Thal* RBC

terized by significantly lower arginine and creatine and
higher asymmetric dimethyl-arginine and acetyl-spermi-
dine levels throughout storage (Figure 6A). Of all the path-
ways assessed in this study, the most notable between-
group changes were unexpectedly found in vitamin B6
metabolism (Figure 6B) and in the hexosamine pathway
(Figure 6C). pThal* RBC were characterized by lower pyri-
doxate and pyridoxal and higher pyridoxamine levels
throughout storage. On the other hand, all intermediates
of the hexosamine pathway (uridine monophosphate -
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Figure 3. Metabolomics analyses of fresh and stored red blood cells from control and beta thalassemia minor donors. (A) Fresh blood analysis of eligible blood
donors (n=13 for controls and n=12 for beta thalassemia minor [Bthal*] donors). (B) Principal component and discriminant analysis in fresh blood. (C) Heat map of
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age. CPD/SAGM: citrate-phosphate-dextrose/saline-adenine-glucose-mannitol.
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* UMBP, acetyl-glucosamine, acetyl-glucosamine phosphate) blockade at the metabolic step catalyzed by UDP-N-
were significantly higher in fThal* RBC at all storage time  acetylglucosamine phosphorylase or an increased con-
points, while the final product of this pathway — uridine  sumption of its product for protein O-GlcNAcylation
diphosphate (UDP) N-acetyl-glucosamine was significant-  (post-translational attachment of O-linked N-acetylglu-
ly lower in fThal* RBC (Figure 6C), suggestive of either a  cosamine moieties to serine and threonine residues).
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Again, ROC curve analysis highlighted the potential of with either antioxidant activity or associated microbial
glucosamines to distinguish stored fThal* RBC from their metabolism, respectively, from baseline throughout stor-
control counterparts (Online Supplementary Figure S1D).  age, with no storage-dependent fluctuations, suggestive of
Finally, RBC from BThal* donors were characterized by  differences in the circulating blood metabolome between
higher levels of carnosine and indole-acetate — metabolites  the two groups at the time of donation (Figure 6D).
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Intertwining biological networks in stored red blood upon storage, we proceeded to comparative B Thal* versus
cells and supernatants control in vivo/ex vivo network analysis.

In order to find out major aspects of fThal* RBC phys- Our findings highlighted osmotic hemolysis as a “hub”
iology, able to interconnect the in vivo/ex vivo states, and  parameter in fThal" networks, with significant differ-
thus, to reveal the “effect” (if any) of baseline variables ences in the type and the amount of connections between
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the groups. The osmotic fragility of stored pThal* RBC
exhibited strong correlations with several biochemical
(e.g., transferrin, r=0.560, P<0.01), cellular (e.g., RBC
mechanical hemolysis, r=0.771, P<0.01), protein and
metabolic (e.g., L-arginine, r=0.697, sphingosine-1-phos-
phate, r=-0.636, P<0.01) parameters of fThal" RBC and
plasma, in striking contrast to the controls (Figure 7A).
Notably, in the case of fThal* RBC, fragility variation dur-
ing storage was less correlated to the in vivo levels of fatty
acids but more correlated to those of carboxylic acids,
compared to control. Despite the above-mentioned dif-
ferences, osmotic hemolysis during storage was found
interrelated with the in vivo levels of RBC aging markers
and energy metabolism in both donor groups.

In similarity to the MCF network, the extracellular
antioxidant capacity of the fThal* units presented higher
connectivity with baseline parameters compared to con-
trol (twice the number of connections) including several
metabolites of energy metabolism (e.g.,, D-
glucose/UAdAC, r=-0.705, P<0.01), purine oxidation
(e.g., TAC/5-hydroxyisourate, r=0.756, P<0.01), urea
cycle (e.g., ornithine/UAdAC, r=-0.769, P<0.01) and car-
nitines (Figure 7B). Those findings suggested that that the
basic physiology of fThal* is strongly and intrinsically
related with the unique resistance to osmotic hemolysis
and the high antioxidant capacity of the RBC units
throughout storage.

Discussion

According to an increasing number of studies, genetic
diversity among donors substantially affects RBC storage
stability. Results of the REDS-III-Omics study showed
that female sex and African American or Asian race-eth-
nicity’ predispose to low susceptibility to storage and
stress hemolysis. RBC from G6PD-deficient donors
exhibit control levels of storage hemolysis, opposite to
sickle cell trait RBC that are more susceptible to sponta-
neous hemolysis during storage.” Our study reports for
the first time that fThal* RBC are superior to those of the
general population in terms of all hemolysis measures
(including the less studied mechanical one), either
throughout the storage period or for the more susceptible
last 2 weeks of it. Superior secondary metrics of storage
quality (including removal signaling and extracellular
potassium) were also detected in fThal*. As expected, the
unique storage capacity of fThal* RBC was found mech-
anistically linked to changes in specific metabolic flows
and membrane protein expression profiles.

A tentative explanation for resistance to hemolysis lies
in the appreciation of decreased HCT, MCH and Hb lev-
els in fThal". Similar findings in high frequency blood
donors have been associated with decreases in ferritin
and total iron pools and improved hemolytic parame-
ters,” in keeping with a negative role of iron levels and
metabolism with RBC storage quality and post-transfu-
sion efficacy.* Moreover, BThal* RBC are intrinsically dif-
ferent from control, with reduced cellular volume and
increased surface:volume ratio.” Altered ion transport
homeostasis leading to efflux of osmotically active com-
ponents®” underlies to great extent this phenotype. In sup-
port, serum levels of osmotically active ions in BThal®
exhibit significant correlation with RBC osmotic fragili-
ty.® Under normal membrane and skeletal networks

(manuscript in preparation) these features contribute to
increased resistance to osmotic (and probably to mechan-
ical) stress.

The biological networks suggested that the resistance
of stored RBC to osmotic stress is a multifactorial pheno-
type exhibiting numerous correlations with the baseline
RBC physiology (such as the energy metabolism) espe-
cially in the case of pThal* RBC. Indeed, the levels of sev-
eral biochemical and metabolic features of fThal* RBC in
vivo exhibited strong correlations with those of osmotic
hemolysis throughout storage, including L-arginine® and
sphingosine-1-phosphate, which significantly differed
between the two groups under examination at baseline.
Of note, similar correlations were also detected in G6PD-
defficient donors.* This observation suggests a genetical-
ly determined aspect of osmotic hemolysis phenotype in
stored RBC that deserves further examination. Since
osmotic fragility is strongly donor-specific (storage levels
are proportional to baseline levels i vivo),” the superior
osmotic hemolysis (and consequently part of storage
hemolysis) of pThal® RBC was rather anticipated.
Resistance to oxidative hemolysis at late storage seemed
to follow the fluctuation in ROS levels at the same period,
as well as the modulation of purine and arginine metabo-
lism, previously reported in control donor groups.®
Osmotic stress and additional hemolysis triggers may be
further associated with the specific protein composition
of RBC membrane in Thal’, since our preliminary analy-
sis revealed variations in proteins critically involved in
cell volume regulation and transmembrane water/cation
flows responsive to osmotic and mechanical stimuli,
including aquaporin and piezo. Variation in some of these
transporters has already been reported in thalassaemic or
other anemic subjects.” Our study (Online Supplementary
Figure S1A) showed for the first time that resistance to
both spontaneous and induced hemolysis is a distinctive
feature of pThal* RBC storability. However, diversity in
BThal" mutations worldwide should be also taken into
consideration. Indeed, certain fThal* donors exhibited
control baseline levels of RBC osmotic fragility (Table 1).
The effects of such genetic variation on fThal* RBC stor-
ability and performance deserve further evaluation by
future studies in various ethnic groups.

Apart from hemolysis, PS exposure (a potent signal for
RBC clearance in vivo) was also lower in fThal* RBC at
late storage, when ROS accumulation and membrane
expression of phospholipid scramblase® were also low. In
contrast, Ca* concentration was higher in fThal* RBC at
baseline (and slightly higher during storage) compared to
controls, consistent with the distorted divalent cation
homeostasis reported in fThal"* This finding deserves
further attention in the light of pThal*-specific variation
in Ca*-dependent membrane proteins that are involved
in critical signaling events in RBC. Finally, alterations in
the hexosamine pathway in fThal* RBC are suggestive of
either up-regulation of UDP-N-acetyl-glucosamine usage
for O-GlcNAcylation or decreased synthesis through
blockade of the late steps in this biosynthetic pathway.
To the best of our knowledge, this is the first report of
this pathway being affected in fThal". Interestingly, O-
GlcNAcylation is a common post-translational modifica-
tion in Plasmodium falciparum proteins following malaria
infection, to the extent that therapeutic blockade of this
pathway has been proposed as an intervention to shorten
the life cycle of the Plasmodium.” As such, our observa-



tions may contribute to explain one of the molecular
mechanisms through which fThal" protects from malaria
infection.”

Reports on the oxidative profile of fThal* RBC and on
the plasma antioxidant capacity i vivo are quite contra-
dicting.” Many studies, however, pointed to increased
activity and/or upregulation of several antioxidant
enzymes and proteins* in fThal* RBC as a possible adap-
tation to mild sustained oxidative stress. Metabolism
exhibits a similar adaptive response according to the cur-
rently reported data showing lower baseline levels of oxi-
dant stress-induced purine deamination, higher levels of
sulfur-containing metabolites (methionine and cysteine),
increase in glycolysis upstream of pyruvate kinase and an
apparent increase in fluxes through the PPP in BThal®
RBC. Combined with increases in PPP-derived reducing
equivalents (NADPH), in the absence of significant alter-
ations of total glutathione pools and ratios of
oxidized/reduced forms, these data are suggestive of an
overall higher antioxidant armamentarium in BThal®
RBC. “Training” to mild oxidative stress it vivo may mod-
ulate fThal RBC storability,” as evidenced by ROS accu-
mulation, oxidative hemolysis, and oxidative defects to
membrane components. In the same context, the mem-
brane profile of stress markers and the low intracellular
allantoin” are suggestive of the protective action of
molecular chaperones and other antioxidant molecules,
such as urate, present in excess in fThal" RBC. Despite
the fact that urate can act as a pro- or anti-oxidant factor,
its minimal oxidation to allantoin at the same period of
low ROS generation in fThal® RBC points towards its
antioxidant effect during storage. Moreover, it mostly
accounted for the elevated antioxidant capacity of fThal
plasma/supernatant. Network paired analysis of fresh ver-
sus stored samples confirmed that the extracellular
antioxidant capacity (like osmotic fragility) is an almost
“heritable” feature of RBC units in both donor groups,*
and further “signs” pThal" status in stored RBC (Online
Supplementary Figure S1). Of note, the levels of TAC and
UAdAC in BThal* units exhibited inverse correlations
with acyl-carnitine RBC metabolites, such as the redox
related acetyl-carnitine. These metabolites have been
suggested as markers of osmotic fragility in blood donors
undergoing testosterone-replacement therapy,* consis-
tent with a role of this pathway in the Lands cycle-depen-
dent remodeling of oxidized membrane lipids.

Genetic variation among donors may have a positive or
negative impact on transfusion performance. G6PD-defi-
cient RBC, for instance, are susceptible to hemolysis and
oxidative stress post-transfusion,® and exhibit lower 24-
hour recovery in autologous transfusion recipients.”
Similarly, sickle cell trait RBC were shown to have
reduced recovery in animal models.”® Quite to the con-
trary, the unique storability of fThal* RBC is suggestive
of good post-transfusion recovery. Apart from the low
intracellular levels of hypoxanthine, a metabolic marker
of storage lesion exhibiting negative correlation with
recovery fn vivo,” the low extracellular Hb/potassium and
RBC removal signaling are in favor of therapeutic out-
comes mainly through preservation of nitric oxide
bioavailability and alleviation of hemolysis/iron-associat-
ed toxicity, including inflammatory responses and bacte-
rial infections.” In addition, the advantageous redox phe-
notype of stored pThal® is expected to promote their
functionality in vivo and to ameliorate oxidative stress-
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associated adverse clinical outcomes in susceptible
patients with G6PD-deficiency and sickle cell disease.”
Finally, the modified arginine/nitric oxide metabolism
(involved in the induction of HbF*®) in fThal* RBC during
storage may be relevant to their transfusion in susceptible
recipients, including hemoglobinopathies, cancer, lung
and cardiovascular disease patients. In the light of those
results, we have initiated a study on post-transfusion per-
formance of pThal* RBC.

Heterozygotes for pThal® constitute a non-negligible
proportion of blood donors not only in the
Mediterranean, but also in Africa, Asia and in under-rep-
resented minorities of US.¥ Their typical profile of low
Hb concentration, and thus, of lower dose of Hb per unit
of RBC, would predispose to reduced Hb increment and
lower efficacy of the transfusion therapy compared to
control. However, the currently presented data show that
pThal® RBC are unique in terms of susceptibility to
hemolysis, redox homeostasis and nitrogen/hexosamine-
related metabolism during storage. This favorable stora-
bility and thereof improved quality of stored pThal* RBC
may counterpoise the negative effects of lower Hb dose
on the recipient. Despite the fact that further studies are
needed to clarify the post-transfusion performance of
BThal* RBC in the context of intra-group genetic hetero-
geneity and recipient variation, the currently reported
data may allow considering fThal* individuals as a novel,
high quality, “good storer” group. Indeed, fThal® RBC
may be safely stored for long time periods before transfu-
sion, highlighting the notion of molecular versus storage
age of blood.” Moreover, fThal* RBC are probably ideal
candidates for alternative storage strategies, like cryop-
reservation, which involves a deglycerolization step dur-
ing which RBC are highly susceptible to hypo-osmotic
lysis.*® These promising data and potentials highlight the
emergence of fThal" donors for a distinct and potentially
valuable role in blood transfusions.
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Abstract: Blood donors with beta-thalassemia traits (3Thal®) have proven to be good “storers”, since
their stored RBCs are resistant to lysis and resilient against oxidative/proteotoxic stress. To examine
the performance of these RBCs post-storage, stored Thal* and control RBCs were reconstituted in
plasma donated from transfusion-dependent beta-thalassemic patients and healthy controls, and
incubated for 24 h at body temperature. Several physiological parameters, including hemolysis,
were evaluated. Moreover, labeled fresh/stored RBCs from the two groups were transfused in
mice to assess 24 h recovery. All hemolysis metrics were better in the group of heterozygotes and
distinguished them against controls in the plasma environment. The reconstituted BThal* samples
also presented higher proteasome activity and fewer procoagulant extracellular vesicles. Transfusion
to mice demonstrated that BThal* RBCs present a marginal trend for higher recovery, regardless
of the recipient’s immune background and the RBC storage age. According to correlation analysis,
several of these advantageous post-storage characteristics are related to storage phenotypes, like
the cytoskeleton composition, low cellular fragility, and enhanced membrane proteostasis that
characterize stored BThal* RBCs. Overall, it seems that the intrinsic physiology of fThal™ RBCs
benefits them in conditions mimicking a recipient environment, and in the circulation of animal

models; findings that warrant validation in clinical trials.

Keywords: red blood cells; blood transfusion; beta-thalassemia; biomarkers; donor variation; post-

transfusion recovery; mouse model

1. Introduction

Heterozygotes for beta-thalassemia mutations (3Thal*) constitute a significant per-
centage of the general population in several Mediterranean, Sub-Saharan African, and
Southeast Asian areas, and also represent a non-negligible proportion of eligible blood
donors [1-3]. The unique physiology of their red blood cells (RBCs) regarding geometry
and cation permeability [4], and the slightly elevated oxidative stress these cells encounter
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due to imbalanced globin chain synthesis [5], have unexpectedly proven to be advanta-
geous for withstanding the storage lesion under blood bank conditions. Stored RBCs from
BThal* donors are exceptional in terms of spontaneous hemolysis, osmotic, and mechan-
ical fragility [1], probably owing to the differential expression of several membrane and
cytoskeleton proteins [6] that may provide resistance to lysis [7]. Moreover, the levels of
diverse metabolic (e.g., allantoin) [1], protein (membrane-bound antioxidant enzymes) [6],
and physiological (membrane protein carbonylation and end-of-storage reactive oxygen
species (ROS) accumulation) [1] variables suggest the existence of a superior antioxidant
defense system in stored 3Thal* RBCs. The abovementioned redox parameters seem to be
strongly connected to an equally remarkable proteostasis network working mainly at the
membrane in situ [8].

In the last years, many studies have shown that donors’ genetic and non-genetic
features may not only impact the storability of the donated RBCs but also their post-
transfusion efficacy [9]. For instance, blood units from females appear to be superior in
terms of hemolysis [10] and redox [11] variables during storage but can be life-threatening
in sex miss-matched transfusions [12]. Another example are glucose-6-phosphate dehydro-
genase (G6PD) deficient individuals, who while being adequate “storers” [13-15], are quite
poor “donors” according to both in vitro and in vivo studies [13,16]. In the same context,
the RBCs from obese donors are prone to storage lesions and exhibit a trend towards lower
recovery in mice [17]. The ever-growing list of donor-related effects on storage capacity
and recovery highlighted the need to identify potential biomarkers of transfusion efficacy
in fresh and stored blood [18-21]. Since RBCs from 3Thal" present a superior storability
profile, the aim of this study was to unravel (a) their physiological features when exposed
to a potential recipient’s environment in vitro and their recovery when transfused to animal
models; as well as (b) potential links between their storage and post-storage states.

2. Results
2.1. Exposure of Stored RBCs to Plasma at Body Temperature

To study the effects of plasma and body temperature upon stored Thal* RBCs, we
used an in vitro model (Figures 1A and 2A) that mimics part of the recipient’s environment.
In comparison to controls, BThal* stored RBCs exhibited lower levels of spontaneous,
mechanical, osmotic, and oxidative hemolysis when exposed to either healthy (Figure 1B)
or beta-thalassemic (Figure 2B) plasma, following both early and late storage. According to
receiver operating characteristic (ROC) curve analysis, the osmotic, mechanical, storage and
oxidative (in late-stored RBCs) types of hemolysis have very good potential to predict the
BThal" status regardless of the plasma environment (Figure S1). Concerning redox-related
parameters, while intracellular ROS were equal between the two groups in healthy plasma
(Figure 1C), membrane lipid peroxidation was minor in the group of Thal* (Figure 1E).
The pattern was slightly different in the disease environment, where intrinsic intracellular
ROS presented lower values in late stored Thal® RBCs, along with a trend (p > 0.05)
in diamide-induced ROS (Figure 2C), but lipid peroxidation did not differ from controls
(Figure 2E). All three proteasome activities were greater in the same group, regardless of
plasma background (Figures 1D and 2D). Lastly, while phosphatidylserine (PS) exposure
was equal between the two groups, PS* extracellular vesicles (EVs) were fewer in the
heterozygous reconstituted RBCs in both plasma conditions (Figures 1F and 2F).
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A. In vitro study design (healthy plasma)
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Figure 1. Physiological aspects of beta-thalassemia trait (3 Thal*) RBCs upon exposure to healthy plasma at body tempera-
ture. (A) Experimental design. (B) Hemolysis parameters, (C) intracellular reactive oxygen species (ROS), (D) proteasome
activity, (E) membrane lipid peroxidation and (F) phosphatidylserine (PS) exposure on RBCs and extracellular vesicles
(EVs), between control and fThal* reconstituted RBCs (1 = 10 per group). (*) p < 0.05, BThal* vs. control reconstituted
RBCs. Dashed lines: average levels of stored RBCs at 4 °C. tBHP: tert-butyl hydroperoxide; PHZ: phenylhydrazine; CH:
chymotrypsin; CASP: caspase; TR: trypsin; TBA: thiobarbituric acid.
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A. In vitro study design (BThal major plasma)
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Figure 2. Physiological aspects of beta-thalassemia trait (3Thal*) RBCs upon exposure to beta-thalassemic plasma at body
temperature. (A) Experimental design. (B) Hemolysis parameters, (C) intracellular reactive oxygen species (ROS), (D)
proteasome activity, (E) membrane lipid peroxidation and (F) phosphatidylserine (PS) exposure on RBCs and extracellular
vesicles (EVs), between control and BThal™ reconstituted RBCs (1 = 10 per group). (*) p < 0.05, 3Thal* vs. control reconsti-
tuted RBCs. Dashed lines: average levels of stored RBCs at 4 °C. tBHP: tert-butyl hydroperoxide; PHZ: phenylhydrazine;
CH: chymotrypsin; CASP: caspase; TR: trypsin; TBA: thiobarbituric acid.
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2.2. Correlations between Storage and Post-Storage Metrics

We then sought to search for links between the storage and post-reconstitution pro-
files of BThal* and control RBCs. Interestingly, components of the cytoskeleton, such as
spectrin, as well as a variety of carnitines and albumin negatively correlated with post-
reconstitution hemolysis in both groups (Figure 3A). This was also the case for antioxidant
molecules and intracellular ATP, while the opposite pattern was observed for NADP*
and several stress markers, like lactate (in fThal®) and membrane-bound peroxiredoxin-2
(Figure 3A). Osmotic hemolysis of reconstituted RBCs was proportional to that of stor-
age in both donor-groups, and further related to mechanical hemolysis in heterozygotes
(Figure 3B). Once again, correlation with membrane and cytoskeletal parameters, along
with raft components, was universally evident. While the storage levels of intracellu-
lar ROS and ADP (in fThal*) presented a positive correlation with osmotic hemolysis,
the presence of proteostatic molecules in the membrane resulted in negative correlations
(Figure 3B). Moving on, both osmotic and mechanical fragilities of stored fThal®™ RBCs
positively correlated with mechanical hemolysis post-mixing, while many members of the
cytoskeleton, such as myosin-9, and the mechanosensitive channel piezo-1 presented nega-
tive or positive correlations, respectively, in both groups (Figure 3C). Stress markers (e.g.,
lactate) and energy depletion (e.g., AMP) had further positive correlations with mechanical
fragility, while the presence of metabolites of glycolysis, like glyceraldehyde 3-phosphate
demonstrated the opposite link (Figure 3C). Finally, even though storage ROS levels were
positively associated with oxidative hemolysis post-reconstitution, regardless of the donor,
the oxidative hemolysis storage and post-mixing levels were intra-correlated only in the
group of controls (Figure 3D). Antioxidant molecules, like catalase, and an abundance of
proteostasis-related proteins (e.g., proteasome subunits, HSPs) were inversely associated
with oxidative hemolysis, while AMP levels offered a positive association (Figure 3D).

Regarding ROS accumulation post-mixing, a general interconnection between in-
trinsic/induced ROS of stored samples and intrinsic/phenylhydrazine (PHZ)-induced
ROS of reconstituted samples was observed, accompanied by a reverse correlation with
antioxidant molecules, like ascorbate or glutathione (Figure 4A,B). Metabolites of energy
reserve, like ATP and phosphate, and protein-control parameters, such as proteasome and
T-complex subunits, also inversely correlated with intrinsic and PHZ-induced ROS. Of
note, correlations with proteasomic activities exceeded the statistical threshold only in the
case of BThal* RBCs (Figure 4A,B). Tert-butyl hydroperoxide (tBHP)- and diamide-induced
ROS post-mixing presented analogous connections (e.g., diamide-induced with diamide-
induced, r = 0.837 vs. r = 0.914; T-complex protein 1 with tBHP-induced: r = —0.746 vs.
r = —0.732, BThal* vs. controls). Concerning caspase (CASP)-like proteasome activity, posi-
tive correlations with stored RBCs’ proteasome components and activities, chaperones, and
antioxidant molecules (mainly in 3Thal*) were observed in both groups, while oxidative
stress markers showed a different pattern in early versus late storage: positive correlations
in the beginning (e.g., with allantoate), and negative later on (e.g., with intrinsic ROS)
(Figure 4C). Similar correlations were observed in the other two activities (e.g., HSP90
with chymotrypsin (CH)-like activity, r = 0.812 vs. r = 0.875; PSMB5 with trypsin (TR)-like
activity, r = 0.780 vs. r = 0.833, fThal* vs. controls). Lipid peroxidation in the recipient en-
vironment was negatively associated with the levels of energy potential (e.g., adenine) and
raft-related stomatin in both groups, as well as with pyridoxamine and sphingosine in the
group of heterozygotes (Figure 4D). Intrinsic ROS and membrane-bound immunoglobin
levels provided positive links (Figure 4D). Notably, PS exposure post-mixing, both in RBCs
and EVs, was associated with RBC redox status (e.g., positive with intrinsic ROS), along
with flipping-related parameters (e.g., negative with flippase) during storage. As expected,
calcium homeostasis was present in the analysis of RBC PS externalization (e.g., positive
with calpain), whereas energy equilibrium was reflected in the one of PS* EVs (e.g., positive
with lactate).
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Figure 3. Correlations of storage variables (horizontal axis) with hemolysis parameters post-mixing with plasma. Parameters
correlating with (A) spontaneous, (B) osmotic, (C) mechanical, and (D) oxidative hemolysis of late-stored control and
beta-thalassemia trait (3Thal*) reconstituted RBCs in thalassemic plasma (1 = 10 per group) are shown. Similar correlations
with slightly different r values emerged in all conditions tested. Dashed line: statistical threshold (p < 0.05). 6PG: 6-
phosphogluconate, CASP: caspase, CCT: T-complex subunit, CH: chymotrypsin, COPS: COP9 signalosome subunit, DHA:
dehydroascorbate, FBP: D-fructose 1 6-bisphosphate, G3P: glyceraldehyde 3-phosphate, GPX4: glutathione peroxidase
4, MCF: mean corpuscular fragility, MFI: mechanical fragility index, ox. hemolysis: oxidative, PSM: proteasome subunit,

TCP1: T-complex protein 1, TR: trypsin.
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Figure 4. Correlations of storage variables (horizontal axis) with parameters regarding oxidative stress, proteosta-
sis, and phosphatidylserine (PS) exposure post-mixing with plasma. Parameters correlating with (A) intrinsic and
(B) phenylhydrazine-induced ROS, (C) caspase-like proteasome activity, (D) lipid peroxidation, (E) phosphatidylser-
ine (PS) exposure, and (F) PS-positive EVs of late-stored control and beta-thalassemia trait (3 Thal®) reconstituted RBCs
in thalassemic plasma (1 = 10 per group) are shown. Similar correlations with slightly different r values emerged in all
conditions tested. Dashed line: statistical threshold (p < 0.05). CASP: caspase, CCT: T-complex subunit, CH: chymotrypsin,
COPS: COP9 signalosome subunit, G3P: glyceraldehyde 3-phosphate, GPX4: glutathione peroxidase 4, PSM: proteasome
subunit, tBHP: tert-butyl hydroperoxide, TR: trypsin, UAdAC: uric-acid-dependent and UAiAC: uric-acid-independent
antioxidant capacity.
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2.3. Transfusion to Animal Models

To examine the post-transfusion recovery of stored 3Thal™ RBCs, the newly derived
RBC units were studied throughout storage to confirm that they were representative of
the BThal"-related storage lesion profile. As expected [1], the BThal* RBC units presented
lower levels of storage, osmotic, mechanical, and oxidative hemolysis, either throughout
storage or at mid-storage onwards, as well as increased extracellular antioxidant capacity,
especially uric acid (UA)-dependent (Table S1). There was also a lower accumulation of
intrinsic ROS and minor lipid peroxidation already from day 21 (Table S1).

Following transfusion of a mixture of differentially labeled 3Thal* and control RBCs
to NOD.CB17-Prkdcscid /] and C57BL/6] mice (Figure 5A), there was no obvious alter-
ation in their behavior. Specifically, animals were not lethargic but with normal mobility,
showing normal food and water consumption and visible behavioral patterns concerning
sociality like grooming, sniffing, and climbing. Weekly weighing showed no difference be-
tween transfused and non-transfused mice (Figure 5B), while there was an increase in free
hemoglobin (Hb) in both plasma (Figure 5C) and urine (Figure 5D) 20-min post-transfusion
in both immunosufficient and immunodeficient mice, but not 24 h later.
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Figure 5. Wellbeing and hemolysis parameters of recipient mice post-transfusion with human RBCs stored under blood

bank conditions. (A) Experimental design. (B) Weight changes of mice by weekly measurements post-transfusion, against
non-transfused controls. Free hemoglobin in (C) plasma and (D) urine of mice before and after transfusion (*) p < 0.05 20
min post- versus pre- and 24 h post-transfusion. # = 16 per group for all measurements.
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To be sure that the observed hemolysis did not differ between the two donor groups
(and hence did not influence the results of post-transfusion recovery), we infused animals of
the two genetic backgrounds with RBCs from controls and heterozygotes separately. No dif-
ference was observed neither in plasma (e.g., late-stored, 20 min in C57BL/6]: 81.37 & 38.55
vs. 85.62 + 31.57; in NOD.CB17-Prkdcscid /]J: 92.55 4 32.12 vs. 87.32 £ 28.48, 3Thal* vs.
controls) nor in urine free Hb (e.g., late-stored, 20 min in C57BL/6]: 48.52 4= 19.35 vs. 42.86
=+ 21.7; in NOD.CB17-Prkdcscid /J: 40.32 + 26.70 vs. 51.28 + 32.52, BThal* vs. controls).

Moving on to post-transfusion recovery, there was a universal trend for higher levels in
the RBCs of 3Thal* in both C57BL/6] (Figure 6A) and NOD.CB17-Prkdcscid /] (Figure 6B)
mouse recipients.
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Figure 6. Recovery of human RBCs 24 h post transfusion in recipient-mice. Indicative flow cytometry dot plot images
and the levels of post-transfusion recovery are shown in (A) C57BL/6J and (B) NOD.CB17-Prkdcscid /] mice. (*) p < 0.05,
beta-thalassemia trait (3Thal*) vs. control transfused RBCs (1 = 8 per group).

While it has been previously shown that the two dyes used do not label differently
cells of distinct donor groups and do not alter the transfusion outcome (as evidenced by
transfusion of unstained RBCs to mice expressing the green fluorescent protein—GFP [22]),
since fThal* RBCs have not been tested in post-transfusion recovery experiments yet, we
wanted to check for this feature in our samples. Indeed, comparable trends for higher
recovery in heterozygotes were observed when 3Thal* and control RBCs were reversely
labeled (Table S2). It should be noted that if the two labeling experiments (which provide
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equivalent results) are taken together (1 = 16 transfusion events), the trends and sporadic
significant differences, observed in Figure 6 and Table S2, universally surpass the threshold
of statistical significance (e.g., early-stored RBCs in NOD.CB17-Prkdcscid/]: 7.57 & 1.07 vs.
6.54 £ 1.16, p = 0.016; late-stored RBCs in C57BL/6]: 4.83 £ 1.19 vs. 3.89 £ 0.75, p = 0.012,
BThal* vs. controls).

2.4. Correlations of Recovery with Storage Physiology

Our next and final step was to search for possible correlations between the storage
physiology and the post-transfusion recovery of 3Thal* and control RBCs. Interestingly,
storage (Figure 7A), osmotic (Figure 7B), and mechanical (Figure 7C) hemolysis demon-
strated significant negative correlations with 24 h recovery of 3Thal* RBCs, in both early
and late storage, whereas only spontaneous hemolysis of late storage exceeded the sig-
nificance threshold in the control group (Figure 7A). Among the oxidative-stress-related
variables, while end-of-storage oxidative hemolysis was inversely associated with the re-
covery of both groups’ transfused RBCs (Figure 7D), intrinsic (Figure 7E) and tBHP-induced
(Figure 7F) ROS exhibited the same link only in the case of heterozygotes.
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Figure 7. Correlations between physiological parameters of stored RBCs and post-transfusion recovery in C57BL/6] mice.
Correlations of recovery with (A) storage, (B) osmotic, (C) mechanical, and (D) oxidative hemolysis, as well as with (E)
intrinsic and (F) tBHP-induced ROS are shown for beta-thalassemia trait (3Thal*) and control RBCs (n = 8 per group).
R? > 0.5 for p < 0.05. Similar results, with slightly different R? values emerged in NOD.CB17-Prkdcscid /] recipient mice.
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3. Discussion

Previous works from our team have demonstrated that stored RBCs from blood donors
with beta-thalassemia traits are superior to the average control regarding (a) hemolysis
(spontaneous or stress-induced); (b) removal signaling; (c) redox equilibrium [1]; (d)
preservation of membrane and cytoskeleton components [6]; and () membrane proteo-
vigilance served by a complex network of active proteasomes and recruited “protect, repair,
destroy or sacrifice” proteins [8,23]. We hereby validate and expand on these findings
from BThal* stored RBCs, by reporting for the first time maintenance of their outstanding
resistance to lysis in a recipient-mimicking environment in vitro, as well as the potential for
higher post-transfusion recovery in xenobiotic animal models of transfusion. Furthermore,
our results give hints about aspects of RBC physiology, such as hemolysis, energy/redox
equilibrium, membrane/cytoskeleton properties, and proteostatic elements, that link the
storage and post-storage/post-transfusion behaviors of RBCs.

3.1. Stored RBC Features in Recipient Plasma and Temperature

The current results support that 3Thal* RBCs are characterized by favorable hemolysis
from the time of donation (mainly fragility indices), throughout storage [1] and even within
a potential recipient’s environment (Figure S1). The fact that these profiles are evident
in both plasma conditions indicates that fThal* RBCs’ resistance to lysis is an intrinsic
characteristic, not affected by common soluble plasma factors and ambient temperature. A
plausible explanation for this resistance to rupture [24] is the reduced cellular volume and
increased surface:volume ratio of 3Thal* RBCs [25]. Moreover, it might be connected to
their unique cytoskeleton [6], as evidenced by the massive correlation outcomes between
fragility indices and several cytoskeletal components. A recent genome-wide associa-
tion study of the REDS-III program reinforces our findings, especially regarding osmotic
fragility: genes known to modulate RBC membrane organization, like band-3, myosin
and spectrin, have been found associated with the osmotic hemolysis of stored RBCs [7].
The same was also true for donors carrying common single nucleotide polymorphisms
in the N-terminus of band-3 [26]. The specialized spectrin-based RBC cytoskeleton and
its numerous linkages to membrane proteins allow the cell to reversibly deform while
passing through the narrow capillaries, while a variety of mutations in the genes of the
proteins involved lead to hemolytic anemias in humans [27]. Non-muscle myosin II has
been also associated with the control of the curvature and deformability—a biophysical
marker of RBC fragility [28]—of cells with either actin- or spectrin/actin-based cytoskele-
tons [29,30]. Altogether; (a) the higher levels and/or stability of several structural proteins
in BThal* RBCs throughout storage [6], (b) the lower levels of post-mixing hemolysis,
fragility indices and microvesiculation (indirectly measured) in the same cells, and (c) the
mutual—amongst the two groups—negative correlation between (a) and (b), tempt us
to assume that the construction of pThal* RBCs is one of the main reasons behind their
resistance to lysis. In addition, piezo-1, a mechanosensor that regulates RBC shape through
ion-related volume reduction, was found to be decreased in the same donors [6], in close
correlation with mechanical (in both controls and heterozygotes) and in association with
osmotic hemolysis [7]. It is very enticing to hypothesize that the microcytic fThal® RBCs
are less susceptible to shear stress in the circulation, and thus minimal signal transduction
through piezo-1 molecules is required. Whether decreased levels of piezo-1 molecules are
genetically determined in these cells remains unclear, however, association/correlation
with osmotic and mechanical fragilities might be the reason behind the observed preferen-
tial crosstalk between the two fragility indices only in stored /reconstituted heterozygous
erythrocytes.

In the same context, reconstituted Thal* RBCs possess enhanced proteasome activity,
which nonetheless presents a universal correlation with the increased storage levels of pro-
teasome (components and activities) and chaperones compared to controls [6,8]. Moreover,
antioxidant defense molecules were found to be tightly connected to fThal* proteasome
activity post-mixing, highlighting once again the closer connection between redox balance
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and proteostasis in these subjects [8]. It appears that the storage levels of “protect, repair or
destroy” components are not neutral to post-storage proteasome activities; a finding that
may be relevant to transfusion outcomes. The interesting change in the correlation sign ob-
served between the storage levels of oxidative stress and post-mixing proteasome activity
in early versus late storage further supports—and expands to a post-storage environment—
the hypothesis that proteasome machinery is both effective against [31] and affected by [32]
the oxidative burden [8]. This interplay between redox equilibrium and protein quality
control was anticipated. It has been shown before by protein—protein interactomes and
bioinformatics analyses [33,34], and it is currently observed in both directions: proteostasis
is not only affected by oxidative stress, but it seems to protect the reconstituted cells from
oxidative lysis and ROS accumulation. Interestingly, lower oxidative RBC lysis, after treat-
ment with the Hb-targeting phenylhydrazine, was observed in the proteasome enriched
BThal* samples, implying a role for the proteasome in the degradation of oxidized Hb [35].

Naturally, the redox and energy equilibrium of stored RBCs affected all tested post-
mixing parameters in both groups. It is widely established that oxidative stress lies behind
storage lesion phenotypes [36], while antioxidant molecules of stored RBCs have been
found to correlate with the 24 h post-transfusion recovery in mice [37]. In accordance, our
in vitro experiments revealed interesting correlations of redox factors with RBC physiology.
The oxidative burden of the cells, mainly shown through ROS accumulation, leads to fragile
cells that are more prone to oxidative damage and surface exposure of removal signals in
both groups post reconstitution, while ROS and oxidative hemolysis levels post-storage
are proportional to those before reconstitution. The first observations were expected, since
the oxidative stress generated under storage conditions insults key structural and func-
tional RBC components leading to PS exposure [36] and reduction of deformability [28,38].
However, to our knowledge, this is the first time that measures of oxidative stress in
stored RBCs have been shown to be conserved in a post-storage state. On the contrary,
several antioxidant molecules of stored RBCs counteract to protect them post-storage. For
instance, glutathione peroxidase 4 (GPX4) levels anticorrelate with hemolysis, and extra-
cellular antioxidant capacity with ROS accumulation and concentration of procoagulant
EVs. Both findings have been previously observed during storage [39,40], so it seems that
these antioxidants continue to protect stored RBCs after “re-addition” of plasma. Finally,
pyridoxamine, previously shown to (a) ameliorate oxidative and ion transport defects in
RBCs [41], and (b) be more abundant in 3Thal* stored erythrocytes [1], showed many
negative correlations with an array of parameters, a great part of which were favorable in
the group of heterozygotes post-mixing (e.g., hemolysis and lipid peroxidation). Stored
RBCs are characterized by rapid depletion of energy, even under hypothermic conditions.
Lactate, a biomarker of stored RBC age [42], accumulates during storage leading to pH
alteration and metabolism inhibition, hence its positive correlation with a variety of lesions.
When found in an environment closer to “normal”, like the one of our model, RBC en-
zymes can restart working at their natural pace, as evidenced by the rapid replenishment
of 2,3-diphosphoglycerate [43] and ATP [44] post-transfusion. Nonetheless, the correla-
tions between storage energy metabolism/equilibrium and almost every parameter tested
post-reconstitution indicate that better preservation of energy reservoirs benefits even more
the cell physiology post-mixing. To support this, stored erythrocytes with greater ATP
levels present a higher viability post-transfusion [45,46]. Energy metabolites have been
also shown to be beneficial for RBC integrity during storage [47]. The other side of the
coin, AMP, a low energy signal also present in our correlation outcomes, is a precursor of
hypoxanthine, a metabolite shown to anticorrelate with post-transfusion recovery in both
mice and men [48].

3.2. Transfusion to Animal Models

The discrete physiology of fThal* RBCs that has been proven to be beneficial during
storage and post reconstitution, might be the underlying force for the observed trend—
or statistical significance if all transfusion replicates/events are taken into account—for
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superior post-transfusion recovery in vivo. This strong trend, which was not attributed to
acute clearance due to hemolytic reactions (evidenced by similar between-groups levels of
plasma and urine Hb), arose in both immunosufficient and immunodeficient mice, with
the levels of 24 h recovery being higher in the latter case, as previously reported [49].
Correlations that predominated in fThal* subjects, mainly between hemolysis (with or
without additional stresses) and post-transfusion recovery, further support our claim.
Interestingly, a recent study investigating obese blood donors also revealed an inverse
association of storage and osmotic hemolysis with post-transfusion recovery [17]. The
preferential linkage of fragility indices with RBC survival in the group of heterozygotes
is extremely fascinating. It is known that poorly deformable RBCs are retained in the
spleen [50], while replication of the inter-endothelial slits in vitro via microfluid devices
suggested that the mechanically aged RBCs are susceptible to phagocytosis, showing in
parallel loss of proteins involved in cytoskeleton architecture, cell metabolism, antioxidant
protection, and microvesiculation of the membrane [51]. Of note, rapid clearance of non-
reversible micro-erythrocytes decreases transfusion recovery [52]; a finding consistent with
the higher levels of circulating fThal* RBCs in the blood stream of our transfused mice,
since these cells are reported to resist non-reversible transformation during middle/late
storage [6]. In this context, it should not be omitted that the size of transfused RBCs (lower
in the case of fThal*) has been found to be reversibly associated with recovery in xenobiotic
models of transfusion. Nevertheless, (a) our study design involved selection of eligible
BThal* blood donors without extremely low MCV values (73.3 £ 6.8 vs. 82.6 2.1 fL,
BThal* vs. controls) in order to ameliorate the size effect upon RBC clearance; (b) the
tendency remained in favor of heterozygotes even in transfused pairs of Thal*-control
RBCs with minimal MCV variation between each other; and (c) it's worth remembering
that RBCs experience excessive mechanical stress during their passage through the human
spleen slits of very small diameter (0.5-1.0 um [53]). The forces deforming RBCs in a mouse
environment are more intense. However, our results have the potential to be expanded in
a human setting, since BThal* erythrocytes will still experience less mechanical pressure
compared to control: they have both lower size and lower levels of sublethal lesions,
including susceptibility to lysis and oxidative insults. What can be argued is that survival
in the mouse circulation may not simulate the one in transfused humans, and that absolute
values of xenobiotic 24 h RBC recovery cannot be normalized to the gold-standard of
transfusion in humans, namely >75%. Nevertheless, these animal models have provided
valuable evidence, though not definite conclusions, in studies of other donor backgrounds,
such as sickle cell trait [22] and the REDS-III obese cohort [17]. Even though concrete
evidence of RBC recovery “success” can be only provided in vivo (in animal models and
mainly, in human) our findings further highlight the usefulness of the currently used
in vitro models in the field: several correlations between storage and post-storage states
were found in common. To support this, G6PD deficient donors were at first characterized
as “bad donors” by using a very alike in vitro model [13], and subsequently validated as
such in a clinical trial setting [16].

4. Materials and Methods
4.1. Biological Samples and Blood Unit Preparation

Twenty leukoreduced units of packed RBCs in citrate-phosphate-dextrose (CPD)/saline-
adenine-glucose-mannitol (SAGM) (10 fThal* and 10 controls), the storage physiology,
metabolism and proteome of which have been analyzed in previous studies of this
project [1,6,8], were selected to evaluate the physiological parameters of stored RBCs
in recipient plasma at body temperature in vitro. Plasma was isolated from freshly drawn
blood donated by 10 healthy volunteers and 10 transfusion-dependent beta-thalassemia
major patients (shortly before transfusion), in citrate vacutainers. Sixteen (eight per group)
additional RBC units (leukoreduced; CPD/SAGM) were used for the evaluation of RBC
recovery in vivo by using animal models of transfusion, following validation of the storage
profile of fThal* RBCs. The study was approved by the Ethics Committees of the Depart-
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ment of Biology, School of Science, NKUA and of the Biomedical Research Foundation of
the Academy of Athens (BRFAA). Investigations were carried out upon donor consent, in
accordance with the principles of the Declaration of Helsinki.

4.2. Exposure of Stored RBCs to Human Plasma at Body Temperature

For the simulation of the effects of body temperature and recipient plasma components
upon stored RBCs, an in vitro model was used, as extensively described in the past [13].
Briefly, early (storage day <4) and late (storage day >39) stored RBCs from heterozygotes
and controls were incubated for 24 h at 37 °C and in 5% CO;-air, following reconstitution
in freshly drawn plasma from potential recipients (controls and beta-thalassemia major
patients) mixed with the same unit’s supernatant, in a ratio respective to transfusion of two
blood units. To avoid settling, the samples were under constant gentle agitation throughout
the incubation period. Measurements of hemolysis, ROS concentration, phosphatidylserine
exposure, membrane lipid peroxidation, and proteasome activity were performed in the
reconstituted samples.

4.3. Animal Model of Transfusion

All experiments were performed in the Biomedical Research Foundation of the
Academy of Athens (BRFAA), and the study protocol was approved by the Department of
Agriculture and Veterinary Service of the Prefecture of Athens (Permit Number: 534915, 23
July 2020). A total of 32 immunodeficient NOD.CB17-Prkdcscid /] and wild type C57BL/6]
male mice, 8-12 weeks old (16 per genetic group), were used as a xenobiotic model of
transfusion to evaluate the 24 h RBC recovery, as previously described [22,49,54] and
extensively analyzed in the Supplementary File. Freshly drawn, early- (<4 days) and
late-stored (>39 days) RBCs were labeled with the lipophilic dyes D-383 (1,1’-Didodecyl-
3,3,3’,3'-Tetramethylindocarbocyanine Perchlorate; for 3 Thal*) and D-307 (1,1’-Dioctadecyl-
3,3,3",3’-Tetramethylindodicarbocyanine Perchlorate; for controls), as per manufacturer’s
instructions (Invitrogen, Carlsbad, CA, USA), prior to their infusion as a 1:1 mixture (~55%
hematocrit with sterile PBS 310mOsm) into 16 recipient-mice (8 per genetic group) by
intravenous injection in the tail vein. The same procedure was performed in another set of
16 mice, with the opposite RBC labeling. Blood sampling via the facial vein was performed
one day before, 20 min (100% recovery) and 24 h (24 h RBC recovery) post-infusion to
evaluate (a) the post-transfusion recovery through flow cytometry (FACSAria IIu/Diva
software, BD Pharmingen, San Jose, CA, USA), and (b) the levels of intravascular hemolysis
through spectrophotometry. The initial measurement was made 20 min post-transfusion
in order to effectively handle the large number of animals and provide reliability in the
comparative measurements. Urine was also collected at the same time points to evaluate
the hemoglobin (Hb) levels.

4.4. Hemolysis Parameters

Spontaneous hemolysis was evaluated in the supernatant of stored units and reconsti-
tuted samples through spectrophotometry [55], followed by the Allen correction. Osmotic
hemolysis was assayed by exposing the samples in ascending concentrations of NaCl and
calculating the mean corpuscular fragility (MCF) index (i.e., % NaCl at 50% hemolysis).
Rocking with stainless steel beads for 1 h was used to implement a mechanical stimulus.
The released Hb was measured in the supernatant of rocked and non-rocked samples to
infer only the mechanically induced hemolysis. Lastly, oxidative hemolysis levels were
evaluated after treatment of RBCs with phenylhydrazine (PHZ; 17 mM) for 1 h at 37 °C [1].

4.5. Oxidative Stress-Related Parameters

ROS accumulation was detected with and without additional oxidative stimuli (tert-
butyl hydroperoxide -tBHP, diamide and PHZ) through fluorometry (VersaFluor, BIO-RAD,
Hercules, CA, USA), by using the redox-sensitive and membrane permeable 5-(and-6)-
chloromethyl-2’,7’-dichloro-dihydro-fluorescein diacetate, acetyl ester (CM-H,DCFDA,
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Invitrogen, Molecular Probes, Eugene, OR, USA), as thoroughly reported before [1]. The
ferric reducing antioxidant power (FRAP) assay [56] was performed in the supernatant
of the units, in the absence or presence of uricase treatment, to determine the total (TAC),
uric-acid-dependent (UAdAC) and uric-acid-independent (UAiAC) antioxidant capacity.
For membrane lipid peroxidation assessment, RBCs were mixed with 20% trichloroacetic
acid, and the supernatant (lipid part) of these samples was then treated with 0.67% thiobar-
bituric acid (TBA, 50 min at 90 °C). TBA and malondialdehyde (MDA; biomarker of lipid
peroxidation) form a chromogenic complex that was measured at 532 nm [1]. All oxidative
reagents, uricase, TCA and TBA were purchased from Sigma Aldrich (Munich, Germany).

4.6. Proteasome Activity

Caspase (CASP)-like, trypsin (TR)-like and chymotrypsin (CH)-like proteasome activi-
ties were determined in stored red blood cells through fluorometry [57]. Briefly, 120-200 pg
of packed RBCs in 20 mmol/L Tris-HCI (pH 7.5-8.0) were incubated for 1.5 h to 3 h at
37 °C with the substrates: Suc-Leu-Leu-Val-Tyr-aminomethylcoumarin (AMC) for CH-like,
z-Leu-Leu-Glu-AMC for CASP-like and Boc-Leu-Arg-Arg-AMC for TR-like activity. The
experiment was also performed in the presence of proteasome inhibitors (10-20 uM borte-
zomib for the CH- and CASP-like activities, 200 pM MG-132 for the CH-like activity, and
100 uM lactacystin for the TR-like activity) to subtract the unspecific proportion (4-8%) of
the total fluorescence levels. All substrates and inhibitors were procured from Enzo Life
Sciences (New York, NY, USA).

4.7. Phosphatidylserine Exposure on RBCs and Extracellular Vesicles (EVs)

Phosphatidylserine (PS) exposure was estimated by multicolor flow cytometry follow-
ing labeling of RBCs with phycoerythrin (PE)-Annexin V and fluorescein isothiocyanate
(FITC)-conjugated anti-CD235 antibody (BD Pharmingen, San Jose, CA, USA), while an
ELISA kit (Zymuphen MP-activity, Hyphen BioMed, Neuvillesur-Oise, France) was used
to measure the PS-positive (procoagulant) EVs, per the manufacturer’s specifications and
as previously described [58].

4.8. Statistical Analysis

All physiological experiments were performed in triplicate. For statistical analysis,
SPSS (Version 22.0, IBM Hellas, Athens, Greece, administered by NKUA) computer soft-
ware was used. After testing for normal distribution profile and presence of outliers
(Shapiro-Wilk test and detrended normal Q-Q plots), intergroup differences were evalu-
ated by repeated measures analysis of variance (ANOVA). Differences in post-transfusion
recovery levels were analyzed by using independent ¢-test. Pearson’s and Spearman’s tests
were performed to assess correlations between parameters. Regarding correlation analy-
sis of the in vitro model data, we considered only the repeatable significant correlations
between stored and reconstituted RBCs reliable, i.e., the ones evident at both time points
and “recipient plasma” backgrounds. Receiver operating characteristic (ROC) curves were
used to identify parameters strongly indicative of BThal* status in reconstituted RBCs.
The proteomic, metabolomic, and physiological data of blood units used for the corre-
lation analysis of Figures 3 and 4 originate from previous works of the fThal* donors
project [1,6,8]. p < 0.05 was considered statistically significant.

5. Conclusions

Heterozygotes for mutations in the beta-globin gene are eligible donors whose RBCs
are less susceptible to storage lesions and less fragile after re-addition of plasma at body
temperature. Their discrete physiology, characterized by a notable cytoskeleton, membrane
proteo-vigilance and resistance to lysis, seems to underlie these observed superiorities
and probably the currently reported better post-storage performance, both in vitro and
in vivo. It appears as if Thal* RBCs “check” both gold standards of transfusion, namely
end-of-storage hemolysis and 24 h post-transfusion recovery (at least in a xenobiotic mouse
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model). No doubt, these results need to be expanded and validated in a human setting
through clinical trials, to also assess the Hb increment. Although it is feared that carriers
of Hb mutations might show a drawback in this parameter, we strongly believe that this
would not be the case. Many pThal* subjects eligible for blood donation (including those
reported in the current study) have slightly (rather than significantly) lower than average
intracellular Hb levels, and at the same time their stored RBCs show significantly lower
hemolysis, surface removal signaling, and sublethal lesions. Consequently, Hb increment
post transfusion with fThal* RBC units is expected to be at least equal, if not superior, to
that observed following transfusion with control units. We are looking forward to future
studies that will focus on this hypothesis.
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Abstract: Proteasomes are multi-catalytic complexes with important roles in protein control. Their
activity in stored red blood cells (RBCs) is affected by both storage time and the donor’s charac-
teristics. However, apart from their abundancy in the membrane proteome, not much is known
about their topology, activity, and networking during the storage of RBCs from beta-thalassemia trait
donors (fThal*). For this purpose, RBC units from fourteen fThal* donors were fractionated and
studied for proteasome activity distribution and interactome through fluorometric and correlation
analyses against units of sex- and aged-matched controls. In all the samples examined, we observed
a time-dependent translocation and/or activation of the proteasome in the membrane and a tight
connection of activity with the oxidative burden of cells. Proteasomes were more active in the 3Thal*
membranes and supernatants, while the early storage networking of 20S core particles and activities
showed a higher degree of connectivity with chaperones, calpains, and peroxiredoxins, which were
nonetheless present in all interactomes. Moreover, the fThal* interactomes were specially enriched
in kinases, metabolic enzymes, and proteins differentially expressed in Thal* membrane, including
arginase-1, piezo-1, and phospholipid scramblase. Overall, it seems that Thal" erythrocytes main-
tain a considerable “proteo-vigilance” during storage, which is closely connected to their distinct
antioxidant dynamics and membrane protein profile.

Keywords: red blood cell; proteostasis; proteasome; activity; regulation; membrane localization;
interactome; storage; beta thalassemia trait

1. Introduction

Proteasomes are supramolecular, multi-catalytic complexes tasked with the degrada-
tion of aberrant and damaged proteins, which is needed to ensure cell homeostasis [1]. As
such, their proteolytic core, the 20S complex, is equipped with three proteolytic activities:
caspase (CASP)-like, trypsin (TR)-like, and chymotrypsin (CH)-like, the active centers of
which are located at the 31, 32, and 35 subunits of the catalytic chamber, respectively.
Misfolded proteins are transferred in the 20S cylinder after being selected by 19S regulatory
complexes that recognize ubiquitinated molecules [2]. Of note, while the function of 265
holoenzymes is ATP- and ubiquitin-dependent, the 20S proteasome requires neither [3,4].

Membranes 2021, 11, 716. https:/ /doi.org/10.3390/membranes11090716

https://www.mdpi.com/journal/membranes


https://www.mdpi.com/journal/membranes
https://www.mdpi.com
https://orcid.org/0000-0001-8667-4927
https://orcid.org/0000-0002-2258-6490
https://orcid.org/0000-0003-3915-1829
https://orcid.org/0000-0003-3787-3596
https://doi.org/10.3390/membranes11090716
https://doi.org/10.3390/membranes11090716
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/membranes11090716
https://www.mdpi.com/journal/membranes
https://www.mdpi.com/article/10.3390/membranes11090716?type=check_update&version=3

Membranes 2021, 11, 716

20f19

The importance of these molecules becomes apparent through their involvement in a num-
ber of processes, from post-translational processing [5] to regulation of cell cycle [6], signal
transduction, and response to oxidative stress [7,8]. Deregulation of the proteasome results
in defects in both proliferation or apoptotic processes and consequently the development
of pathologies [9].

In red blood cells (RBCs), particularly, proteasomes are of great interest given the
finite nature of the RBCs” proteome. These multi-catalytic machines (“near-organelles”)
are retained in mature erythrocytes, while the typical organelles are expelled during late
erythropoiesis. Their presence and functionality in the RBC cytosol and membrane has
been confirmed by several studies [10,11], while an intriguing relative excess of the 20S
core over the 265 holoenzyme has been reported at ~20 x-fold. Given that oxidative stress
is a significant challenge for erythrocytes, this abundance could be attributed to the fact
that 20S proteasomes are both more efficient in degrading oxidized proteins [12] but also
more resilient against oxidative damage themselves [13]. RBC’s proteasomal content and
activity are responsive to changes in physiological conditions or to diseases, including
anemia [14,15]. Proteasomal subunits have been found upregulated in the RBC cytosol of
sickle cell disease patients [16].

In the context of the proteasome’s presence and role during RBC storage under blood
bank conditions, little is known [17]. However, recent findings show that proteasomal
activities demonstrate a decrease in cytosol and an increase in membrane during storage,
suggesting a recruitment of proteasomes along with other components of the “repair or
destroy” system to the membrane [18]. Moreover, proteasomal activities were detected
in extracellular vesicles [17,18] and the unit’s supernatant [19], hinting at the release of
complexes during late storage. By studying the donor variation effect upon the storage
profile of RBCs, the genetically discrete G6PD-deficient RBCs have been shown to exhibit
higher levels of proteasomal activity and release during storage [18], whereas membranes
from post-menopausal women demonstrate a trend for slightly lower activity levels [20]
compared to controls and pre-menopausal women, respectively.

RBCs from heterozygotes for beta-thalassemia (fThal*) face oxidative challenges
due to their genetic background [21]. Nevertheless, during storage—a period strongly
associated with oxidative and proteotoxic stresses—they seem to employ a number of
protective mechanisms to mitigate this predisposition. In our previous works, we observed
lower reactive oxygen species (ROS) levels in late storage and a shift of the metabolism
toward the Pentose Phosphate Pathway (PPP), suggesting a higher antioxidant potential
compared to controls [22]. Furthermore, a recent comparison of the proteome of 3Thal* and
control membranes revealed enrichment of the former in a number of “repair or destroy”
molecules during storage, such as chaperone HSP70 and proteasomal subunits, among
others [23]. The effectiveness of these compiled protective pathways is also supported by
reports of lower levels of protein carbonylation, lipid peroxidation, and other oxidative
stress indices, such as the metabolite allantoin during storage in this group [22]. Altogether,
(a) the effect of genetic background upon proteasome activity during storage, (b) the
multiple hints towards a superior redox and proteostatic profile in fThal* stored RBCs,
and especially, the differential binding of proteasome subunits in their membrane, and (c)
the importance of protein control for the structural and functional integrity of erythrocytes
during the stressful period of storage (and probably, later on, in the recipient of transfusion)
motivated us to examine the proteasome activity, sub-cellular/extracellular distribution,
and networking in stored RBCs donated from healthy, eligible 3 Thal* volunteers, to further
evaluate their storability compared to control.

2. Materials and Methods
2.1. Biological Samples

Freshly drawn blood in citrate vacutainers and packed RBCs in citrate-phosphate-
dextrose (CPD)/saline-adenine-glucose-mannitol (SAGM) leukoreduced units were do-
nated by twenty-eight (14 fThal™ and 14 control) healthy volunteers, as previously re-
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ported [22]. The blood units were stored for 42 days at 4 °C and were sampled every
week under aseptic conditions. The beta-thalassemia trait was confirmed by both Hb
electrophoresis and molecular identification of mutations. The study was approved by the
Ethics Committee of the Department of Biology, School of Science, NKUA. Investigations
were carried out upon donor consent in accordance with the principles of the Declaration
of Helsinki.

2.2. Sample Fractionation

RBCs and plasma/supernatant were separated by centrifugation at 1000x g for 10 min
at 4 °C. Then, a volume of RBCs was used for fractionation into membrane and cytosol
fractions by centrifugation (19,000 g) following osmotic lysis in hypotonic sodium phos-
phate buffer (pH 8.0) containing 0.3 mM phenyl-methyl-sulfonyl fluoride as a protease
inhibitor at 4 °C. Cytosol fractions were stored for further analysis, and the pellets of RBC
membranes, along with the submembrane cytoskeleton, were repeatedly washed under
the same conditions to remove the excess of bound hemoglobin. Extracellular vesicles
(EVs, mostly microvesicles) were isolated by the cell-free supernatant of the RBC units by
centrifugation at 37,000x g (n =5 per group), post filtering through sterile 0.8 pm nitrocel-
lulose filters (Millipore, Carrigtwohill, County Cork, Ireland), at late storage (day 42) [24].
Proteasome activity was measured in all fractions.

2.3. Proteasome Activities

Proteasome activity in cytosol, membrane, plasma/supernatant, and EV samples was
determined by using fluorogenic substrates in a fluorometry approach [18,25]. Briefly,
120-200 pg of protein samples in 20 mmol/L Tris-HCI (pH 7.5 for chymotrypsin-like or
8.0 for the other two activities) were incubated with the peptide substrates Suc-Leu-Leu-
Val-Tyr-aminomethylcoumarin (AMC) (for chymotrypsin-like activity), z-Leu-Leu-Glu-
AMC (for caspase-like activity), and Boc-Leu-Arg-Arg-AMC (for trypsin-like activity) for
1.30 h (chymotrypsin-like) or 3 h (caspase-like and trypsin-like) at 37 °C in the dark. The
relative fluorescence units (excitation filter: 365 nm; emission filter: 460-VersaFluor, BIO-
RAD Hercules, CA, USA) were thereafter normalized to protein concentration (Bradford
protein assay, Bio-Rad, Hercules, CA, USA). The experiments were also performed in
the presence of inhibitors (10-20 uM bortezomib for the chymotrypsin and caspase-like
activities, 200 ptM MG-132 for the chymotrypsin-like activity, and 100 uM lactacystin for
the tryspin-like activity) to discriminate between the generic proteolytic activity and that of
proteasome machinery. All proteasome data reported are the final values resulting from the
subtraction of the unspecific portion of activity measured by the use of inhibitors (92-96%
inhibition of proteasome activities). All substrates and inhibitors were procured from Enzo
Life Sciences (New York, NY, USA).

2.4. Physiological and Proteomic Parameters

The hematological (MCV, MCH etc.), physiological (e.g., hemolysis, osmotic fragility,
antioxidant capacity, reactive oxygen species (ROS)), and protein (e.g., carbonylation)
parameters used for the correlation analyses (scatterplots and biological networks) originate
from specific experiments that were performed in the same cohorts of donors as thoroughly
analyzed and reported in recent publications related to this project [22,23]. Intracellular
levels of reactive oxygen species (ROS) were assayed with the help of the redox-sensitive
and membrane-permeable probe 5-(and-6)-chloromethyl-2’,7’-dichloro-dihydro-fluorescein
diacetate, acetyl ester (CM-H,;DCFDA, Invitrogen, Molecular Probes, Eugene, OR, USA),
as extensively described before [26]. ROS accumulation was also determined following
stimulation of the cells with the oxidants tert-butyl-hydroperoxide (tBHP), diamide, and
phenylhydrazine. Proteomic analysis was performed in 12 membrane samples of each
group in early (day 7) and late (day 42) storage, as well as in 5 EV samples of each
group, through a FASP digestion prior to analysis via nano-UHPLC-MS/MS (Evosep One
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system coupled to timsTOF Pro mass spectrometer-Bruker Daltonics, Bremen, Germany),
as extensively described before [23].

2.5. Statistical and Network Analysis

All experiments were performed in triplicate. Statistical analysis was performed by
using the statistical package SPSS Version 22.0 (IBM Hellas, Athens, Greece, administered
by NKUA). Repeated measures ANOVA with Bonferroni-like adjustment for multiple
comparisons was used for the evaluation of time-course and between groups differences.
Correlation between physiological and proteomic parameters of stored RBCs was assessed
with Pearson’s or Spearman’s tests after testing for normal distribution and the presence of
outliers (Shapiro-Wilk test and detrended normal Q-Q plots). The R values were used for
the construction of biological networks (Cytoscape 3.7.2, San Diego, CA, USA). Significance
was accepted at p < 0.05 or p < 0.01 (in the case of network analysis).

3. Results
3.1. Time-Course Evaluation of Proteasome Activity during RBC Storage

The three catalytic activities of the proteasome presented cytosol-, membrane-, and
supernatant-specific time-course profiles in the total set of donor samples (Table 1). In the
cytosol, there was a decrease in all activities in middle storage when compared to day 7,
which further declined later (CH-like and CASP-like activities). An opposite pattern was
observed in the membrane: both CASP-like and TR-like activities reached maximum values
in the middle of the storage period (peaked at day 21) before a subsequent reduction to
early storage levels. Likewise, CH-like activity presented an upward trend from early to
middle storage before a statistically significant decrease toward day 42. Moving out of
the cell, the activities of the proteasome in the supernatant were characterized by a steady
trend for increase during storage, which reached statistical significance either in the middle
(CASP-like) or the later periods of it (TR-like and CH-like) (Table 1).

Table 1. Time course evaluation of proteasome activity during red blood cell storage stratified by topology.

Days of Storage

Activities 7 14 21 28 42
34+8 29+ 7% 24+ 5% 24 + 6 %8 21 £ 5%8
Cytosol CASP-like 2145 18+ 5* 15+ 5*8 144448 1444*8
44 + 12 40 + 10 31+10*8 29 + 8*8 30+ 11*8
42 +19 48 + 21 55 + 21 46 + 21 39 +20*
Membrane CASP-like 40 + 13 52 + 16 81 + 35 *8 81 + 29 *8 63+34%
29+ 11 34+9 50 + 22 *8 36+ 18 * 29 + 14 #
03+0.1 03+02 05+03 05+0.3 0.7 £03*#
Supernatant CASP-like 13+05 1.7 +£0.7 1.8+05* 1.7 +£0.7* 19+06*
34+1.0 3.6+08 39+12 40 +£09** 45+13*

CH: chymotrypsin, CASP: caspase, TR: trypsin; (*) p < 0.05 vs. day 7, (§) p < 0.05 vs. day 14, (¥) p < 0.05 vs. day 21. Data are shown as mean
+ SD in x10° RFU/mg of protein.

3.2. Proteasome Activity in BThal* versus Control RBCs

Despite having a similar variance profile over storage time inside and outside RBCs,
the levels of the proteasome activity differed between the two donor groups in both mem-
brane and supernatant fractions. While the fThal* RBCs had control levels of proteasome
activities in the cytosol (Figure 1A), they showed a marginal trend for higher CH-like and
CASP-like values in the membrane from mid-storage onwards (e.g., CASP-like day 21:
95,742 + 38,444 vs. 70,122 £ 29,524 RFU/mg of protein, Thal* vs. control, p = 0.052)
(Figure 1B). Of note, while in the overall sum of the samples, CH-like activity did not
present a statistical zenith in the membrane on day 21 of storage (as observed in the other
two activities; see Table 1), when the analysis was performed for the two groups separately,
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this pattern was revealed in the 3Thal* but not in the control membrane samples (day 7 vs.
day 21, p = 0.001). Apart from the membrane, the CH-like and CASP-like activities were
higher in the supernatant of the 3Thal* units as well, starting from the second (CASP-like)
or the fourth week of storage (CH-like) (Figure 1C). Finally, the proteasome activities
presented statistical trends for elevated levels in the BThal* vs. control EVs isolated by the
supernatant on day 42 of storage (Figure 1D).

A. Proteasome activities in the cytosol

— CH-like (RFU/mg of protein) 34,000 CASP-like (RFU/mg of protein) 70,000 TR-like (RFU/mg of protein)
15000 29,000 55,000
2 24,000
40,000
30,000 19,000
22,000 14,000 2y
14,000 9,000 10,000
F 7 14 21 28 35 42 F 7 14 21 28 35 42 F 7 18 21 28 35 42

B. Proteasome activities in the membrane

CH-like (RFu/mg of protein) 159,000 ; CASP-like (RFU/mg of protein) 100,000 TR-like (RFU/mg of protein)
*

90,000 %
% 129,000 % 80,000
70,000
99,000 60,000
50,000 bl AYAE
30,000 39,000 20,000
10,000 9,000 0
F 7 14 21 28 35 42 F 7 14 21 28 35 42 F 7 14 21 28 35 4

C. Proteasome activities in the supernatant D. Proteasome activities in the extracellular vesicles
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1,200 * .
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0

-
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0
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2,400 = @ -thalassemia minor
1,000

F 7 14 21 28 35 42

Figure 1. Proteasome activities in red blood cells of beta-thalassemia minor and control donors. Chymotrypsin (CH)-,
caspase (CASP)-, and trypsin (TR)-like activities in (A) RBC cytosol, (B) RBC membrane, (C) RBC units’ supernatant, and
(D) RBC-derived extracellular vesicles on day 42. Horizontal axis: days of storage; F: freshly drawn blood; (*) p < 0.05
between BThal* and controls. Created with BioRender.com.
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3.3. Correlations between Proteasome Activities and Reactive Oxygen Species in fThal™ and
Control RBCs

Since the proteasome activities in RBCs are responsive to oxidative stress, we next
sought to look for statistically significant correlations between them and ROS accumulation
in fThal* and control RBCs as a function of topology and storage time. Interestingly, the
cytosolic CASP-like and TR-like activities correlated positively with the intrinsic ROS levels
during early and middle storage but negatively at late storage in the fThal™ (but not in
control) samples (Figure 2A).
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Figure 2. Correlation analysis between reactive oxygen species (ROS) generation and proteasome
activities. Indicative scatter plots between (A) intrinsic ROS levels and cytosolic proteasome activities,
(B) tert-butyl-hydroperoxide (tBHP)-induced ROS levels and cytosolic proteasome activities, and
(C) intrinsic ROS levels and membrane proteasome activities. CASP: caspase, TR: trypsin, CH:
chymotrypsin. R 2 values > 0.284 are statistically significant at p < 0.05.
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The same pattern was observed for ROS accumulation in stored RBCs challenged with
tBHP (Figure 2B) or diamide (e.g., TR-like middle storage, 3 Thal*: R? = 0.635, p =0.013;
control: R? = 0.110, p > 0.05). Notably, only the CASP-like cytosolic activity correlated (posi-
tively or negatively in early/middle or late storage, respectively) with ROS levels following
treatment of RBCs with the Hb-targeting phenylhydrazine, and again, this correlation was
only observed in 3Thal* RBCs (e.g., middle storage, fThal*: R2 =0.574, p = 0.001; control:
R? = 0.024, p > 0.05). Regarding the proteasome activities in the membrane of fThal*
RBCs, they showed no correlations with the ROS levels (throughout the storage period) in
contrast to controls, which exhibited strong positive or negative correlations during middle
or late storage, respectively (Figure 2C).

3.4. Biological Networks
3.4.1. Biological Networking of Proteomic and Physiological Parameters of RBCs

Network analysis was performed for the topological visualization of the statistically
significant correlations between a great variety (>300 nodes) of omics (RBC membrane
proteome) and physiological (e.g., cellular fragility, redox equilibrium) parameters of
the fThal* and control RBC units [22,23], including the proteasome (components and
activities). This approach helps to elucidate the possible associations between parameters
of stored RBCs that may fuel future more targeted research concerning the regulation
of proteasome activity, interactions, recruitment to the membrane, and release during
storage. Those complex biological interactomes revealed the centrality and compactness
of proteasome-related factors in both groups during the early and late periods of storage
(Figure 3). Despite having a similar number of nodes and degree of centralization, the
BThal* network contained almost 1.5-fold the connections of the control network in early
storage, as evidenced by the average number of neighbors per node. However, the number
of connections of the BThal* network did not increase in late storage as opposed to the
control, leading to quantitatively equal networks at the end of the storage period.

3.4.2. Biological Networking of 20S Proteasome

Due to the great excess and the critical role of the 20S core proteasome in RBCs, we
then focused on the core 20S interactomes in fThal™ and control RBCs in early (Figure 4)
and late (Figure 5) storage. Those subnetworks represented as much as 25% of the parental
ones. In both donor groups, the membrane-bound 20S proteasome subunits presented
positive correlations with: (a) the proteasome activities, (b) several regulatory subunits of
the 19S particles, proteasome partners (e.g., ECPAS), and ubiquitin-related proteins (e.g.,
E3 ubiquitin ligase complexes, COP9 signalosome), (c) molecular chaperones (heat shock
proteins and components of the chaperonin-containing T-complex), (d) lipid biosynthesis
and metabolism (e.g., fatty acid synthase), (e) calcium-dependent proteins (e.g., calpain and
calpastatin), (f) energy and redox homeostasis (peroxiredoxins, catalase etc.), (g) proteins
involved in nucleoside metabolism (e.g., GMP reductase, ribose-phosphate pyrophosphok-
inase 1), as well as (h) arginine methyltransferase (Figures 4 and 5). The far fewer inverse
correlations were principally found in late storage and concerned structural proteins of the
membrane (e.g., glycophorins), raft residents (e.g., CD44, flotillins), small GTPases, and
immunoglobins (Figure 5).
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A Early Storage (Day 7)
Control B-thalassemia minor
.
Number of nodes
~ 312 vs 314
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3298 vs 4917
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e 20.9 vs 31.3 o o %t
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Figure 3. Network analysis of proteomic and physiological parameters in beta-thalassemia minor and
control stored red blood cells during early (A) or late (B) storage. The connections represent statisti-
cally significant correlations (p < 0.01) between RBC proteins found on the membrane/cytoskeleton
and physiological parameters. Solid lines: positive correlation; dashed lines: negative correlation.
Node numbers correspond to the definitions provided in Table S1.
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Control network / storage day 7

A
M)

=

"

. Proteomic (apart from 20S proteasome)
and physiological parameters

‘ 20S proteasome proteins
beta-thalassemia minor network / storage day 7

Figure 4. Network analysis for core 20S proteasome proteins in beta-thalassemia minor and control stored red blood cells
during early storage. Interactomes showing statistically significant correlations (p < 0.01) between RBC parameters and 20S
proteasome proteins. Solid lines: positive correlation; dashed lines: negative correlation. Node numbers correspond to the
definitions provided in Table S1.
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Figure 5. Network analysis for core 20S proteasome proteins in beta-thalassemia minor and control stored red blood cells
during late storage. Interactomes showing statistically significant correlations (p < 0.01) between RBC parameters and 20S
proteasome proteins. Solid lines: positive correlation; dashed lines: negative correlation. Node numbers correspond to the
definitions provided in Table S1.

As in the case of the total networks (Figure 3), the fThal* network of the 20S core
proteasome started with significantly more connections when compared to the control
(Figure 4) and ended up with a similar connectivity profile at late storage (Figure 5). Indeed,
in early storage, the 20S core proteasome subunits were far more interconnected with
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chaperones (141 vs. 85 connections), calpains (19 vs. 3 connections), energy metabolism
components, and peroxiredoxins (26 vs. 12 connections) in 3Thal™ compared to control
(Figure 4), which was a difference that was either lost or reversed in late storage (e.g.,
peroxiredoxins connections: 14 vs. 25 in BThal* vs. control) (Figure 5). In the last day
of storage, the fThal* 20S proteasome exhibited a higher degree of negative correlations
with immunoglobulins (21 vs. 7 connections in control) and with a different array of key
structural or raft membrane components (flotillin-1 in both groups; CD59, piezo-1, calpain,
and ICAM-4 in BThal*; glucose transporter and RhCE in control).

Concerning the EV fractions, alpha-5 was the only 20S proteasome subunit with high
connectivity (n = 6) in both groups. In 3Thal*, its levels positively correlated with protein
methyltransferase PCMT1 and alpha synuclein—a typical load of extracellular vesicles—
and negatively with immunoglobins and prothrombin. In control EVs, it exhibited positive
correlations with the vesicular superoxide dismutase but inverse correlations with the
raft-located acetylcholinesterase.

3.4.3. Biological Networks of Proteasome Activities

In a second focal plane, we visualized the interactomes of proteasome activities. Those
subnetworks revealed an interesting spatial pattern in both donor groups: most of the
connections (>70-90%) referred to the proteasome activities in the membrane, followed
by those in the cytosol (=26%) and the supernatant (<3%) (Figures 6 and 7). Only in the
early control interactome, there was significant connectivity to proteasome activities of the
supernatant (20% of total) and the cytosol (10% of total) (Figure 6).

In both groups, the membrane levels of proteasome activities exhibited positive
correlations with components of the 20S and 19S particles, the ubiquitin—conjugation
pathway, several molecular chaperones, calpain/calpastatin, peroxiredoxins, catalase, and
arginine N-methyltransferase. Interestingly, in all networks, there were also positive
correlations with the fatty acid synthase (Figures 6 and 7). Metabolic enzymes were
more evident in the BThal™ networks, along with an array of kinases. On the other
side, the membrane activity of the proteasome showed negative correlations with C-1-
tetrahydrofolate synthase in fThal* during early storage (Figure 6) and with several
membrane proteins in both fThal* (CD59, 4.1R protein, flotillin-1, Piezo-1) and control
(4.1R protein, glucose transporter, calnexin) interactomes in the end of it. Lipid raft proteins
and immunoglobins were only present in the 3 Thal™ network of day 42 (Figure 7).

Apart from the correlations with intracellular ROS thoroughly analyzed in this study
(Figure 2), the levels of proteasome activities in the 3Thal" cytosol were positively con-
nected to additional redox-related variables (e.g., glutathione S-transferase, protein car-
bonylation; see Figures 6 and 7). Of note, some cellular and membrane protein features of
BThal* stored RBCs [22,23] were also present in their activity interactomes in contrast to
controls: band 3, phospholipid scramblase-1, osmotic fragility (Figure 6), calpain, arginase-
1, RHAG, ATPase Na* /K" (Figure 7). On the other hand, the control networks of cytosolic
activities were dominated by calcium-related (cytosolic calcium concentration, calreticulin)
and internal or membrane-associated components (e.g., day 42: positive with stomatin
and myosin; negative with glycophorin A, CD44), the cytosolic concentration of Hb, and
several enzymes. Small GTPases were inversely connected to the cytosolic activities in
both groups.

Even though the extracellular levels of the proteasome activity were significantly
lower compared to those of the RBCs, they showed correlations with both membrane
and cytosolic parameters, especially in the control group at early storage. Extracellular
activities displayed negative association with intracellular ROS levels in the beginning
(BThal*) or throughout storage (controls). In the group of heterozygotes, extracellular
proteasome activity was further associated with skeletal components positively at early
storage (Figure 6) but negatively at the later period of it (Figure 7). Some interesting
correlations arose in the control networks: There were positive connections with the levels
of membrane-bound 20S and 19S subunits, ubiquitin—protein ligases, chaperones, glycolytic
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enzymes, kinases, and their regulators during early storage, as well as with the hematocrit
of the unit, the mean volume, and the osmotic fragility of stored RBCs at the end of
it. On the contrary, inverse correlations with complement receptor-1, membrane-bound
immunoglobins (day 7), heat shock proteins, and lipid peroxidation (day 42) were also
observed (Figures 6 and 7).

Control network / storage day 7
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Figure 6. Network analysis for proteasomic activities in beta-thalassemia minor and control stored red blood cells during
early storage. Interactomes showing statistically significant correlations (p < 0.01) between RBC parameters and proteasome
activities. Solid lines: positive correlation; dashed lines: negative correlation. Node numbers correspond to the definitions
provided in Table S1. Prdx2: peroxiredoxin-2; tBHP: tert-butyl-hydroperoxide.
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Figure 7. Network analysis for proteasomic activities in beta-thalassemia minor and control stored red blood cells during
late storage. Interactomes showing statistically significant correlations (p < 0.01) between RBC parameters and proteasome
activities. Solid lines: positive correlation; dashed lines: negative correlation. Node numbers correspond to the definitions
provided in Table S1. Prdx2: peroxiredoxin-2; GLUT1: glucose transporter-1; PHZ: phenylhydrazine.

4. Discussion

Recent studies of our team revealed that RBCs from fThal™ donors possess (a) superior
storage lesion profile in terms of hemolysis (storage, osmotic, mechanical, oxidative)
and secondary quality metrics such as removal signaling, (b) resistance to the storage-



Membranes 2021, 11, 716

14 of 19

related oxidative stress in comparison to the average RBCs [22], and (c) unique proteomic
signatures at the membrane, which is consistent with their metabolic and physiological
features [23]. The present study expands our work in 3Thal™ donors by reporting for the
first-time different levels of activity and networking of the proteasome in the freshly drawn
and stored fThal* RBCs. These findings are in line with the recently observed abundancy
of proteasome proteins in 3Thal* membranes [23] as well as with the effects of the donor’s
genetic background and storage time upon proteasome topology and activity [18].

4.1. The Discrete Spatiotemporal Proteasome Activity Profile in Stored RBCs

Based on our results, storage is associated with a tendency for decreasing proteasome
activity in the cytosol and a temporal increase in the membrane activity levels around
day 21, implying the translocation of active proteasome subunits to the membrane or
activation of inactive membrane proteasomes in situ in both donor groups. Similar dis-
tributions were detected in stored RBCs from G6PD-deficient donors [18], establishing
a storage-driven spatiotemporal proteasome activity profile in RBCs. It is known that
storage in the cold promotes ROS generation, oxidative defects to membrane components,
and modifications in energy and redox metabolism [27]. Having in mind that middle
storage represents a key time-point for the above-mentioned RBC insults, it came as no
surprise that this is when all proteasome activities reach their maximum membrane levels.
Indeed, ROS [20] and calcium accumulation, carbonylation of membrane proteins, lipid
peroxidation [22], as well as the rewiring of the metabolism [28] occur mainly between the
second and the third week of storage in CPD-SAGM. In G6PD-deficient RBCs, proteasome
subunits seem to co-translocate to the membrane, hand in hand with a variety of members
of the “Repair or Destroy” proteins [18], including antioxidant enzymes and chaperones. In
a similar way, the 20S core particle (total and activity) interactomes (Figures 4-7) exhibited
numerous linkages with heat shock proteins, peroxiredoxins, T-complex components, etc.

4.2. Time-Dependent Cross-Talk between Proteasome Activities and ROS Levels

The repeatable correlation between the proteasome activities and the intracellular
ROS further supports the responsiveness of the 20S proteasome toward oxidative-driven
defects [29]. It is tempting to hypothesize that ROS levels positively correlate with pro-
teasome activity until the middle of the storage period because the proteasome is still
capable of counteracting the accelerated storage-driven oxidative stress. However, since
the machinery itself is also a target of oxidation [30], leading to inactivation or other func-
tional defects, it cannot probably cope with the overwhelming redox imbalance of RBCs
at the end of storage, resulting in the inverse correlation profile evident in the cytosol of
BThal™ RBCs and the membrane of control RBCs. The previously detected accumulation
of inactive proteasomes in the supernatant of blood units in late-storage [19] reinforces
this claim.

The discrete correlation profile between ROS and proteasome activities in the cytosol
for fThal* RBCs and the membrane for control RBCs might be indicative of (a) a higher
need for protein control in the cytosol of 3Thal* RBCs, since their membrane seems to
be more “protected” (as evidenced by the minor levels of lipid peroxidation or protein
carbonylation [22] and the excess of membrane-bound chaperones and redox enzymes [23]),
or (b) a different (likely more complex) regulation of membrane proteostasis in fThal*
RBCs, which is not dependent on variations in ROS levels in the cytosol. This finding
probably reflects the redox behavior of fThal* RBCs as imprinted upon the metabolism,
proteome, and resistance to storage lesion. After all, proteasome activity can be regulated
by many factors, including post-translational modifications of subunits, such as phospho-
rylation [31]. Indeed, the discrete expression of kinases and phosphatases in the membrane
of fThal* RBCs [23] and their higher connectivity with the proteasome activity in the
respective biological networks (Figures 6 and 7) when compared to the controls further
support this more complex proteostatis regulation.
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4.3. Storage Induces Higher Levels of Proteasome Activity in the Membrane of BThal* RBCs

Despite having baseline levels and a storage time-course profile similar to the control,
CASP-like and CH-like activities presented higher values in the membrane of fThal* from
mid-storage onwards. In the same context, EVs released from the fThal* membrane—
where abundant working proteasomes are attached—contain more active proteasome
subunits. This is in line with recent proteomic studies showing a higher abundance of
several proteasome subunits and molecular chaperones, which is known to preserve the
proteolytic activity of the proteasome [32], in the membrane of stored fThal™ RBCs versus
control [23], as well as in old or sickle cell disease RBCs in vivo [33]. The same trend for
high proteasome activity has been reported in G6PD-deficient stored RBCs [18], which is
another distinct genetic group characterized by sustained levels of oxidative stress. Conse-
quently, the elevated proteasome activity in the membrane could represent an adaptation of
RBCs to redox imbalance in vivo [29], which might be recalled by them to better preserve
the proteome stability and overall functionality when exposed to additional oxidative
challenges, including those imposed by the storage-induced accelerated aging. Although
the specific activity of the proteasome in the membrane of RBCs has not been studied so far,
high proteasome activities have been reported in the ROS-enriched cytosol of RBCs from
sickle cell disease patients [34], which further increased following treatment with hydrox-
ycarbamide [35]. Interestingly, even though fThal* RBCs are less susceptible to storage
hemolysis [22], the BThal® supernatant was characterized by higher proteasome activity.
Previous studies have shown that release of hemoglobin and 20S proteasome particles
happen in a parallel manner in the supernatant of control RBC units, though the activity
of free proteasomes reaches a plateau upon day 28 [19]. It is possible for the activity to be
better preserved in fThal™ RBCs either through a more effective molecular chaperoning
of the 20S subunits [23,32] or due to their physical endurance of the sustained oxidative
stress they experience in vivo. It should not be omitted that within beta-thalassemic pre-
cursor cells, proteasome subunits are upregulated in order to decongest the x-globin-filled
cells [36].

4.4. Biological Networking of Proteasome and Proteasome Activities

During maturation, RBCs lose their organelles along with their ability to synthesize
proteins. Moreover, upon refrigerated storage, the RBCs undergo an accelerated aging
process characterized by redox imbalance, metabolic rewiring, and physiological dysfunc-
tions, including proteotoxic stress. Taken together, these facts highlight the important
role of proteostasis in the RBC life cycle. Goodman et al. [10] have shown that the pro-
teostasis machinery is localized in the “heart” of the RBC interactome, as evidenced by
protein—protein interaction analysis and further confirmed by larger-scale pathway and
network analyses [37]. Our bioinformatic analysis validates and expands these findings
by showing the same core position not only of proteasome subunits but also of their indi-
vidual activities in RBC interactomes enriched with several omics and physiological data.
However, it has been suggested that proteasome pools of different subcellular location,
subunit composition, and activities may exert distinct functions in cell homeostasis [38].
Generally considered as cytoplasmic in location, the currently reported biological networks
highlight several associations of 20S membrane activity with parameters never shown
before in RBCs. The numerous correlations with cytosolic components of the 20S and 19S
particles, molecular chaperones, ubiquitinylation and redox enzymes, and the proteolytic
system of calpain/calpastatin in both groups signify the membrane activity of proteasome
as part of a membrane proteostasis macromolecular system in stored RBCs that is sub-
jected to a concerted spatiotemporal regulation: it might be membrane-bound en block. It
seems that in the absence of lysosomes, the RBC proteasomes team up with the cytosolic
calpain system to regulate degradative processes at the membrane level during storage.
Co-variations of proteasome and calpain activities have been reported in several stressful
or pathological conditions [39]. Nonetheless, 3Thal* stored RBCs seem to possess a more
complex proteostatic network compared to controls, given the fact that their early-storage
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interactome involves almost 25% more connections between the 20S core particles and
peroxiredoxins, HSPs, T-complex components, etc. The complete loss of this difference
until the end of the storage period supports the above-mentioned hypothesis that 3Thal*
RBCs are “primed” to cope with additional levels of oxidative, energy, and proteotoxic
stresses, such as the ones that come hand in hand with storage conditions. Similar results
have emerged from interactome analyses in sickle cell RBCs [10].

The activity of membrane proteasomes also co-varied with the levels of membrane
lipids and proteins in situ. Co-variation with proteins participating in lipid composition,
such as the fatty acid synthase, suggests interactions at either structural (e.g., lipid composi-
tion of the membrane domain) or regulatory levels. Similar cross-talks have been detected
in other cells and animal models. The N-myristoylation-driven membrane localization
of the proteasome controls its phosphorylation [40], and in turn, the proteasome activity
controls the abundance and activity of enzymes participating in lipid biosynthesis and
metabolism [41,42].

Apart from lipids per se, several membrane proteins exhibited negative correlations
with the membrane expression and activity of proteasomes, especially at late storage, when
the membrane was disorganized by accumulated storage lesion. Several of them (e.g.,
4.1R, glycophorin C, myosins, CD44) were components of the updated “repair or destroy”
box of the RBC interactome [37]. Of particular importance were the raft-resident flotillins,
which are currently correlated not only with the membrane levels of 20S proteins but
also with their activity in 3Thal™ membranes, suggesting a regulatory role for the lateral
compartmentalization of the membrane, similar to the one reported in LPS-stimulated
macrophages [43]. Of note, fatty acid synthase is also recruited to the macrophage lipid
rafts upon LPS treatment [43]. Moreover, the proteasome-enriched membrane of sickle cell
disease RBCs has been characterized by decreased levels of RBC raft-resident flotillins and
stomatin [10].

The BThal* proteasome networks did not only differ from controls in terms of degree
of connectivity but also in their specificity. Heterozygotes’ proteostasis is intertwined with
a great variety of fThal* specific membrane proteome features in stored RBCs [22,23],
producing an interesting subnetwork that seems to characterize these donors. For instance,
the connections of proteasome activities with piezo-1 and Na* /K* ATPase molecules might
prove to be of great importance, since earlier studies have implicated proteasome pathways
in modulating the surface expression of several ion channels [44]. In this context, the
improved resistance of stored Thal* RBCs to mechanical stress could be partly related
to the higher proteasome maintenance and activity in the membrane and the lower levels
of piezo-1. Indeed, it has been found that mechanical stretch triggers piezo-1 degradation
via the proteasome in endothelial cells [45]. Another molecule that is more abundant in
fThal* membranes is arginase-1, which is known to compete nitric oxide synthase for
their common substrate L-arginine. Its eclectic presence in the fThal™ networks might
be indirect, since it is known that the proteasome’s activity is related to the function of
endothelial nitric oxide synthase [46]. Finally, the observed dialogue between energy
metabolism and the proteasome has already been hinted at in the past, in both RBCs [10,37]
and nucleated cells. Interestingly, in the latter ones, energy homeostasis seems to be partly
regulated by a ubiquitin-independent proteasome system [47]. The pre-storage differences
(increase in glycolysis) observed in the energy metabolism of fThal* RBCs [22] and the
higher expression of both metabolic enzymes and proteasome subunits on their stored
membranes [23] might be the reason behind the higher connectivity between energy-related
proteins and the proteasome in this group.

5. Conclusions

Membrane proteostasis in stored RBCs is based not only on cytosolic but also on
membrane regulatory mechanisms, including proteasomes, working in situ. Intracellular
and extracellular proteasome activities vary as a function of the cytosolic ROS levels, the
storage age of RBCs, and the presence of BThal* mutations. Storage is associated with
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decreased proteasome activity in the cytosol but increased activity in the membrane and the
extracellular supernatant. Furthermore, while 3-globin mutations in the heterozygous state
do not seem to impact the proteasome activity in vivo, storage stress promotes the elevation
of proteasome activity in the membrane of $Thal* RBCs. According to the interactome
analyses, variation in membrane activity in stored cells seems to be connected to the lipid
composition, the lateral compartmentalization, the structural disorganization, and the
binding of the “repair-or-destroy” group of proteins. The highly enriched 20S interactome
of stored BThal* RBCs is indicative of an impressive and primed “proteo-vigilance”, which
is likely related to their redox metabolism and distinct membrane protein profile. In the
light of recent findings showing the modulation of old-stored RBCs’ proteasome activities
by transfusion-mimicking conditions in vitro [18], along with evidence for physiologically
important functions of proteasome-containing platelet-derived EVs [48], the currently
reported data deserve further investigation in potential RBC transfusion settings in vivo,
including patients treated with proteasome inhibitors.
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Abstract: Genetic characteristics of blood donors may impact the storability of blood products.
Despite higher basal stress, red blood cells (RBCs) from eligible donors that are heterozygous for
beta-thalassemia traits (B Thal*) possess a differential nitrogen-related metabolism, and cope better
with storage stress compared to the control. Nevertheless, not much is known about how storage
impacts the proteome of membrane and extracellular vesicles (EVs) in 3Thal*. For this purpose,
RBC units from twelve BThal* donors were studied through proteomics, immunoblotting, electron
microscopy, and functional ELISA assays, versus units from sex- and aged-matched controls. fThal*
RBCs exhibited less irreversible shape modifications. Their membrane proteome was characterized
by different levels of structural, lipid raft, transport, chaperoning, redox, and enzyme components.
The most prominent findings include the upregulation of myosin proteoforms, arginase-1, heat shock
proteins, and protein kinases, but the downregulation of nitrogen-related transporters. The unique
membrane proteome was also mirrored, in part, to that of Thal* EVs. Network analysis revealed
interesting connections of membrane vesiculation with storage and stress hemolysis, along with
proteome control modulators of the RBC membrane. Our findings, which are in line with the mild
but consistent oxidative stress these cells experience in vivo, provide insight into the physiology and
aging of stored pThal* RBCs.

Keywords: RBC storage lesion; RBC membrane proteome; RBC shape modifications; extracellular
vesicles proteome; beta thalassemia trait donors; donor variation effect; network analysis

1. Introduction

The intrinsic characteristics of blood donors might impact the storage capacity of
red blood cells (RBCs). Both environmental (alcohol consumption [1], smoking [2]) and
genetic (sex [3], ethnicity [4], hemoglobin (Hb) mutation [5]) factors have been shown to
affect hemolysis, redox, and metabolic parameters of stored RBCs, as well as their post-
transfusion recovery. Beta-thalassemia trait (3Thal") is a heterogeneous group of genetic
defects in the beta-globin gene, leading to decreased beta-globin synthesis, ineffective
erythropoiesis, excess and precipitation of alpha-globin chains, and oxidative stress.

Individuals with beta thalassemia traits consist a non-negligible proportion of blood
donors in several geographical areas, including the Mediterranean. It was recently shown
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that stored RBCs from these subjects cope better with storage stress with respect to hemoly-
sis and redox variables, and have a differentiated metabolism, especially with respect to
purine oxidation, arginine metabolism, and the hexosamine pathway [5].

Despite a lack of information regarding the storability of 3Thal* RBCs, a significant
amount of studies have reported differences in the protein composition of the RBC mem-
brane between thalassemic subjects (minor or major) and controls in vivo. The genetic
regulation of redox balance in fThal* subjects consists of interesting modifications in
the transcript levels of several redox regulators that could be associated with changes in
the erythrocyte proteome [6]. It has been shown that an excess of Hb chains can bind
to spectrin, generating a spectrin-globin complex that increases the rigidity of the RBC
membrane [7]. Moreover, several structural and functional alterations have been observed
in the most abundant membrane protein with a critical role in gas transport and RBC
structure and metabolism, band 3: extensive phosphorylation [8], cleavage by caspase-3 [9],
and increased anion exchange [10]. The latter strongly contributes to the unique surface
to volume ratio of RBCs in thalassemia, that in turn enhances their resistance to osmotic
stress [11]. Variations in the levels of membrane proteins, including spectrin, flotillin-1, and
P55, have emerged from proteomics analysis of HbE /beta-thalassemic erythrocytes [12].

Another interesting aspect of RBC physiology in beta thalassemia is the membrane
vesiculation profile. There is evidence that thalassemic subjects exhibit higher levels of extra-
cellular vesicles (EVs) in vivo, a great part of which are released from erythrocytes [13-15],
and present elevated levels of antigens involved in coagulation [13]. Such EVs have been
found to be enriched in antioxidant and chaperone proteins, like HSP70 (beta thalassemia
intermedia patients) [13], but containing lower levels of free Hb-scavenging plasma pro-
teins and immunoglobulin chains (HbE /beta-thalassemic patients) [16,17].

Nonetheless, apart from our recent preliminary proteomics study that suggested dif-
ferences in volume and calcium homeostasis in stored RBCs from 3Thal™ donors compared
to controls [5], not much is known about the membrane proteome of 3Thal* RBCs during
storage. Contemporary proteomics approaches that are based on mass spectrometry analy-
sis enable us to effectively analyze protein molecular targets [18] in a sensitive and very
high-throughput manner [19]. By applying this technology in combination with classic
biochemical and physiological assays, we currently present the first comprehensive report
of changes in protein levels of the RBC membrane and EVs from fThal* donors compared
to a control throughout storage at blood bank conditions.

2. Results
2.1. The Proteome of BThal* RBC Membrane during Storage

Proteomics analysis was performed both on single biological replicates (young, day 7;
old, day 42) or pooled (from day 7 to day 42 on a weekly basis) membrane samples of
stored RBCs from the control and 3Thal* groups (n = 12; Figure 1A; Tables S1 and S2).
Partial least square-discriminant analysis (PLS-DA) separated the two groups at both early
(week 1) and late (week 6) storage across principal component 1 (PC1), explaining ~24%
of the total variance (Figure 1B). Several proteins exhibited different expression levels in
the membrane of young and old fThal* vs. control RBCs (Figure 1C). The top 50 between-
group differences concerning the young RBCs, as determined by an independent ¢-test, are
highlighted in the heat map in Figure 1D.

The majority of the differently expressed proteins belonged to seven functional clus-
ters: key structural proteins (including lipid raft-associated components), antigens and
immunoglobulins, transporters, metabolic enzymes, kinases/phosphatases, and stress
response proteins (including chaperones, proteasome subunits, and proteasome-related
components) (Figures 2-7).
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Figure 1. Proteomics analysis of the stored RBC membrane. (A) Isolated membranes from # = 12 3Thal* and n = 12 control
RBC units were analyzed by proteomics tools in single replicates (day 7 and day 42 samples) or in pooled samples (days

7-42 at weekly intervals). (B) Principal component and discriminant analysis of day 7 and day 42 samples. (C) Heat map

showing differentially expressed proteins between the two groups at early and late storage. (D) Heat map showing the top

50 proteins differing between BThal* and control membranes at early storage.



Int. J. Mol. Sci. 2021, 22, 3369

40f23

A. Structural proteins

2.1.1. Major Structural Proteins and Lipid Raft-Associated Components

Concerning the major structural proteins, lower content of integral (band 3, gly-
cophorin C), skeletal (spectrin, actin, p55) and raft-associated (stomatin, p55) components
were detected in the membrane of 3Thal* RBCs compared to the control at early storage
(Figure 2). In striking contrast, numerous myosin proteoforms (e.g., non-muscle myosin
ITA, Figure 2A; myosin IIB, 37 £ 9 vs. 146 & 100 A.U., control vs. fThal*, p = 0.001, day 42)
were found in great excess. For the following storage time, no significant reduction in
prominent membrane components (glycophorin C, spectrin, ankyrin, stomatin, etc.) was
observed in BThal* samples, resulting in higher membrane levels at late storage com-
pared to the control RBCs. Normal levels of membrane-bound globin chains (e.g., day 42:
184 £ 48 vs. 179 & 54 A.U.,, control vs. fThal") and band 3 oligomers (Figure 2A) were
detected in 3Thal* samples by both proteomics and immunoblotting analyses.
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Figure 2. Proteomics analysis of stored RBC membrane: structural proteins. Levels of integral and peripheral membrane

proteins (A) as well as of lipid raft-related components (B) in Thal* and control RBCs throughout storage. Inserts: pooled

analysis of membrane samples at weekly intervals. Representative immunoblots of band 3 monomers and dimers (arrow)

are shown (n = 7). 4.1R protein was used as internal loading control. (*) p < 0.05 fThal" vs. controls; (**) p < 0.05 and
fold > 1.25 BThal* vs. controls.
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A. Surface Antigens

2.1.2. Blood Group Surface Antigens

In the category of membrane proteins carrying blood group antigens, several com-
ponents were increased (e.g., erythroid membrane-associated protein-ERMAP/Scianna
blood group; basal cell adhesion molecule-BCAM/Lutheran antigen; basigin/Ok blood
group; Rh-CE glycoprotein) or decreased (CD44, AnWj and In antigens; Semaphorin 7A,
John-Milton Hagen blood group antigen; small integral membrane protein-1, SMIM/ Vel
blood group antigen) in fThal* samples compared to the control (Figure 3A). With a few
exceptions (e.g., IGHG3 Figure 3B), control levels of membrane-bound immunoglobulin
proteoforms were detected in the stored 3Thal* RBCs. Notably, the junctional adhesion
molecule A (F11 receptor), a member of the immunoglobin superfamily and potential
platelet receptor, was detected at lower levels in old stored Thal* RBCs (Figure 3B).

@® pThal @ Control
Erythroid membrane- Basal cell adhesion Basigin
associated protein 20 T molecule «
80 *
& 60
* 50
° i g " .
= E— 40 — _—
@ 114 35 ﬁ L 14 35
40 20 30
Day 7 Day 42 Day 7 Day 42 Day7 Day 42
60 Rh(CE) Blood group * CD44 50 Semaphorin-7A
. 20 |
* %
40 = + + * o 30 =
- 10 . * ———
14 =+ ) 14 35
20 10 : L
Day 7 Day 42 Day 7 Day 42 Day7 Day 42
B. IgGs
Small integral membrane Immunoglobulin heavy 2 Junctional Adhesion
- protein 1 100, constant gamma 3 Molecule A
T 15
- il * % - * + +
10 i R _— o ’ —»
. 14 35 | ﬁ 20, + 14 35

Day 7 Day 42 Day 7 Day 42

Figure 3. Proteomics analysis of stored RBC membrane: surface antigens and immunoglobulins. Levels of integral protein

carriers of surface antigens (A) and of immunoglobulins (B) in fThal* and control RBCs throughout storage. Inserts: pooled

analysis of membrane samples at weekly intervals. (*) p < 0.05 3Thal* vs. controls; (**) p < 0.05 and fold > 1.25 BThal*

vs. controls.

2.1.3. Transport Across the Membrane: Pumps, Channels, and Transporters

Compared to control RBCs, the fThal™ RBCs had lower levels of many transmembrane
transporters, pumps and channels playing significant roles in metabolite influx/efflux and
volume regulation, either throughout storage (equilibrate nucleoside transporter 1, ENT1)
or at the early (aquaporin-1) or later period of it (N, metabolism-associated urea and
ammonium transporters; Piezo-1; copper transporting ATPase) (Figure 4). A trend for
lower levels of the Gardos ion channel (KCNN4, 16.3 + 1.5 vs. 14.1 £ 3.2, p = 0.052)
was also detected in young stored Thal® RBCs. On the contrary, there was an increased
expression of Na*/K* ATPase (in young stored RBCs) and of monocarboxylate transporter-
1 (SLC16A1). Syntaxin-4 had low levels in 3Thal* samples when compared to controls
(Figure 4).
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Figure 4. Proteomics analysis of stored RBC membrane: transporters, channels, and pumps. Levels of integral proteins

involved in transport across the membrane in 3Thal* and control RBCs throughout storage. Inserts: pooled analysis of
membrane samples at weekly intervals. (*) p < 0.05 BThal* vs. controls; (**) p < 0.05 and fold > 1.25 BThal* vs. controls.

2.1.4. Enzymes

The BThal* RBC repertoire of membrane-bound enzymes was also strikingly different
compared to the controls (Figure 5). Enzymes participating in the urea cycle, purine synthe-
sis, and amino acid metabolism (arginase-1, peptidyl-poly cis-trans isomerase, C-1 tetrahy-
drofolate synthase) in addition to NADPH-dependent redox systems (flavin reductase,
glutathione transferase) had significantly increased levels at early storage or throughout it.
Carbonic anhydrase and glycolysis-associated enzymes (e.g., glyceraldehyde-3-phosphate
dehydrogenase) were selectively increased in old stored fThal* RBCs. On the other side, ex-
tremely low levels of enzymes involved in protein glycosylation (UDP-glucose:glycoprotein
glucosyltransferase), as well as in carbohydrate (neutral alpha-glucosidase) and lipid (neu-
tral cholesterol ester hydrolase 1, very long chain 3-oxoacyl-CoA reductase) catabolism,
were detected throughout storage or in old stored 3Thal* RBCs. Notably, downregulation
of phospholipid scramblase 1 (participating in the deregulation of membrane phospholipid
asymmetry) and of methyltransferase-like protein 7A (a probable sensor of oxidative stress
in RBCs), was also detected in young stored $Thal™ samples.

It is worth mentioning that, while several cytosolic kinases exhibited higher mem-
brane binding in the 3Thal* stored RBCs, the phosphatases demonstrated the opposite
trend (Figure 6A). Consequently, higher protein tyrosine phosphorylation was detected by
immunoblotting analysis in the BThal*” RBC membrane compared to the control at middle
and late storage (Figure 6B).
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Figure 5. Proteomics analysis of stored RBC membrane: proteins with enzymatic activity. Levels of integral membrane

enzymes or cytosolic membrane-bound enzymes in Thal®™ and control RBCs throughout storage. Inserts: pooled analysis
of membrane samples at weekly intervals. (*) p < 0.05 pThal* vs. controls; (**) p < 0.05 and fold > 1.25 3Thal* vs. controls.
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A. Kinases/Phosphatases
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Figure 6. Proteomics analysis of stored RBC membrane: protein phosphorylation. (A) Levels of membrane-bound
cytosolic protein kinases and phosphatases in fThal* and control RBCs throughout storage. Inserts: pooled analysis of
membrane samples at weekly intervals. (*) p < 0.05 BThal* vs. controls; (**) p < 0.05 and fold > 1.25 Thal" vs. controls.
(B) Representative immunoblots showing variation in the levels of protein Tyrosine phosphorylation in 3Thal* and control
RBC membrane samples treated with phosphatase inhibitors (1 = 3 per group) at middle and late storage. Band 3 was used
as the internal loading control.

2.1.5. “Repair or Destroy” Proteins

Finally, several proteins with significant differences in stored Thal™ RBCs compared
to the controls fall in the group of “repair or destroy” proteins, including chaperones and
proteasome molecules participating in stress responses (Figure 7A). Indeed, significant
enrichment of fThal* vs. the control membrane in molecular chaperones, co-chaperones,
and protein partners was evident at individual storage times (e.g., stress-induced phos-
phoprotein 1, STIP1, week 1; T-complex proteins, week 6) or throughout storage (Hsp70;
DNA]J 21 7 vs. 37 + 14 A.U,, control vs. fThal*, p = 0.002, day 42 samples) by proteomics
and immunoblotting analyses. In contrast, the calcium-binding chaperones calnexin and
calreticulin, as well as several protein disulfide isomerases, were less abundant in the
AThal* membrane (Figure 7A). The membrane association of proteasome subunits, both
catalytic and regulatory, was greater in the 3Thal* group at late storage (Figure 7B), but
protein ubiquitinylation exhibited the opposite pattern (day 42: 19 + 5 vs. 14 & 4, controls
vs. BThal*, p = 0.006; see representative immunoblots in Figure 7B). Apart from these
protein groups, the membrane of stored fThal* RBCs was further characterized by the
overexpression of protein argonaute-2 (AGO2) implicated in miRNA binding (Figure 7A)
and of AP-2 complex members involved in the internalization of transferrin receptor in
reticulocytes [20]. Finally, different levels of small GTPases (mostly enrichment) were
detected in stored BThal* RBC membrane (Table S1).
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Figure 7. Proteomics analysis of stored RBC membranes:

“repair or destroy” group of proteins. Variation in the membrane

levels of selected chaperones (A) and of 20S/26S proteasome subunits (B) in 3Thal* and control RBCs throughout storage.
Inserts: pooled analysis of membrane samples at weekly intervals. (*) p < 0.05 BThal* vs. controls; (**) p < 0.05 and
fold > 1.25 Thal" vs. controls. Representative immunoblots showing variation in the levels of heat shock protein-70
(HSP70) and of ubiquitinylated proteins at early, middle, and late storage are also shown (1 =7 per group). Protein 4.1R was

used as internal loading control.

2.2. RBC Shape and Membrane Vesiculation

We then examined whether the abovementioned variation of the RBC membrane
proteome was associated with typical storage-induced changes in cellular shape and the
degree of membrane vesiculation. To this purpose, we first proceeded to a morphological
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evaluation of stored RBCs by scanning electron microscopy. Lower levels of irreversible
shape modifications (e.g., spherocytes) were observed in Thal* vs. the control units at
middle and late storage (Figure 8A). Following sequential isolation of supernatants and
then of EVs accumulated into them up to late storage, we found equal levels of procoagu-
lant activity (Figure 8B), but a slightly higher (p = 0.198) concentration of total vesicular
proteins per volume unit of packed RBCs (Figure 8C). Of note, a trend (p = 0.053-0.150)
for lower levels of post-translational modifications, such as protein carbonylation and
phosphorylation (Figure 8D-F, left panel), but overexpression of molecular chaperones
(e.g., HSP70, DJ-1) and caspase-3 (Figure 8F, right panel), was detected by immunoblotting
in EVs collected from $Thal* units compared to the control.
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Figure 8. 3Thal* RBC shape modifications and storage EV characteristics. (A) Percentage of non-reversible shape modifica-
tions in Thal* and control RBC units throughout storage and representative micrographs captured by scanning electron
microscopy (n = 8 per group; magnification: 1000x). (B-F) EV analysis (n = 5 per group, except procoagulant activity:
n = 8 per group): procoagulant activity (B), total protein concentration (C), protein carbonylation (D), and protein tyrosine
phosphorylation (E) levels in BThal* and control EVs. (F) Representative immunoblots of individual proteins or protein
modifications showing a trend for different expression levels in BThal* vs. control EVs. Stomatin was used as the internal
loading control. (*) p < 0.05 BThal* vs. controls; F: fresh blood.

pTyr

Protein
Carbonylation

Individual proteomics analysis of EVs (1 = 5 per group) (Table S3) revealed enrichment
in plasma proteins (e.g., complement, IgGs) and in several RBC cytosolic proteins, including
Hb subunits, carbonic anhydrases, NADPH-dependent redox systems (catalase), and flavin
reductase, compared to the RBC membrane of origin in both groups (Table S4). Moreover,
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there were significant between-group differences, the top of which are shown in the heat
map of Figure 9A. The Thal* EVs exhibited greater levels of molecular chaperones (HSPs,
T-complex proteins), kinases (e.g., TAO kinase 3), calcium-related proteins (calpain, sorcin
etc.), ATPases (e.g., Obg like ATPase 1), and enzymes like arginase-1 and flavin reductase
(Figure 9B). Nevertheless, apolipoproteins, IgGs, and ceruloplasmin were less evident
in BThal* EVs when compared to the controls (Figure 9B). Some interesting trends for
higher (e.g., carbonic anhydrase, transferrin receptor, proteasome subunits) or lower (e.g.,
complement C3, hemopexin, coagulation factor V) levels of EV proteins in fThal* vs. the
controls are shown in Table S5. Notably, (a) traces of non-muscle myosin IIA were detected
only in BThal*-derived EVs and (b) AHSP and ALIX (an exosome marker) were present in
both groups” EVs (e.g., ALIX: 22 £+ 13 vs. 16 &+ 11 A.U., fThal* vs. control), while absent in
RBC membranes.
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Figure 9. Proteomics analysis of storage EVs. (A) Heat map for proteins differing between fThal* and control vesicles

(n =5 per group). (B) Representative boxplots showing statistically significant variation in the levels of specific EV proteins

between the two groups. Light and dark colors indicate proteins of low and high abundance, respectively. (**) p < 0.05 and
fold > 1.25 fThal* vs. controls. Abbreviations: CCT6A: T-complex protein 1 subunit zeta; TAOK3: serine/threonine-protein
kinase; YWHAE: 14-3-3 protein epsilon; PRKAR1A: cAMP-dependent protein kinase type I-alpha regulatory subunit;
CAPNSI: calpain small subunit 1; PDCD6: programmed cell death protein 6; ART4: ecto-ADP-ribosyltransferase 4; IGA2:
immunoglobulin alpha-2 heavy chain.
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2.3. RBCs vs. EV's Networks

To find out RBC parameters (if any) that exhibited statistically significant correlations
with EV phenotypes, we proceeded to compare Thal* vs. control RBC EVs via network
analysis for late storage. Though EVs collected from the supernatant of day 42 units were
the cumulative pool of vesicles released throughout storage, the exponential pattern of EV
release with the storage time suggests that the old stored RBCs contributed the most to the
final pool.

More than 1000 statistically significant (p < 0.01) correlations were detected in the
control (~1000) and BThal* (~1350) RBC-EV networks (Figures 10 and 11, respectively;
Table S6). Variation in the RBC membrane-bound small GTPases (90 vs. 140 connections,
BThal* vs. control), proteasome subunits, activators (but not ubiquitin-related proteins; 163
vs. 100 connections, fThal* vs. control), and IgGs (70 vs. 28 connections, fThal* vs. control,
respectively) were more interconnected to the target EV phenotypes that are common (e.g.,
RBC IgGs connections to EV Hb, acetylcholinesterase, and superoxide dismutase) or differ-
ent between groups (e.g., RBC proteasome connections to Hb concentration exclusively
in fThal* EVs) (Table S7). Even though the chaperone proteoforms prevailed in the RBC
membrane over proteasome subunits, the latter were significantly more interconnected
to EV features, including EV Hb, complement, redox metabolism, and protein tyrosine
phosphorylation. Binding of small GTPases to the RBC membrane was further related to
the vesicular content of heat shock proteins, IgGs and Alix in both groups, but also with
the caspase 3 and total EV protein concentration in 3Thal* units. Finally, the IgGs load
of the membrane in the stored RBCs was strongly connected to the peroxiredoxin protein
kinases and protein tyrosine phosphorylation levels in fThal* units.

Without exception, (a) all of the skeletal proteins, (b) components participating in the
vertical linkage of cytoskeleton to the lipid bilayer, (c) lipid-raft associated proteins, and
(d) Ca%*-regulated proteins of the stored RBCs correlated significantly to EV phenotypes,
in accordance with the established mechanisms of EV biogenesis. On the other hand, the
release of vesicles by the 3Thal™ RBCs seemed to be further connected to variation in the
parameters not participating at all (e.g., storage, osmotic and oxidative hemolysis, lipid
peroxidation, Hb concentration) or showing significantly fewer connections (e.g., MCV,
thioredoxins, Ca?*-transporting ATPase, antioxidant capacity of the supernatant) in the
control network. Notably, Hb concentration in EVs was negatively related to hemolysis
parameters of stored RBCs. The kinases contributed significantly more connections com-
pared to the phosphatases in the networks, however, significantly more phosphatases were
detected in the fThal* RBC/EV one (Table S7).

Regarding the “targets” of the RBC features in EVs, apolipoprotein proteoforms ab-
sorbed by the residual plasma of the unit constituted the highest connectivity EV hub
(where the hub is a parameter with > 15 connections to RBC parameters) in both networks
(Table S8). Six additional smaller EV hubs (including EV Hb, carbonic anhydrase, IgGs,
and small GTPases) were found in common in the two networks, though at variable con-
nectivity degrees (e.g., twice the number of Hb connections in the Thal* vs. control
EVs). As expected, certain EV hubs characterized each network individually. Redox and
stress-associated EV components (e.g., flavin reductase, thioredoxin, peroxiredoxins, -
hemoglobin stabilizing protein, complement regulators) characterized the 3 Thal* network
as opposed to major membrane components (spectrins, glycophorin A), glutathione hy-
drolase, heat shock proteins, and complement proteoforms found predominantly among
the hubs of the control network. The exosomal ALIX protein correlated with the RBC
membrane content of small GTPases Rab and redox homeostasis parameters, such as su-
pernatant antioxidant capacity, lipid peroxidation (in fThal*), and glutathione transferase
(in control).

The levels of Hb release through vesicles were found to be significantly related to
calcium-related factors in both RBC groups, but also to proteasome components and
hemolysis levels (as mentioned above) in 3Thal* RBCs. Those of complement regulators
(BThal* hub) in EVs were correlated to RBC PS percentage, storage hemolysis, proteasome
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and IgG proteoforms. The vesicular a-hemoglobin stabilizing protein (AHSP), flavin
reductase, and clusterin levels were found to be highly interconnected with the major RBC
membrane proteins, Hb, proteasome subunits, lipid peroxidation, and antioxidant capacity
of the supernatant only in the Thal* network (Table S8).

Ub-related =2
proteins

- glutathione

. RBC parameters of day 42 hydrolase ESD

EV parameters of day 42

————» Positive correlation

--------- » Negative correlation

Figure 10. Network connecting RBC to EV parameters in control RBC units on day 42 of storage. Interactome based on
the correlation coefficient R values between parameters of stored RBCs and EVs in late storage. The length of each edge
is inversely proportional to the R value (the shorter the edge, the higher the R value). All connections are statistically
significant at p < 0.01. Solid light grey circles focus on high connectivity hubs found in both donor groups. Dashed red
circles highlight representative high connectivity hubs that predominate in the control network. For abbreviations, see
Table Se.
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Figure 11. Network connecting RBC to EV parameters in 3Thal* RBC units on day 42 of storage. Interactome based on
the correlation coefficient R values between parameters of stored RBCs and EVs in late storage. The length of each edge

is inversely proportional to the R value (the shorter the edge, the higher the R value). All connections are statistically

significant at p < 0.01. Solid light grey circles focus on high connectivity hubs found in both donor groups. Dashed yellow

circles highlight representative high connectivity hubs that predominate in the fThal™ network. For abbreviations, see

Table S6.

3. Discussion

Here, we report the first proteomic dataset comparing the RBC membrane and EVs
from 3Thal* donors vs. control throughout storage in leuko-reduced CPD-SAGM units.
The data highlight beta-thalassemia signatures on RBCs and how they are modified during
ex vivo aging. Several modifications have not been reported so far in beta-thalassemia
minor. Their detection was based on an advanced proteomics analysis of single replicates
(n = 12 per group) and validation by targeted immunoblotting experiments. Of note,
proteomic findings are consistent with the physiological features of the same RBC units,
such as RBC morphology and membrane vesiculation (current work), as well as hemolysis
and metabolism data [5]. The findings are relevant to transfusion medicine and beyond, by
providing the basis for a more detailed exploration of RBC physiology and aging processes,
in vivo and ex vivo, in beta-thalassemia minor.

The membrane composition of young stored fThal® RBCs was more indicative of
the thalassemic background compared to old stored cells, as it is closer to the in vivo
status. Indeed, lower content of integral and skeletal proteins has been reported in the
RBCs of HbE/3Thal patients [12], suggesting changes in the architecture of the skeleton
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and its adherence to the membrane. Though detected in simple heterozygous state, these
shortcomings are not associated with deformability defects, because the mechanical and
osmotic hemolysis of fThal* RBCs were found to be better than the average control [5].
Upregulation of myosin levels may account for these phenomenally paradoxical findings.
As a probable result of different reticulocyte maturation in beta thalassemia [21], it has been
considered a cellular volume regulator in the microcytic fThal* RBCs [22]. Thal* mem-
brane enrichment in several non-muscle myosin proteoforms might contribute to structural
integrity, deformability, and resistance to stress [23], including storage-induced stress, since
the expression of structural proteins did not reduce with storage time, as opposed to control
RBCs. Of note, both regulators of myosin activity, namely kinases/protein phosphorylation
and calmodulin, are also overexpressed in the membrane of Thal* RBCs [24]. Stomatin,
which was observed for the first time to be downregulated in BThal* RBCs, followed the
same pattern of variation during storage (no significant reduction), resulting (along with
flotillins and synexin) in the enrichment of old stored fThal* RBCs in lipid raft compo-
nents that regulate the lateral organization of the membrane. On the other side, no higher
membrane binding of Hb (a typical feature of thalassemic RBCs [25]) was found in stored
BThal* RBCs. All of these protein diversifications may account for the better maintenance
of stored RBC morphology in 3Thal* compared to the control.

Several deregulated proteins in 3Thal* RBCs fall in the group of molecular chaperones,
proteasome proteins, redox regulators, and free radical scavengers, reflecting proteotoxic
stress and activated antioxidant defense. Among these, glutathione transferase, flavin
reductase, and aldehyde dehydrogenase were included. The potentially toxic unstable free
a-globin chains in 3Thal* RBCs can be eliminated by functionally interconnected protein
quality control pathways [26]. It has been suggested that chaperones may be involved in o-
globin refolding or targeting for degradation to proteasome [12,27-29], and, consequently,
numerous molecular chaperones are upregulated in fThal* trait erythroblasts in mice.

Upregulation of proteome stress markers in the 3Thal* RBC membrane at early storage
is probably related to higher baseline levels, but many of them were further upregulated
later on. Thus, overexpression is the result of both thalassemia- and storage-related [30]
proteome and oxidative stresses that are, however, successfully treated, as judged by the
low levels of oxidative modifications in fThal* RBC membrane proteins and lipids [5].
Moreover, the function of those chaperones is probably unrelated to o-globin chain toxicity,
because normal levels of Hb and «-Hb stabilizing chaperone AHSP [12] were found in
the membrane and EVs, respectively. Of note, in platelets, heat shock proteins form
large complexes with myosin-targeting subunits [31]. Finally, the protein argonaute-2
that seemed to be an abundant protein of the stored RBC membrane, especially in 3Thal*
RBCs, forms functional complexes with several miRNAs that are differentially expressed
in relation to the storage lesion [32].

Downregulation of several transporters in the membrane of fThal® RBCs may be
associated with the low levels of the scaffolding protein stomatin [33]. Some of them
participate in the regulation of erythropoiesis [34] and in the membrane response to
hypoxia [35]. Notably, most of them transport substances directly or indirectly involved in
N; metabolism. ENT1, for instance, is a key purinergic component that mediates nucleoside
(especially adenosine) uptake by RBCs, while the mechanically activated cation channel
piezo-1 modifies the kinetics of ATP release under shear conditions in the vasculature [36].
ENT1 levels are regulated post-translationally in response to exposure to hypoxia, and
ultimately contribute to RBC metabolic reprogramming in response to oxidant/hypoxic
stress, such as at high altitude or in models of intrauterine growth restriction [37,38]. In the
same context, enzymes participating in the urea cycle, purine synthesis, and amino acid
metabolism had significantly increased levels in fThal* vs. control RBCs at early storage or
throughout it (see below). Recent metabolomics analyses revealed alterations in the purine
oxidation pathway in circulating and stored 3Thal® RBCs [5], while malaria parasites that
are purine auxotrophic import purines via their ENT1 homologue [39]. On the other side,
while upregulation of monocarboxylate transporter and Na*/K* ATPase is suggestive of
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modified fluxes, previously seen in sickle cell trait and disease [40,41], in BThal* RBCs, it is
not associated with increased K* and lactate efflux, nor with RBC dehydration [5], probably
due to the mild excess/precipitation of free x-globin chains, and thus, to manageable levels
of oxidative stress [42].

Among the enzymes significantly upregulated in the membrane of fThal* RBCs
throughout storage was arginase-1. As the final enzyme in the urea cycle, it is responsible
for the hydrolysis of L-arginine to urea and L-ornithine. Arginase-1 competes with the
nitric oxide synthase (NOS) that also uses L-arginine as a substrate to produce and release
the cardiovascular protective nitric oxide (NO) in the bloodstream [43]. Comparing the two
enzymes, NOS is more redox-sensitive than arginase [44], and may be readily inactivated
during storage. Increased arginase/NOS activity was indeed observed in human (and
non-human primate) RBCs as a function of storage duration through arginine tracing
experiments [45]. Thalassemia is characterized by dysregulated arginine metabolism and
increased arginase activity in plasma, probably leading to low NO bioavailability and
cardiovascular dysfunction [46,47]. Moreover, increased arginase expression and activity
(at the expense of NO synthesis) were detected in RBCs from patients with diabetes [48] and
in the plasma of recipients of aged stored autologous RBCs [49]. Most of the RBC arginase-1
is bound to the membrane in vivo through association with flotillin-1 [50], and this binding
increases its enzymatic activity. The currently reported proteomics analysis is consistent
with the modulation of arginine and glutamine (an arginine precursor) metabolism recently
observed in fresh and stored fThal™ RBCs, including ornithine to arginine and citrulline to
arginine ratios [5]. These markers of arginase activity in stored RBCs are indicative of the
capacity of transfused RBCs to respond to acetylcholine-induced vasodilation [49]. The
low propensity of stored BThal™ RBCs to hemolysis [5] and the low levels of arginase-1
in both storage EVs and RBC units” supernatant (manuscript in preparation) suggest that
upregulation of the enzyme in 3Thal* RBCs is not associated with increased arginase-1
release. For the 3Thal™ RBCs per se, however, arginine consumption [5] due to increased
expression of arginase-1 would repress the NOS-mediated NO synthesis. Interestingly,
in pathologies characterized by increased RBC arginase-1 activity, like diabetes, there is
also increased oxidative stress and ROS generation. Moreover, the detrimental effects of
arginase-1 enriched RBCs on vascular cells (upregulation of arginase-1 and dysfunction)
are ROS-dependent [48]. In contrast, stored pThal™ RBCs show lower oxidative defects in
lipids and proteins, lower ROS generation at late storage, and an enhanced antioxidant
and “repair or destroy” arsenal in their membrane.

Increased arginase activity may be the result of mild, sustained oxidative stress in
BThal* traits, as observed in normal aging [51], and a compensatory defense mechanism
against the NOS-associated oxidative/nitrosative stress. In either case, it may contribute to
the resistance of fThal* RBCs to malaria infection, since the host arginine (intracellular
and introduced by RBC amino acid transporters) is metabolized by the parasite to sustain
its metabolic needs [52,53].

In fact, this feature is only a part of the general context of proteome diversifications
potentially related to pThal™ RBC resistance to malaria infection. First of all, the proteome
of the fThal™ membrane is characterized by downregulation of several parasite receptors,
including band 3, glycophorin C, CD44, complement receptor-1 (CR1), and semaphorin-
7A [54,55]. The prevalence of the O blood group among our donors [5,56] and variation in
other determinants of malaria risk, including the globin chains per se, redox regulators, the
protein GNAS [57], and several kinases—potentially involved in protein hyperphosphory-
lation and thereby membrane destabilization observed in malaria protection [58]—probably
work in the same direction. For instance, piezo-1 and beta-spectrin hyperphosphorylation
by host kinases is an early RBC response to merozoite attachment on RBCs before parasite
entry [59]. Increased activation of protein kinases and protein phosphorylation has been
previously reported in erythroblasts of patients with 30-thalassaemia/Hb E disease [60].
Upregulation of argonaute-2 may be also related to the innate resistance of 3Thal* RBCs to
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malaria infection; the transfer of argonaute-2 from malaria-infected RBCs to recipient cells
through EVs downregulates the expression of essential malaria antigens [61].

The modified expression of membrane receptors, antigens, and IgGs in stored Thal*
RBCs compared to the control may be clinically relevant. Some of them, like the ERMAP-
related Scianna blood group antigens [62], the SMIM-1-related Vel blood group [63], the
CD44 receptor (AnWj blood group antigen) [64], and semaphorin-7A, are clinically in-
volved in the immunohematology of hemolytic transfusion reactions, adhesion processes,
macrophage responses, and erythrophagocytosis. For example, Semaphorin-7A, a ligand
for the platelet receptor glycoprotein Ib, enhances thrombo-inflammation in myocardial
ischemia-reperfusion injury [65]. Moreover, SMIM-1, which is implicated in the physiology
of erythroid cells [66], carries a high-frequency blood group antigen able to induce aggres-
sive hemolytic activity [63]. Finally, the AnWj blood group antigen on the CD44 protein
is the RBC receptor of Haemophilus influenzae. Apparently, deficiency in these surface
molecules renders fThal* RBCs a safer choice for transfusion therapy.

The proteomics profiles of EVs accumulated in 3Thal* and control RBC units through-
out storage were also highly revealing. As expected [67], both groups’ EVs were enriched
in Hb, complement, and carbonic anhydrase and redox proteoforms, including catalase
and peroxiredoxins. Of note, the exosome-related ALIX protein was also detected in EVs,
suggesting either the presence of exosomes in the residual plasma of the units or the
participation of ALIX in the membrane vesiculation of stored RBCs. Both contingencies
deserve further investigation. In terms of between-group variance, the composition of the
BThal™ EVs reflected, in part, that of the RBCs of origin, since there were several upregu-
lated (chaperones/proteasome, flavin reductase, arginase-1, etc.) or downregulated (e.g.,
CD44) components. Moreover, porphobilinogen deaminase, sorcin, transferrin receptor,
and myosin proteoforms are selectively sorted to Thal* EVs. Myosin and biliverdin
reductase were identified as thalassemia-specific components in the plasma microparticles
of 3-thal/HbE patients [17]. According to our results, biliverdin reductase is a minor
component of storage EVs, independently of the thalassemia background.

The release of slightly more vesicular proteins by 3Thal* RBCs showing better preser-
vation of cell morphology under storage seems paradoxical, but it is plasmatic, because
the volume unit of the microcytic BThal™ RBCs contains more cells than the control. As
opposed to the high levels of PS* microparticles in the plasma of 3-thal/HbE patients [17],
the BThal* storage EVs exhibited normal levels of procoagulant activity. Moreover, they
contained lower levels of protein stress markers (carbonylation, Tyr-phosphorylation) and
removal signals (IgGs, complement), suggesting prolonged circulation time compared to
control EVs. Finally, they contain lower levels of plasma components exerting antioxidant
(e.g., apolipoprotein A-IV and hemopexin implicated in free heme detoxification) and
anti-coagulation (beta-2 glycoprotein, a2-macroglobulin) activities, in addition to coagula-
tion factor V and the oxireductase ceruloplasmin that is involved in iron metabolism and
transfer across the membrane.

Network analysis revealed interesting connections of membrane vesiculation with
hemolysis and the membrane proteome of $Thal® RBCs. The degree of protein (mainly
Hb) release by Thal* RBCs was positively related not only to the membrane levels of IgGs
and lipid raft/Ca?*-associated proteins, as expected, but also to variation in the erythroid
cell receptor ERMAP that is upregulated in fThal* RBCs. On the contrary, protein loss
through membrane vesiculation exhibited negative correlations with the membrane levels
of proteasome, regulators of redox activity, small GTPases, and especially with the oxida-
tive and storage hemolysis of parental 3Thal* RBCs, highlighting the homeostatic role of
vesiculation in membrane modulation and damage control. The removal of potentially
dangerous compounds and activators of hemolysis by RBCs renders them less susceptible
to storage and oxidative hemolysis. The currently reported networks contain hundreds of
potentially informative correlations between EV and RBC features that deserve investiga-
tion by targeted studies. Some of them are expected to shed light on the emerging role of
membrane proteasomes in the physiology of RBCs.
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4. Materials and Methods
4.1. Biological Samples

Twenty-four (12 BThal* and 12 control) blood units of packed RBCs in citrate-phosphate-
dextrose (CPD)/saline-adenine-glucose-mannitol (SAGM) were stored for 42 days at 4 °C,
and were sampled aseptically on a weekly basis. The beta-thalassemia trait was confirmed
by Hb electrophoresis and molecular identification of mutations. The study was approved
by the Ethics Committee of the Department of Biology, School of Science, NKUA. Inves-
tigations were carried out upon donor consent, in accordance with the principles of the
Declaration of Helsinki.

4.2. Isolation of Membranes and Extracellular Vesicles

Hypotonic lysis was performed to isolate RBC membranes. Briefly, RBCs were lysed
with hypotonic sodium phosphate buffer containing protease inhibitors, and the pre-
cipitated membranes were washed to remove the excess Hb. To evaluate the extent of
tyrosine phosphorylation, stored RBCs (n = 3 for each donor group) were treated with
2.0-2.5 mmol/L ortho-vanadate, a known tyrosine phosphatase inhibitor, for 2 h at 37 °C,
as extensively described before [68]. Untreated RBCs were used as controls, and membrane
isolation was performed as described above.

At late storage, vesicles were isolated from the supernatant of the RBC units (n = 5 of
each donor group) by high-speed centrifugation at 4 °C. Firstly, RBCs were centrifuged
at 2000x g. Their supernatants were ultra-centrifuged at 37,000 x g for 1 h, after passing
through sterile 0.8 um nitrocellulose filters (Millipore, Carrigtwohill, County Cork, Ireland).
The pellet of vesicles was then resuspended in PBS and washed under the same conditions.
Protease inhibitors were added to vesicles and their protein concentration was determined
by the Bradford protein assay (Bio-Rad, Hercules, CA). The total vesicular protein per RBC
unit volume was used to assess vesiculation, as previously described [67].

4.3. Western Blot Analysis

Equal concentrations (12-25 ng) of isolated RBC membranes (n = 7 per group) or
vesicles (n = 5 per group) were loaded in Laemmli gels and transferred to nitrocellulose
membranes. Primary monoclonal and polyclonal antibodies for a variety of proteins were
used, along with species-specific secondary antibodies conjugated with HRP. Antibodies to
the following proteins were used: band 3 (B 9277) from Sigma-Aldrich (Munich, Germany);
ubiquitin (BML-PW8810) from Enzo Life Sciences (New York, NY, USA); HSP70 (sc-1060R)
from Santa Cruz Biotechnology (Santa Cruz, CA, USA); and caspase-3 (#9662) and DJ-1
(#5933) from Cell Signaling Technology (Danvers, MA, USA). Antibodies against stomatin
and 4.1R were kindly provided by Prof. R. Prohaska (Institute of Medical Biochemistry,
University of Vienna, Austria) and Prof. J. Delaunay (Laboratoire d” Hématologie, d’
Immunologie et de Cytogénétique, Hopital de Bicetre, Le Kremlin-Bicetre, France), respec-
tively. The immunoblots were developed through chemiluminescence, and the bands were
quantified by scanning densitometry (Gel Analyzer v.1.0, Athens, Greece). To estimate
oxidative modifications of membrane and vesicular proteins, the Oxyblot kit was used, per
the manufacturer’s specifications (Oxyblot, Millipore, Chemicon, Temecula, CA, USA). The
proteome carbonylation index (PCI) was then calculated [68].

4.4. Procoagulant Activity of Extracellular Vesicles

A functional ELISA assay kit (Zymuphen MP-activity, Hyphen BioMed, Neuville-
sur-Oise, France) was used to estimate the procoagulant activity of extracellular vesicles
(n = 8 per group), per the manufacturer’s specifications and as previously described [69].

4.5. Scanning Electron Microscopy

Samples of RBCs (n = 8 per group) were firstly fixed with 2% glutaraldehyde and
then with 1% osmium tetroxide in a 0.1 mol/L sodium cacodylate buffer, with a pH of 7.4.
Following dehydration in a gradient of ethanol concentrations, the cells were coated with
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gold-palladium (Tousimis Samsputter-2a, Rockville, Maryland, USA) and were microscopi-
cally observed (Philips SEM515). Electron micrographs (magnification x1000) were taken
at randomly chosen fields, and the cell shapes were characterized as irreversible or not. A
blind evaluation of at least 2000 cells was performed for each sample.

4.6. Proteomics Analysis

Samples (200 ng each) were loaded onto individual Evotips for desalting and then
washed with 20 pL of 0.1% formic acid, followed by the addition of 100 uL of storage sol-
vent (0.1% formic acid) to keep the Evotips wet until analysis. The Evosep One system was
coupled to a timsTOF Pro mass spectrometer (Bruker Daltonics, Bremen, Germany). Data
were collected over an m/z range of 100—1700 for MS and MS/MS on the timsTOF Pro in-
strument using an accumulation and ramp time of 100 ms. Post-processing was performed
with PEAKS studio (Version X+, Bioinformatics Solutions, Waterloo, ON, USA). Graphs
and statistical analyses were prepared with GraphPad Prism 8.0 (GraphPad Software, La
Jolla, CA, USA) and GENE E (Broad Institute, Cambridge, MA, USA) [70].

4.7. Statistical Analysis and Network Preparation

Statistical analysis was performed by using the statistical package SPSS Version 22.0
(IBM Hellas, Athens, Greece, administered by NKUA). After testing for normal distribution
and the presence of outliers (Shapiro—Wilk test and detrended normal Q-Q plots), the
independent t-test was used for the evaluation of differences between groups. Correlation
between the parameters of stored RBC and EVs was assessed with Pearson’s or Spearman’s
tests. The R values were used for the construction of biological networks (Cytoscape 3.7.2,
San Diego, CA, USA). Significance was accepted at p < 0.05 or p < 0.01 (in the case of
correlation analysis).

5. Conclusions

The RBCs of eligible BThal* donors are characterized by a low percentage of irre-
versible spherocytic modifications compared to the control. Their membrane proteome
contains several beta thalassemia signatures related to the expression of structural, lipid raft,
chaperoning, proteasome, redox, transport, antigenic, and enzyme components, including
the upregulation of myosin, arginase-1, glutathione transferase, and protein kinases, but
downregulation of transporters involved in nitrogen, purine, and amino acid metabolism.
Some of them are reported for the first time in BThal* RBCs. The overall picture is that
of an efficient cellular response to a mild alpha-globin excess and oxidative/proteome
stress functionally connected to resistance to malaria infection. Storage has a balancing
(e.g., Na* /K" transporter) or augmenting (e.g., HSPs) effect on these modifications, or
produces new ones, including excess of skeletal proteins. The fThal* EVs have normal
procoagulant activity, and their composition is related in part to that of parental RBCs. Net-
work analysis revealed interesting connections of membrane vesiculation with proteome
control modulators of the RBC membrane, as well as with hemolysis of 3Thal™ RBCs. Our
findings shed light on the donor variation effect on RBC storability and give hints for
potential post-transfusion implications. Moreover, they might provide the basis for a more
detailed exploration of RBC physiology and aging processes that occur in beta thalassemia
carriers who are eligible for blood donation. Functional aspects of the presently identified
variations, including proteostasis, degradome, and other important modifications that fill
out the protein profile of 3Thal® RBCs during storage, are currently underway in our labs.

Supplementary Materials: Supplementary tables are available online at https://www.mdpi.com/
1422-0067/22/7/3369/s1.
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