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“You're as old as your arteries.” 

Thomas Sydenham (1624-1689)  
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1. BEVEZETÉS 

 

A halálozási statisztikákat világszerte az érelmeszesedés talaján kialakuló 

kardiovaszkuláris események (agyvérzés, szívinfarktus) vezetik. Az ateroszklerózis egy lassú, 

progresszív betegség, mely már gyerekkorban elkezdődhet, klinikai tüneteket azonban csak 

évtizedekkel később mutat, ezért is szoktak az érelmeszesedésre „csendes gyilkosként” utalni.  

Hajlamosak vagyunk azt gondolni, hogy az érelmeszesedés civilizációs betegség, azonban 

a közelmúltban múmiákon végzett vizsgálatok kimutatták, hogy az erek meszesedése 

végigkísérte az emberiség történelmének eddigi 4000 évét 1. A betegség mechanizmusának 

feltárása régóta foglalkoztatja a kutatókat. Az érelmeszesedéssel foglalkozó cikkek száma 

jelenleg a pubmed keresőben közel 160 ezer, mely az utóbbi években is évi 8-9 ezerrel 

gyarapszik. Érelmeszesedés terápia címszavakra több mint 130 ezer szabadalom található a 

’google patents’ keresőoldalon.  

Az érelmeszesedés patomechanizmusát feltáró alapkutatás és az ezen eredményeket 

felhasználó gyógyszerfejlesztés hatására napjainkra a betegség valamelyest megelőzhetővé, de 

legalábbis lassíthatóvá vált, a klinikai tünetek jellemzően későbbi életkorban jelentkeznek. Az 

érelmeszesedés pathogenezisében kitüntetett szerepet játszik a megemelkedett koleszterinszint 

és a diszlipidémia, a betegség kezelésének elsődleges célpontjai. Ugyanakkor a szerteágazó 

kutatás számos egyéb pro-aterogén faktort azonosított, melyek egy része lokálisan, a plakk 

mikrokörnyezetében van jelen.  

Ilyen lokális faktor a hipoxia, mely az előrehaladott érelmeszesedéses léziók jellemzője. A 

hipoxia különböző módokon befolyásolja a plakk progresszióját; angiogenezist indukál, 

hatására megváltozik az érfalat alkotó sejtek metabolizmusa, fokozza a lipidek akkumulációját, 

a gyulladást, és a proteolítikus enzimek expresszióját 2.  

A plakkba a hipoxia hatására benövő erek tökéletlensége, illetve sérülékenysége a plakk 

bevérzését idézi elő, melynek következtében új lokális faktorok, vörösvérsejt membrán,  

hemoglobin és oxidált hemoglobin formák jelennek meg a plakk mikrokörnyezetében. Az 

elmúlt években kutatómunkám fókuszában ez a mikrokörnyezet állt; a hipoxia, az oxidált 

hemoglobin formák és a belőlük szabaddá váló hem szerteágazó hatásait vizsgáltam különféle 

in vitro és in vivo modellrendszerekben. Jelen értekezésben e vizsgálatok eredményeit mutatom 

be.   
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2. IRODALMI ÁTTEKINTÉS 

 

2.1. Az ateroszklerotikus plakkok kialakulása és progressziója 

A halálozási és megbetegedési statisztikákat világszerte, így hazánkban is az 

ateroszklerózissal összefüggésbe hozható akut kardiális események vezetik. A legtöbb ilyen 

esemény hátterében az ateroszklerotikus plakkok ruptúrája áll, mely trombus kialakulásához, 

érelzáródásához, és az érintett ér által ellátott terület oxigénhiányához és elhalásához vezet.  Az 

ateroszklerózis egy krónikus, lipidek által iniciált inflammatórikus, fibro-proliferatív 

érbetegség. A plakk kialakulása egy hosszú és komplex folyamat, melynek három lényeges 

fázisát különíthetjük el; az iniciáció, az adaptáció és a kliniai tüneteket kiváltó fázisokat.   

2.1.1. A plakk kialakulásának iniciációs fázisa, diffúz és patológiás intima 

megvastagodás 

Az ateroszklerotikus plakk kialakulásának iniciációs fázisában zsíros csíkok formájában 

lipidlerakódás figyelhető meg a szubendotéliális térben, az intimában, mely diffúz intima 

megvastagodást eredményez. A folyamat ebben a stádiumban reverzibilis, gyermekek érfalában 

is megfigyelhető a zsíros csíkok kialakulása, majd spontán eltűnése. A patológiás intima 

megvastagodás fő rizikófaktora a magas plazma koleszterin szint, mely önmagában, a többi 

rizikófaktor hiányában is elegendő a lézió kialakulásához 3. A legjelentősebb aterogén 

lipoprotein az alacsony sűrűségű lipoprotein (LDL), melynek emelkedett szintje minden egyes 

tanulmányozott emlős fajban érelmeszesedést okoz. Az érelmeszesedés kialakulásának 

valószínűsége egyenes arányban áll azzal, hogy az LDL szint mennyivel magasabb az 

ideálisnál, és hogy ez az állapot mennyi ideig áll fenn 4,5.   

Az LDL-t elsőként John Gofman izolálta 1954-ben. Analitikai ultracentrifuga 

segítségével eltérő sűrűségük alapján választotta szét a plazma két fő koleszterin-szállító 

lipoproteinjét, az LDL-t és a magas sűrűségű lipoproteint, a HDL-t 6. Már ekkor megfigyelte 

azt is, hogy az LDL szint magasabb, a HDL szint pedig alacsonyabb szívinfarktuson átesett 

betegek plazmájában, mint az egészséges emberekében 7.    

Az 1. ábrán látható az LDL partikula felépítése. Az LDL partikulák hidrofób magjában 

mintegy 1500 koleszteril-észter molekula található, melyet poláris foszfolipid réteg, és egy 

nagy fehérjemolekula, az apolipoprotein B 100 (apoB100) vesz körül 4.   
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A zsíros csíkok kialakulása során a plazmában feldúsult LDL az erek belső felszínét egy 

rétegben borító endotélsejt rétegen keresztül, a szubendotéliális térbe penetrál (2. ábra). 

Korábban úgy gondolták, hogy ez passzív filtrációval valósul meg, a csökkent barrier funkciójú 

endotélrétegen keresztül, azonban ezt az elképzelést számos új eredmény cáfolja. Mai tudásunk 

szerint az LDL transzcitózisa vezikuláris transzport révén valósul meg, melyben szerepet 

játszanak a caveolák, a szkevendzser receptor B1 és az aktivin-szerű kináz 1, ugyanakkor az 

LDL receptor szerepét a legújabb eredmények megkérdőjelezik 8–11.  

Az LDL transzcitózisát számos egyéb körülmény is befolyásolja. Így például az ösztrogén 

gátolja az szkevendzser receptor B1 expresszióját endotélsejtekben, ez által ösztrogén 

jelenlétében csökken az LDL transzcitózisa, mely megmagyarázza a menopauza előtt álló nők 

kardiovaszkuláris betegségekkel szembeni alacsonyabb rizikóját 12,13. Ezzel szemben például a 

NOD-szerű pyrin domént tartalmazó 3 (NLRP3) receptor aktivációja endotélsejtekben fokozza 

az LDL transzcitózisát 14. Az LDL aterogén hatását az egyéb rizikófaktorok - mint például a 

magas vérnyomás, diabétesz, dohányzás, férfi nem, valamint az inflammatórikus molekulák - 

felerősíthetik 15.  

Az LDL szubendotéliális térben való feldúsulásában szerepet játszik az LDL partikula 

szelektív retenciója, mely az apoB100 pozitív töltésű aminosav alegységei (arginin, lizin) és az 

érfal komponens proteoglikánok negatív töltésű szulfát és karboxilsav csoportjai közötti 

elektrosztatikus kölcsönhatáson alapul (2. ábra).  A szubendotéliális térben rekedt LDL 

partikula különféle módosulásokon mehet keresztül, mely módosulások nagymértékben 

1. ábra Az LDL partikula felépítése. Az LDL partikula átmérője 22 nm, tömege 3000 

kDa. A koleszterint nagyrészt inaktív formában, koleszterin-észter formájában tartalmazza, 

partikulánként ~1500 molekulát. A hidrofób magot poláros foszfolipidek veszik körül, 

valamint egy óriás fehérjemolekula (~500 kDa), az apolipoprotein B 100 (ApoB) 4.  

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



8 
 

fokozzák az LDL aterogenitását. A szubendotéliális térben jelenlévő proteázok és lipázok 

hatására az LDL aggregációja és fúziója következik be 16. 

Az LDL partikula másik jelentős módosulása az oxidatív stressz által indukált oxidatív 

modifikáció. Daniel Steinberg nevéhez fűződik az a teória, hogy az érelmeszesedésben az LDL 

szubendotéliális térben történő oxidációja kulcsszerepet játszik 17. Az LDL oxidációját 

különféle reaktív oxigén formák (ROS) mint például szuperoxid, szerves peroxil gyökök, 

hipoklórossav, e mellett peroxidázok, lipoxigenázok és átmeneti fémionok (pl. réz ion) 

indukálhatják 5.  

 

A vér és szövetek között lévő barriert az endotélium folytonos és egyrétegű laphám 

szerkezete biztosítja. A nyugalomban lévő endotélsejtek fontos funkciója hogy anti-adhéziós, 

anti-trombotikus, és anti-inflammatórikus felszínt biztosítanak az érrendszerben. Az 

2. ábra Az LDL partikula transzcitózisa, retenciója és módosulásai a szubendotéliális 

térben. Az LDL transzcitózisa vezikuláris transzporton keresztül valósul meg. Az LDL a 

szubendotéliális térben az extracelluláris mátrix proteoglikánjaihoz kötődik. Enzimek és 

oxidatív sressz hatására az LDL módosul. A módosult LDL egy része az extracelluláris 

térben rakódik le, másik részét a szubendotéliális térbe vándorolt makrofágok veszik fel, 

melyek habos sejtekké alakulnak. A makrofágok nekrózisa során kiszabaduló lipidek a 

nekrotikus magban akkumulálódnak.        
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érelmeszesedés patomechanizmusában az endotél aktiváció kitüntetett szereppel bír, melyet 

pro-inflammatórikus molekulák (interleukin 1 (IL-1), tumor nekrózis faktor (TNF), 

endotoxinok, oxidált LDL (oxLDL), előrehaladott glikációs végtermékek (AGE), valamint 

biomechanikai tényezők (megváltozott áramlási viszonyok) idéznek elő 18. Ezen biokémiai és 

biomechanikai stimulusok döntően a pleiotropikus transzkripciós faktor, nukleáris faktor kappa 

B (NF-κB) indukcióján keresztül fejtik ki hatásukat, és a sejtfelszíni adhéziós molekulák (pl. 

vaszkuláris sejt adhéziós molekula-1 (VCAM-1), E-szelektin), szekretált és membrán-

asszociált kemoattraktáns molekulák (pl. monocita kemoattraktáns molekula-1, fraktalkin), 

illetve pro-trombotikus mediátorok (pl. szöveti faktor, von Willebrand faktor, plazminogén 

aktivátor inhibitor) expressziójának fokozódását okozzák (3. ábra) 18. Ezek hatására fokozódik 

a monociták és egyes típusú T limfociták szelektív kiáramlása a keringésből a szubendotéliális 

térbe. A szubendotéliális térben az aktívált endotélsejtek, a makrofágok és a limfociták közötti 

interakciók révén létrejön egy citokinekben, növekedési faktorokban és ROS-ban gazdag pro-

inflammatórikus mikrokörnyezet, mely elősegíti a plakk progresszióját 19.  

3. ábra Az érelmeszesedés kezdeti stádiuma. Az LDL transzcitózisa révén a 

szubendotéliális térbe jut, ahol az extracelluláris mátrix proteoglikánjaihoz kötődik. Az 

endotélsejt aktiválódik, melyet monociták és T sejtek adhéziója és transzmigrációja követ. 

A makrofágok felveszik a szubendotéliális térben rekedt módosult LDL-t, és habos sejtekké 

alakulnak. A makrofágok apoptózisa, illetve nekrózisa során kiszabaduló lipidek a 

nekrotikus magban akkumulálódnak.        
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Az érelmeszesedés kialakulásának iniciációs fázisában nagy jelentősége van a 

szubendotéliális térben rekedt LDL makrofágok általi felvételének is.  A kémiailag módosult 

(acetilált vagy oxidált), valamint az aggregált LDL-t a makrofágok a szkevendzser 

receptorokon keresztül, illetve fagocitózis útján veszik fel, és habos sejtekké alakulnak 20–23. A 

lipidekkel teli habos sejtek apoptózisa és nekrózisa lényeges szerepet játszik a nekrotikus mag 

és az instabil plakk kialakulásában, az érelmeszesedés előrehaladottabb stádiumaiban (3. ábra) 

24.     

2.1.2. A vaszkuláris simaizomsejtek szerepe a plakk progressziójában; fibroateróma és 

kalcifikáció  

A plakk növekedése a lipidek és az inflammatórikus sejtek szubendotéliális akkumulációja 

révén többnyire évtizedeken keresztül tünetmentesen zajlik. Ugyanakkor az inflammatórikus 

sejtek citokineket és növekedési faktorokat szekretálnak, melyek befolyásolják az érfal 

tulajdonságait. Ezen molekulák elsődleges célpontjai a vaszkuláris simaizomsejtek (VSMCs), 

melyek a plakk progressziójának ebben a stádiumában főszereplővé válnak 25. A plakk komplex 

környezetében megfigyelték a vaszkuláris simaizomsejtek proliferációját és migrációját a plakk 

lumen felőli széle irányába, valamint a vaszkuláris simaizomsejtek fenotípusának 

megváltozását 26. Ismert, hogy a simazomsejtek plasztikus sejtek, melyek a különféle 

környezeti hatásokra érzékenyen, a fenotípusuk megváltozásával reagálnak (4. ábra).  

 

 

 

 

 

 

 

 

 

 

 

 

4. ábra A vaszkuláris simaizomsejt fenotípus változásai. Különböző környezeti 

stresszhatások szerepe a kontraktilis simaizomsejt habos sejt, szintetikus simaizomsejt, 

oszteoblaszt-jellegű sejt és zsírsejt irányú transzdifferenciálódásában és elöregedésében. 
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Az alapvetően kontraktilis simaizomsejtek oxidált LDL hatására a makrofágokból képződő 

habos sejtekhez hasonló sejtekké válnak, melyek fő jellemzője a szkevendzser receptorok 

expressziója, és az oxLDL felvétele 27,28. Szöveti károsodás hatására a kontraktilis 

simaizomsejtek szintetikus simaizomsejtekké válnak, melyeket egyes extracelluláris mátrix 

fehérjék (pl. fibronektin és elasztin) megnövekedett expressziója jellemez 25. Számos különféle 

stimulus kiválthatja a simaizomsejtek oszteogén irányú transzdifferenciálódását, mely 

mechanizmusok a következő fejezetben kerülnek részletes bemutatásra 29. Adipogén stimulus 

hatására a kontraktilis simaizomsejtek zsírsejt irányú differenciálódását is megfigyelték 30.  

Az érelmeszesedésben a simaizomsejt eredetű habos sejteknek, a szintetikus fenotípusnak 

és az oszteoblaszt jellegű sejteknek van jelentős szerepe (4. ábra). Sejt-eredet 

nyomonkövetéses vizsgálatok kimutatták, hogy a plakkban található habos sejtek jelentős 

hányada simaizomsejt eredetű, és egyszerre expresszálja a CD68 makrofág antigént valamint  

az α-aktin simaizomsejt markert 31. A szintetikus simaizomsejtek építik fel az érelmeszesedéses 

plakkot borító fibrózus sapkát (5. ábra). A fibrózus sapka kialakulását protektív 

mechanizmusnak tekintjük, mely megvédi a plakkot a ruptúrától. A fibrózus sapka stabilitását 

a szintetikus simaizomsejtek által termelt extracelluláris mártix fehérjék (kollagén, elasztin, 

proteoglikánok és fibronektin) fokozzák 32.  

A simaizomsejtek oszteogén irányú differenciálódása során kialakuló oszteoblaszt-szerű 

sejtek csonthoz hasonló extracelluláris mátrixot termelnek, ez okozza a plakk kalcifikációját (5. 

ábra). Mikrokalcifikáció (<0.5-15 μm) már a patológiás intima megvastagodás stádiumában is 

detektálható. A plakk progressziójával a kalcifikációs nodulusok száma és mérete is növekszik 

(makrokalcifikáció, lemezes kalcifikáció). A kalcifikáció és a plakk stabilitása közötti 

összefüggés nem egyértelmű. Patológiai vizsgálatok eredményei szerint a stabil plakkokban 

magas a lemezes kalcifikáció prevalenciája, ugyanakkor a mikrokalcifikáció az instabil 

plakkokra jellemző 33. Ugyanakkor komputertomográfiás vizsgálatok szerint a magas szöveti 

kalcium-szint a kardiovaszkuláris események fokozott előfordulásával van összefüggésben 33.   
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2.1.3. A komplikált plakk: hipoxia, neovaszkularizáció, plakk hemorrágia 

A plakk további progressziójában jelentős szerepe van a szöveti hipoxiának. Az egészséges 

érfalban a média réteg simaizomsejtjeinek oxigén és tápanyagellátottsága a lumen irányából 

valósul meg. Amikor azonban a plakk vastagsága meghaladja az oxigén diffúziós távolságát 

(200-250 µm), a lumen felőli oxigénellátás lecsökken, és a plakk alatt lévő simaizomsejtek 

hipoxiássá válnak, melynek fennállását számos állatmodellben és humán karotisz plakkokban 

is kimutatták 34,35. A hipoxia hatására megindul az érújdonképződés a vaza vasorum irányából, 

mely neovaszkularizáció már a kezdeti stádiumú plakkokban is jelen lehet, hozzájárul a plakk 

progressziójához, és az előrehaladott komplikált léziók egyik prominens tulajdonsága (6. ábra) 

36,37. A simaizomsejtek hiánya, valamint az endotélsejtek közötti szoros molekula-kapcsolatok 

tökéletlensége következtében a plakkba benövő kapillárisok szivárognak és sérülékenyek, mely 

intra-plakk hemorrágiához vezet (5. ábra) 38. Az intra-plakk hemorrágia jelenléte fokozza a 

5. ábra A plakk stabilizációja. A plakk mikrokörnyezete stimulálja a simaizomsejtek 

proliferációját, migrációját és fenotípus váltását. A szintetikus fenotípus vesz részt a 

kollagénben gazdag fibrózus sapka kialakításában, melyet különféle szekretált 

extracelluláris mátrix fehérjék stabilizálnak. A simaizomsejtek habos sejtekké való 

átalakulását módosult LDL partikulák indukálják. A simaizomsejtek oszteoblaszt-szerű 

sejtekké is differenciálódhatnak, mely a plakk kalcifikációját eredményezi.  
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plakk vulnerábilitását, melynek hátterében a vörösvérsejtek lízise, és a vörösvérsejt membránját 

alkotó lipidek lipid magban történő akkumulációja áll 39,40.  

 

 

2.1.4. Az instabil plakk, plakk ruptúra  

A plakk növekedése és az érlumen szűkülete önmagában klinikai tüneteket nem okoz. 

Ezzel szemben a plakk ruptúrája az akut miokardiális infarktus leggyakoribb oka. A plakk 

ruptúrára való hajlama elsősorban a plakk felépítésétől, és kevésbé a méretétől függ. A 

ruptúrára hajlamos plakkokat instabil vagy vulnerábilis plakkoknak nevezzük, melyeket nagy 

lipidtartalom, inflammatórikus sejtek intenzív jelenléte, kevés számú simaizomsejt, 

neovaszkularizáció, plakk hemorrágia és vékony fibrózus sapka jellemez 41. A fibrózus sapka 

elvékonyodásában jellemzően két folyamat játszik szerepet, melyek egyike a fibrózus sapkában 

6. ábra Plakk hipoxia, neovaszkularizáció, hemorrágia. A média réteg 

simaizomsejtjeinek oxigén és tápanyagellátása a plakk megvastagodása miatt a lumen felől 

gátolt, ezért hipoxia alakul ki a plakk adventicia felőli oldalán. Ennek következményeként 

a plakkba kapillárisok nőnek be a vasa vasorum irányából. A kapillárisok szivárgása és 

sérülése intra-plakk hemorrágiához vezet.   
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jelenlévő simaizomsejtek számának csökkenése. Patológiai vizsgálatokból ismert, hogy a 

ruptúrált plakkok fibrózus sapkájában kevesebb simaizomsejt és kollagén található mint a stabil 

plakkokban, és az is, hogy a ruptúra helyén rendszerint egyáltalán nincsenek simaizomsejtek 

42. A simaizomsejtek számának csökkenésével párhuzamosan fokozódik a kollagénben gazdag 

fibrózus sapka degradációja, amit a plakkba infiltrálódott makrofágok által szekretált 

proteolitikus enzimek (plazminogén aktivátorok, katepszinek, mátrix metalloproteinázok) 

katalizálnak 43. A plakk ruptúrája következtében a plakk erőteljesen trombogén, szöveti 

faktorban gazdag magja nyitottá válik a vérben lévő véralvadási faktorok számára, és trombus 

keletkezik.   

2.2. Hemoglobin (Hb) oxidáció 

A vörösvérsejtben jelenlévő komplex antioxidáns rendszer kulcsszerepet játszik abban, 

hogy a Hb prosztetikus csoportjában található hem vas ferro, az-az +2-es oxidációs állapotban 

maradjon, mely feltétele annak, hogy a Hb oxigént tudjon megkötni és szállítani 44. A 

vörösvérsejt lízisét követően azonban bekövetkezhet a Hb oxidációja. Különösen jelentős lehet 

ez a folyamat szöveti környezetben (pl. intra-plakk hemorrágia), ahol a Hb haptoglobin általi 

megkötése és eltávolítása nem, vagy csak korlátozott mértékben valósul meg 45.  

A Hb oxidációja egy komplex folyamat, melyet több, az érrendszerben jelenlévő oxidáló 

ágens indukálhat, mint például a hidrogén-peroxid vagy a nitrogén-oxid. A Hb egy elektronos 

oxidációja során methemoglobin keletkezik, melyben a hem vas oxidációs állapota +3, szemben 

a Hb-ban található +2 oxidációs állapottal (7.a ábra) 46. A hidrogén-peroxid, illetve a lipid- 

hidroperoxidok a Hb kételektronos oxidációját idézik elő, mely reakcióban ferrilHb keletkezik, 

melyben a hem vas oxidációs állapota +4 (7.b ábra) 46–48. A metHb is reagálhat peroxidokkal, 

mely reakcióban ferrilHb gyökök keletkeznek, amelyekben a párosítatlan elektron vagy a 

globin láncon, vagy a porfirin gyűrűn lokalizálódik 46–49. A ferril oxidációs állapot nagyon 

instabil, ezért ezek a Hb formák rövid életidejű intermedierek, melyek gyorsan tovább 

alakulnak 50.  

A ferril ion erős oxidáló ágens, a környezetében lévő oxidációra érzékeny aminosavakat 

(pl. a Hb alfa láncán lévő 𝛼Tyr-24, 𝛼Tyr-42, 𝛼His-20, illetve a béta láncon lévő 𝛽Tyr-35, 𝛽Tyr-

130 és 𝛽Cys-93) oxidálja, melynek során intramolekuláris elektrontranszfer révén az adott 

pozicióban egy globin gyök, és ferri vas keletkezik 51,52. Ezen oxidációs reakciókban keletkező 

globin- és porfirin gyökök egymással reagálva globin-globin illetve globin-porfirin adduktokat 

képeznek (7.c ábra).  
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A Hb alegységek szerkezetét és a hem prosztetikus csoport globin láncokhoz kötődését 

jelentősen befolyásolja a hem vas oxidációs állapota. A hem vas oxidációja olyan torzulást idéz 

elő a Hb alegységek szerkezetében, mely csökkenti a hem-globin kötés stabilitását, és a hem 

disszociációjához vezet. A különböző oxidáltsági állapotú Hb formákból kiszabaduló hem 

mennyiségét vizsgálva azt állapították meg, hogy a metHb hem csoportja 3,4-szer, a ferrilHb-

ban lévő hem pedig 5-ször akkora mértékben hajlamos a disszociációra, mint a ferro vasat 

tartalmazó Hb 53.  

  

7. ábra A hemoglobin (Hb) oxidációja. Intra- és extra-vaszkuláris hemolízis során a 

vörösvérsejtből Hb tetramerek (HbFe2+α2β2) áramlanak ki. A Hb a vörösvérsejten kívül 

dimerizálódik és auto-oxidálódik (I. reakció) metHb-ná (HbFe3+αβ). A Hb és metHb két 

elektronos oxidációját hidrogén-peroxid (H2O2) vagy lipid-hidroperoxidok (L-OOH) 

okozzák. A reakcióban ferrilHb (HbFe4+αβ) vagy ferrilHb gyökök keletkeznek (II. reakció). 

A ferrilHb intramolekuláris elektron transzfer útján stabilizálódik (III. reakció), mely 

folyamat során globin gyökök keletkeznek. A globin gyökök egymással reagálva kovalens 

módon keresztkötött Hb multimereket képeznek (IV. reakció). Az oxidált Hb formákból a 

hem ledisszociál (V. reakció). 44 
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2.3. Vaszkuláris kalcifikáció 

2.3.1. A vaszkuláris kalcifikáció jelensége, megjelenési formái 

A vaszkuláris kalcifikáció az ektópiás kalcifikáció érrendszert érintő formája, melynek 

során kalciumban és foszfátban gazdag hidroxiapatit rakódik le a nagy elasztikus artériákban 

és a koronária artériákban. A vaszkuláris kalcifikációnak két jelentős megjelenési formája van, 

az erek legbelső rétegét érintő intima kalcifikáció, és az erek középső rétegét érintő média 

kalcifikáció (1. táblázat) 54. A kétfajta kalcifikációs mintázat egyes esetekben együttesen is 

megjelenhet (1. táblázat). Az intima kalcifikáció fokálisan, az érelmeszesedéses plakkokkal 

asszociálódva fordul elő a szubendotéliális térben (1. táblázat). Az intima kalcifikáció 

megjelenési formája változatos, a mikrokalcifikációtól egészen a nagy méretű kalcifikált 

lemezekig terjed, melyek különböző módon befolyásolják a plakk stabilitását 33. A média 

kalcifikáció az erek média rétegét érinti, diffúz, és többnyire az ér teljes keresztmetszetében 

jelen van (1. táblázat) 54.  

A média kalcifikáció döntően krónikus veseelégtelenségben (CKD) szenvedő betegekben 

alakul ki 55. Hatására artériás érfalmerevség, szisztolés hipertenzió, valamint a pulzushullám 

terjedési sebességének emelkedése alakul ki, mely összességében a bal kamra szisztolés és 

diasztolés diszfunkciójához és szívelégtelenséghez vezethet 55. A CKD betegekben az 

érrendszer érintettsége miatt sokkal magasabb a kardiovaszkuláris betegségek gyakorisága mint 

az átlag populációban, és a CKD betegek korai halálozása többnyire nem a veseelégtelenség 

primer következménye, hanem kardiovaszkuláris eredetű okokra vezethető vissza 55.  

Ezen gyakori kalcifikációs formák mellett meg kell említenünk a kalcifilaxist, egy diffúz 

arteriola kalcifikációval és bőr nekrózissal jellemzett súlyos tünetegyüttest, amely szinte 

kizárólagosan 5. stádiumú CKD betegekben fordul elő, halálozási rátája igen magas, mintegy 

50%, a betegség megjelenését követő 1 éven belül 56.  

A kalcifikáció az érrendszeren kívül gyakran érinti a szívbillentyűket is. A kalcifikációból 

eredő aorta billentyű szűkületet (Calcific aortic valve stenosis (CAVS)) az aortabillentyűk 

átépülése és megvastagodása jellemzi, mely rontja a szív áteresztő képességét 57. A CAVS a 

második leggyakoribb kardiovaszkuláris megbetegedés, melynek prevalenciája 0.4% a teljes 

populációban, és 1,7% a 65 évnél idősebbek körében 57. 
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2.3.2. A vaszkuláris kalcifikáció induktorai és inhibitorai 

A kalcifikációt hosszú időn keresztül egy degeneratív folyamatnak tekintették, melynek 

során a plazmában lévő magas szervetlen foszfát (Pi) és kalcium (Ca) hidroxiapatit formájában 

kicsapódik az érfalban. Napjainkra azonban kétséget kizáróan bebizonyosodott, hogy a 

kalcifikáció egy, a fiziológiás csont mineralizációhoz hasonló, aktívan szabályozott folyamat 

58–60. Számos sejtről kimutatták, hogy oszteogén stimulus hatására megváltozik a fenotípusuk, 

és oszteokondrogén markereket kezdenek expresszálni. Ebbe a csoportba tartoznak az érfalat 

alkotó vaszkuláris simaizomsejteken kívül a simaizom- és endotélsejt progenitorok, a periciták, 

az adventicia sejtjei, valamint a keringésben lévő mezenchimális és hematopoetikus őssejtek 

61–63. A kalcifikáció érintheti a szívbillentyűket is, melynek hátterében a billentyű intersticiális 

1. táblázat A vaszkuláris kalcifikáció megjelenési formái 

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



18 
 

sejtek (VICs) oszteokondrogén irányú differenciálódása áll 57,64,65. Munkacsoportunkkal a 

humán aorta simaizomsejtek és a billentyű intersticiális sejtek oszteokondrogén irányú 

differenciálódását tanulmányoztuk, így a bevezetőben erre a két sejttípusra fókuszálok.  

Az elmúlt évtizedekben a vaszkuláris simaizomsejtek oszteokondrogén 

differenciálódásának számos induktorát és inhibitorát is azonosították. Mai tudásunk szerint a 

kalcifikáció hátterében a kalcifikációs induktorok és kalcifikációs inhibitorok egyensúlyának 

felborulása, az induktorok túlsúlyba kerülése áll (8. ábra) 66,67. 

 

 

A VSMCs oszteokondrogén differenciálódásának egyik legpotensebb induktora a foszfát, 

melyet egyben a legjelentősebb patofiziológiai induktornak tekintünk krónikus 

veseelégtelenségben 58,68. A magas foszfát kalcifikációt indukáló hatását az extracelluláris 

kalcium szint emelkedése szinergista módon fokozza 69. CKD-ban a foszfát mellett jelentős 

pro-kalcifikációs hatást tulajdonítanak egyes urémiás toxinoknak (pl. indoxil-szulfát), melyek 

a dialíziskezelések közötti periódusokban akkumulálódnak a plazmában 70,71.  

8. ábra Az oszteokondrogén differenciálódás aktivátorai és inhibitorai. A vaszkuláris 

simaizomsejtek (VSMCs) oszteokondrogén differenciálódása során oszteoblaszt-szerű 

sejtekké alakulnak. Az ábra a folyamat induktorait és inhibitorait, a kapcsolódó 

betegségeket és a kalcifikációs mechanizmusokat mutatja be.   
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Intima és média kalcifikációban is jelentős a gyulladás pro-kalcifikációs hatása. Egyes pro-

inflammatórikus citokinekről (pl. TNF-α, onkosztatin M, IL-1β, és az IL-6) kimutatták, hogy 

fokozzák a simaizomsejtek foszfáttal indukált kalcifikációját 71–76. A gyulladásos útvonal 

kalcifikációban betöltött szerepének további bizonyítéka, hogy az IL-1 receptor gátlása 

csökkenti a kalcifikációt familiáris hiperkoleszterémia egérmodellben 74.   

Diabétesszel kapcsolatban ismert, hogy a diabéteszes betegekben fokozott az 

érelmeszesedés és a kardiovaszkuláris eredetű mortalitás. A média kalcifikációja a 

kardiovaszkuláris mortalitás erőteljes, független rizikófaktora. Diabéteszben a kalcifikáció fő 

induktorai a magas glükóz és az előrehaladott glikációs végtermékek (AGEs), melyek 

oszteokondrogén differenciálódást indukálnak VSMCs-ben 77–79.     

A keringő kalcifikációs induktorok mellett jelentős lehet a lokális induktorok hatása, 

elsősorban intima kalcifikáció esetén. Az érelmeszesedéses plakkokban megjelenő intima 

kalcifikációt a pro-inflammatórikus citokinek mellett az oxidált LDL és a lipoprotein(a) is 

indukálja 80–82. 

A kalcifikációnak számos inhibitora is ismert, melyek megakadályozzák a hidroxiapatit 

abnormális depozicióját a lágyszövetekben 83. A mátrix Gla fehérje (MGP) egy redukált K 

vitamin-függő kalcium kötő fehérje, melynek hiánya az artériák és porcok spontán 

kalcifikációját okozza MGP deficiens egérben 84. Emberben az MGP-t kódoló gén mutációja 

Keutel szindrómát okoz, mely fokozott vaszkuláris és porc kalcifikációval jár 85,86. Az MGP 

anti-kalcifikációs hatásmechanizmusa sokrétű: (i) az MGP megköti a kalcium ionokat, ezáltal 

csökkenti a keringő ionizált kalcium szintet, (ii) kalcium kristályokhoz kötődve gátolja a 

kristálynövekedést, (iii) csont morfogenetikus fehérje 2 (BMP2)-höz kötődve gátolja a BMP2 

oszteoinduktív hatását, valamint (iv) az extracelluláris mátrixhoz kötődve gátolja a 

kalcifikációs gócpont kialakulását 87.  

A Klotho egy öregedést gátló fehérje, így a Klotho fehérjét kódoló gén mutációját hordozó 

egerek a felgyorsult öregedés jeleit mutatják, ami magában foglalja a CKD kialakulását és a 

média rétegben megjelenő kalcifikációt 88. A Klotho transzmembrán formája a fibroblaszt 

növekedési faktor 23 (FGF23) koreceptora, mely a kalcium-foszfát egyensúly fenntartásában 

játszik szerepet 89. A Klotho antikalcifikációs hatását elsősorban a szolubilis forma fejti ki, 

különféle keringő oszteoinduktív molekulák megkötésén, és oszteogén szignálútvonalak 

gátlásán keresztül 89.  

A Fetuin-A egy kalciumkötő fehérje, egyetlen molekulája közel 100 kalcium iont tud 

megkötni. Emellett amorf kalcium-foszfát megkötésére is képes, melynek során elsődleges 

kalciprotein partikulák (CPP) jönnek létre 90. A CPP a vér humorális ásványianyag 
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pufferrendszerének alkotóeleme, mely megelőzi a kalcium-foszfát precipitációját 91. A Fetuin-

A deficiencia erőteljes, diffúz, az egész testre kiterjedő lágyszövet kalcifikácót eredményez 

egerekben 92.  

 Az inorganikus pirofoszfát (PPi) két inorganikus foszfátból áll, melyeket egy 

hidrolizálható észter kötés kapcsol össze. Antikalcifikációs hatása már az 1960-as években 

ismertté vált 93. A PPi fő forrása az extracelluláris adenozin trifoszfát (ATP), melyet elsősorban 

a májsejtek szekretálnak az ATP-kötő kazetta C alcsalád 6 (ABCC6) transzporteren keresztül 

94. Az ATP hidrolízisét az ektonukleotid-pirofoszfatáz / foszfodiészteráz enzimek (Enpps) 

katalizálják, melynek során PPi keletkezik. Továbbá a PPi szintjét a progresszív ankilózis 

membránfehérje (ANK) is szabályozza, mely az intracelluláris térből az extracelluláris térbe 

transzportálja a PPi-t 95. Az extracelluláris PPi-t a lokális szöveti foszfatázok, mint például a 

szöveti nem specifikus alkalikus foszfatáz (TNAP), hidrolizálják. A TNAP expressziója 

vaszkuláris kalcifikáció esetén megemelkedik, ami a PPi fokozott hidrolízisét okozza, mely 

magyarázatul szolgálhat a CKD betegek alacsony PPi szintjére 96-98.  

A PPi kalcifikációt gátló hatását számos állatmodellen is megfigyelték. Az ABCC6 

deficiens egérben alacsony plazma PPi szintet és artéria kalcifikációt mutattak ki 99. Hasonló 

módon az Enpp1 deficiens egér plazma PPi szintje is alacsony, mely szintén ektópiás 

kalcifikációval társul 100. Az ANK természetben előforduló mutációja szintén a PPi szint 

csökkenésével és vaszkuláris kalcifikációval jellemezhető 100. A PPi intraperitonális 

adagolásával csökkenthető az aorta kalcium tartalma CKD egérben 101.  

Emberekben a PPi homeosztázisában résztvevő fehérjéket kódoló gének inaktiváló 

mutációja ritka örökletes kalcifikációs betegségeket okoz, mint például a pszeudoxantoma 

elasztikum (PXE), az újszülöttkori aorta kalcifikáció (GACI), a CD73 deficiencia és a 

Hutchinson–Gilford progeria szindróma 102. Hazai kutatók eredménye, hogy a PPi orálisan 

adagolva is felszívódik, és csökkenti a lágyszövet kalcifikációt PXE és GACI egérmodellekben 

103,104. 

Az oszteopontin (OPN) egy multifunkciós fehérje, melynek magas az expressziója 

krónikus gyulladásokban és autoimmun betegségekben. Sokrétű gyulladást fokozó hatással bír, 

ugyanakkor gátolja az ektópiás kalcifikációt, mely hatás mechanizmusa nem teljesen tisztázott 

105. Az OPN expressziója alacsony a kontraktilis, és magas a szintetikus VSMCs-ben, 

emelkedett expresszióját intima és média kalcifikációban is kimutatták 106,107. Az OPN 

deficiens egérben spontán kalcifikáció nem alakul ki, viszont MGP deficiens egérrel 

keresztezve az MGP, OPN dupla deficiens egérben a kalcifikáció fokozottabb, mint a szimpla 
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MGP deficiens egérben 108. Ezekből az eredményekből azt a következtetést vonhatjuk le, hogy 

az OPN a kalcifikáció indukálható inhibitora 108,109.  

Az oszteoprotegerint (OPG) a kontraktilis VSMCs expresszálják. A kalcifikációban 

betöltött szerepét az OPG deficiens egerek fenotípusa bizonyítja, amelyben az oszteoporózis 

mellett vaszkuláris kalcifikáció is kialakul 110. Az OPG a receptor aktivátor nukleáris faktor 

kappa B ligandot (RANKL) neutralizálja, ezáltal gátolja az oszteoklasztok differenciálódását 

111. Az OPG deficiens egerek oszteoporózisát ennek megfelelően a fokozott oszteoklaszt 

aktivitás magyarázza. Az OPG gátolja a simaizomsejtek oszteogén irányú differenciálódását, 

kalcifikációt gátló hatásának pontos mechanizmusa azonban még felderítésre vár 112. Érdekes 

módon a keringő OPG szintje magasabb vaszkuláris kalcifikációt mutató betegekben 113,114.   

 

2.3.3. A vaszkuláris kalcifikáció mechanizmusa, molekuláris szabályzása 

A kalcifikációs induktorok és inhibitorok egyensúlyának felborulása vaszkuláris 

kalcifikációt indukál, melynek hátterében a kardiovaszkuláris rendszer kalcifikációra hajlamos 

sejtjeinek oszteokondrogén irányú differenciálódása áll. Ezt a folyamatot legrészletesebben 

vaszkuláris simaizomsejtekben vizsgálták, magas foszfát jelenlétében. Az extracelluláris 

foszfát felvétele a III-as típusú nátrium/foszfát kotranszportereken (PiT1, PiT2) keresztül 

valósul meg 115. Az oszteokondrogén differenciálódás során a simaizomsejt kontraktilitásáért 

felelős fehérjék expressziója (α-SM aktin, SM22α) csökken, és fokozódik az oszteoblaszt és 

kondrocita fehérjék expressziója 116,117. A folyamat fő regulátorának az oszteoblasztogenezis 

mester transzkripciós faktorát a RUNX2-t (Runt-related transzkripciós faktor 2) tekintjük, 

melynek legfőbb bizonyítéka a kalcifikáció elmaradása a RUNX2 simaizomsejt-specifikus 

deléciója esetén 118–120. A RUNX2-n kívül további transzkripciós faktorok, az osterix, az Msx2, 

és a SOX9 is aktiválódik és szabályozza a simaizomsejtek oszteokondrogén differenciálódását 

121. Az oszteokondrogén transzkripciós faktorok aktiválódása fokozza az oszteoblaszt-

specifikus fehérjék expresszióját a simaizomsejtekben 116. Ezen fehérjék két fontos képviselője 

az alkalikus foszfatáz (ALP), és az oszteokalcin (OCN).  

Az elmúlt évtizedekben számos sejtélettani/kórélettani mechanizmust azonosítottak, 

melyek fontos szerepet játszanak a simaizomsejtek oszteogén irányú differenciálódásában és a 

vaszkuláris kalcifikációban 122. Ezen mechanizmusok egyike a kalcifikálódó extracelluláris 

vezikulák kibocsájtása. A mátrix vezikulák lipidmembránnal körülvett foszfátban és 

kalciumban gazdag 30-400 nm átmérőjű partikulák, melyek létezését, csont- és porcképző 

sejtek általi aktív termelését, valamint a csontosodási és porcosodási folyamatban betöltött 
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szerepét a 60-as években fedezték fel 123,124. Később a mátrix vezikulákhoz hasonló kalcifikáló 

extracelluláris vezikulákat érelmeszesedéses plakkokban is kimutattak 125. Kalcifikáló 

extracelluláris vezikulákat kalcifikáló körülmények között lévő vaszkuláris simaizomsejtek és 

billenytű intersticiális sejtek is kibocsájtanak 69,126. Az extracelluláris mátrixban felhalmozódó 

kalciumban és foszfátban gazdag kalcifikáló extracelluláris vezikulák kalcifikációs 

gócpontként elősegítik az intima, a média és a billentyű kalcifikációt 127. 

Egyre több eredmény bizonyítja a ROS szerepét a vaszkuláris kalcifikációban. A reaktív 

oxigéngyökök az aerob metabolizmus melléktermékei. A ROS fiziológiás szintje a redox 

szignálútvonalak aktiválásán keresztül fejti ki sokrétű hatását, ugyanakkor a fokozott ROS 

termelődés oxidatív stresszt indukál, mely számos betegség kialakulásában és progressziójában 

központi szerepet játszik 128,129. Ismert, hogy a vaszkuláris kalcifikáció során fokozódik a ROS 

termelődés, másrészt az is, hogy a fokozott ROS termelődés okozati tényezőként van jelen a 

vaszkuláris kalcifikáció indukciójában 67. A vaszkulatúrában a ROS forrása a NADPH oxidáz 

(Nox) és a mitokondrium. Számos kalcifikációs induktor a ROS termelődés fokozásán keresztül 

fejti ki oszteoinduktív hatását 67. CKD patkány aortában a Nox alegységeinek emelkedett 

expresszióját és a ROS eliminációjában szerepet játszó antioxidáns enzimek expressziójának 

csökkenését mutatták ki, mely magyarázatul szolgál a CKD-ban megfigyelt fokozott ROS 

termelődésre 117. Másrészt az is ismert, hogy a magas foszfát mitokondriális diszfunkciót idéz 

elő, melyet csökkent mitokondriális membránpotenciál, csökkent ATP termelés és fokozott 

ROS termelés jellemez 130.   

 

2.4. A disszertációban érintett főbb jelátviteli útvonalak 

Az érelmeszesedéses plakk progressziójával és a vaszkuláris kalcifikációval kapcsolatos 

munkám során sokféle jelátviteli útvonal, illetve sejtélettani mechanizmus került vizsgálataink 

középpontába, melyek leglényegesebb elemeit szeretném a következő fejezetben összefoglalni.  

2.4.1. Az NF-κB jelátviteli útvonal  

Az NF-κB egy, a sejtműködés szabályzásában fontos szerepet játszó transzkripciós faktor, 

melynek elsőként immunsejtek aktivációjában játszott szerepe vált ismertté 131. Az NF-κB 

rendszert alkotó fehérjék három csoportba sorolhatók be 132. Az első csoportba az NF-κB 

transzkripciós faktort alkotó Rel domént tartalmazó fehérjék tartoznak, a relA (p65), RelB, c-

Rel, p50 és a p52, melyek egymással homo-, illetve heterodimereket alkotnak 132. A Rel domén 

egy 300 aminosavból álló fehérjeszakasz, melynek hármas funkciója van. Szerepet játszik a 
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szekvencia-specifikus DNS kötésben, a dimerizációban, valamint az inhibitor fehérje 

kötődésben is 132.  

A második csoportot az inhibitor kappa B (IκB) fehérjék alkotják, mely csoportnak mai 

ismereteink szerint nyolc tagja van 132. Az IκB család egy fehérjéje az NF-κB dimerekhez 

kötődik a citoszolban, és megakadályozza az NF-κB dimer nukleáris transzlokációját 132.  

Az NF-κB rendszer harmadik tagja az IκB-kináz (IKK) komplex, mely különféle 

aktivációs szignálok hatására aktiválódik és foszforilálja az IκB-t 132. A foszforilált IκB 

ubikvitinálódik és proteaszomálisan degradálódik, ezáltal az NF-κB transzlokálódik a 

sejtmagba, ahol az NF-κB célgének promoter régiójában található specifikus DNS 

szekvenciákhoz kötődve szabályozza azok transzkripcióját 132. Számos, jelen dolgozatban nem 

taglalt funkciója mellett az NF-κB útvonal jelentős szerepet játszik az érelmeszesedés iniciációs 

fázisában, az endotélsejtek aktivációjában 133.  

2.4.2. Az NLRP3 inflammaszóma aktiváció 

Az NLRP3 az intracelluláris mintázatfelismerő NOD-like receptorok családjába tartozik, a 

velünkszületett immunrendszer része 134. Aktiválódása esetén pleiotróp hatású pro-

inflammatórikus citokinek IL-1β és IL-18 keletkeznek 135. Az NLRP3 inflammaszóma 

multiprotein komplex a szenzor molekulából, egy adaptor fehérjéből (ASC (apoptosis-

associated speck-like protein containing a caspase recruitment domain)) és a pro-kaszpáz 1 

enzimből épül fel (9. ábra) 135.  

Az NLRP3 inflammaszóma aktiváció első lépésében patogén-asszociált molekuláris 

mintázatok (PAMPs) vagy veszély-asszociált molekuláris mintázatok (DAMPs) indukálják az 

NF-κB útvonalat (9. ábra). Ennek következtében fokozódik az inflammaszóma multiprotein 

komplex komponenseinek valamint a pro-IL-1β és a pro-IL-18 expressziója (9. ábra). Az 

NLRP3 inflammaszóma összeszerelődése és a kaszpáz-1 enzim aktivációja egy másik triggert 

igényel, amely lehet fokozott ROS termelődés, kálium efflux, magas intracelluláris kalcium 

szint vagy lizoszóma ruptúra is (9. ábra). Az NLRP3 inflammaszóma aktivációja kaszpáz-1 

aktivációt eredményez. Az aktív kaszpáz-1 hasítja az inaktív IL-1β  és IL-18 prekurzorokat, és 

aktív szekretálódni képes citokinek keletkeznek (9. ábra) 136. 
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A gyulladás kulcsszerepet játszik az érelmeszesedés patomechanizmusában. A CANTOS 

tanulmány eredménye, hogy a monoklonális IL-1β neutralizáló antitest (Canakinumab) terápiás 

potenciállal bír az érelmeszesedés ellen, ami az IL-1β szerepét bizonyítja 137. Az NLRP3 

inflammaszóma az IL-1β termelés fő mediátora, és az érelmeszesedés lézióban számos 

aktivátora megtalálható, mint például az oxidált LDL, a koleszterin kristályok vagy a 

hidroxiapatit kristályok 138–140. Ezért az NLRP3 aktivációja vitathatatlan szerepet játszik a 

vaszkuláris gyulladási folyamatban, az érelmeszesedés kialakulásában és progressziójában 140.  

 

 

9. ábra Az NLRP3 inflammaszóma aktivációjának útvonala. Az NLRP3 

inflammaszóma aktivációjához két szignál szükséges. Az egyik szignál eredményeképpen 

NF-κB aktiváció, pro- IL-1β és pro-IL-18, valamint NLRP3, ASC és pro-kaszpáz-1 

képződik. A másik szignál, - mely lehet alacsony intracelluláris K+, magas Ca2+, fokozott 

ROS termelés, illetve lizoszóma ruptúra - következtében aktiválódik az NLRP3, ASC és 

pro-caspase-1-et tartalmazó platform, a kaszpáz-1 aktiválódik, és hasítja a pro-citokineket, 

aminek következtében aktív IL-1β és IL-18 képződik és szekretálódik. 

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



25 
 

2.4.3. Az Nrf2/HO-1 rendszer 

Az Nrf2 (nuclear factor (erythroid derived 2)-like 2) transzkripciós faktor az oxidatív és 

xenobiotikus stresszválasz egyik mesterregulátora (10. ábra). Stresszmentes állapotban az Nrf2 

a citoszolban a Keap1 inhibitor fehérjéhez kötötten fordul elő 141. A Keap1 elősegíti az Nrf2 

ubikvitinálódását és proteaszomális degradációját 141. A Keap1 egy ciszteinben nagyon gazdag 

fehérje, melyben oxidatív ágensek és elektrofil tulajdonságú xenobiotikumok olyan 

konformációs változásokat idéznek elő, melyek következtében az Nrf2 felszabadul 142. Az Nrf2 

foszforilációt követően a magba transzlokálódik, és ott a kis Maf fehérjékkel heterodimert 

képezve az Nrf2 target gének promoter régióiban lévő antioxidáns válaszadó elemhez (ARE) 

kötődve antioxidáns és detoxifikáló fehérjék transzkripcióját indukálja 143.  

 

 

Számos stresszor mellett az extracelluláris hem is indukálja az Nrf2-t, és a hem 

degradációjáért felelős enzim, a hem oxigenáz-1 (HO-1) indukciója Nrf2-függő módon valósul 

meg 144. Az Nrf2/HO-1 rendszer egy nagyon fontos antioxidáns mechanizmus, mely számos 

betegség, így a kardiovaszkuláris betegségek esetén, és azon belül az érelmeszesedésben is 

protektív hatású 145. A protektív hatás részben a pro-oxidáns és pro-inflammatórikus 

tulajdonságú hem molekula HO-1 enzim általi eltávolításának köszönhető, másrészt a hem 

10. ábra Az Nrf2 aktivációjának útvonala. Az Nrf2 a Keap1 inhibitor fehérjéhez kötődik, 

ubikvitinálódik és degradálódik. Stressz esetén az Nrf2 felszabadul, transzlokálódik a 

magba, majd sMaf fehérjékkel heterodimert képezve az Nrf2 target gének promóter 

régiójában lévő antioxidáns válaszadó elemhez (ARE) kötődik, és indukálja azok 

transzkripcióját.  
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degradációja során keletkező termékek változatos anti-oxidáns és anti-inflammatórikus 

potenciáljával magyarázható. A HO-1 által katalizált hem degradáció során 3 termék, 

biliverdin, szén-monoxid és vas-ionok keletkeznek. A biliverdint a biliverdin reduktáz azonnal 

bilirubinná alakítja, a hemből szabaddá váló vas ion pedig redox inaktív formában ferritin által 

szekvesztrálódik 146.       

2.4.4. A HIF-1 útvonal 

A hipoxia indukálta faktor-1 (HIF-1) transzkripciós faktor a hipoxiára adott szisztémás 

válasz mester regulátora 147–149. A HIF-1 egy heterodimer fehérje, mely két, az oxigén által 

regulált alfa, és a stabilan expresszálódó béta alegységből épül fel 149,150. Mindkét alegység 

hélix-hurok-hélix és PAS struktúrális motívumokat hordoz, melyek a dimerizációban és a DNS 

kötésben játszanak szerepet 149,150.  

A HIF-1α alegység expressziója hipoxiás körülmények között megemelkedik, azonban 

féléletideje 20% oxigéntartalom mellett kevesebb mint 5 perc. A jelenség molekuláris 

magyarázata a HIF-1α prolin hidroxilációja, ubikvitinálódása és proteaszomális degradációja 

(11. ábra). A HIF-1α hidroxilációját az alfa-ketoglutarát és Fe2+-függő prolil hidroxilázok (PH) 

katalizálják mely reakcióban molekuláris oxigén használódik fel a hidroxiláláshoz 151. A 

hidroxilált alfa alegység a von Hippel-Lindau tumor szupresszor (pVHL) E3 ligáz komplex 

által ubikvitinálódik, majd degradálódik 152,153.  

11. ábra A HIF-1 útvonal aktivációjának útvonala. A HIF-1α normoxiás körülmények 

között hidroxilálódik, ubikvitinálódik és degradálódik. Hipoxiás körülmények között a 

hidroxiláció elmarad, a HIF-1α stabilizálódik, transzlokálódik a magba, ahol heterodimert 

képezve a HIF-1β alegységgel, és a hipoxia válaszadó elemhez (HRE) kötődik és aktiválja 

a hipoxia által regulált célgének transzkripcióját.   
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Hipoxia esetén a HIF-1α hidroxilációja, ubikvitinációja és degradációja elmarad, ami a 

HIF-1α szint emelkedését és nukleáris transzlokációját, valamint a HIF-1β alegységgel való 

hetero-dimerizációját, és végsősoron a HIF-1 transzaktivációját eredményezi (11. ábra). A 

HIF-1 transzktripciós faktor a target gének promoter régióiban található hipoxia válaszadó 

elemeihez (HRE) kötődik, és indukálja a célgének transzkripcióját 154–156. A HIF-1 célgének 

aktiválódása segíti a sejt/szervezet túlélését az oxigénhiányos környezetben. A célgének között 

megtalálhatók az eritropoézist és angiogenezist segítő, a sejtmetabolizmust szabályozó, illetve 

sejtek proliferációját, túlélését és differenciálódását szabályozó gének is 157.        

Az utóbbi években felmerült a hipoxia vaszkuláris kalcifikációt fokozó hatása. Ezt a teóriát 

azok a megfigyelések alapozták meg, melyekben a kalcifikáció fokozódását mutatták ki 

asztmás, valamint krónikus obstruktív tüdőbetegségben, illetve obstruktív alvási apnoe-ben 

szenvedő betegekben157-159. A hipoxia és a HIF-1 útvonal szerepét Mokas és munkacsoportja 

tanulmányozta magas foszfáttal indukált kalcifikációban. Megállapították, hogy a foszfát 

fokozza a simaizomsejtek HIF-1α expresszióját, és hogy a hipoxia fokozza a simaizomsejtek 

foszfáttal indukált oszteogén irányú differenciálódását és kalcifikációját 160. Kimutatták 

továbbá, hogy a hipoxia kalcifikációt fokozó hatása HIF-1 dependens.  

2.4.5. Az endoplazmatikus retikulum (ER) stressz  

Az ER egyik funkciója az újonnan szintetizált polipeptidláncok megfelelő térszerkezetű 

fehérjékké szervezése, mely folyamatot dajkafehérjék, foldázok és izomerázok segítik elő. ER 

stresszről akkor beszélünk, amikor ez a folyamat sérül és a nem megfelelő térszerkezetű, 

úgynevezett unfolded fehérjék felszaporodnak az ER-ban. Ebben az esetben aktiválódik az 

unfolded protein válasz (UPR), melynek kimenetele kétféle lehet. A fehérjeszintézis 

visszaszorításával, a dajkafehérjék expressziójának növelésével és a helytelen térszerkezetű 

fehérjék degradációjának elősegítésével az ER tehermentesíthető, és a homeosztázis helyreáll, 

vagy amennyiben ez nem lehetséges az UPR programozott sejthalált indukálhat 161.  

ER stressz esetén az ER membránban található szenzorfehérjék, az aktiváló transzkripciós 

faktor 6 (ATF6), az inozitol-függő enzim 1 (IRE1) és a protein kináz R (PKR)-szerű ER kináz 

(PERK) aktiválódnak, és különböző jelátviteli útvonalakat indukálnak 161. Ezen útvonalak 

közül a PERK szerepe ismert kalcifikációban 162. A PERK egy szerin/treonin specifikus kináz, 

amely az eukarióta transzlációs iniciációs faktor 2 (eIF2) foszforilációján keresztül 

csökkenti a globális fehérjeszintézist, ugyanakkor szelektív módon fokozza az aktiváló 

transzkripciós faktor 4 (ATF4) mRNS transzlációját 161. Az ATF4 számos UPR célgén 
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transzkripcióját fokozza, többek között a C/EBP homológ protein (CHOP) és a GRP78 

expressziójának emelkedését idézi elő 161.  

Az elmúlt években derült fény az ER stressz és a vaszkuláris kalcifikáció közötti 

összefüggésre 162,163. Az ATF4 vaszkuláris kalcifikációban betöltött kulcsszerepét ATF4 

haplodeficiens és simaizomsejt specifikus ATF4 deficiens, valamint ATF4 transzgenikus 

egérben mutatták ki, normál vesefunkció mellett érelmeszesedéses modellben, illetve CKD 

körülmények között 164. Az ATF4 csökkent szintje a média és intima kalcifikáció 

csökkenésével, míg emelkedett szintje fokozott kalcifikációval jár együtt 164.  
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3. CÉLKITŰZÉS 

Munkám során két mikrokörnyezeti tényező, a plakk hemorrágia és a hipoxia hatását 

vizsgáltam az érelmeszesedés és a vaszkuláris kalcifikáció patomechanizmusában szerepet 

játszó különféle folyamatokban. 

Célom volt: 

1. a plakk bevérzés következtében a plakkba kerülő Hb sorsának tanulmányozása, a Hb 

oxidációjának vizsgálata, valamint a Hb-LDL interakciók feltérképezése,  

2. a Hb oxidációja során keletkezett oxidált Hb formák és a szabad hem pro-

inflammatórikus hatásának, valamint hatásmechanizmusának vizsgálata 

endotélsejteken és makrofágokon, 

3. a hem hatásának, valamint hatásmechanizmusának vizsgálata vaszkuláris 

simaizomsejtek és billentyű intersticiális sejtek oszteogén irányú differenciálódására, 

4. a hipoxia hatásának és hatásmechanizmusának vizsgálata vaszkuláris simaizomsejtek 

oszteokondrogén irányú differenciálódására normál és magas foszfát szintek mellett, 

5. a Daprodustat (hipoxiamimetikum) hatásának és hatásmechanizmusának vizsgálata 

vaszkuláris simaizomsejtek oszteokondrogén irányú differenciálódására magas foszfát 

szintek mellett, 

6. a Daprodustat vaszkuláris kalcifikációra kifejtett hatásának vizsgálata in vivo 

körülmények között CKD egérmodellben.    
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4. KÍSÉRLETI MÓDSZEREK 

4.1. Anyagok 

A vizsgálatokhoz használt anyagok, amennyiben másként nem jelöltük, a Sigma-tól 

(Sigma Aldrich, St. Luis, MO, USA) származtak. 

4.2. In vitro kémcsőkísérletek 

4.2.1. Alacsony sűrűségű lipoprotein (LDL) szeparálása 

Az LDL szeparáláshoz Na2EDTA-val (1 mg/ml végkoncentráció) alvadásgátolt vénás vért 

használtunk, melyet önkéntes donoroktól vettünk le, 12 órás éhezés után. A vért centrifugáltuk 

(400 g, 5 perc, 24 °C), és a plazma sűrűségét 1.3 g/ml-re állítottuk be KBr-dal, majd egy 39 ml 

térfogatú Quick-Seal ultracentrifuga csőben kétrétegű gradienst készítettünk úgy, hogy 10 ml 

beállított sűrűségű plazmára óvatosan fiziológiás sóoldatot rétegeztünk. Az LDL-t egylépéses 

gradiens ultracentrifugálással izoláltuk (302 000 g, 4 °C, 3 óra, VTi 50.2 rotor, Beckman 

Instruments). Az LDL mintákat 4 °C-on tároltuk, rázástól és fénytől óvtuk, fehérjetartalmukat 

BCA protein módszerrel (Pierce Thermo Scientific, Rockford, IL, USA) határoztuk meg. 

4.2.2. Az LDL oxidatív módosulásának detektálása 

Az LDL konjugált dién tartalmát 234 nm-en fotometrálással határoztuk meg 50 g/ml 

fehérjetartalmúra higított LDL mintákból. Az LDL lipid-hidroperoxid tartalmát a Simon Wolff 

által leírt Ferrous Oxidation in Xilenol orange módszerrel határoztuk meg, az eredményeket 

nmol LOOH/mg LDL protein egységben adtuk meg. A tiobarbitursav-reaktív anyagok 

(TBARs) mérése során 300 µl 200 µg/ml koncentrációjú LDL-hez 600 µl tiobarbitursav 

reagenst adtunk (0,375 g 2-tiobarbitursav, 2,08 mL 12 mol/L HCl, 15 mL triklór-ecetsav 100 

mL-ben), majd 15 percig forraltuk 100 °C-on. Szobahőmérsékletűre hűtöttük, és centrifugáltuk 

(10 000 g, 15 perc). A tiszta felülúszót fotometráltuk 532 nm-en. A koncentrációszámításhoz 

használt extinciós koefficiens 1,56  105 M–1cm-1 volt, és az eredményeket nmol TBARs/mg 

LDL protein egységben adtuk meg. 

4.2.3. Hemoglobin tisztítása és a Hb redox formák előállítása 

A Hb-t önkéntesektől vett heparinnal alvadásgátolt vérből tisztítottuk. A vörösvérsejteket  

háromszor mostuk 4 °C-os fiziológiás sóoldattal (2000 g, 10 perc, 4 °C) minden alkalommal a 

fehérvérsejt és plazma réteget eltávolítva. A mosott vörösvérsejteket nátrium-foszfát pufferrel 

(5 mmol/L, pH = 7,4) lizáltuk (1 óra, jégen), majd eltávolítottuk a vörösvérsejt membránt 
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centrifugálással (16 800 g, 1 óra, 4 °C). A felülúszót leszívtuk, és a térfogat 1/20- ad részének 

megfelelő Tris bázist (1 mol/L) adtunk hozzá. A Hb preparálását 4 °C-on ioncserés 

kromatográfiával végeztük, DEAE Sepharose CL-6B töltetű oszlopon, melyet előző nap Tris 

oldattal (50 mmol/L, pH = 8,2) ekvilibráltunk. A hemolizátumot óvatosan rétegeztük az 

oszlopra, 3-szoros térfogatú Tris oldattal (50 mmol/L, pH = 8,2) mostuk, majd a Hb-t Tris 

oldattal (50 mmol/L, pH = 7,4) eluáltuk. Az eluálódó frakciókat steril centrifugacsövekbe 

gyűjtöttük, és koncentrációjukat fotometriás módszerrel határoztuk meg.  

A tisztított Hb-ból kiindulva metHb-t illetve ferrilHb-t állítottunk elő. MetHb előállítása 

során a Hb-t 1,5-szeres moláris mennyiségű K3[Fe(CN)6]-al reagáltattuk kevertetés mellett 30 

percen keresztül 25°C-on. FerrilHb előállításához a Hb-t a hemcsoporthoz viszonyított 10-

szeres mennyiségű hidrogén-peroxiddal inkubáltuk 1 órán át 37 °C-on. Az oxidáció végeztével 

a metHb és ferrilHb oldatokat, illetve a Hb-t is dializáltuk 100-szoros térfogatú fiziológiás 

sóoldat ellenében (3 alkalommal, 3 óra, 4 °C). A tisztított Hb oldatokat töményítettük, Amicon 

Ultra centrifugacsövek segítségével (10000 MWCO, Millipore Corp., Billerica, MA, USA). A 

Hb oldatok tisztaságát gélelektroforézist követő ezüstfestéssel (ProteoSilver Plus Silver 

Staining Kit) ellenőriztük. A Hb oldatok endotoxin tartalmát a Limulus amebocyte lysate 

módszerrel határoztuk meg (Bio Whittaker, Inc., Walkersville, MD, USA). A tisztított és 

betöményített oldatokat porcióztuk, majd folyékony nitrogénben gyorsfagyasztottuk, és 

felhasználásig -70 °C-on tároltuk. 

4.2.4. A Hb redox formák koncentrációjának meghatározása 

A különböző oxidációs állapotú Hb minták Hb, metHb és ferrilHb koncentrációját a minták 

abszorpciós spektruma alapján határoztuk meg. Az abszorpciós spektrumot 450-700 nm között 

Nanodrop 2000 készülékkel (Thermo Fisher Scientific, MA, USA) vettük fel, és az 541, 576 és 

630 nm-en mért abszorbancia értékekből számítottuk ki az egyes Hb oxidációs termékek 

koncentrációját a szakirodalomban korábban meghatározott extinciós koefficiensek és 

egyenletek alapján (2. táblázat). A minták hem koncentrációját QuantiChrom Heme Assay Kit-

tel (Gentaur Molecular Products BV Kampenhout, Belgium) határoztuk meg, a gyártói 

protokoll szerint eljárva. 
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4.3. In vitro sejt- és szövetkultúra kísérletek 

4.3.1. Sejttenyésztés 

Kísérleteink során a sejteket sejttenyésztő inkubátorban  5% CO2, és - amennyiben másként 

nem jelezzük - 21% O2 tartalom mellett 37 °C-on párásított környezetben tenyésztettük. Néhány 

kísérletben hipoxiás környezetben tartottuk a sejteket egy moduláris inkubátor kamrában 

(Billups-Rothenberg Inc, Del Mar, CA, USA), amelyen hipoxiás gázkeveréket (1% O2, 5% 

CO2, and 94% of N2; Messer Group GmbH, Bad Soden, Germany) áramoltattunk keresztül 

alacsony, 0,1 L/min sebességgel.   

4.3.1.1. Humán umbilikális véna endotélsejtek (HUVECs) tenyésztése 

A HUVECs-et 10% fötális borjúszérum (FBS, Gibco, Grand Island, MA, USA), 5 U/L 

heparin, 1 mmol/L nátrium-piruvát, 5mmol/L L-glutamin, 0,5% EndoGrow növekedési 

hormon, illetve penicillin G, streptomicin és amphotericin B tartalmú Medium 199-ben 

tenyésztettük 0,2% zselatin oldattal bevont felszínű tenyésztőedényben. Konfluenssé válásuk 

után a sejteket 1:4 arányban passzáltuk. A kísérleteinkhez felhasznált sejtek passzázs száma 2-

3 volt. 

4.3.1.2. RAW 264.7 makrofágok tenyésztése 

A RAW 264.7 makrofág sejtvonalat az ATCC-től (Manassas, VA, USA) vásároltuk.  A 

sejteket 10% hőinaktívált FBS (Gibco, Grand Island, MA, USA), 5mM L-glutamin, illetve 

penicillin G és streptomicin tartalmú Dulbecco-féle módosított sejttenyésztő folyadékban 

(DMEM) tenyésztettük. A kísérleteinkhez felhasznált sejtek passzázs száma 15-20 volt.   

4.3.1.3. Csontvelő eredetű makrofágok (BMDM) tenyésztése 

A BMDM sejteket 8-12 hetes C57BL/6 egerek comb- és sípcsontjából izoláltuk. A 

csontokat aszeptikus körülmények között megtisztítottuk, a csontvégeket megnyitottuk, majd a 

2. táblázat A Hb oldatok koncentrációjának számításánál alkalmazott összefüggések. 
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sejteket 10 mL kompletált DMEM-mel kimostuk. A sejteket hemocitométerrel megszámoltuk, 

majd 50 ng/mL makrofág kolóniastimuláló faktor (Miltenyi Biotec, Bergisch Gladbach, 

Germany) tartalmú kompletált DMEM-ben szuszpendáltuk és 96 lyukú sejttenyésztő edénybe 

lyukanként 3×105 sejtet tettünk. Hét nap elteltével a BMDM differenciálódása bekövetkezett, 

ekkor a le nem tapadt sejteket eltávolítottuk.   

4.3.1.4. Humán aorta simaizomsejetek tenyésztése 

Kísérleteink során humán aorta simaizomsejtekkel (Cell Applications, San Diego, CA, 

USA) dolgoztunk. A sejteket magas glükóz tartalmú DMEM-ben tenyésztettük, melyet 10% 

FBS-sel (Gibco, Grand Island, MA, USA), 5 mmol/L L-glutaminnal, 1 mmol/L nátrium-

piruváttal valamint penicillin G, streptomicin és amphotericin B keverékével egészítettünk ki. 

Konfluenssé válásuk után a sejteket 1:4 arányban passzáltuk. A kísérleteinkhez felhasznált 

sejtek passzázs száma 5-8 volt. 

4.3.1.5. Humán billentyű intersticiális sejtek tenyésztése  

A VICs sejteket az Innoprot (Derio, Spain) cégtől vásároltuk. A sejteket magas glükóz 

tartalmú DMEM-ben tenyésztettük, melyet 10% FBS-sel (Gibco, Grand Island, MA, USA), 5 

mmol/L L-glutaminnal, 1 mmol/L nátrium-piruváttal, valamint penicillin G, streptomicin és 

amphotericin B keverékével egészítettünk ki. Konfluenssé válásuk után a sejteket 1:4 arányban 

passzáltuk. A kísérleteinkhez felhasznált sejtek passzázs száma 5-8 volt. 

4.3.2. Ex vivo aorta szövettenyésztés   

Kísérleteinkben C57BL/6 egerek (8-12 hetes, hím, n=18) aortáját használtuk. Az állatok 

életét CO2 inhalációval oltottuk ki, majd 5 mL steril DPBS-sel perfundáltuk. Az aortát 

aszeptikus körülmények között izoláltuk, majd 4-5 mm hosszú darabokra vágtuk. Az aorta 

darabokat magas glükóz tartalmú DMEM-ben tartottuk, melyet 10% FBS-sel (Gibco, Grand 

Island, MA, USA), 5 mmol/L L-glutaminnal, 1 mmol/L nátrium-piruváttal, valamint penicillin 

G, streptomicin és amphotericin B keverékével egészítettünk ki.  

4.3.3. Reaktív oxigéngyökök (ROS) keletkezésének mérése 

A ROS méréshez a sejteket 96 lyukú sejttenyésztő lemezen tenyésztettük. A kezelés után 

a sejteket PBS pufferrel mostuk, és 5-(és-6)-klorometil-2',7'-diklorodihidrofluoreszcein 

diacetát, acetil észtert (CM-H2DCFDA) adtunk (Life Technologies, Carlsbad, CA, USA) a 

médiumhoz (10 μmol/L, 30 perc, 37 °C-on sötétben). A sejteket az inkubáció után PBS-el 

mostuk, és a fluoreszencia intenzitást mértük (488 nm gerjesztés/533 nm emisszió) 30 

percenként 3 órán keresztül.  

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



34 
 

4.3.4. Sejtek életképességének meghatározása 

4.3.4.1. Annexin V festés 

A kezelések befejeződése után a sejteket tripszin-EDTA oldattal (Invitrogen, Carlsbad, 

CA, USA) inkubáltuk (37 °C, 5 perc), majd 10% FCS tartalmú PBS-ben szuszpendáltuk, ezután 

centrifugáltuk (200 × g, 4 °C, 3 perc). Ezt követően a sejteket mostuk (PBS, 3% FCS), és 

megfestettük Alexa Fluor 647-tel konjugált annexin V-tel (Molecular Probes, Invitrogen, 

Carlsbad, CA, USA) és propidium jodiddal (0.5 μg/ml) a gyártó utasításait követve. Az 

Annexin V és a propidium jodid fluoreszenciát áramlási citométerrel analizáltuk 

(FACSCalibur, BD Biosciences, San Jose, CA, USA), és az adatokat a FlowJo szoftverrel (Tree 

Star, Inc. Ashland, OR, USA) elemeztük ki.  

4.3.4.2. MTT módszer 

Az életképesség vizsgálatához a sejteket 96 lyukú lemezen tenyésztettük és kezeltük. A 

kísérlet végeztével a sejteket 2 alkalommal 100 µL PBS-sel mostuk, hozzáadtunk 100 µL MTT 

(3-(4,5-dimetil-2-tiazolil)-2,5-difenil-2H-tetrazólium-bromid) reagenst, majd a lemezt 4 órára 

visszahelyeztük a sejttenyésztő inkubátorba. Ezt követően az MTT oldatot eltávolítottuk, és a 

keletkezett formazán kristályokat 100 µL dimetil-szulfoxidban feloldottuk, majd lemértük a 

minták abszorbanciáját 570 nm-en Powerwave XS lemezolvasóval (Bio-Tek, Winooski, VT, 

USA). A kezelt sejtek életképességét a kezeletlen kontroll sejtek életképességéhez viszonyítva 

százalékban fejeztük ki.   

4.3.5. ELISA módszerek 

4.3.5.1. E-szelektin, ICAM-1 és VCAM-1 meghatározás  

Az adhéziós molekulák sejtfelszíni expresszióját sejtalapú ELISA módszerrel határoztuk 

meg. Ehhez a HUVECs-et 96 lyukú sejttenyésztő lemezen tenyésztettük és kezeltük.  A kezelés 

után a sejteket kétszer lemostuk 0,05% Tween 20-at tartalmazó PBS pufferrel, majd fixáltuk 

0,01% glutáraldehidet tartalmazó PBS/Tween 20 (0,05%) oldattal (30 perc, 4 °C). A nem-

specifikus kötőhelyeket 5% tejport tartalmazó PBS/Tween 20 (0,05%) oldattal blokkoltuk (60 

perc; szobahőmérséklet). A sejteket kétszer mostuk PBS/Tween 20 (0,05%) oldattal, majd 2 

órán keresztül inkubáltuk az elsődleges antitesteket tartalmazó PBS/Tween 20 (0,05%)/tejpor 

(5%) oldatban. Ezt követően a sejteket kétszer mostuk PBS/Tween 20 (0,05%) oldattal, majd a 

sejteket HRP-konjugált kecske anti-egér antitestet tartalmazó PBS/Tween 20 (0,05%)/tejpor 

(5%) oldatban inkubáltuk (0,1 µg/ml, 1 óra, szobahőmérséklet). A sejtek kétszeri mosását 
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követően PBS/Tween 20 (0,05%) az előhívást orthofenilén-diamin-nal végeztük, citrát-foszfát 

pufferben (pH = 4,9). 

4.3.5.2. IL-1β és VEGF-A meghatározás 

A sejteket 96 lyukú sejttenyésztő edényben tenyésztettük. A sejtkezelés után a felülúszókat 

leszívtuk, és az IL-1β valamint a VEGF-A tartalmat 100 μL hígítatlan felülúszóból ELISA 

módszerrel (DuoSet ELISA, R&D, Minneapolis, MN, USA) határoztuk meg, a gyártó által 

biztosított protokollok szerint. 

4.3.5.3. Oszteokalcin meghatározás 

Az OCN extracelluláris mátrixból történő meghatározáshoz a sejteket 6 lyukú 

tenyésztőedényben tenyésztettük és kezeltük. A kísérlet végén eltávolítottuk a tápfolyadékot és 

a sejtekre 100 µL EDTA oldatot (0,5 mol/L, pH = 6,9) pipettáztunk, majd 30 percig szobahőn 

billegtettük. Az OCN tartalmat a felülúszóból ELISA módszerrel határoztuk meg (DuoSet 

ELISA, R&D, Minneapolis, MN, USA), a gyártói protokollt követve.  

4.3.6. Messenger RNS (mRNS) expresszió meghatározása kvantitatív valós idejű PCR 

módszerrel 

Az mRNS vizsgálatokhoz a sejteket 6 lyukú tenyésztőedényben tenyésztettük és kezeltük. 

Az RNS izolálásához a kezelés végén a sejteket Trizol (RNA-STAT60, Tel-Test B Labs, Alvin, 

TX, USA) reagenssel szolubilizáltuk. A minták RNS tartalmát a gyártói protokollt követve 

nyertük ki. Az RNS minták koncentrációját és tisztaságát a 260 és 280 nm-en NanoDrop 2000 

(Thermo Scientific, Waltham, MA, USA) fotométerrel meghatározott abszorbanciájuk aránya 

alapján számítottuk ki. A mintákból 2 μg RNS-t írtunk át cDNS-sé. Ehhez High Capacity cDNA 

RT kitet (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) használtunk. A 

PCR reakciót valós idejű qPCR készülékben (CFX96 Real-Time System, Bio-Rad Inc., 

Hercules, CA, USA) hajtottuk végre. A target gének amplifikációja során iTaqTM Universal 

Probes Supermix master mixet (Bio-Rad, Inc.), validált FAM fluorofórral konjugált TaqMan 

próbát és a hozzá megtervezett primereket használtuk (3. táblázat). A relatív mRNS 

expressziókat a ΔΔCt módszerrel számítottuk ki, GAPDH-t vagy Ciklofilin A-t használva belső 

kontrollként.  

 

 

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



36 
 

 

3. táblázat. A kísérletekben használt TaqMan assay-k 

Target Assay number Target Assay number 

IL-1β Hs.00174097 VEGFA Hs.00900055 

NLRP3 Hs.00918082 GLUT1 Hs.00892681 

ASC Hs.01547324 RUNX2 Hs.535845 

HO-1 Hs.01110250 SOX9 Hs.1001343 

VCAM-1 Hs.01003372 MSX2 Hs.00741177 

ICAM-1 Hs.00164932 ALP Hs.00768162 

IL-8 Hs.00174103 OCN Hs.01587814 

GAPDH Hs.02758991 Cyclophilin A Hs.04194521 

 

4.3.7. Géncsendesítés rövid interferáló RNS (siRNS)-sel  

A HUVECs p38, JNK1 illetve JNK2, valamint a humán aorta VSMCs HIF-1α, továbbá 

ATF4 expressziójának csökkentésére siRNS konstruktokat használtunk (4. táblázat). A 

transzfekciót 75–85%-ban konfluens sejteken végeztük. A HUVECs transzfekcióját 

Oligofectamin reagenssel (Invitrogen, Carlsbad, CA, USA), a VSMCs transzfekcióját 

Lipofectamine® RNAiMAX reagenssel (13778075, Invitrogen, Carlsbad, CA, USA) végeztük 

a gyártók útmutatása szerint.  

 

4. táblázat A kísérletekben alkalmazott siRNS konstruktok 

Target Cég Kat. szám 

p38 Santa Cruz Biotech. Inc., Dallas, TX, USA sc-29433 

JNK1 Thermo Fisher Scientific, MA, USA l-003514-00 

JNK2 Thermo Fisher Scientific, MA, USA l-003505-00 

HIF-1α Thermo Fisher Scientific, MA, USA #AM16708 

ATF4 Thermo Fisher Scientific, MA, USA #4392420 

Negatív kontroll Thermo Fisher Scientific, MA, USA #4390843 

 

4.3.8. Fehérje expresszió meghatározása Western blot analízissel 

A sejteket hat lyukú sejttenyésztő lemezen tenyésztettük, illetve kezeltük. A kísérletek 

végén PBS pufferrel mostuk a sejteket és lyukanként 100 μL szolubilizáló oldatban (150 

mmol/L NaCl, 5 mmol/L EDTA, 10 mmol/L Tris, 1% Triton-X100, 0,5% Igepal CA-630, 1% 

Complete Mini proteáz inhibitor (Roche, Basel, Svájc) lizáltuk a mintákat.  
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A kapott lizátumot lecentrifugáltuk (12 000 rpm, 10 perc), a felülúszót összegyűjtöttük és 

meghatároztuk a fehérjekoncentrációját BCA módszerrel (Pierce, Thermo Scientific, Rockford, 

IL, USA). A mintát (20 μg) β-merkaptoetanolt tartalmazó SDS mintapufferben denaturáltuk 95 

°C-on, 15 percig.  

A fehérjéket 10%-os SDS poliakrilamid gélen választottuk el Bio-Rad Mini Proten 

készülékkel 100 V feszültség mellett. A mintákat nitrocellulóz membránra blottoltuk (GE 

Healthcare, Amersham, Germany) 12 V feszültségen, 45 percen át félszáraz blottolóval (Bio 

Rad Inc., Hercules, CA, USA). A membránt 6%-os tejpor oldattal blokkoltuk 1 órán keresztül 

szobahőmérsékleten és a membránhoz adtuk az elsődleges antitest oldatot 1%-os tejpor 

oldatban. Az általunk használt elsődleges antitesteket és higításukat az 5. táblázat tartalmazza.  

A membránt az elsődleges antitesttel 12 órán keresztül 4 °C-on billegtettük, majd a 

membránt TBS-T pufferrel alaposan átmostuk (Tris-buffered saline mely 0,1% Tween 20-at 

tartalmaz). Ezt követően 1 órán keresztül torma peroxidázzal konjugált antinyúl (NA934) és 

anti-egér (NA931) másodlagos antitesttel (Amersham Biosciences Corp., Piscataway, NJ, 

USA) inkubáltuk. Az inkubálás végén a membránt újból TBS-T-vel mostuk háromszor 10 

percen át, majd Western ECL reagenssel (Bio-Rad Inc., Hercules, CA, USA) hívtuk elő.  

Az eredményt röntgen filmen tettük láthatóvá, vagy digitálisan rögzítettük C-Digit Blot 

Scanner segítségével (LI-COR Biosciences, Lincoln, NE, USA). A sávok intenzitását az Image 

Studio Digit Ver 5.2 szoftverrel vagy a C-Digit Blot Scanner beépített szoftverével 

kvantifikáltuk.  

 

5. táblázat A Western Blot-ok során felhasznált elsődleges antitestek listája 

Target fehérje Cég Kat. szám Higítás/koncentráció 

Hb Abcam, Cambridge, United Kingdom ab19362-1 1:1000 

E-selectin Santa Cruz Biotech. Inc., Dallas, TX, USA sc-14011 1:200 

ICAM-1 R&D Systems, Minneapolis, MN, USA BBA3 1:1000 

VCAM-1 Santa Cruz Biotech. Inc., Dallas, TX, USA sc-8304 1:200 

p-IκBα Cell Signaling, Danvers, MA, USA 9246 1:1000 

IκBα Santa Cruz Biotech. Inc., Dallas, TX, USA sc-371 1:200 

p-p65 Cell Signaling, Danvers, MA, USA 3031 1:1000 

p65 Santa Cruz Biotech. Inc., Dallas, TX, USA sc-372 1:200 

Lamin AC Santa Cruz Biotech. Inc., Dallas, TX, USA sc-7292 1:200 

p-p38 Cell Signaling, Danvers, MA, USA #9211 1:1000 

p38 Cell Signaling, Danvers, MA, USA #9212 1:1000 

p-JNK1/2 Cell Signaling, Danvers, MA, USA #9251 1:1000 
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JNK1/2 Cell Signaling, Danvers, MA, USA #9252 1:1000 

NLRP3 R&D Systems, Minneapolis, MN, USA 768319 1:1000 

HO-1 Santa Cruz Biotech. Inc., Dallas, TX, USA sc-136960 1:1000 

Caspase-1 Santa Cruz Biotech. Inc., Dallas, TX, USA sc-398715 1:1000 

IL-1β Cell Signaling, Danvers, MA, USA #12242 1:1000 

Nrf2 Proteintech, Rosemont, IL, USA 16396-1-AP 1:1000 

ALP Santa Cruz Biotech. Inc., Dallas, TX, USA sc-30203 1:200 

FtH Santa Cruz Biotech. Inc., Dallas, TX, USA sc-25617 1:600 

FtL Santa Cruz Biotech. Inc., Dallas, TX, USA sc-25616 1:400 

HIF-1α GeneTex, Irvine, CA, USA GTX127309 0,5 µg/mL 

Glut-1 GeneTex, Irvine, CA, USA GTX1309 0,5 µg/mL 

RUNX2 Proteintech, Chicago, IL, USA 20700-1-AP 1:1000 

SOX9 Abcam, Cambridge, UK ab26414 1:1000 

p-PERK Invitrogen, Carlsbad, CA, USA PA5-4029 5 µg/ml 

PERK Cell Signaling, Danvers, MA, USA #3192 4,3 µg/ml 

p-EIF2α Cell Signaling, Danvers, MA, USA #9721 0,06 µg/ml 

EIF2α Cell Signaling, Danvers, MA, USA #9722 0,06 µg/ml 

ATF4 Cell Signaling, Danvers, MA, USA #11815 0,34 µg/ml 

GRP78 Cell Signaling, Danvers, MA, USA #3177 0,4 µg/ml 

CHOP Novisbio, Centennial, CO, USA NB600-1335 4 µg/ml 

α-tubulin Sigma Aldrich, St. Luis, MO, USA T9626 1:1000 

β-actin ProteinTech, Chicago, IL, USA 15872-1-AP 1:500 

GAPDH Novus Biologicals, Littleton, CO, USA NB300-221 1:1000 

 

4.3.9. Rekombináns adenovírus transzdukció 

A 80–90%-ban konfluens HUVECs-et az NF-κB kötőhelyekkel rendelkező szintetikus 

promóter kontrollja alatt álló Photinus pyralis luciferáz gént kódoló adenovírussal (5′-

GGGGACTTTCC-3′; NF-κB-luc), az IκBα domináns negatív mutánst kódoló adenovírussal 

(IκBα-S32A/S36A; IκBα DNM) (Vector Biolabs, Philadelphia, PA, USA), és a β-galaktozidázt 

kódoló (LacZ) rekombináns adenovírusokkal ko-transzdukáltuk. A kísérleteket a transzdukció 

után 48 órával végeztük. A luciferáz expresszióját a firefly luciferáz módszerrel mértük a gyártó 

instrukcióit követve (Promega, Madison, WI). A β-galaktozidáz expresszióját a Galacto-Light 

Plus β-Galactosidase Reporter Gene Assay System-mel mértük a gyártó utasításai szerint 

(Applied Biosystems, Tropix Inc., Bedford, MA, USA). A luciferáz és a β-galaktozidáz 

aktivitását Microlumat Plus luminométeren (LB96V, Berthold, Bad Wildbad, Germany) 

mértük, és a luciferáz aktivitást a β-galaktozidáz aktivitásra normalizáltuk.  
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4.3.10. Alkalikus foszfatáz (ALP) enzimaktivitás mérése 

Az ALP aktivitás meghatározásához a sejteket 96 lyukú lemezen tenyésztettük. A kezelést 

követően a sejteket két alkalommal 100 µL PBS-sel mostuk, majd 100 μL szolubilizáló 

oldatban lizáltuk őket. Az aktivitás méréséhez 35 µL sejtlizátumhoz 130 µL szubsztrátot 

adtunk, majd 405 nm-en 30 percig 37 ºC-on inkubálva követtük nyomon a 4-nitrofenol 

képződését Powerwave XS lemezolvasóval (Bio-Tek, Winooski, VT, USA). A minták 

fehérjetartalmát BCA módszerrel (Pierce, Thermo Scientific, Rockford, IL, USA) határoztuk 

meg, és a minták ALP aktivitását fehérje tartalomra normalizálva adtuk meg. 

4.3.11. A kalcifikáció detektálása 

4.3.11.1. Arizarin vörös (AR) festés 

Az extracelluláris mátrixban felhalmozódó kalcium depozitumokat AR festéssel tettük 

láthatóvá. Az eljárás során a 96 lyukú tenyésztőedényben tenyésztett és kezelt sejteket a kezelés 

befejeztével 100 µL PBS-sel mostuk kétszer, majd 100 µL 4%-os paraformaldehid oldattal 

fixáltuk (10 perc, szobahőmérséklet). A fixálást követően a sejteket 100 µL AR oldattal (2%, 

pH = 4,3) festettük (20 perc, szobahőmérséklet). Az eredmény fényképes dokumentálását 

követően a festéket 100 μL hexadecylpyridinium klorid oldatban (100 μmol/L) oldottuk fel, 

majd megmértük a minták abszorbanciáját 570 nm-en Powerwave XS lemezolvasóval (Bio-

Tek, Winooski, VT, USA).    

4.3.11.2. Kalcium tartalom meghatározása 

A sejtek extracelluláris mátrix kalcium tartalmát, illetve az aorták kalcium tartalmát 

QuantiChrome Calcium Assay Kit (BioAssay System, Hayward, USA) segítségével határoztuk 

meg. A sejtek kezelését 96 lyukú tenyésztőedényben végeztük. A kísérlet végeztével 

eltávolítottuk a médiumot, a lemezt mostuk 2 alkalommal 100 µL PBS-sel, majd az 

extracelluláris mátrix kalcium tartalmát 100 µL sósavval (0,6 mol/L) oldottuk ki (30 perc, 

szobahőmérséklet). Aorták esetén az aorta darabot PBS pufferben átmostuk, hosszanti irányban 

felnyitottuk, és 25 µL sósavval (0,6 mol/L) dekalcináltuk. A mérést a sósavas felülúszókból a 

gyártó utasításai alapján végeztük. A minták abszorbanciáját 612 nm-en Powerwave XS 

lemezolvasóval (Bio-Tek, Winooski, VT, USA) mértük meg. A minták Ca tartalmát fehérje 

tartalomra normalizáltuk. 

4.4. In vivo modellek 

4.4.1. Humán karotisz plakkok 
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A karotisz plakkok gyűjtését a Debreceni Egyetem Sebészeti Intézetének 

közreműködésével a „Bevérzett atheroscleroticus plakkok vizsgálata műtéti preparátumból” 

című DE OEC RKEB/IKEB 3712-2012 protokoll azonosítójú tudományetikai engedély szerint 

végeztük. A bemutatásra került plakkok endarterektómia során eltávolított műtéti anyagok. A 

szövetek tudományos irányú felhasználása a betegek írásos beleegyezésével történt.   

4.4.2. A Hb formák gyulladáskeltő hatásának vizsgálata in vivo egérmodellben  

A Hb formák gyulladáskeltő hatásának vizsgálatát az “Oxidált hemoglobin formák szerepe 

malária-asszociált akut vesekárosodásban” című 2/2016/DEMÁB számon nyilvántartott etikai 

engedélyben leírtak szerint végeztük. A kísérleteinkhez használt C57BL/6 és NLRP3-/- egereket 

a Debreceni Egyetem Természettudományi Kar konvencionális állatházában tartottuk. A 

kísérletekben 6-8 hetes egereket használtunk fel. Az NLRP3-/- egerek eredetileg a J. Tschopp 

által vezetett laboratóriumban lettek karakterizálva. A Hb formák gyulladáskeltő 

tulajdonságának vizsgálata során 30 C57BL/6 és 30 NLRP3-/- egeret (nőstény, 6-8 hetes), 

osztottunk véletlenszerűen csoportokra (n = 6/csoport). Az egerek hasüregébe Hb-t, metHb-t, 

ferrilHb-t, illetve hemet injektáltunk (300 nmol hem ekvivalens/egér). A kontroll egerek PBS-

t kaptak. Az egerek életét 16-20 órával később CO2 lélegeztetésével kioltottuk, majd 

vértelenítettük. A szerveket folyékony nitrogénben gyorsfagyasztottuk és felhasználásig -70 

°C-on tároltuk.  

4.4.3. Krónikus veseelégtelenség (CKD) egérmodell, DPD kezelés 

A CKD egérmodellen végzett vizsgálatainkat a “Hipoxia szerepe a vaszkuláris 

kalcifikációban” című 3/2018/DEMÁB számon nyilvántartott etikai engedélyben leírtak szerint 

végeztük. A kísérletekben C57BL/6 egereket (n = 25, 8-12 hetes, hím) 5 csoportra (kontroll, 

CKD, CKD+DPD5, CKD+DPD10, CKD+DPD15) osztottunk. A CKD kialakulását adenint 

tartalmazó diétával indukáltuk. A diéta első 6 hetében az egerek 0,2% adenint és 0,7% foszfátot 

tartalmazó diétát kaptak, majd az ezt követő 3 hétben a foszfát tartalmat 1,8%-ra emeltük 

(S8106-S075 és S8893-S006; Ssniff, Soest, Germany). A kontroll egerek normál rágcsálódiétát 

kaptak. A DPD-t (HY-17608, MedChemExpress, NJ, USA) 1% metilcellulózban 

szuszpendáltuk, és naponta gyomorszondán keresztül adagoltuk 5, 10 illetve 15 mg/kg dózisban 

a hetedik héttől kezdődően a kísérlet befejezéséig.   

4.4.4. A vesefunkció és az anémia laboratóriumi analízise a CKD egérmodellben 

A szérum urea és kreatinin szinteket kinetikus módszerrel Cobas® c502 készülékkel 

határoztuk meg (Roche Diagnostics, Mannheim, Germany). A hematológiai paramétereket K3-
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EDTA-val antikoagulált vérből Siemens Advia-2120i automatával (Tarrytown, NY, USA) 

határoztuk meg, a Multi Species szoftver 800 Mouse C57BL programjával.  

4.4.5. Az aorta kalcifikáció kimutatása közeli infravörös képalkotó módszerrel 

Az aorta kalcifikáció érzékeny kimutatására OsteoSense festéket (OsteoSense 680 EX, 

NEV10020EX, PerkinElmer, MA, USA) és IVIS Spectrum In Vivo Imaging készüléket 

(PerkinElmer, MA, USA) használtunk. Az egereket izofluránnal elaltattuk, és retro-orbitálisan 

2 nmol OsteoSense festékkel injektáltuk. Huszonnégy óra elteltével az egerek életét CO2 

belélegeztetésével kioltottuk, az aortát izoláltuk, megtisztítottuk a kötőszövettől, majd 

felvételeket készítettünk az IVIS Spectrum In Vivo Imaging készülékkel 675 nm excitációs és 

720 nm emissziós hullámhosszakon. A képeket a készülékbe épített szofverrel analizáltuk 

(PerkinElmer, MA, USA).    

4.4.6. Hisztológia 

A humán érminták és egér aorta gyűrűk hisztológiai vizsgálata során szövetdarabokat 10%-

os formalinban fixáltuk, majd paraffinba ágyaztuk. A hematoxilin-eozin festést (H&E) 5 µm 

vastag paraffinmentesített rehidratált metszeteken végeztük el. Az egér aorta gyűrűkön von 

Kossa festést is végeztünk a Von Kossa Kit (ab150687, Abcam, Cambridge, United Kingdom) 

útmutatását követve.  
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6. táblázat A disszertációban bemutatott sejtkezelések és vizsgálati módszerek összefoglalása 

Sejttípus Kezelés Vizsgálat tárgya, módszere Ábra 

HUVEC Hb redox formák Aktin stresszrostok, egysejtréteg integritás, fluoreszcens mikroszkópia  9A, B 

HUVEC Hb redox formák Viabilitás, áramlási citometria 9C, D 

HUVEC Hb redox formák Adhéziós molekulák expressziója, Western blot (WB) 10A-C 

HUVEC Heme, FerrilHb Adhéziós molekulák expressziója, ELISA 11 

HUVEC FerrilHb NF-κB útvonal aktivációja, WB, adenovirus transzdukció 12 

HUVEC FerrilHb p38 MAPK és JNK útvonalak aktivációja, WB, siRNS 13 

HUVEC LPS+hem NLRP3 indukció, kvantitatív PCR és WB 14A-C 

HUVEC LPS+hem IL-1β indukció, kvantitatív PCR és ELISA 15A-B 

HUVEC LPS+hem/Fe/PPIX IL-1β indukció, kvantitatív PCR és ELISA 16A-B 

HUVEC LPS+hem+NAC ROS, IL-1β indukció, DCFDA módszer, kvantitatív PCR és ELISA 17A-C 

HUVEC LPS+hem/hem-albumin ROS, IL-1β indukció, DCFDA módszer, kvantitatív PCR és ELISA 18A-C 

HUVEC Hb formák HO-1 expresszió, kvantitatív PCR és WB 19A-C 

HUVEC Hb formák ROS termelés, DCFDA módszer 20A-B 

HUVEC LPS+Hb formák IL-1β indukció, kvantitatív PCR 21 

RAW264.7 LPS+Hb formák IL-1β indukció, kvantitatív PCR, ELISA 22A-B 

BMDM LPS+Hb formák IL-1β indukció, ELISA 23 

VSMCs OM+hem Kalcifikáció, von Kossa festés, extracelluláris mátrix calcium (Ca) 27 

VSMCs OM+hem HO-1 indukció, kvantitatív PCR, WB, enzim aktivitás 28A-C 

VSMCs 
OM+hem/biliverdin/biliru

bin/CO/Fe(II) 
Kalcifikáció, extracelluláris mátrix Ca 29 

VSMCs 
OM+hem/biliverdin/biliru

bin/CO/Fe(II) 
Oszteogén differenciálódás, ALP aktivitás, OCN expresszió (ELISA) 30A-B 

VSMCs 
OM+apoFt/FtH/ 

FtHMu/FtL 

Oszteogén differenciálódás, extracelluláris mátrix Ca, ALP aktivitás, 

OCN expresszió (ELISA) 
31A-C 

VICs OM (P+Ca) Kalcifikáció, AR festés, extracelluláris mátrix Ca 32A-C 

VICs OM+hem 
Kalcifikáció, AR festés, extracelluláris mátrix Ca, ALP expresszió (WB), 

OCN expresszió (ELSIA) 
33A-D 

VICs OM+hem Nrf2 és HO-1 indukció, kvantitatív PCR, WB 34A-C 

VICs OM+hem+ML385 Kalcifikáció Nrf2 gátlás mellett, AR festés, extracelluláris mátrix Ca  35A-B 

VICs OM+hem+SnPP/ZnPP Kalcifikáció HO-1 gátlás mellett, AR festés, extracelluláris mátrix Ca  35C-D 

VICs 
OM+bilirubin/Fe(II)/COR

M 
Kalcifikáció, AR festés, extracelluláris mátrix Ca  36A-F 

VICs 
OM+bilirubin/Fe(II)/COR

M 

Oszteogén differenciálódás, OCN expresszió (ELISA), SOX9, OPN 

mRNS expresszió (kvantitatív PCR)  
36G-I 

VICs OM+hem Ferrititn indukció, WB  37A 

VICs OM+ferrititn Kalcifikáció, AR festés, extracelluláris mátrix Ca 37B-C 

VSMCs 
Hipoxia, hipoxia 

mimetikumok 
Hipoxia válasz, HIF-1α, Glut-1 expresszió (WB), VEGFA (ELISA) 38A-D 

VSMCs Hipoxia Oszteokondrogén differenciálódás, kvantitatív PCR 39 

VSMCs Hipoxia Oszteokondrogén differenciálódás, WB, ELSIA 40A-F 

VSMCs Hipoxia Kalcifikáció, extracelluláris mátrix Ca, AR festés 41A-B 

VSMCs Hipoxia+Chetomin 
HIF-1 válasz gátlása, VEGFA, GLUT1 mRNS, fehérje expresszió, 

kvantitatív PCR, ELISA, WB 
42A-C 
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5. EREDMÉNYEK 

5.1. Az extracelluláris hemoglobin (Hb) sorsa, pro-oxidáns és pro-inflammatórikus 

hatásai 

5.1.1. A Hb oxidációja 

Az intakt vörösvérsejt komplex antioxidáns rendszere szükséges a Hb-ban található hem 

vas redukált (Fe2+) állapotban tartásához, illetve az auto-oxidáció során keletkező metHb 

redukálásához. Ez a védelmi rendszer az extracelluláris térben nincs jelen, így a Hb a 

vörösvértest lízise esetén védtelenné válik az oxidatív folyamatokkal szemben, így auto-

oxidációja révén metHb-ná oxidálódik. Tovább növeli az extracelluláris Hb oxidációjának 

valószínűségét, hogy a vaszkulatúrában számos olyan ágens megtalálható, mely képes a Hb 

illetve az auto-oxidációja során keletkezett metHb egy, illetve két elektronos oxidációjára.  

A Hb oxidációja során többféle termék keletkezése várható, így elsőként egy in vitro 

kísérleti rendszerben vizsgáltuk a Hb, illetve a metHb hidrogén-peroxiddal indukált oxidációja 

során keletkező Hb formákat. Ehhez elsőként Hb-t tisztítottunk és metHb-t állítottunk elő 

önkéntesektől vett perifériás vérből. A két Hb forma eltérő abszorpciós spektruma (12A ábra) 

165 lehetőséget nyújt az eltérő oxidációs állapotú formák azonosítására abszorpciós 

spektrofotometriás módszerrel 165. A Hb preparátumok tisztaságát SDS poliakrilamid 

gélelektroforézist követően ezüstfestéssel ellenőriztük. Mindkét preparátum esetében egy sávot 

detektáltunk 16 kDa-nál, ami megfelel a Hb alegység móltömegének (12B ábra) 165.  

 

 

 

 

 

 

 

A Hb és metHb mintákat különböző koncentrációjú (125-500 µmol/L) hidrogén-

peroxiddal reagáltattuk, és 10 perc elteltével vizsgáltuk a keletkező Hb formák oxidációs 

12. ábra A tisztított Hb és metHb preparátumok karakterizálása. (A) A Hb (60 μmol/L) 

és metHb (60 μmol/L) preparátumok abszorpciós spektruma a látható hullámhossz 

tartományban. (B) A Hb és metHb (5 nmol/sáv) mintákat 12%-os SDS-PAGE-n 

szeparáltuk, és ezüst festést végeztünk. Reprezentatív ezüst festés. n = 3 
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állapotát. A Hb oxidációja során a metHb koncentráció emelkedését, ezzel párhuzamosan a Hb 

koncentráció csökkenését figyeltük meg, mely változások mértéke függött a hidrogén-peroxid 

koncentrációjától (13A ábra) 165. A két legmagasabb hidrogén-peroxid koncentráció esetén 

ferrilHb képződést is tapasztaltunk, azonban ennek mértéke alacsony volt, a teljes hem tartalom 

kevesebb mint 1%-a volt jelen ebben a formában (13A ábra) 165. A metHb hidrogén-peroxiddal 

való reakciója során ferrilHb képződést tapasztaltunk, melynek mennyisége érdekes módon 

fordított arányban állt az oxidáló ágens koncentrációjával (13B ábra) 165.   

 

 

A ferril (Fe4+) oxidációs állapot nagyon instabil, erőteljes oxidáló ágensként viselkedik, és 

a hem molekulában keletkező Fe4+ oxidálja a Hb a hem csoporthoz közel eső oxidációra 

érzékeny aminosav oldalláncait. Ebben a reakcióban a Fe4+ redukálódik Fe3+ ionokká, az érintett 

aminosav láncon pedig visszamarad egy párosítatlan elektron. Ez az úgynevezett globin gyök 

a párosítatlan elektron jelenléte miatt továbbra is reaktív. Stabilizációja legkönnyebben egy 

másik globin gyökkel való reakciója során valósul meg, melynek során a két párosítatlan 

elektron kötést létesítve kovalens módon összeköti a két Hb alegységet. A következőkben azt 

vizsgáltuk, hogy a Hb illetve metHb hidrogén-peroxiddal való reakciója során kialakulnak-e 

kovalens módon keresztkötött Hb formák. Kimutattuk, hogy a Hb oxidációja után a Hb több 

mint 80%-a monomer formában, kevesebb mint 20%-a dimer formában van jelen, valamint 

hogy a keletkező dimer mennyisége függ a hidrogén-peroxid koncentrációjától (14A-B ábra) 

13. ábra Oxidált Hb formák képződése a Hb illetve metHb hidrogén-peroxiddal 

indukált oxidációja során. (A) Tisztított humán Hb-t and (B) metHb-t (50 µmol/L heme) 

különböző koncentrációjú hidrogén-peroxiddal (125, 250 and 500 µmol/L) reagáltattuk 10 

percen keresztül 37 °C-on. A különböző redox állapotú Hb formák százalékos megoszlása 

a teljes hem tartalomra vonatkoztatva. Átlag ± SD, n = 3. *p < 0,05, ***p < 0,005, ****p < 

0,001.  
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165. A metHb-t hidrogén-peroxiddal reagáltatva azt tapasztaltuk, hogy a dimerek mellett 

kovalens módon keresztkötött tetramerek és magasabb móltömegű multimerek is keletkeznek 

a reakcióban. Minél magasabb koncentrációjú hidrogén-peroxiddal reagáltattuk a metHb-t, a 

multimerek aránya annál magasabb volt, és a reakció eltolódott a több tagú multimerek 

képződésének irányába (14C-D ábra) 165.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

A kovalensen keresztkötött formák jelenléte ezekben a mintákban arra utal, hogy a Hb 

illetve a metHb hidrogén-peroxiddal való reakciója során ferrilHb képződött, amelynek 

stabilizációja globin gyökök és metHb képződésen keresztül valósult meg. A következő 

kísérletünkben a metHb hidrogén-peroxiddal indukált oxidációjának kinetikáját vizsgáltuk 

tovább. MetHb-t (50 µmol/L) különböző koncentrációjú hidrogén-peroxiddal (125-500 

µmol/L) reagáltattunk, és percenként mértük a metHb és a ferrilHb koncentrációját 10 percen 

keresztül (15A-B ábra) 165. A ferrilHb mennyisége a reaktánsok összekeverése után 2 perccel 

érte el a maximumát (a teljes Hb ~45%-a), majd folyamatosan csökkent mindhárom hidrogén- 

14. ábra Kovalens módon keresztkötött Hb formák képződése a Hb illetve metHb 

hidrogén-peroxiddal indukált oxidációja során. (A) Tisztított humán Hb-t és (B) metHb-

t (50 µmol/L heme) különböző koncentrációjú hidrogén-peroxiddal (125, 250 and 500 

µmol/L) reagáltattuk 10 percen keresztül 37 °C-on. Hb formák kimutatása Western Blot 

analízissel. Reprezentatív Western blot képek és kvantálás 3 független kísérletből. Átlag ± 

SD, n = 3. *p < 0.05, **p < 0,01, ***p < 0,005, ****p < 0,001.  
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peroxid koncentráció mellett (15A-B ábra) 165. A képződött ferrilHb mennyisége nem függött 

a hidrogén-peroxid koncentrációjától, a ferrilHb tovább alakulása pedig annál gyorsabb volt, 

minél magasabb koncentrációban alkalmaztuk a hidrogén-peroxidot (15A-B ábra) 165. A 

mintákban a metHb és a ferrilHb mennyisége ellentétes irányban változott (15C ábra) 165. Ezt 

követően a kovalens módon keresztkötött Hb forma képződésének időfüggését vizsgáltuk. 

Megállapítottuk, hogy metHb-nal reagáltatva a hidrogén-peroxid egy percen belül dózisfüggő 

módon indukálja a Hb dimerek képződését (15D-E ábra) 165. Tíz perccel a hidrogén-peroxid 

hozzáadása után a dimerek mellett a tetramerek megjelenését is megfigyeltük, mely szintén 

dózisfüggést mutatott (15D-E ábra) 165. 

 

 

 

15. ábra Oxidált Hb formák képződésnek kinetikája a metHb hidrogén-peroxiddal 

kiváltott oxidációja során. MetHb-t (50 µmol/L heme) különböző koncentrációjú 

hidrogén- peroxiddal (125, 250 and 500 µmol/L) reagáltattuk 10 percen keresztül 37 °C-on. 

(A) A ferrilHb összes Hb formára vonatkoztatott arányának időbeli változása. (B) A 

ferrilHb dekompozíció sebessége. (C) A ferrilHb és metHb összes Hb-ra vonatkoztatott 

arányának változása a reakció során. (D-E) Kovalensen keresztkötött Hb formák kimutatása 

Western blot analízissel. Reprezentatív Western blot képek és kvantálás 3 független 

kísérletből. Átlag ± SD, n = 3. **p < 0,01, ***p < 0,005, ****p < 0,001.  
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5.1.2. Oxidált Hb jelenléte az ateroszklerotikus léziókban 

Az oxigén diffúziós távolsága az érfalban limitált. Érelmeszesedés esetén az endotél réteg 

alá lerakódó lipidplakk gátolja az oxigén eljutását a lumen irányából a média rétegben lévő 

simaizomsejtekhez, melyek ez által hipoxiássá válnak. Az előrehaladott érelmeszesedéses 

lézióban fennálló hipoxia érújdonképződést indukál a vasa vasorum irányából. Az újonnan 

képződő vékonyfalú mikroerek azonban ereszthetnek, illetve sérülékenyek lehetnek, mely 

plakk bevérzéshez, a vörösvérsejtek extravazációjához vezet (16A ábra) 166. A plakk bevérzése 

jelentős szerepet játszik az érelmeszesedés progressziójában. A plakk bevérzését követően 

bekövetkezik a vörösvérsejtek lízise, és a Hb az extracelluláris térbe kerül. Feltételeztük, hogy 

a plakk oxidatív környezetében a Hb oxidálódik, így következő kísérletünkben bevérzett 

plakkok Hb összetételét vizsgáltuk. Várakozásunknak megfelelően a bevérzett plakkokban a 

Hb nagyobb hányadát oxidált állapotban, metHb, illetve hemikróm formában találtuk (16B 

ábra) 166. E mellett kovalens módon keresztkötött Hb formákat, dimereket és tetramereket is 

detektáltunk a bevérzett plakkokban (16C ábra) 166.     

 

 

 

16. ábra Hb formák jelenléte bevérzett érelmeszesedéses plakkokban. (A) Érminták 

makroszkópos képei és szövettani metszetei.  Normál artéria intima (kontroll 1a), ateróma 

(1b), komplikált plakk hemorrágiás lézióval (1c). Reprezentatív H&E festés; 2a: normál 

artéria, 2b: extracelluláris lipid akkumuláció az aterómában, 2c: vörösvérsejtek 

extravazációja a komplikált lézióban. (B) A bevérzett plakkban található Hb formák 

százalékos megoszlása. (C) Kovalensen keresztkötött Hb formák kimutatása Western blot 

analízissel. Reprezentatív Western blot kép. Átlag ± SD, n = 3.  
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A komplikált plakk egy komplex rendszer, melyben együttesen vannak jelen a különböző 

oxidációs állapotú Hb formák, a lipoproteinek (elsősorban oxidált LDL, illetve koleszterin 

kristályok formájában), és inflammatórikus sejtek (elsősorban makrofágok, habos sejtek, T 

sejtek). A következőkben a lipidek és a Hb közötti interakciókat vizsgáltuk.  

  

5.1.3. A Hb és a plakk lipidek interakciói 

A hem a Hb prosztetikus csoportja, melynek pro-oxidáns hatása, valamint szerepe az LDL 

oxidációjában régóta ismert 167,168. A Hb-hoz a hem csoport a proximális hisztidin F8(HisF8)-

Fe2+ kötésen keresztül kapcsolódik, mely megakadályozza a hem csoport kiszabadulását a Hb-

ból. A hemcsoport központjában lévő vasion oxidációs állapota jelentősen befolyásolja a hem-

globin kötés stabilitását. A hem Fe2+ → Fe3+ oxidációja következtében a Hb molekula alakja 

torzul, és a HisF8-Fe kötés erőssége jelentősen csökken, a metHb-ban mintegy százada a Hb-

ban található kötésnek, mely a hem fokozott kiszabadulását eredményezi 53.  

Feltételeztük, hogy a hem-kiszabadulás révén az oxidált Hb formák LDL oxidációt idéznek 

elő. Ezért a következő kísérletünkben a plazmát különböző oxidációs állapotú Hb formákkal 

(Hb, metHb, ferrilHb, 100 µmol/L hem) inkubáltuk 1 órán keresztül, majd 15 napon keresztül 

követtük az LDL-ben megjelenő különféle lipid-peroxidációs köztitermékek (konjugált diének, 

lipid hidroperoxidok), illetve a végtermék (tiobarbitursav-reaktív anyagok (TBARS) szintjének 

változását (17. ábra) 169. A kezeletlen LDL-ben nem emelkedett az oxidációs termékek 

mennyisége, és ugyanez jellemezte a Hb-nal kezelt LDL mintákat is (17. ábra) 169. Ezzel 

szemben hem hatására az LDL konjugált dién szintje jelentősen megemelkedett a kezelést 

követő második napra (17A ábra) 169. Ezt követte a LOOH és TBARS szintek emelkedése a 

kezelés harmadik napján (17B-C ábra) 169. A hemhez képest később, a 8-9. napon tapasztaltunk 

emelkedést a konjugált dién, LOOH és TBARS szintekben a metHb-nal kezelt mintákban (17. 

ábra) 169. A ferrilHb kezelés hatására a lipid-peroxidációs termékek szintjének emelkedése a 

11-12. napon következett be (17. ábra) 169.  
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Feltételeztük, hogy az LDL oxidációjáért a különböző Hb formákból kiszabaduló hem volt 

felelős, ezért megmértük az LDL minták hem tartalmát közvetlenül a szeparálás után, majd a 

15 napos inkubációt követően is.  

 

 

 

 

 

 

17. ábra A hem és a különbző oxidációs állapotú Hb formák hatása az LDL 

oxidációjára. (A-C) Humán plazmát hemmel illetve Hb formákkal (Hb, metHb, ferrilHb, 

100 µmol/L hem) inkubáltunk egy órán keresztül, majd LDL-t izoláltunk. Az LDL (A) 

konjugált dién, (B) lipid hidroperoxid (LOOH) és (C) tiobarbitursav reaktív anyag 

(TBARS) tartalmának változása 15 napon keresztül. Átlag ± SD, n = 3.  

18. ábra Az LDL-asszociált hem mennyisége a különböző Hb formákkal inkubált 

plazmákból izolált LDL mintákban. Humán plazmát hemmel, illetve Hb formákkal (Hb, 

metHb, ferrilHb, 100 µmol/L hem) inkubáltunk egy órán keresztül, majd LDL-t izoláltunk. 

Az LDL hem tartalma a 0. és 15. napon. Átlag ± SD, n = 3. **p < 0,01, ***p < 0,005, ****p 

< 0,001. 
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A plazma hemmel való inkubálása után izolált LDL jelentős mennyiségű hemet 

tartalmazott, melynek szintje a 15 nap inkubációs periódus alatt a kontroll LDL szintjére 

csökkent (18. ábra) 169. Továbbá megállapítottuk, hogy az LDL közvetlenül az izolálás után (0. 

nap) mért hem tartalma a plazma bármelyik Hb formával való inkubációja esetén magasabb 

volt, mint a kontroll LDL-é (18. ábra) 169. A metHb-nal és ferrilHb-nal inkubált plazma 

mintákból izolált LDL minták hem tartalma a 15 napos inkubálási periódus alatt a kontroll 

szintjére csökkent (18. ábra) 169. Az LDL-asszociált hemkoncentráció csökkenésének oka, 

hogy a lipidperoxidáció során a hem degradálódik 168. Eredményeink tehát arra utalnak, hogy 

az oxidált Hb formák LDL oxidációt képesek indukálni. Ebben a reakcióban köztes termékként 

lipid hidroperoxidok keletkeznek, melyekről feltételeztük, hogy a hidrogén-peroxidhoz hasonló 

módon előidézhetik a Hb kételektronos oxidációját. Ennek a kérdésnek a megválaszolása 

céljából a Hb-t hidrogén-peroxiddal, natív LDL-lel, illetve oxidált LDL-lel reagáltattuk, és 

elsőként azt vizsgáltuk, hogy a reakcióban keletkeznek-e kovalens módon keresztkötött Hb 

formák. Az oxidált LDL-lel inkubált Hb mintákban Hb dimerek és tetramerek, ugyanakkor a 

natív LDL-lel kezelt Hb mintákban csak Hb monomerek jelenlétét mutattuk ki, mely arra utal, 

hogy az oxLDL a hidrogén-peroxidhoz hasonlóan előidézi a Hb kételektronos oxidációját (19. 

ábra) 169.   

 

   

 

 

 

 

 

 

19. ábra Kovalens módon keresztkötött Hb formák képződése oxidált LDL hatására.  

Hb-t (20 μmol/L heme) hidrogén-peroxiddal (H2O2, 200 μmol/L), natív LDL-lel (nLDL, 

400 μg/mL), illetve oxidált LDL-lel (oxLDL, 400 μg/mL) inkubáltunk 90 percig. A Hb 

mintákat redukáló elektroforézissel méret szerint szeparáltuk, majd ezüstfestéssel 

detektáltuk. Reprezentatív ezüstfestés. n = 3.  
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Ezt követően vizsgáltuk a Hb és az oxLDL közötti reakció koncentrációfüggését. A Hb-t 

különböző koncentrációjú oxLDL-lel (50-400 µg/mL) reagáltattuk, és vizsgáltuk a hem-vas 

oxidációs állapotát, valamint a kovalens módon keresztkötött Hb multimerek képződését.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20. ábra Az oxLDL dózisfüggő módon idézi elő a Hb oxidációját. Hb-t (20 μmol/L heme) 

hidrogén-peroxiddal (H2O2, 200 μmol/L), illetve különböző koncentrációjú oxidált LDL-lel 

(oxLDL, 50-400 μg/mL) inkubáltunk 90 percig. (A) A Hb minták reprezentatív abszorpciós 

spektruma az 500-700 nm hullámhossz tartományban. (B) A Hb és metHb aránya a 

különböző koncentrációjú oxLDL-lel reagáltatott Hb mintákban az abszorpciós spektrum 

karakterisztikus hullámhosszain mért abszorbancia értékekből számolva a módszerek 

fejezetben ismertett egyenletek segítségével. (C) Az eltérő móltömegű Hb formák 

detektálása ezüstfestéssel redukáló géleletroforézist követően. Reprezentatív ezüstfestés. 

Átlag ± SD, n = 3. 
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Az oxLDL-lel kezelt Hb minták 500-700 nm tartományban felvett abszorpciós spektrumán 

látható, hogy az oxLDL dózisfüggő módon csökkenti a Hb karakterisztikus abszorpciós 

maximum értékeit 540 és 577 nm-nél, ezzel párhuzamosan emeli a metHb-ra jellemző elnyelést 

630 nm-en (20A ábra). A spektrum alapján számított Hb és metHb koncentrációk alapján 

kijelenthetjük, hogy az oxLDL dózisfüggő módon idézi elő a Hb oxidációját metHb-ná (20B 

ábra). Ezen túl azt is megfigyeltük, hogy az oxLDL dózisfüggő módon idézte elő a Hb 

multimerek kialakulását (20C ábra).   

5.1.4. Oxidált Hb formák pro-inflammatórikus hatásai  

5.1.4.1. A ferrilHb endotélsejtekre kifejtett pro-inflammatórikus hatásai 

Az endotélsejtek az erek belső felületét borító sejtek, melyek folytonos egyrétegű laphám 

szerkezetté szerveződve biztosítják a vér és a szövetek szeparációját. Ezen túlmenően az 

endotélsejtek szabályozzák a vaszkuláris tónust, valamint antitrombotikus és anti-

inflammatórikus felszínt biztosítanak az intimában. Az endotélsejtek elhelyezkedésük miatt 

fokozott módon ki vannak téve a Hb és az esetlegesen kialakuló oxidált Hb formák hatásainak. 

Az endotélsejtek aktivációja, illetve diszfunkciója fontos etiopatogenetikai tényező az 

érelmeszesedéses lézió kialakulásában és progressziójában. 

Elsőként azt vizsgáltuk, hogy a különböző oxidációs állapotú Hb formák befolyásolják-e 

az endotél egysejtréteg integritását. Kísérletünkben poszt-konfluens humán umbilikális véna 

endotélsejteket (HUVECs) használtunk. A sejteket Hb-nal, metHb-nal és ferrilHb-nal kezeltük, 

majd fluoreszcens mikroszkópiával analizáltuk. A ferrilHb az aktin citoszkeleton 

átrendeződését, aktin aggregátumok és stresszrostok kialakulását idézte elő az 

endotélsejtekben, ugyanakkor a Hb és a metHb nem befolyásolta számottevően az aktin 

citoszkeleton eredeti szerkezetét (21A-B ábra) 170. Megfigyeltük továbbá, hogy a ferrilHb 

precipitálódott az endotélsejtek felszínén, amit a ferrilHb zöld autofluoreszcenciájával 

detektáltunk. A ferrilHb hatására az endotél egysejtréteg felbomlott, a sejtek között rések 

alakultak ki. Az aktin aggregátumok és stresszrostok kialakulása, valamint az intercelluláris 

rések megjelenése jellemzően ott következett be, ahol a ferrilHb precipitációját is megfigyeltük 

(21A-B ábra) 170. A ferrilHb kezelés alatt a sejtek megőrizték viabilitásukat, így a ferrilHb 

endotél egysejtréteg integritására kifejtett hatása nem magyarázható a sejtek pusztulásával 

(21C-D ábra) 170.  
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21. ábra Különböző Hb redox formák hatása endotélsejtek aktin citoszkeleton 

szerkezetére, egysejtréteg integritására és viabilitására. (A) Poszt-konfluens humán 

umbilikális véna endotélsejteket (HUVECs) Hb-nal, metHb-nal illetve ferrilHb-nal (20 

μmol/L heme) kezeltünk 8 órán keresztül. (B) HUVECs-et ferrilHb-nal (20 μmol/L heme) 

kezeltünk 2, 4 illetve 8 órán keresztül. (A és B) Reprezentatív F-aktin (phallodinin TRITC, 

piros) és DNS (DAPI, kék) festés és ferrilHb autofluoreszcencia (zöld). A fehér nyilak az 

aktin aggregátumokat és stresszrostokat mutatják. A sárga szaggatott vonallal határolt 

területek jelzik az intercelluláris lyukakat az egysejtrétegben. (C-D) Konfluens HUVECs-

et ferrilHb-nal (20 μmol/L heme) illetve cikloheximiddel (CHX, 10 μg/mL) és TNF-α-val 

(50 ng/mL) kezeltük 8 órán keresztül. (C) A sejtek viabilitását propidium jodid (PI) és 

Annexin V festést követően áramlási citométerrel vizsgáltuk. Reprezentatív pontfelhő 

diagrammok. (D) A sejtek életképességének meghatározása MTT módszerrel. Átlag ± SD, 

n = 3. 
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Az endotélsejtek jelentős funkciója a gyulladási folyamatok szabályzása, melynek fontos 

aspektusa a leukociták beáramlásának elősegítése a sérült vagy gyulladt szöveti területre. Ebben 

a folyamatban az endotélsejt felszínén expresszálódó adhéziós molekulák kitüntetett szerepet 

játszanak. Következő kísérleteinkben a különböző Hb redox formák hatását vizsgáltuk az 

endotélsejtek E-szelektin, ICAM-1 és VCAM-1 expressziójára.  Kimutattuk, hogy a ferrilHb 

dózisfüggő módon fokozza mindhárom adhéziós molekula expresszióját, ugyanakkor a Hb és 

a metHb nem befolyásolta a szintjüket (22A-B ábra) 170.   

 

Ezt követően felmerült a kérdés, hogy szerepet játszik-e a szabaddá váló hem az adhéziós 

molekulák expressziójának ferrilHb általi fokozódásában. Ezért következő kísérletünkben 

ekvimoláris mennyiségű hemet tartalmazó ferrilHb és hem hatását hasonlítottuk össze 

HUVECs E-szelektin, ICAM-1 és VCAM-1 expressziójára. Megállapítottuk, hogy a hem a 10-

80 µmol/L koncentrációtartományban nem fokozza ezen adhéziós molekulák expresszióját, így 

kizárható, hogy a ferrilHb-ból szabaddá váló hem lenne felelős a ferrilHb adhéziós molekula 

expressziót fokozó hatásáért (23. ábra) 170.    

22. ábra Különböző Hb redox formák hatása endotélsejtek E-szelektin, ICAM-1 és 

VCAM-1 expressziójára. (A) Poszt-konfluens HUVECs-et növekvő koncentrációban Hb-

nal, metHb-nal, illetve ferrilHb-nal kezeltünk 8 órán keresztül. Az E-szelektin, ICAM-1 és 

VCAM-1 expresszióját sejtalapú ELISA technikával határoztuk meg. (B) Poszt-konfluens 

HUVECs-et Hb-nal, metHb-nal, illetve ferrilHb-nal (20 μmol/L heme) kezeltünk 8 órán 

keresztül. E-szelektin, ICAM-1 és VCAM-1 és α-tubulin protein expressziójának 

kimutatása Western Blot analízissel teljes sejt lizátumból. Reprezentatív Western blot képek 

3 független kísérletből.  Átlag ± SD, n = 3.  
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Ismert az NF-κB útvonal jelentősége az endotélsejtek aktivációjában, és az adhéziós 

molekulák transzkripciójának szabályozásában. Ezért a következő kísérletünkben azt 

vizsgáltuk, hogy a ferrilHb indukálja-e az NF-κB útvonalat, valamint, hogy szerepet játszik-e 

az NF-κB aktiváció a VCAM-1 ferrilHb általi indukciójában.  

24. ábra Az NF-κB útvonal szerepe a VCAM-1 ferrilHb általi indukciójában. (A-B) 

Konfluens HUVECs-et ferrilHb-nal (20 μmol/L heme) kezeltünk. A p-IκBα, IκBα, p-p65, 

p65 és α-tubulin protein expressziójának kimutatása Western Blot analízissel teljes sejt 

lizátumból. (C) HUVECs-et ferrilHb-nal kezeltünk (20 μmol/L heme, 6 óra). A nukleáris 

extrakt p65, lamin A/C, és α-tubulin expressziója. (D-E) Konfluens HUVECs-et LacZ-t 

vagy domináns negatív mutáns (DMN) IκBα-t kódoló rekombináns adenovírussal 

transzdukáltunk. A kezeletlen és ferrilHb-nal kezelt (20 μmol/L heme, 8 óra) sejtek VCAM-

1, IκBα és α-tubulin protein expressziójának kimutatása Western Blot analízissel teljes sejt 

lizátumból. Reprezentatív Western blot képek és kvantálás. Átlag ± SD, n = 3. 

23. ábra A hem és ferrilHb dózisfüggő hatása endotélsejtek E-szelektin, ICAM-1 és 

VCAM-1 expressziójára. Poszt-konfluens HUVECs-et növekvő koncentrációban hemmel, 

illetve ferrilHb-nal kezeltünk 8 órán keresztül. Az E-szelektin, ICAM-1 és VCAM-1 

expressziója sejtalapú ELISA technikával meghatározva. Átlag ± SD, n = 3. 
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Kimutattuk, hogy ferrilHb hatására az endotélsejtekben bekövetkezik az NF-κB inhibitor 

molekula IκBα hosszan fenntartott foszforilációja, és részleges degradációja (24A ábra) 170. 

Ezzel párhuzamosan detektáltuk a p65/RelA foszforilációját és nukleáris transzlokációját (24B-

C ábra) 170. Korábbi munkákból ismert, hogy a p65/RelA szerepet játszik az endotélsejt 

aktivációval összefüggő pro-inflammatórikus gének transzkripciós szabályozásában. Ezért 

megvizsgáltuk, hogy az NF-κB útvonal gátlása befolyásolja-e a ferrilHb általi VCAM-1 

indukciót. A HUVECs-et az IκBα domináns negatív mutánsát kódoló rekombináns 

adenovírussal transzdukáltuk. Ezekben a sejtekben elmaradt a VCAM-1 expressziójának 

ferrilHb-nal indukált emelkedése, ami arra utal, hogy a ferrilHb HUVECs-re gyakorolt pro-

inflammatórikus hatása NF-κB függő (24D-E ábra) 170.  

További vizsgálatokat végeztünk a ferrilHb által indukált pro-inflammatórikus válasz 

szignálútvonalának alaposabb feltárása céljából. Kimutattuk, hogy a ferrilHb kezelés aktiválja 

a p38 MAPK foszforilációját, melyet a kezelés 4 és 16. órája között fokozódó intenzitással 

detektáltunk (25A ábra) 170. A p38 MAPK aktiváció farmakológiai gátlószere a piridin 

imidazol (SB203580) jelentősen, mintegy 90%-ban gátolta a VCAM-1 expressziójának 

ferrilHb által előidézett fokozódását (25B ábra) 170. Továbbá a ferrilHb a JNK szignálútvonalat 

is aktiválta. A JNK1 és JNK2 foszforilációját 1 órával a ferrilHb kezelés megkezdése után 

tapasztaltuk, mely még a kezelés 16. órájában is fennállt (25C ábra) 170. A JNK aktiváció 

farmakológiai gátlása JNKi-1 inhibitorral  a ferrilHb által előidézett VCAM-1 választ mintegy 

felére csökkentette (25D ábra) 170. A farmakológiai gátlószerek mellett tapasztalt csökkent 

mértékű VCAM-1 válasz arra utal, hogy mind a p38 MAPK mint a JNK útvonal aktivációja 

fontos szerepet játszik a VCAM-1 expressziójának ferrilHb általi fokozódásában. Az 

inhibitorokkal nyert erdemények további alátámasztása céljából géncsendesítést végeztünk 

p38, JNK1 illetve JNK2 targetált siRNS-sel, és vizsgáltuk a ferrilHb VCAM-1 indukcióját. A 

p38, JNK1 és JNK2 expressziójának csökkentése a ferrilHb-nal kiváltott VCAM-1 válasz 

jelentős mértékű csökkenéséhez vezetett (25E-F ábra) 170. Ezek az eredmények azt bizonyítják, 

hogy a ferrilHb aktiválja a p38 MAPK és a JNK szignál transzdukciós útvonalakat, továbbá azt 

támasztják alá, hogy a p38 és JNK útvonalak aktivációja szerepet játszik a ferrilHb által 

indukált pro-inflammatórikus válaszban HUVECs-ben (25. ábra) 170.  
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25. ábra A p38 MAPK és a JNK útvonalak szerepe a VCAM-1 ferrilHb általi 

indukciójában. (A-D) Konfluens HUVECs-et ferrilHb-nal (20 μmol/L heme) kezeltünk. 

(A és C) A p-p38, p38, p-JNK1/2, JNK és α-tubulin protein expressziójának kimutatása 

Western Blot analízissel teljes sejt lizátumból. (B) HUVECs-et p38 MAPK inhibitorral (SB) 

vagy vehicle-lel kezeltük, majd ferrilHb-nal (20 μmol/L heme, 8 óra) kezeltük vagy nem 

kezeltük (kontroll). A VCAM-1 szint sejt alapú ELISA módszerrel meghatározva. (D) 

HUVECs-et JNK1/2 inhibitorral (JNKi-1) vagy vehicle-lel kezeltük, majd ferrilHb-nal (20 

μmol/L heme, 8 óra) kezeltük vagy nem kezeltük (kontroll). A VCAM-1 szint sejt alapú 

ELISA módszerrel meghatározva. (E-F) Konfluens HUVECs-et kontroll, p38, JNK1 vagy 

JNK2 targetált siRNS-sel transzfektáltunk. A kezeletlen és ferrilHb-nal kezelt (20 μmol/L 

heme, 8 óra) sejtek VCAM-1, p38, JNK1 és α-tubulin protein expressziójának kimutatása 

Western Blot analízissel teljes sejt lizátumból. Reprezentatív Western blot képek és 

kvantálás. Átlag ± SD, n = 3. 
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5.1.4.2. A hem endotélsejtekre kifejtett pro-inflammatórikus hatása 

A hem endotélsejtekre kifejtett pro-oxidáns hatását számos korai tanulmányban vizsgálták. 

Megállapították, hogy a hem önmagában nem idéz elő sejtpusztulást, azonban jelentősen 

fokozza a ROS endotélsejt toxicitást előidéző hatását 171. A hem pro-inflammatórikus hatásának 

feltérképezése a közelmúltban kezdődött, ebbe az irányvonalba illeszkedik a következőkben 

bemutatott munkánk.  

Dutra és munkatársai kimutatták, hogy a hem IL-1β termelést indukál makrofágokban az 

NLRP3/ASC/kaszpáz-1-et tartalmazó inflammaszóma komplex aktivációján keresztül 172. Az 

endotélsejtek rendelkeznek a veleszületett immunitás felismerő receptoraival, adaptor 

molekuláival és szignál transzdukciós útvonalaival, így az NLRP3 inflammaszóma aktiváció 

összes komponensével is. Ezért ebben a kísérletsorozatban azt vizsgáltuk, hogy a hem képes-e 

az NLRP3 inflamamszóma aktivációján keresztül IL-1β termelést indukálni endotélsejtekben.  

Kísérleteinkben HUVECs-et használtunk, és elsőként a hem hatását vizsgáltuk az NLRP3 

mRNS és fehérje expressziójára LPS-sel előkezelt illetve kezeletlen sejteken. Kimutattuk, hogy 

a hem dózisfüggő módon fokozza az NLRP3 mRNS expresszióját (26A ábra) 173 .  

 

 

Az LPS kezelés önmagában szintén előidézte az NLRP3 mRNS szintjének emelkedését, 

ugyanakkor az LPS előkezelés nem befolyásolta a hem által indukált NLRP3 mRNS 

26. ábra A hem hatása NLRP3 mRNS és fehérje expressziójára LPS-sel előkezelt és 

kezeletlen HUVECs-ben. (A) LPS-sel előkezelt (10 μg/mL, 24 óra) és nem előkezelt 

HUVECs-et hemmel kezeltünk (10, 25, 50 μmol/L; 1% FBS; 4 óra). NLRP3 mRNS qRT-

PCR módszerrel meghatározott GAPDH-ra normalizált expressziója. (B-C) LPS-el 

előkezelt (10 μg/mL, 24 óra) és nem előkezelt HUVEC-et hemmel (25 μmol/L; 1% FBS; 6 

óra) kezeltünk. NLRP3 és GAPDH protein expressziójának kimutatása Western blottal 

teljes sejt lizátumból. Reprezentatív Western blotok és kvantálás. Átlag ± SD, n=3. *p < 

0,05, **p < 0,01, ***p < 0,005 kontrollhoz viszonyítva.  
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szintemelkedést (26A ábra) 173. Ezzel párhuzamosan a hem és az LPS is erőteljesen, de nem 

szinergista módon fokozta az NLRP3 fehérje expresszióját HUVECs-ben (26B-C ábra) 173. 

Ezt követően a hem és az LPS hatását vizsgáltuk IL-1β mRNS és fehérje expressziójára. A 

HUVECs-et az előző kísérlethez hasonlóan LPS előkezelés után vagy előkezelés nélkül 

különböző koncentrációjú hemmel kezeltünk. Pozitív kontrollként ATP-t használtunk, melyről 

korábban kimutatták, hogy IL-1β szekréciót indukál LPS-sel előkezelt endotélsejtekben. 

Kimutattuk, hogy a hem 50 μmol/L koncentrációban kismértékben emeli a HUVECs IL-1β 

mRNS és szekretált IL-1β szintjét (27A-B ábra) 173. Az LPS fokozta az IL-1β mRNS 

expresszióját, de IL-1β szekréciót nem indukált (27A-B ábra) 173. Ugyanakkor az LPS 

előkezelés nagy mértékben fokozta mind az IL-1β mRNS expresszió emelkedését, mind a 

szekretált IL-1β mennyiségének növekedését HUVECs-ben (27A-B ábra) 173. A hem (10 

μmol/L) az ATP-hez hasonló mértékű emelkedést indukált az LPS-sel előkezelt sejtek IL-1β 

mRNS szintjében (27A ábra) 173.   

 

 

A hem egy protoporfirin IX és a porfiringyűrű 4 pirroljának nitrogén atomjai által 

koordinált vas komplexe. A szakirodalomban egymásnak ellentmondó eredmények láttak 

napvilágot arról, hogy a hem struktúrális integritása szükséges-e a hem általi inflammaszóma 

aktivációhoz vagy a hemet felépítő komponensek is képesek előidézni azt LPS-sel előkezelt 

makrofágokban. Így következő kísérletünkben megvizsgáltuk, hogy a PPIX illetve a vas-ion 

27. ábra A hem hatása IL-1β mRNS és fehérje expressziójára LPS-sel előkezelt és 

kezeletlen HUVECs-ben. (A) LPS-sel előkezelt (10 μg/mL, 24 óra) és nem előkezelt 

HUVECs-et hemmel (10, 25, 50 μmol/L, 1% FBS, 4 óra) vagy ATP-vel (5 mmol/L) 

kezeltünk. Az IL-1β mRNS expressziója qRT-PCR módszerrel meghatározva. (B) 

Szekretált IL-1β mennyisége a sejt felülúszóból ELISA módszerrel meghatározva. Átlag ± 

SD, n = 3. *p < 0,05, **p < 0,01, ***p < 0,005 kontrollhoz viszonyítva.  
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fokozza-e az IL-1β expresszióját LPS-sel előkezelt HUVECs-ben. Kimutattuk, hogy sem a 

PPIX, sem a szabad vas-ion nem indukálta az IL-1β mRNS szintjének emelkedését, és nem 

fokozta az IL-1β szekrécióját LPS-sel előkezelt HUVECs-ben (28. ábra) 173.  

 

 

 

 

 

 

 

Az NLRP3 inflammaszóma aktivációjának számos induktora ismert, melyek közös 

útvonalakon keresztül fejtik ki hatásukat. Ezen közös útvonalak egyike a ROS képződés 

fokozódása. Korábbi irodalmi adatokból ismert, hogy a hem és az LPS is fokozza a ROS 

képződését endotélsejtekben. Annak a kérdésnek a megválaszolása céljából, hogy a fokozott 

ROS termelés szerepet játszik-e a hem által indukált IL-1β termelésben, a sejteket az ismert 

glutation prekurzor N-acetilciszteinnel (NAC) kezeltük, és elsőként a ROS termelést 

vizsgáltuk.  Az LPS-sel és hemmel kezelt endotélsejtek ROS termelése több mint hatszorosára 

emelkedett a kontroll sejtekhez viszonyítva, melyet a NAC előkezelés jelentős mértékben 

meggátolt (29A ábra) 173. A ROS képződés csökkenésével párhuzamosan a NAC gátolta az 

LPS-sel és hemmel kiváltott IL-1β mRNS és fehérje expresszió fokozódását is (29B-C ábra) 

173.  

 

 

 

28. ábra A hem strukturális integritásának kritikus szerepe a hem-mediálta IL-1β 

indukcióban. A HUVECs-et LPS-sel (10 μg/mL, 24 óra) kezeltük elő és hemmel, PPIX-

cel, illetve FeSO4-tal (25 μmol/L) kezeltük. (A) IL-1β mRNS expresszió (4 óra). (B) A 

felülúszó IL-1β tartalma (24 óra). Átlag ± SD, n=3. ***p < 0,005. 
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Ismert, hogy a hemet kötő fehérjék, mint például a specifikus hemkötő fehérje a hemopexin 

(Hx), vagy az albumin, a hem pro-oxidáns hatásának jelentős részét blokkolni képesek. Így 

következő kísérletünkben azt vizsgáltuk, hogy az albumin gátolja-e a hem által indukált pro-

inflammatórikus válaszokat HUVECs-ben. A hemet albuminnal inkubáltuk, és a kialakult hem-

albumin komplex IL-1β expresszióra kifejtett hatását vizsgáltuk LPS-sel előkezelt, illetve 

kontroll HUVECs-en.  

 

29. ábra Az N-acetil cisztein (NAC) gátolja a hem-mediált ROS- és IL-1β-termelés 

fokozódását LPS-sel előkezelt HUVECs-ben. (A-C) Kontroll, illetve LPS-el előkezelt (10 

μg/mL, 24 óra) HUVEC-et hemmel kezeltünk (25 μmol/L) NAC (5 mmol/L) jelenlétében, 

illetve NAC nélkül. (A) A ROS képződése. (B) IL-1β mRNS expresszió (4 óra). (C) A 

felülúszó IL-1β tartalma (24 óra). Átlag ± SD, n = 3. **p < 0,01, ***p < 0,005. 
 

30. ábra Az albumin gátolja a hem-mediált ROS- és IL-1β-termelés fokozódását LPS-

sel előkezelt HUVECs-ben. (A-C) Kontroll, illetve LPS-el előkezelt (10 μg/mL, 24 óra) 

HUVEC-et hemmel illetve hem-albuminnal (H-A) kezeltünk (25 μmol/L). (A) IL-1β mRNS 

expresszió (4 óra). (B) A felülúszó IL-1β tartalma (24 óra). (C) A ROS képződése. Átlag ± 

SD, n = 3. *p < 0,05, **p < 0,01, ***p < 0,005. 
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A szabad hemmel ellentétben a H-A nem váltotta ki se az IL-1β mRNS szint emelkedését, 

se az IL-1β szekrécióját LPS-sel előkezelt HUVECs-ben (30A-B ábra). Ezt követően 

vizsgáltuk az albuminnal való komplexálás hatását a hem pro-oxidáns viselkedésére, és 

megállapítottuk, hogy a H-A a hemmel ellentétben nem fokozta az LPS-sel előkezelt HUVECs 

ROS termelését (30C ábra). 

Hemolízist követően az extracelluláris Hb oxidációja révén különböző oxidáltsági állapotú 

Hb formák képződnek, melyek közös jellemzője, hogy a hemet gyengébben kötik, mint a Hb. 

Ennek következtében az oxidált Hb formákból a hem kiszabadul, így potenciális hem forrásnak 

tekinthetők. Következő kísérleteinkben azt vizsgáltuk, hogy a különböző Hb redox formák 

indukálnak-e IL-1β képződést LPS-sel előkezelt HUVECs-ben. Elsőként a különböző Hb redox 

formák hem oxigenáz-1 (HO-1) indukáló képességét vizsgáltuk. A HUVECs-et Hb-nal, metHb-

nal, ferrilHb-nal és hemmel kezeltük 25 μmol/L hem koncentrációban. A legmarkánsabb 

emelkedést a hem idézte elő, ugyanakkor a metHb és a ferrilHb is szignifikáns mértékben 

megemelte a HO-1 mRNS és fehérje expresszióját (31A-C ábra).  

31. ábra Az oxidált Hb formák fokozzák a HO-1 expressziót HUVECs-ben. (A-C) 

HUVECs-et kezeltünk hemmel, Hb-nal, metHb (MHb)-nal és ferrilHb (FHb)-nal (25 

μmol/L). (A) HO-1 mRNS expresszió (4 óra). (B) HO-1 és GAPDH protein expressziójának 

kimutatása Western blottal teljes sejt lizátumból. Reprezentatív Western blotok és 

kvantálás. Átlag ± SD, n = 3. ***p < 0,005. 
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A ROS képződés kritikus szerepet tölt be az IL-1β képződés hem átali indukciójában, ezért 

a következő kísérletben azt vizsgáltuk, hogy a különböző oxidáltsági állapotú Hb formák 

hogyan befolyásolják az intracelluláris ROS képződését. A Hb formákat két koncentrációban 

(25 és 250 μmol/L) vizsgálva azt tapasztaltuk, hogy a hem már alacsony, ugyanakkor a metHb 

és ferrilHb csak magas koncentrációban fokozza a HUVECs ROS termelését (32A-B ábra). A 

natív Hb még magas koncentrációban sem indukált ROS képződést a sejtekben (32A-B ábra). 

 

Ezt követően vizsgáltuk, hogy a különböző Hb redox formák indukálnak-e IL-1β 

termelődést LPS-sel előkezelt HUVECs-ben. Megállapítottuk, hogy a Hb formák még magas 

koncentrációban (250 µmol/L) sem fokozták az LPS-sel előkezelt HUVEC IL-1β mRNS 

expresszióját (33. ábra).  

 

32. ábra Az oxidált Hb formák fokozzák a ROS termelést HUVECs-ben. (A-B) 

HUVECs-et kezeltünk (A) 25 μmol/L, illetve (B) 250 μmol/L hemmel, Hb-nal, metHb 

(MHb)-nal és ferrilHb (FHb)-nal. ROS termelés mérése 3 órán keresztül. Átlag ± SD, n = 

3. **p < 0,01, ***p < 0,005, kontrollhoz viszonyítva. 
 

33. ábra Hb redox formák 

hatása HUVECs IL-1β 

mRNS szintjére. LPS-sel (10 

µg/mL) előkezelt HUVECs-et 

25 illetve 250 μmol/L hemmel, 

Hb-nal, metHb-nal és ferrilHb 

(FHb)-nal kezeltünk. IL-1β 

mRNS GAPDH-ra normalizált 

expressziója. Átlag ± SD, n = 3. 

***p < 0,005. 
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5.1.4.3. Az oxidált Hb formák szerepe makrofágok IL-1β termelésében 

Dutra és munkatársai kimutatták, hogy a hem NLRP3 inflammaszóma aktivációt és aktív 

IL-1β termelődést okoz LPS-sel előkezelt makrofágokban 172. A gyulladásos citokinek és a 

makrofágok jelentős szerepet töltenek be az érelmeszesedéses plakk progressziójában, és egy 

komplikált bevérzett plakk mikrokörnyezetében számolnunk kell a makrofágok, valamint a 

különféle Hb redox formák együttes jelenlétével. Így a következőkben vizsgáltuk a Hb redox 

formák esetleges szerepét makrofágok IL-1β termelésében 174. Kimutattuk, hogy a hem mellett 

az összes Hb forma dózisfüggő módon előidézte az IL-1β mRNS szintjének emelkedését LPS-

sel előkezelt RAW 264.7 makrofágokban (34A ábra) 174. A Hb formák közül a ferrilHb hatása 

volt a legerősebb. Az IL-1β mRNS szint emelkedésén túl a hem és a ferrilHb az aktív IL-1β 

szekrécióját is stimulálta LPS-sel előkezelt RAW264.7 sejtekben (34B ábra) 174.   

 

 

Kísérletünket egér csontvelő eredetű makrofágokon (BMDM) megismételve hasonló 

eredményt kaptunk. A hem, illetve a ferrilHb IL-1β termelődést indukált LPS-sel előkezelt 

BMDM-ben, ugyanakkor a natív Hb-nak és a metHb-nak nem volt ilyen hatása (35. ábra) 174.  

 

34. ábra Az oxidált Hb formák hatása IL-1β mRNS és fehérje expressziójára LPS-sel 

előkezelt RAW264.7 sejtekben. (A-B) A RAW264.7 sejteket LPS-sel előkezeltük (10 

µg/mL, 24h) majd hemmel (25 μmol/L) illetve különböző Hb redox formákkal kezeltünk 

(25-150 μmol/L). (A) IL-1β mRNS expresszió (4h). (B) A felülúszó IL-1β koncentrációja 

(6h). Átlag ± SD, n = 3. *p < 0,05, **p < 0,01, ***p < 0,005 LPS-sel előkezelt sejtekhez 

viszonyítva, ###p < 0,005, kontroll sejtekhez viszonyítva.  
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5.1.4.4. Az NLRP3 szerepe a hem és Hb formák álta okozott IL-1β indukcióban 

Ezt követően az NLRP3 szerepét vizsgáltuk a hem és a különböző Hb redox formák által 

indukált IL-1β képződésben in vivo kísérleti rendszerben. Az NLRP3 fehérje integráns része az 

NLRP3 inflammaszóma komplexnek, melyen a kaszpáz-1 enzim hasítása és aktivációja 

bekövetkezik. Az aktiválódott kaszpáz-1 hasítja a pro-IL-1β-t melynek eredménye a 

szekrécióra alkalmas aktív IL-1β p20 fragment képződése.  

Elsőként azt vizsgáltuk, hogy a hem illetve a különböző Hb redox formák előidézik-e a 

kaszpáz-1 aktivációját in vivo egerekben. Ehhez vad típusú C57BL/6 egerek (WT) hasüregébe 

hemet vagy különböző redox állapotú Hb formákat (300 nmol/egér) vagy PBS-t (kontroll) 

injektáltunk, és vizsgáltuk a kaszpáz-1 enzim aktivációja során keletkező 20 kDa (p20) méretű 

aktív kaszpáz-1 expresszióját, és az IL-1β hasítása során létrejövő aktív IL-1β p20 fragment 

jelenlétét máj mintákban. Kimutattuk, hogy a kaszpáz-1 aktivációját a hem és mindegyik Hb 

forma indukálta, bár eltérő mértékben (36A ábra) 174. A legerősebb induktornak a ferrilHb 

bizonyult, melynek hatására a kaszpáz-1 p20 szintje a kontroll mintegy nyolcszorosára 

emelkedett, melyet a hem és a metHb követett (36A ábra) 174. A leggyengébb induktor a Hb 

volt (36A ábra) 174. Ezzel összhangban az aktív IL-1β p20 fragment expressziója a ferrilHb-

nal kezelt egerekben volt a legmagasabb, és ezen kívül emelkedett volt még a hemmel, illetve 

kis mértékben a metHb-nal kezelt egerek májában is (36B ábra) 174.  

 

 

 

 

35. ábra Az oxidált Hb formák 

hatása IL-1β fehérje 

expressziójára LPS-sel előkezelt 

BMDM sejtekben. A BMDM 

sejteket LPS-sel előkezeltük (10 

µg/mL, 24h), majd hemmel (25 

μmol/L), illetve különböző Hb 

redox formákkal kezeltük (150 

μmol/L). A felülúszó IL-1β 

koncentrációja (6h). Átlag ± SD, n 

= 3. **p < 0,01, ***p < 0,005 

kontroll sejtekhez viszonyítva.  
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Feltételeztük, hogy a hem, illetve a Hb redox formák általi kaszpáz aktiváció az NLRP3 

inflammaszóma platformon ment végbe. Így az NLRP3 szerepének bizonyítása céljából WT és 

NLRP3-/- egerek hemre, valamint ferrilHb-ra adott reakcióját vizsgáltuk. Elsőként WT és 

NLRP3-/- egerek hasüregébe hemet (300 nmol/egér) vagy PBS-t (kontroll) injektáltunk, és 

vizsgáltuk a kaszpáz-1 enzim aktivációját és az aktív IL-1β keletkezését.  

A kaszpáz p20 szintje a hemmel kezelt WT egerekben a kontroll egerekhez képest mintegy 

ötszörösére emelkedett, ugyanakkor a hemmel kezelt NLRP3-/- egerek májában kaszpáz 

aktivációt nem tapasztaltunk (37A, B ábra) 174. Az NLRP3 inflammaszóma komplex 

aktivációjának következtében az aktív kaszpáz-1 hasítja a pro-IL-1β-t, melynek következtében 

kialakul a 20 kDa méretű aktív IL-1β, melynek jelenlétét kimutattuk a hemmel kezelt WT 

egerek májmintáiban (37A, C ábra) 174. Ezzel szemben, a hemmel kezelt NLRP3-/- egerek 

májában aktív IL-1β-t nem tudtunk kimutatni (37A, C ábra) 174. 

36. ábra A hem és Hb redox formák hatása kaszpáz-1 aktivációjára és aktív IL-1β 

képződésére in vivo. C57BL/6 (WT) egerek hasüregébe hemet vagy különböző redox 

állapotú Hb-t (300 nmol heme/egér) illetve PBS-t injektáltunk. Kaszpáz-1 IL-1β és GAPDH 

expressziója máj lizátumban (16 óra, 20 µg fehérje/minta). Reprezentatív Westerm blot és 

kvantálása. Átlag ± SD, n = 3. *p < 0,05, ***p < 0,005. 
 

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



67 
 

 

 

Végezetül a ferrilHb hatását is megvizsgáltuk az aktív IL-1β termelődésre NLRP3-/- 

egerekben. Pozitív kontrolként LPS-t használtunk. Kimutattuk, hogy a ferrilHb az LPS-hez 

hasonló módon fokozta az IL-1β aktív p20-as fragmentjének a képződsét WT egérben, 

ugyanakkor ez a hatás NLRP3-/- egerekben elmaradt (38. ábra) 174.  

37. ábra Az NLRP3 szerepe az IL-1β hem-mediálta indukciójában. (A) C57BL/6 (WT) 

és NLRP3-/- egerek hasüregébe hemet (300 nmol), illetve PBS-t (Ctrl) injektáltunk. A 

kaszpáz és az IL-1β expresszióját májmintákban vizsgáltuk Western blot analízissel (16 óra, 

20 µg/minta). A membránt újra jelöltük GAPDH antitesttel. (A) Kaszpáz-1, IL-1β és 

GAPDH kimutatása máj lizátumból. Reprezentatív Western blottok. (B-C) Aktív kaszpáz-

1 és IL-1β GAPDH-ra normalizált expressziója. Átlag ± SD, n = 3. *p < 0,05, **p < 0,01, 

***p < 0,005. 
 

38. ábra Az NLRP3 szerepe az IL-1β ferrilHb-mediálta indukciójában. (A) C57BL/6 

(WT) és NLRP3-/- egerek hasüregébe PBS-t (Ctrl), ferrilHb-t (FHb, 300 nmol hem/egér), 

illetve LPS-t (100 µg/egér) injektáltunk. IL-1β expressziója máj lizátumban (20 óra, 20 

µg/minta). A membránt újra jelöltük β-aktin antitesttel. Reprezentatív Western blottok. (B-

C) Aktív IL-1β p20 β-aktin-ra normalizált expressziója. Átlag ± SD, n = 3. **p < 0,01, ***p 

< 0,005. 
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5.2. Az Nrf2/HO-1/ferritin antioxidáns rendszer jelentősége a kardiovaszkuláris 

rendszert érintő kalcifikációban 

A kardiovaszkuláris rendszer kalcifikációja leggyakrabban a nagy és közepes méretű 

ereket, illetve a szívbillenytűket érinti. A vaszkuláris kalcifikáció hátterében a vaszkuláris 

simaizomsejtek (VSMCs), a billentyű kalcifikáció hátterében pedig a billentyű intersticiális 

sejtek (VICs) oszteokondrogén irányú transzdifferenciálódása áll. Az oszteokondrogén 

differenciálódás egy, a csont- és porcképződéshez hasonló, szigorúan szabályozott folyamat, 

melynek számos induktora és inhibitora ismert. Mi a hem hatását vizsgáltuk humán aorta 

VSMCs és VICs kalcifikációjára.  

5.2.1. A hem és a hem degradációs termékek hatása vaszkuláris simaizomsejtek 

oszteokondrogén differenciálódására és kalcifikációjára 

A vaszkuláris kalcifikáció in vitro modellezésére humán aorta simaizomsejteket kontroll, 

illetve oszteogén körülmények között tartottuk. Az oszteogén körülményeket (OM) a 

tápfolyadékhoz adott szervetlen foszfáttal (3 mmol/L) biztosítottuk. Az OM körülmények 

között tartott VSMCs kalcifikálódott, melyet von Kossa festéssel mutattunk ki a kezelés 

kilencedik napján (39A ábra) 175. Ezzel szemben 50 µmol/L hem jelenlétében a kalcifikáció 

egyáltalán nem következett be (39A ábra) 175. A von Kossa festéssel nyert eredmény 

megerősítése céljából a következőkben meghatároztuk az extracelluláris mátrix kalcium 

tartalmát a kezelés kilencedik napján.  

 

39. ábra. A hem gátolja a VSMCs foszfát-mediálta kalcifikációját. Konfluens VSMCs-

et kontroll (Ctrl), illetve oszteogén körülmények (3 mmol/L foszfát, OM) között tartottuk 

hem (5, 25 és 50 µmol/L) hiányában vagy jelenlétében. (A) Reprezentatív von Kossa festés 

(9. nap). (B) A kalcium akkumulációja az extracelluláris mátrixban (9. nap). Átlag ± SD, n 

= 3.  **p < 0,01, ****p < 0,001.  
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A kontroll körülmények között tartott sejtek extracelluláris mátrix kalcium szintje nem 

változott a kísérlet alatt (39B ábra) 175. Ugyanakkor magas extracelluláris mátrix kalcium 

szintet mértünk az OM körülmények között tartott sejtekben (39B ábra) 175. A hemet 5, 25 és 

50 µmol/L koncentrációban alkalmaztuk, és megfigyeltük, hogy a hem dózisfüggő módon 

gátolta a kalcium akkumulációt (39B ábra) 175.  

Következő kísérletünkben a hem hatását vizsgáltuk a HO-1 enzim mRNS és fehérje 

expressziójára, valamint enzim aktivitására. A kontroll és oszteogén (OM) körülmények között 

tartott VSMCs-et hemmel kezeltük. A hem hatására kontroll és oszteogén körülmények között 

is mintegy nyolcszorosára emelkedett a HO-1 mRNS expressziója (40A ábra) 175. Ezzel 

egyidejűleg a HO-1 fehérje expressziója és enzimaktivitása is jelentősen fokozódott (40B-C 

ábra) 175.   

 

A hem HO-1 általi degradációja során ekvimoláris mennyiségű biliverdin, vas-ion és szén-

monoxid (CO) képződik. A biliverdint a biliverdin reduktáz bilirubinná alakítja. A következő 

kísérletünkben azt vizsgáltuk, hogy a hem degradációs termékek befolyásolják-e a VSMCs 

foszfáttal indukált kalcifikációját. A VSMCs-et oszteogén körülmények között tartottuk 

biliverdin (BV) bilirubin (BR), CO illetve Fe(II) jelenlétében, és vizsgáltuk a kalcium 

akkumulációját a sejtek extracelluláris mátrixában. A Fe(II) 50 µmol/L koncentrációban a 

hemhez hasonló mértékben gátolta a VSMCs kalcifikációját (41. ábra) 175. Ezen kívül a BV 

esetében találtunk kisebb mértékű kalcifikáció gátlást, a többi hem degradációs termék azonban 

nem befolyásolta a VSMCs magas foszfáttal indukált kalcifikációját (41. ábra) 175.     

40. ábra. A hem fokozza a HO-1 expresszióját VSMCs-ben. Konfluens VSMCs-et 

kontroll (Ctrl), illetve oszteogén körülmények (3 mmol/L foszfát, OM) között tartottuk hem 

(50 µmol/L) hiányában vagy jelenlétében. (A) HO-1 mRNS expresszió (4 óra). (B) HO-1 

és GAPDH fehérje expresszió teljes sejt lizátumból (12 óra). Reprezentatív Western blot. 

(C) HO-1 enzim aktivitás (12 óra). Átlag ± SD, n = 3. ****p < 0,001.  

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



70 
 

 

 

 

 

 

Az extracelluláris mátrix kalcifikációjának hátterében a VSMCs oszteokondrogén irányú 

differenciálódása áll, mely folyamat az oszteogén markerek szintjének mérésével is 

nyomonkövethető. Így következő kísérletünkben a csontspecifikus alkalikus foszfatáz (ALP) 

enzimaktivitását, valamint a csontszövetben nagy mennyiségben előforduló nem kollagén 

típusú kalcium kötő fehérje, az oszteokalcin (OCN) szintjét határoztuk meg hemmel és a hem 

degradáció termékeinek jelenlétében oszteogén tápfolyadékkal kezelt VSMCs-ben.      

 

 

41. ábra. A hem degradációs termékek hatása a VSMCs magas foszfáttal indukált 

kalcifikációjára. Konfluens VSMCs-et kontroll (Ctrl), illetve oszteogén körülmények (3 

mmol/L foszfát, OM) között tartottuk hem (50 µmol/L), biliverdin (BV, 50 µmol/L), 

bilirubin (BR, 50 µmol/L), CO (1%) vagy Fe(II) (50 µmol/L) jelenlétében.  A kalcium 

akkumulációja az extracelluláris mátrixban (9. nap). Átlag ± SD, n = 3.  *p < 0,05, ****p < 

0,001.  

42. ábra. A hem degradációs termékek hatása a VSMCs magas foszfáttal indukált 

oszteokondrogén differenciálódására. Konfluens VSMCs-et kontroll (Ctrl), illetve 

oszteogén körülmények (3 mmol/L foszfát, OM) között tartottuk hem (50 µmol/L), 

biliverdin (BV, 50 µmol/L), bilirubin (BR, 50 µmol/L), CO (1%) vagy Fe(II) (50 µmol/L) 

jelenlétében. (A) Alkalikus foszfatáz (ALP) akivitás. (B) Az extracelluláris mátrix 

oszteokalcin (OCN) koncentrációja (9. nap). Átlag ± SD, n = 3.  ****p < 0,001.  
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A Fe(II) a hemhez hasonló mértékben gátolta a VSMCs ALP aktivitásának magas foszfáttal 

indukált emelkedését, és az OCN akkumulációját az extracelluláris mátrixban (42. ábra) 175. 

Ezzel szemben a többi hem degradációs termék nem befolyásolta az oszteokondrogén markerek 

foszfáttal indukált emelkedését.  

A hem degradációja során szabaddá váló vas a ferritin vastároló fehérjében raktározódik 

katalitikusan inaktív formában. Ezért felmerült a kérdés, hogy a vas gátló hatásában szerepet 

játszhat-e a ferritin. Vizsgáltuk az apoferritin (ApoFt), illetve a ferritin H (FtH) és L (FtL) 

láncának, valamint a FtH lánc ferroxidáz aktivitás nélküli mutációjának (FtHMu) a VSMCs 

kalcifikációra gyakorolt hatását (43. ábra) 175.   

 

 

 

 

 

 

 

 

 

Kimutattuk, hogy míg az apoFt és a FtH jelentős mértékben, addig a FtL alegysége csekély 

mértékben gátolja a VSMCs magas foszfáttal indukált kalcifikációját és az oszteogén markerek 

szintjének emelkedését (43. ábra) 175. A FtH ferroxidáz aktivitás nélküli mutálódott formája 

ugyanakkor nem gátolta a kalcifikációt, ami a ferroxidáz aktivitás jelentőségére utalhat a 

kalcifikáció gátlásában (43. ábra) 175.  

43. ábra. A ferrittin és alegységeinek hatása a VSMCs magas foszfáttal indukált 

oszteokondrogén differenciálódására és kalcifikációjára. Konfluens VSMCs-et kontroll 

(Ctrl), illetve oszteogén körülmények (3 mmol/L foszfát, OM) között tartottuk apoferritin 

(ApoFt), FtH, FtHMu vagy FtL jelenlétében (2 mg/mL). (A) A kalcium akkumulációja az 

extracelluláris mátrixban (9. nap). (B) Alkalikus foszfatáz (ALP) akivitás. (C) Az 

extracelluláris mátrix oszteokalcin (OCN) koncentrációja (9. nap). Átlag ± SD, n = 3.  *p < 

0,05, ****p < 0,001.  
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5.2.2. Az Nrf2/HO-1 rendszer és a hem degradációs termékek hatása VIC oszteokondrogén 

differenciálódására és kalcifikációjára 

A szívbillentyű kalcifikációjának hátterében a VICs oszteokondrogén transz-

differenciálódása áll. Korábbi VSMCs-en végzett kísérleteinkben kimutattuk, hogy a hem a 

HO-1/ferrtitin rendszer aktivációján keresztül gátolja a VSMCs foszfáttal indukált 

kalcifikációját. Ugyanakkor ismert, hogy a hem erőteljes induktora az Nrf2 stressz-szenzitív 

antioxidáns mechanizmusnak. Szakirodalmi adatok az Nrf2 protektív hatását irták le VSMCs 

kalcifikációjában. Mindezen tények ismeretében a következőkben az Nrf2 rendszert hemmel 

indukáltuk, és vizsgáltuk ennek hatását a VICs kalcifikációjára. Az általunk alkalmazott in vitro 

kalcifikációs modellben a kalcifikációt a tenyésztő tápfolyadékhoz adott foszfáttal (P) és 

kalciummal indukáltuk.  

 

44. ábra. A foszfát és a kalcium hatása VIC kalcifikációjára. Konfluens VICs-et normál 

tápfolyadékban illetve foszfáttal (P, 1,5; 2,0; 2,5 mmol/L) és kalciummal (Ca, 0,3; 0,6; 1,2 

mmol/L) kiegészített tápfolyadékban tartottunk. (A-B) A Ca akkumulációja az 

extracelluláris mátrixban. (A) Reprezentatív AR festés és kvantálása (7. nap). (B) Az 

extracelluláris mátrix Ca tartalma (7. nap). (C) A sejtek viabilitása (7. nap). Átlag ± SD, n 

= 3.  *p < 0,05, **p < 0,01, ***p < 0,005 ****p < 0,001.  
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A magas kalcium és foszfát szinergista módon idézte elő a VICs extracelluláris mártix 

kalciifkációját, amit alizarin vörös festéssel és az extracelluláris mátrix kalcium szintjének 

mérésével mutattunk ki (44A-B ábra) 176. Azt is vizsgáltuk, hogy a kalcifikáció befolyásolja-e 

a sejtek életképességét, és megállapítottuk, hogy a foszfát és a kalcium együttes jelenléte magas 

koncentrációban (≥ 2 mmol/L P és ≥ 0,6 mmol/L Ca) dózisfüggő módon jelentős mértékben 

csökkentette a VICs viabilitását (44C ábra) 176.  

Ezen eredmények ismeretében egy olyan foszfát és kalcium koncentráció párosítást 

alkalmaztunk következő kísérleteinkben oszteogén körülményként (OM: 2.5 mmol/L P és 0.3 

mmol/L Ca), mely robosztus kalcifikációt indukál, de a sejtek viabilitását nem csökkenti. A 

hem hatását oszteogén körülmények mellett 1-50 µmol/L koncentrációtartományban 

vizsgáltuk.  

45. ábra. A hem hatása VICs kalcifikációjára. Konfluens VICs-et normál, illetve 

oszteogén tápfolyadékban (OM, P: 2,5 mmol/L, Ca: 0,3 mmol/L) tartottunk hem 

jelenlétében (0-50 µmol/L). (A) Reprezentatív AR festés és kvantálása (5. nap). (B) Az 

extracelluláris mátrix Ca tartalma (5. nap). (C) A sejtek ALP és β-aktin expressziója teljes 

sejt lizátumban. Reprezentatív Western blotok és kvantálás (3. nap). (D) OCN fehérje 

EDTA-val szolubilizált extracelluláris mátrix mintákban (5. nap). Átlag ± SD, n = 3. *p < 

0,05, **p < 0,01, ***p < 0,005, ****p < 0,001.  
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Alizarin vörös festéssel és az extracelluláris mátrix kalcium tartalmának mérésével 

kimutattuk, hogy a hem dózisfüggő módon gátolja a VICs kalcifikációját (45A-B ábra) 176. 

Ezen kívül kimutattuk, hogy a hem dózisfüggő módon gátolja az oszteokondrogén 

differenciálódás két markerének, az ALP és OCN fehérjéknek az oszteogén stimulus általi 

fokozódását (45C-D ábra) 176.  

A hem egy pro-oxidáns molekula, mely indukálja az Nrf2 antioxdáns védelmi 

mechanizmust. Feltételeztük, hogy a hem anti-kalcifikációs hatásának hátterében ez a stressz-

adaptációs mechanizmus és annak kulcsfehérjéi, az Nrf2 és a HO-1 állhatnak. Ezért következő 

kísérletünkben az Nrf2/HO-1 rendszer hem általi aktiválódását vizsgáltuk VICs-ben. 

Várakozásunknak megfelelően a hem az 5-50 µmol/L koncentrációtartományban fokozta az 

Nrf2 és HO-1 mRNS és fehérje expresszióját VICs-ben oszteogén körülmények között (46. 

ábra) 176.   

 

46. ábra. A hem hatása Nrf2 és HO-1 mRNS és fehérje expressziójára. Konfluens VICs-

et normál, illetve oszteogén körülmények között (OM, P: 2,5 mmol/L, Ca: 0,3 mmol/L) 

hemmel kezeltük (5-50 µmol/L). (A-B) Nrf2 és HO-1 HPRT-re normalizált mRNS 

expressziója (4 óra). (C) A sejtek Nrf2, HO-1 és β-aktin expressziója teljes sejt lizátumban 

(12 óra). Reprezentatív Western blotok és kvantálás. Átlag ± SD, n = 3. **p < 0,01, ****p 

< 0,001.  
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Az Nrf2 útvonal és a HO-1 enzimaktivitás specifikus inhibitorait alkalmazva a 

következőkben azt vizsgáltuk, hogy a hem általi protektív hatás eléréséhez szükséges-e az Nrf2 

útvonal és a HO-1 enzim aktivitása.  

 

Az Nrf2 inhibitor hiányában a hem az előzőekhez hasonlóan gátolta a VICs kalcifikációját, 

ugyanakkor ML385 jelenlétében a hem teljes mértékben elveszítette a kalcifikáció gátlásának 

képességét (47A-B ábra) 176. Hasonló eredményre jutottunk a HO-1 enzim inhibitorok 

alkalmazása esetén; SnPP illetve ZnPP jelenlétében a HO-1 enzimaktivitás gátlása mellett a 

kalcifikáció hem jelenlétében is bekövetkezett (47C-D ábra) 176. Ezek az eredmények arra 

utalnak, hogy a HO-1 Nrf2-által szabályozott indukciója és a HO-1 enzimaktivitása szükséges 

ahhoz, hogy a hem kifejthesse kalcifikációt gátló hatását. Feltételeztük tehát, hogy a hem 

protektív hatásáért a hem degradációja során felszabaduló metabolit, vagy metabolitok lehetnek 

a felelősök. Így a következő kísérletünkben a hem degradációs termékek (bilirubin, Fe és CO) 

kalcifikációra gyakorolt hatását vizsgáltuk. 

47. ábra. Az Nrf2 és a HO-1 szerepe a hem anti-kalcifikációs hatásmechanizmusában. 

Konfluens VICs-et előkezeltünk (A-B )ML385 (10 µmol/L) Nrf2 inhibitorral vagy (C-D) 

SnPP (10 µmol/L), illetve ZnPP (10 µmol/L) HO-1 inhibitorokkal  3 órán keresztül, majd 

kontroll (Ctrl), OM (P: 2,5 mmol/L, Ca: 0,3 mmol/L), OM+hem (10 µmol/L) körülmények 

között tartottuk. (A és C) Reprezentatív AR festés és kvantálása (5. nap). (B és D) Az 

extracelluláris mátrix Ca tartalma (5. nap). Átlag ± SD, n = 3. *p < 0,05, **p < 0,01, ****p 

< 0,001.  
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A VICs kalcifikációját oszetogén tápfolyadékkal indukáltuk bilirubin (BR, 5-50 µmol/L), 

Fe (5-50 µmol/L), illetve CO (5-50 µmol/L) jelenlétében, mely utóbbit CORM2 formában 

juttattunk a sejtekbe. A kezelés ötödik napján AR festést végeztünk, melynek eredménye 

48. ábra. A hem degradációs termékek hatása VICs kalcifikációjára. Konfluens VICs-

et kontroll (Ctrl), illetve oszteogén körülmények (OM) között tartottuk bilirubin (BR, 5-50 

µmol/L), Fe(II) (5-50 µmol/L), illetve CO donor CORM2 (CO 5-50 µmol/L jelenlétében. 

(A-C) Reprezentatív AR festés és kvantálása (5. nap). (D-F) Az extracelluláris mátrix Ca 

tartalma (5. nap). (G-I) Konfluens VICs-et kontroll (Ctrl) illetve oszteogén körülmények 

(OM) között tartottuk hem (50 µmol/L), BR (50 µmol/L), Fe(II) (50 µmol/L), illetve CO 

donor (50 µmol/L) jelenlétében. (G) Az extracelluláris mátrix OCN tartalma (5. nap). (H-I) 

SOX9 és OPN HPRT-ra normalizált mRNS expressziója (72 óra). Átlag ± SD, n = 3. *p < 

0,05, **p < 0,01, ***p < 0,005, ****p < 0,001.  
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alapján megállapítottuk, hogy eltérő hatékonysággal ugyan, de mindhárom hem degradációs 

termék gátolta a VICs kalcifikációját (48A-C ábra) 176. Legerőlteljesebb hatása a BR-nak volt, 

mely 50 µmol/L koncentrációban teljesen gátolta a kalcifikációt. A vas gátló hatása 25 µmol/L 

koncentrációban vált szignifikánssá, de még 50 µmol/L koncentrációban is csak részlegesen 

gátolta a VICs kalcifikációját (48A-C ábra) 176. Leggyengébb kalcifikációt gátló hatása a CO-

nak volt, melynek 50 µmol/L-es koncentrációja részleges gátlást okozott (48A-C ábra) 176. Az 

AR festéssel nyert eredményeket az extracelluláris mátrix kalcium szintjének mérése is 

megerősítette (48D-F ábra) 176. Ez után a hem degradációs termékek hatását vizsgáltuk az OCN 

expressziójára. Az oszteogén stimuláció az OCN szint jelentős megemelkedését indukálta, 

mely növekedést a hem és a BR teljesen, a Fe és a CO részlegesen gátolta 50 µmol/L-es 

koncentrációban (48G ábra) 176. Ezen kívül a hem és a BR gátolta az oszteokondrogén 

differenciálódást szabályozó transzkripciós faktor SOX9, és a csont-asszociált glikoprotein 

oszteopontin (OPN) mRNS expressziójának oszteogén stimulus általi emelkedését, ugyanakkor 

a Fe és CO esetén nem tapasztaltunk gátlást (48H-I ábra) 176.  

Korábbi munkánkban kimutattuk, hogy a ferritin jelentős szerepet játszik a hem 

antikalcifikációs hatásmechanizmusában VSMCs-ben. Ezért a ferritin hatását VICs sejteken is 

vizsgáltuk. Kimutattuk, hogy a hem dózisfüggő módon fokozza a ferritin mindkét alegységének 

a FtH-nak és a FtL-nek az expresszióját VICs-ben (49A ábra) 176. A ferritin exogén módon 

adva dózisfüggő módon gátolja a sejtek kalcifikációját, melyet AR festéssel és az extracelluláris 

mátrix kalcium szintjének meghatározásával mutattunk ki (49B-C ábra) 176.   
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49. ábra. A ferritin hem általi indukciója és az exogén ferritin hatása VICs 

kalcifikációjára. Konfluens VICs-et kontroll (Ctrl), illetve oszteogén körülmények (OM) 

között tartottuk és hemmel (1-50 µmol/L) kezeltünk. (A) A FtH, FtL és β-aktin fehérjék 

expressziója teljes sejt lizátumban (12 óra). Reprezentatív Western blotok. (B-C) VICs-et 

kontroll (Ctrl), illetve oszteogén körülmények (OM) között tartottuk ferritin jelenlétében 

(1-1000 µg/mL). (B) Reprezentatív AR festés és kvantálása (5. nap). (B) A kalcium 

akkumulációja az extracelluláris mátrixban (5. nap). Átlag ± SD, n = 3.  *p < 0,05, **p < 

0,01, ****p < 0,001.  
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5.3. A hipoxia szerepe vaszkuláris kalcifikációban 

5.3.1. A hipoxia szerepe vaszkuláris simaizomsejtek oszteokondrogén irányú 

differenciálódásában, és az extracelluláris mátrix kalcifikációjában  

A hipoxia kalcifikációra gyakorolt hatásának vizsgálatát a humán aorta VSMCs hipoxiára 

adott válaszkészségének tanulmányozásával kezdtük. A VSMCs-et hipoxiás (5% O2, H) 

kamrába helyeztük, illetve különféle hipoxia mimetikumokkal (CoCl2, CC (200 µmol/L), 

desferrioxamin (DFO, 20 µmol/L) és 2,2’-bipyridyl (BP, 100 µmol/L) kezeltük.  

 

Kimutattuk, hogy a normoxiához viszonyítva a hipoxia és valamennyi hipoxia mimetikum 

fokozta a HIF-1α expresszióját (50A-B ábra) 177. E mellett a hipoxia és a hipoxia mimetikumok 

50. ábra. A hipoxia és a hipoxia mimetikumok fokozzák a HIF-1α, a Glut1 és a VEGFA 

fehérje expresszióját VSMCs-ben. (A-D) Konfluens VSMCs-et normoxiás (N, 21% O2) 

vagy hipoxiás (H, 5% O2) körülmények között tartottuk, vagy hipoxia mimetkiumokkal 

CoCl2 (CC, 200 µmol/L), desferrioxamin (DFO, 20 µmol/L), bipyridyl (BP, 100 µmol/L) 

kezeltük. (A) HIF-1α, Glut-1 és β-aktin protein expressziójának kimutatása Western Blot 

analízissel teljes sejt lizátumból 12 órás kezelést követően. Reprezentatív Western blot 

képek 3 független kísérletből. (B és C) A HIF-1α és a Glut1 β-aktin-ra normalizált normoxia 

kontrollhoz viszonyított relatív expressziója. (D) VEGFA szintek a kezelt sejtek 

felülúszójában ELISA módszerrel mérve 48 órás kezelést követően.  Átlag ± SD, n = 3. *p 

< 0,05, **p < 0,01, ***p < 0,005, ****p < 0,001 normoxia kontrollhoz viszonyítva. 
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fokozták a HIF-1 transzkripciós faktor kontrollja alatt álló gének, a glükóz transzporter-1 

(Glut1) és a vaszkuláris endoteliális növekedési faktor A (VEGFA) kifejeződését (50C-D ábra) 

177.   

A HIF-1 útvonal aktivációjával párhuzamosan a hipoxia hatására fokozódott az 

oszteokondrogén differenciálódást irányító transzkripciós faktorok, a RUNX2, a SOX9 és az 

MSX2, valamint az OCN és ALP oszteoblaszt differenciációs markerek mRNS expressziója 

(51. ábra) 177.  

 

 

 

 

 

 

 

 

Az oszteogén markerek fehérje expresszióinak hipoxia hatására bekövetkező változásait 

különböző időpontokban vizsgáltuk. A RUNX2 és a SOX9 oszteokondrogén transzkripciós 

faktorok szintjének emelkedését tapasztaltuk 12 órányi, illetve 6 napi hipoxia kezelést követően 

(52A-C ábra) 177. Az ALP expressziójának és aktivitásának növekedését csak a 6. napon 

észleltük (52A és D-E ábra) 177. Ennél is később, 15 nap hipoxia kezelést követően figyeltük 

meg az OCN expressziójának fokozódását a VSMCs extracelluláris mátrixában (52F ábra) 177.  

51. ábra. A hipoxia fokozza az oszteokondrogén markerek mRNS expresszióját. 

Konfluens VSMCs-et normoxiás (N, 21% O2) vagy hipoxiás (H, 5% O2) körülmények 

között tartottuk 6 órán keresztül. A mRNS expressziókat GAPDH-ra normalizáltuk és 

normoxiához viszonyítottuk. Átlag ± SD, n = 3. *p < 0,05, **p < 0,01, ***p < 0,005. 
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Ezek az eredmények arra utalnak, hogy a hipoxiás környezet kedvez a vaszkuláris 

simaizomsejtek oszteokondrogén irányú differenciálódásának, melynek következménye az 

extracelluláris mátrix kalcifikációja. Így a továbbiakban a hipoxiás körülmények között tartott 

simaizomsejtek extracelluláris mátrix kalcifikációját hasonlítottuk össze normoxiás kontroll, 

valamint oszteogén differenciálódást kiváltó tápfolyadékban normoxiás körülmények között 

tartott VSMCs kalcifikációjával. Az oszteogén körülményt magas foszfát és kalcium tartalmú 

oszteogén tápfolyadékkal biztosítottuk, mely az extracelluláris mátrix kalcifikációjának jól 

ismert, erőteljes induktora. Elsőként az extracelluláris mátrixból sósavval kioldható kalcium 

mennyiségét határoztuk meg. A kontroll körülmények között tenyésztett sejtek extracelluláris 

mátrixában nem tapasztaltunk kalcium felhalmozódást a kísérlet 10 napja alatt (53A ábra) 177. 

Ugyanakkor az oszteogén stimuláció hatására a sejtek extracelluláris mátrixában a hatodik 

naptól kezdődően folyamatosan emelkedő kalcium szinteket mértünk (53. ábra) 177. Érdekes 

52. ábra. A hipoxia fokozza az oszteokondrogén markerek fehérje expresszióját 

VSMC-ben. (A-F) Konfluens VSMCs-et normoxiás (N, 21% O2) vagy hipoxiás (H, 5% O2) 

körülmények között tartottuk. (A) RUNX2, SOX9, ALP és β-aktin protein expressziójának 

kimutatása Western Blot analízissel teljes sejt lizátumból. Reprezentatív Western blot képek 

3 független kísérletből. (B-D) A RUNX2, SOX9 és ALP β-aktin-ra normalizált normoxia 

kontrollhoz viszonyított relatív expressziója. (E) ALP enzimaktivitás (F) OCN szintek a 

kezelt sejtek extracelluláris mátrixában ELISA módszerrel mérve. Átlag ± SD, n = 3. *p < 

0,05, **p < 0,01, ***p < 0,005, ****p < 0,001 normoxia kontrollhoz viszonyítva. 
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módon a hipoxia hasonló hatást váltott ki, mint az oszteogén stimuláció, az extracelluláris 

mátrix kalcium szintje a nyolcadik naptól emelkedni kezdett (53A ábra) 177. Az extracelluláris 

mátrix kalcifikációját AR festéssel is vizsgáltuk. Az AR festés során a vörös szín intenzitása 

arányos az extracelluláris mátrixban lévő kalcium depozícióval. A kontroll körülmények között 

tartott VSMCs-ben nem tapasztaltunk AR pozitivitást. Ezzel szemben hipoxiás körülmények 

között gyenge homogén AR festődést tapasztaltunk, így megerősítést nyert az a 

megfigyelésünk, hogy a hipoxia kiváltja az extracelluláris mátrix kalcifikációját VSMCs-ben 

(53B ábra) 177.  

 

 

 

 

 

 

 

 

 

 

 

 

 

53. ábra. A hipoxia fokozza az extracelluláris mátrix kalcifikációját VSMCs-ben. (A-

B) Konfluens VSMCs-et normoxiás (N, 21% O2), hipoxiás (H, 5% O2), illetve oszteogén 

körülmények (2.5 mmol/L foszfáttal és 0.6 mmol/L kalciummal kiegészített tápfolyadék) 

között tartottuk 10 napig. (A) A kalcium akkumulációja az extracelluláris mátrixban. (B) 

Reprezentatív alizarin vörös (AR) festés és kvantálása (10. nap).  Átlag ± SD, n = 3.  **p < 

0,01, ***p < 0,005, ****p < 0,001 normoxia kontrollhoz viszonyítva, ##p < 0,01, ###p < 

0,005 a hipoxia és oszteogén kondíciók összehasonlításában.  
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5.3.2. A HIF-1 aktiváció szerepe a vaszkuláris simaizomsejtek hipoxia-indukált 

oszteokondrogén differenciálódásában. 

A sejtek hipoxiához való alkalmazkodásában, a fehérje-expressziós mintázat 

megváltozásában kulcsszerepet játszik a hipoxiára érzékeny gének HIF-1 transzkripciós faktor 

általi transzaktiválása. Így a következő kísérletben a HIF-1 szerepét vizsgáltuk a 

simaizomsejtek hipoxia által indukált oszteokondrogén irányú fenotípus eltolódásában. A HIF-

1 transzkripciós aktivitását chetomin-nal gátoltuk, mely megakadályozza a p300 transzkripciós 

koaktívátor fehérje kötődését a HIF-1α/HIF-1β heterodimerhez. A chetomin hatékonyságát a 

HIF-1 target gének expressziójának vizsgálatával ellenőriztük. VSMCs-et normoxiában, illetve 

hipoxiás körülmények között chetomin jelenlétében és hiányában vizsgáltunk. Chetomin 

jelenlétében a VEGF-A és Glut-1 mRNS és fehérje szintek hipoxia által kiváltott emelkedése 

elmaradt (54A-C ábra) 177.      

     

 

 

 

A továbbiakban a chetomin hatását vizsgáltuk a simaizomsejtek hipoxia által indukált 

oszteokondrogén differenciálódására. A chetomin teljes mértékben gátolta a RUNX2, SOX9, 

MSX2, OCN és ALP mRNS expressziók hipoxia által indukált emelkedését (55A ábra) 177. A 

hipoxia fokozta a RUNX2 és OCN fehérjék expresszióját, melyet a chetomin teljes mértékben 

meggátolt (55B és C ábra) 177. Végezetül a chetomin a simaizomsejtek hipoxiával indukált 

54. ábra. A chetomin gátolja a hipoxia hatását VEGFA és Glut1 mRNS és fehérje 

expressziójára VSMCs-ben. (A-C) Konfluens VSMCs-et normoxiás (N, 21% O2), 

hipoxiás (H, 5% O2), illetve hipoxiás körülmények között chetomin (Chet/C, 6 nmol/L) 

jelenlétében tartottunk. (A) VEGF-A és Glut-1 mRNS szintek GAPDH-ra normalizálva 

normoxiához viszonyítva. (B) VEGFA szintek 48 órás kezelést követően a sejtek 

felülúszójából. (C) Glut1 és β-aktin protein expressziójának kimutatása Western Blot 

analízissel teljes sejt lizátumból 12 órás kezelést követően. Reprezentatív Western blot 

képek és kvantálás 3 független kísérletből. Átlag ± SD, n = 3. *p < 0,05, **p < 0,01, ***p 

< 0,005 normoxia kontrollhoz viszonyítva, #p < 0,05, ##p < 0,01, ###p < 0,005 hipoxiához 

viszonyítva.  

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



84 
 

extracelluláris mátrix kalcifikációjára kifejtett hatását vizsgáltuk. Az AR festés alapján 

megállapítottuk, hogy chetomin jelenlétében a VSMCs hipoxiával indukált kalcifikációja 

elmaradt (55D ábra) 177. Ezek az eredmények rávilágítanak arra, hogy a HIF-1 útvonal 

aktivációja kulcsszerepet játszik a VSMCs hipoxia által indukált oszteokondrogén 

differenciálódásában és az extracelluláris mátrix mineralizációjában.     

 

5.3.3. A reaktív oxigéngyökök szerepe a HIF-1α stabilizációjában, valamint a vaszkuláris 

simaizomsejtek hipoxia-mediált oszteokondrogén irányú differenciálódásában és 

kalcifikációjában. 

55. ábra. A chetomin gátolja a VSMCs hipoxia által indukált oszteokondrogén 

differenciálódását és kalcifikációját. (A-C) Konfluens VSMCs-et normoxiás (N, 21% 

O2), hipoxiás (H, 5% O2), illetve hipoxiás körülmények között chetomin (Chet/C, 6 nmol/L) 

jelenlétében tartottunk. (A) Oszteokondrogén markerek mRNS szintjei 6 órás kezelést 

követően GAPDH-ra normalizálva normoxiához viszonyítva. (B) RUNX2 és β-aktin 

protein expressziójának kimutatása Western Blot analízissel teljes sejt lizátumból 12 órás 

kezelést követően. Reprezentatív Western blot képek és kvantálás 3 független kísérletből. 

(C) OCN fehérje EDTA-val szolubilizált extracelluláris mátrix mintákban a kezelés 15. 

napján. (G) Reprezentatív alizarin vörös (AR) festés és kvantálása (10. nap). Átlag ± SD, n 

= 3. *p < 0,05, **p < 0,01, ***p < 0,005 normoxia kontrollhoz viszonyítva, #p < 0,05, ##p 

< 0,01, ###p < 0,005 hipoxiához viszonyítva.  
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Ismert a hipoxia és a ROS képződés közötti komplex egymásra visszaható kapcsolat, mely 

szerint a hipoxia fokozza a ROS képződést, ugyanakkor a ROS magas szintje stabilizálja a HIF-

1α-t. Ennek az egymásra hatásnak a tükrében a következőkben a ROS szerepét vizsgáltuk a 

simaizomsejtek hipoxia által indukált oszteokondrogén irányú fenotípus változásában és 

kalcifikációjában. Elsőként arra voltunk kíváncsiak, hogy a hipoxia fokozza-e a ROS 

termelődést VSMCs-ben. A sejteket hipoxiás, illetve normoxiás körülmények között tartottuk 

4 órán keresztül, majd monitoroztuk a ROS termelést további 4 órán keresztül (56A ábra) 177. 

A hipoxiában tartott VSMCs ROS termelése magasabb volt, mint normoxiában (56A ábra) 177.  

 

A hipoxia által generált ROS-termelődés fokozódást az általános gyökfogó és antioxidáns 

tulajdonságú NAC és a hidrogén-peroxid szkevendzser nátrium piruvát (SP) gátolta, 

ugyanakkor a szuperoxid dizmutáz mimetikum MnTBAP nem befolyásolta (56B ábra) 177. A 

ROS forrásának vizsgálata céljából két további inhibitort is alkalmaztunk, a NADPH oxidáz 

1/4 inhibitor GKT-t, valamint rotenont, amely egy mitokondrium-targetált ROS szkevendzser. 

A rotenon csökkentette, a NADPH oxidáz gátlása azonban nem befolyásolta a hipoxia általi 

fokozott ROS termelődést (56C ábra) 177.  

56. ábra. A hipoxia fokozza a ROS termelődést VSMCs-ben. (A-C) Konfluens VSMCs-

et normoxiás (N, 21% O2), illetve hipoxiás (H, 5% O2) körülmények között tartottunk 

különféle ROS inhibitorok (NAC (5 mmol/L), MnTBAP (MTB, 50 µmol/L), nátrium  

piruvát (SP, 5 mmol/L), GKT (20 µmol/L) és rotenon (Rot, 5 µmol/L)) jelenlétében vagy 

hiányában. (A) Intracelluláris ROS termelődé kinetikája 4 órás hipoxiás vagy normoxiás 

kezelést követően. (B-C) ROS termelődés ROS inhibitorok jelenlétében 4 órás hipoxia 

kezelést követően, 3 órával a kezelés vége után. Átlag ± SD, n = 3. *p < 0,05, **p < 0,01, 

***p < 0,005, ****p < 0,001 normoxia kontrollhoz viszonyítva, ###p < 0,005 hipoxiához 

viszonyítva.  

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



86 
 

Ezt követően a hipoxia általi fokozott ROS termelés gátlására alkalmas ROS 

szkevendzserek hatását vizsgáltuk a HIF-1α expressziójára.  A VSMCs-et hipoxiás 

körülmények között NAC, SP, illetve rotenon jelenlétében vagy hiányában tartottuk 12 órán 

keresztül. A hipoxia hatására a HIF-1α expressziójának emelkedését tapasztaltuk, mely hatást 

mindhárom ROS inhibitor gátolt (57A ábra) 177. A ROS HIF-1α expresszióját szabályozó 

szerepének további vizsgálatában az exogén hidrogén-peroxid hatását vizsgáltuk. A ROS 

inhibitorok hatásával szemben a hidrogén-peroxid dózisfüggő módon fokozta a HIF-1α 

expresszióját VSMCs-ben (57B ábra) 177. 

57. ábra. A ROS termelődés mennyisége szabályozza a HIF-1α expresszióját VSMCs-

ben. (A) Konfluens VSMCs-et normoxiás (N, 21% O2), illetve hipoxiás (H, 5% O2) 

körülmények között tartottunk különféle ROS inhibitorok (NAC (5 mmol/L), nátrium 

piruvát (SP, 5 mmol/L) és rotenon (Rot, 5 µmol/L)) jelenlétében vagy hiányában 12 órán 

keresztül. (B) VSMCs-et hidrogén-peroxiddal kezeltünk (H2O2, 1-100 µmol/L, 30 perc). 

(A-B) HIF-1α és β-aktin protein expressziójának kimutatása Western Blot analízissel teljes 

sejt lizátumból. Reprezentatív Western blot képek és kvantálás 3 független kísérletből. 

Átlag ± SD, n = 3. ** p< 0,01, ***p < 0,005, ****p < 0,001 normoxia kontrollhoz 

viszonyítva, ##p < 0,01, ###p < 0,005, ####p < 0,001  hipoxiához viszonyítva.  
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Ezekkel a kísérletekkel bizonyítottuk, hogy a ROS kulcsszerepet játszik a HIF-1α hipoxia 

általi stabilizációjában, sőt az emelkedett ROS normoxiás körülmények között is képes a HIF-

1α szintjét jelentős mértékben növelni. A következő kísérletben azt vizsgáltuk, hogy a HIF-1 

transzkripciós faktor aktivitása befolyásolja-e a hipoxia általi fokozott ROS termelődést. Ennek 

érdekében a VSMCs-et hipoxiás körülmények közé helyeztük chetomin jelenlétében vagy 

hiányában, és monitoroztuk a ROS képződést (58. ábra) 177. A chetomin gátolta a hipoxia általi 

ROS képződést, így megállapítottuk, hogy a HIF-1 útvonal aktíválódása feltétele a hipoxiában 

tapasztalt fokozott ROS képződésnek.   

 

 

 

 

 

 

 

Ezt követően azt vizsgáltuk, hogy a ROS termelés hipoxia általi fokozódása szerepet 

játszik-e a VSMCs hipoxia-indukált oszteokondrogén irányú differenciálódásában és az 

extracelluláris mátrix kalcifikációjában. A VSMCs-et hipoxiás körülmények között ROS 

inhibitorokkal kezeltük és vizsgáltuk az oszteokondrogén markerek expresszióját. Mindhárom 

inhibitor, a NAC, a nátrium piruvát és a rotenon is gátolta a RUNX2 és SOX9 mRNS szintek 

hipoxia által előidézett fokozódását, valamint a RUNX2 fehérje expressziójának emelkedését 

is (59A-D ábra) 177. 

58. ábra. A HIF-1 útvonal gátlása csökkenti a hipoxia által indukált ROS képződést 

VSMCs-ben. VSMCs ROS termelése hipoxiában chetomin jelenlétében vagy hiányában 

normoxiához viszonyítva 4 órás kezelést követően. Átlag ± SD, n = 3. ***p < 0,005, 

normoxia kontrollhoz viszonyítva, ###p < 0,005  hipoxiához viszonyítva.  
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Ezen túlmenően a ROS inhibitorok gátolták az extracelluláris mátrix kalcifikációját és az 

extracelluláris mátrix oszteokalcin szintjének emelkedését is (60A-C ábra).  

   

59. ábra. A ROS inhibitorok gátolják az oszteokondrogén markerek hipoxia általi 

emelkedését VSMCs-ben. Konfluens VSMCs-et normoxiás (N, 21% O2), illetve hipoxiás 

(H, 5% O2) körülmények között tartottunk különféle ROS inhibitorok (NAC (5 mmol/L), 

nátrium piruvát (SP, 5 mmol/L) és rotenon (Rot, 5 µmol/L)) jelenlétében vagy hiányában. 

(A-B) Relatív RUNX2 és SOX9 mRNS expresszió 6 órás kezelést követően. (C-D) RUNX2 

és β-aktin protein expressziójának kimutatása Western Blot analízissel teljes sejt lizátumból 

12 órás kezelést követően. Reprezentatív Western blot képek és kvantálás 3 független 

kísérletből. 12 órán keresztül. Átlag ± SD, n = 3. **p < 0,01, normoxia kontrollhoz 

viszonyítva, #p < 0,05, ##p < 0,01, ###p < 0,005, hipoxiához viszonyítva.  
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Ezek az eredmények azt bizonyítják, hogy a mitokondrium eredetű fokozott ROS képződés 

kulcsszerepet játszik a VSMCs-ek hipoxia által indukált oszteokondrogén irányú 

differenciálódásában és az extracelluláris mátrix kalcifikációjában.  

5.3.4. A hipoxia hatása egér aorta kalcifikációjára  

A továbbiakban a hipoxia aorta kalcifikációra gyakorolt hatását vizsgáltuk ex vivo és in 

vivo modellekben. Ex vivo rendszerünkben C57BL/6 egerekből aortát izoláltunk, és az aorta 

darabokat normoxiás (21% O2), illetve hipoxiás (5% O2) körülmények között tartva vizsgáltuk 

az aorta kalcifikációját.  Pozitív kalcifikációs kontrollként az aortát oszteogén tápfolyadékban 

tartottuk, melynek foszfát tartalmát 2,5 mmol/L-rel megemeltük. 

60. ábra. A ROS inhibitorok gátolják a VSMCs hipoxia által indukált kalcifikációját. 

Konfluens VSMCs-et normoxiás (N, 21% O2), illetve hipoxiás (H, 5% O2) körülmények 

között tartottunk különféle ROS inhibitorok (NAC (5 mmol/L), nátrium piruvát (SP, 5 

mmol/L) és rotenon (Rot, 5 µmol/L)) jelenlétében vagy hiányában. (A) Reprezentatív 

alizarin vörös (AR) festés és kvantálása (10. nap). (B) Az extracelluláris mátrix kalcium 

tartalma (10. nap). (C) Az extracelluláris mátrix OCN tartalma (15. nap). Átlag ± SD, n = 

3. **p < 0,01, ***p < 0,005 normoxia kontrollhoz viszonyítva, #p < 0,05, ##p < 0,01, ###p < 

0,005, hipoxiához viszonyítva.  
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Az aortákban található kalcium mennyiségét 6 napos kezelés után határoztuk meg. Az 

oszteogén tápfolyadékkal kezelt aorta kalcium tartalma a kontroll 7,6-szorosa volt, míg a 

hipoxia 5,2-szeres emelkedést eredményezett (61A ábra) 177. Az aorta kalcifikációját ex vivo 

körülmények között hipoxiában ROS inhibitorok jelenlétében is vizsgáltuk, és az tapasztaltuk, 

hogy a NAC és a chetomin is gátolta a kalcium hipoxia által előidézett akkumulációját (61B 

ábra) 177.   

 

 

 

 

 

 

 

 

Végezetül a hipoxia hatását in vivo körülmények között is vizsgáltuk, melynek során 

C57BL/6 egereket hipoxiás kamrába (10% O2) helyeztünk 12, 24 illetve 48 órára. A hipoxiás 

kezelést követően a Glut1 és a RUNX2 mRNS szintjét határoztuk meg. Várakozásunknak 

megfelelően a hipoxia fokozta a Glut1 mRNS expresszióját a normoxián tartott egéréhez 

viszonyítva 12 órás kezelést követően (62A ábra) 177. A RUNX2 mRNS szintje mindhárom 

általunk vizsgált időpontban magasabb volt a normoxiában tartott egér aortájában mért RUNX2 

szintnél (62B ábra) 177.     

61. ábra. A hipoxia indukálja, a ROS inhibitorok gátolják az aorta kalcifikációját ex 

vivo körülmények között. (A-B) C57BL/6 egerek kötőszövettől megtisztított aortáját 

normoxiás (21% O2), hipoxiás (5% O2), illetve oszteogén (2,5 mmol/L hozzáadott foszfát) 

körülmények között, valamint hipoxiában NAC vagy chetomin jelenlétében tartottuk. Az 

aorta kalcium tartalma nedves tömegre normalizálva. Átlag ± SD, n = 5. **p < 0,01, ***p 

< 0,005 normoxia kontrollhoz viszonyítva, #p < 0,05 hipoxiához viszonyítva.  
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5.3.5. A prolil-hidroxiláz inhibitor daprodustat (DPD) hatása vaszkuláris simaizomsejtek 

kalcifikációjára 

A krónikus veseelégtelenség (CKD) gyakorta társul anémiával, melynek fő oka a vesék 

csökkent eritropoetin szintézise, és a következtében kialakuló elégtelen eritropoézis. A DPD 

egy hipoxia mimetkium, melynek használatát a sikeres fázis III kísérletek befejeztével 

engedélyezték Japánban CKD-ben szenvedő betegek anémiájának kezelésére. A DPD egy 

prolil hidroxiláz inhibitor, mely hatását a HIF-1 útvonal aktivációján keresztül fejti ki. Hatására 

fokozódik a vörösvérsejt képződés és javul az anémia, mely a CKD betegek életminőségét 

alapvetően befolyásoló tényező. Előzőekben bemutatott kísérleteinkben kimutattuk, hogy a 

HIF-1 útvonal hipoxia általi aktivációja előidézi a vaszkuláris simaizomsejtek oszteokondrogén 

irányú differenciálódását és kalcifikációját. Feltételeztük, hogy a hipoxia mimetikumok, így a 

DPD a hipoxiához hasonló kalcifikációt fokozó hatást válthatnak ki VSMCs-ben. A DPD 

esetleges oszteogén hatását vizsgáló kísérletsorozatunkban elsőként a DPD HIF-1α 

expressziójára kifejtett hatását teszteltük VSMCs-ben. Várakozásunknak megfelelően a DPD 

dózisfüggő módon fokozta a HIF-1α és HIF-2α expresszióját (63A-C ábra). Ezt követően 

kimutattuk, hogy a DPD fokozza a HIF-1 transzkripciós komplex szabályozása alatt álló Glut-

1 és VEGF-A fehérjék kifejeződését is (63D-E ábra). 

62. ábra. A hipoxia fokozza az aorta Glut-1 és RUNX2 mRNS expresszióját C57BL/6 

egérben. (A-B) C57BL/6 egereket hipoxiás (10% O2) kamrába helyeztük 12, 24 illetve 48 

órára. Az aorta relatív Glut-1 és RUNX2 mRNS expressziója. Átlag ± SD, n = 5. *p < 0,05, 

**p < 0,01, normoxia (N) kontrollhoz viszonyítva.  
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A következőkben azt vizsgáltuk, hogy a DPD milyen hatással van a VSMCs oszteogén 

irányú differenciálódására és az extracelluláris mátrix kalcifikációjára. Ennek érdekében a 

simaizomsejteket különböző megemelt foszfát tartalmú kalcifikációs médiummal kezeltünk 

DPD (10 µmol/L) jelenlétében vagy hiányában.  A kalcifikációt AR festéssel vizsgáltuk a 

kezelés 6. napján. A 2 mmol/L foszfáttal kiegészített oszteogén médium DPD jelenlétében 

kalcifikációt indukált, DPD hiányában azonban nem (64A ábra). A hozzáadott foszfát 

mennyiségének növelése 2,5 mmol/L-re kalcifikációt indukált DPD hiányában is, azonban 

DPD jelenlétében az AR festés intenzitása magasabb volt (64A ábra). Ez után a kalcifikáció 

időfüggését követtük nyomon 2 mmol/L foszfáttal kiegészített oszteogén médiummal kezelt 

sejteken DPD hiányában, illetve jelenlétében. A DPD foszfáthoz viszonyított kalcifikációt 

fokozó hatását a kezelés 4. és 6. napján is kimutattuk (64B ábra). A DPD fokozta a VSMCs 

kalcifikálódott extracelluláris mátrixában az OCN expresszióját is (64C ábra).  

A DPD kalcifikációt fokozó hatását aorta szövetkultúra modellben vizsgáltuk tovább. 

C57BL/6 egerek megtisztított aortájának darabjait kontroll, emelt foszfát (2 mmol/L), illetve 

63. ábra. A DPD fokozza a HIF-1α, HIF-2α, Glut-1 és a VEGF-A fehérjék 

expresszióját VSMC-ben. (A-B) VSMCs-et DPD-vel kezeltünk. (A) HIF-1α, HIF-2α, 

Glut-1 és β-aktin protein expressziójának kimutatása teljes sejt lizátumból 12 órás kezelést 

követően. Reprezentatív Western blot képek és kvantálásuk. (B-D) A HIF-1α és a Glut1 β-

aktin-ra normalizált kontrollhoz viszonyított relatív expressziója. (E) VEGF-A szintek a 

kezelt sejtek felülúszójában ELISA módszerrel mérve 48 órás kezelést követően.  Átlag ± 

SD, n = 3. **p < 0,01, ***p < 0,005, ****p < 0,001 kontrollhoz viszonyítva. 
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emelt foszfát (2 mmol/L) + DPD (25 µmol/L) körülmények között tartottuk. Az aorták kalcium 

tartalmát a kezelés harmadik, ötödik és hetedik napján határoztuk meg. A magas foszfát 

hatására az aorta kalcium tartalma a hetedik napon emelkedést mutatott, ugyanakkor DPD 

jelenlétében a kalcifikáció már az ötödik napon kimutatható volt (64D ábra).  

 

 

A foszfáttal és DPD-vel kezelt aorta kalcium tartalma magasabb volt a csak foszfáttal 

kezelt aorta kalcium tartalmánál az ötödik és a hetedik napokon is (345.9 ± 102.7 vs. 178.3 ± 

70.7 µg/mg protein) (64D ábra). A kezelés hetedik napját követően a torakális aorta darabokon 

hematoxilin eozin festést (64E ábra a, d és g panel), valamint a kalcifikáció kimutatása céljából 

von Kossa festést végeztünk (64E ábra). A foszfáttal és DPD-vel kezelt aorta darabokon von 

64. ábra. A DPD fokozza a VSMCs és az egér aorta gyűrű foszfáttal indukált 

kalcifikációját. (A-C) VSMCs-et megemelt szervetlen foszfát (Pi) tartalmú (hozzáadott Pi: 

1.5-2.5 mmol/L) oszteogén médiumban tartottunk DPD (10 µmol/L) hiányában vagy 

jelenlétében. (A) Reprezentatív AR festés és kvantálása (6. nap). (B) A kalcium 

akkumuláció időfüggése az extracelluláris mátrixban kontroll, Pi-tal (2 mmol/L) kezelt, 

illetve Pi+DPD-vel indukált VSMCs-ben. (C) Az extracelluláris mátrix OCN tartalma (6. 

nap). (D-E) C57BL/6 egerek kötőszövettől megtisztított aortáját kontroll, magas Pi (2 

mmol/L) és magas Pi+DPD (25 µmol/L) körülmények között tartottuk. (D) Az aorta gyűrűk 

kalcium tartalma fehérjetartalomra normalizálva 3, 5 és 7 nap kezelést követően. (E) Az 

aorta hisztológiai vizsgálata. Reprezentatív H&E (a, d, g panel) and Von Kossa festés (b, c, 

e, f, h, i panel) kontroll, magas Pi, Pi+DPD kezelést követően a 7. napon. Nagyítás: ×100, 

×400. Átlag ± SD, n = 3-6. *p < 0,05, **p < 0,01, ***p < 0,005, ****p < 0,001.  
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Kossa pozitivitást tapasztaltunk, szemben a kontroll vagy emelt foszfát körülmények között 

tartott aortákkal, melyekben kalcifikációt nem tudtunk detektálni (64E ábra). Ezek az 

eredmények azt bizonyítják, hogy a DPD fokozza a foszfát által indukált VSMCs 

oszteokondrogén differenciálódását, valamint a VSMCs és az aorta kalcifikációját in vitro 

illetve ex vivo körülmények között.  

 

5.3.6. A HIF-1 szignálútvonal aktivációjának jelentősége a DPD kalcifikációt fokozó 

hatásában  

Miután előző kísérleteinkben kimutattuk, hogy a DPD stabilizálja a HIF-1α-t és aktiválja a 

HIF-1 útvonalat, továbbá, hogy fokozza a VSMCs foszfáttal indukált extracelluláris mátrix 

kalcifikációját, a következő kísérletekben azt vizsgáltuk, hogy a DPD kalcifikációt indukáló 

hatásában szerepet játszik-e a HIF-1 útvonal, illetve a HIF-1α. Elsőként egy HIF-1 inhibitor, a 

chetomin hatását vizsgáltuk, mely a HIF-1 transzkripciós faktor komplex kialakulásának 

gátlásán keresztül fejti ki hatását. A VSMCs kalcifikációját Pi+DPD-vel indukáltuk chetomin 

hiányában és jelenlétében. Az extracelluláris mátrix kalcifikációját AR festéssel vizsgáltuk, 

valamint meghatároztuk az extracelluláris mátrix kalcium és OCN tartalmát. A chetomin 

jelentősen csökkentette a Pi+DPD-vel indukált kalcifikáció mértékét, az extracelluláris mátrix 

kalcium tartalmát és az OCN szintjét (9,526 ± 0,698 vs. 5,584 ± 0,776 ng/mg fehérje) (65A-C 

ábra).  

 

 

65. ábra. A DPD a HIF-1 útvonal aktivációján keresztül fokozza a VSMCs 

kalcifikációját. (A-C) VSMCs-et megemelt szervetlen foszfát (Pi, 2 mmol/L) és DPD (10 

µmol/L) tartalmú oszteogén médiumban tartottunk chetomin (12,5 nmol/L) hiányában vagy 

jelenlétében. (A) Reprezentatív AR festés és kvantálása (4. nap). (B) Kalcium akkumuláció 

az extracelluláris mátrixban (4. nap). (C) Az extracelluláris mátrix OCN tartalma (6. nap). 

Átlag ± SD, n = 3-4. **p < 0,01, ***p < 0,005, ****p < 0,001.  
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A HIF-1α a HIF-1 transzkripciós faktor szabályozó alegysége, így a következőkben a HIF-

1α szerepét vizsgáltuk a simaizomsejtek Pi+DPD-vel indukált kalcifikációjában. A HIF-1α 

expresszióját rövid interferáló RNS (siRNS) alkalmazásával csökkentettük le. A géncsendesítés 

sikerességről megbizonyosodtunk (66A ábra), majd összehasonlítottuk a kontroll (Scr), illetve 

HIF-1α géncsendesített VSMCs-ek Pi+DPD-vel indukált kalcifikációs hajlandóságát. A 

kezelés 4. napján végzett AR festés tanulsága szerint HIF-1α siRNS jelenlétében csökkent 

mértékű volt a VSMCs Pi+DPD-vel indukált kalcifikációja (66B ábra). Ezt az eredményt az 

extracelluláris mátrix kalcium szintjének meghatározása és az OCN mérés is alátámasztotta 

(66C-D ábra).   

 

5.3.7.  Az endoplazmatikus retikulum (ER) stressz szerepe vaszkuláris simaizomsejtek magas 

foszfáttal és DPD-vel indukált kalcifikációjában 

Egyre több bizonyíték utal arra, hogy a szenzor protein kináz RNS-szerű ER kináz (PERK) 

aktivációján keresztül kialakuló ER stressz, és az unfolded protein response (UPR) szerepet 

66. ábra. A DPD a HIF-1α stabilizációján keresztül fokozza a VSMCs kalcifikációját. 

(A-C) VSMCs-et megemelt szervetlen foszfát (Pi, 2 mmol/L) és DPD (10 µmol/L) tartalmú 

oszteogén médiumban tartottunk Scr vagy HIF-1α siRNS hiányában vagy jelenlétében. (A) 

HIF-1α és β-aktin proteinek expressziójának kimutatása Western Blot analízissel teljes sejt 

lizátumból 24 órás kezelést követően.  Reprezentatív Western blot képek 3 független 

kísérletből és a HIF-1α β-aktin-ra normalizált expressziója. (B) Reprezentatív AR festés és 

kvantálása (4. nap). (B) Kalcium akkumuláció az extracelluláris mátrixban (4. nap). (C) Az 

extracelluláris mátrix OCN tartalma (6. nap). Átlag ± SD, n = 3-4. ****p < 0,001. 

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



96 
 

játszik a vaszkuláris kalcifikációban 164,178,179. Ismert továbbá az is, hogy a hipoxia fokozza az 

ER stresszt, és a hipoxia és ER stressz közötti szignálútvonal hálózat aktiválódása elősegíti a 

CKD progresszióját 180. Ezen tények ismeretében a következőkben a magas foszfát és a DPD 

ER stresszt indukáló hatását vizsgáltuk. Kimutattuk, hogy a Pi fokozza a PERK foszforilációját, 

ami a P-PERK/PERK arány emelkedéséhez vezet (67A, B ábra). A Pi-indukált PERK aktiváció 

további fokozódását figyeltük meg DPD és Pi együttes jelenlétében (67A, B ábra). Az aktivált 

PERK foszforilálja az eukarióta iniciációs factor 2α fehérjét (EIF2α). Az útvonal indukciója 

tehermentesíti az ER-t az által, hogy csökken a globális fehérjeszintézis és a fehérjék 

mennyisége az ER-ban. Ezért a PERK aktiváció kimutatása után vizsgáltuk az EIF2α 

foszforilációját, és kimutattuk, hogy a Pi és a Pi+DPD enyhén fokozta a foszforilált EIF2α 

expresszióját (67A, C ábra). 

 

 

Ismert, hogy egyes upstream nyitott leolvasási kerettel rendelkező mRNS-ek, mint például 

az aktiváló transzkripciós faktor 4 (ATF4) és a pro-apoptotikus transzkripciós faktor C/EBP-

homológ protein (CHOP) kikerülhetik az eIF2α-függő transzlációs blokkot. Ezért a 

továbbiakban az ATF4 és a CHOP expresszióját vizsgáltuk.  

A Pi+DPD a DPD dózisától függő módon jelentősen fokozta az ATF4 expresszióját (68A 

ábra), ugyanakkor a CHOP szintjében csak enyhe emelkedést idézett elő (68B ábra). A GRP78 

egy, az ATF4 transzkripciós kontrollja alatt álló, ER chaperon fehérje, melynek expresszióját 

67. ábra. A foszfát és DPD indukálja a PERK/EIF2α útvonalat. (A-C) VSMCs-et magas 

foszfáttal (2 mmol/L) kezeltünk DPD (10 µmol/L) jelenlétében vagy hiányában. (A) 

Foszforilált PERK (pPERK), PERK, pEIF2α, EIF2α és β-aktin proteinek expressziójának 

kimutatása Western Blot analízissel teljes sejt lizátumból 15, illetve 30 perces kezelést 

követően. Reprezentatív Western blot képek 3 független kísérletből. (B) A pPERK PERK-

re vonatkoztatott expressziója. (C) A pEIF2α EIF2α-ra normalizált expressziója. Átlag ± 

SD, n = 3. *p < 0,05, **p < 0,01, ***p < 0,005, ****p < 0,001.  
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szintén vizsgáltuk, de a Pi+DPD kezelés hatására a GRP78 intracelluláris szintjében nem 

következett be változás (68B ábra).  

 

Megállapítottuk tehát, hogy a Pi+DPD jelentős ER stresszt indukál a VSMCs-ben, ezért a 

következő kísérleteink célja az ER stressz és a kalcifikáció közötti ok-okozati viszony 

felderítése volt. Ennek érdekében elsőként egy ER stressz inhibitort 4-PBA-t alkalmaztunk, és 

jelenlétében vizsgáltuk a VSMCs Pi+DPD-vel indukált kalcifikációját. 

Kimutattuk, hogy a 4-PBA gátolja a VSMCs Pi+DPD-vel indukált extracelluláris mátrix 

kalcifikációját (69A ábra). Az AR festéssel nyert eredményt az extracelluláris mátrix kalcium 

tartalmának meghatározása megerősítette. Az ER stressz inhibitor 4-PBA jelenlétében a 

VSMCs extracelluláris mátrixában lévő kalcium szintje az oszteogén stimuláció ellenére a 

kontroll sejtek kalcium szintjén maradt (69B ábra). Hasonló módon, a 4-PBA-val kezelt 

sejtekben elmaradt az OCN szintjének Pi+DPD-vel indukált emelkedése (69C ábra). A 4-PBA 

hatását aorta szervkultúra modellben is vizsgáltuk. A 4-PBA gátolta a kalcium akkumulációját 

Pi+DPD kezeléssel indukált aorta gyűrűkben (69D ábra).  

68. ábra. A foszfát és DPD indukálja az ATF4 és a CHOP expresszióját. (A) VSMCs-

et magas foszfáttal (2 mmol/L) kezeltünk különböző koncentrációjú DPD (1, 10 és 100 

µmol/L) jelenlétében vagy hiányában. ATF4 és β-aktin proteinek expressziójának 

kimutatása Western Blot analízissel teljes sejt lizátumból 6 órás kezelést követően. 

Reprezentatív Western blot képek és kvantálása 3 független kísérletből. (B) VSMCs-et 

magas foszfáttal (2 mmol/L) kezeltünk DPD (10 µmol/L) jelenlétében vagy hiányában. 

GRP78, CHOP és β-aktin proteinek expressziójának kimutatása Western Blot analízissel 

teljes sejt lizátumból 12 órás kezelést követően. Reprezentatív Western blot képek 3 

független kísérletből. A GRP78 és a CHOP β-aktin-ra normalizált relatív expressziója. Átlag 

± SD, n = 3. *p < 0,05, **p < 0,01, ****p < 0,001.  
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Az ATF4 transzkripciós faktor az ER stressz-válasz mester regulátora, ezért következő 

kísérletünkben az ATF4 szerepét vizsgáltuk a VSMCs Pi+DPD-vel indukált kalcifikációjában. 

Géncsendesítést végeztünk ATF4-targetált siRNS technikával. Elsőként a géncsendesítés 

sikerességét ellenőriztük, és megállapítottuk, hogy az ATF4 siRNS-sel kezelt sejtek ATF4 

expressziója kontroll és stimulált körülmények között is elmaradt a Scr siRNS-sel kezelt 

sejtekétől (70A ábra). Ezt követően az ATF4 géncsendesített sejtek Pi+DPD-vel indukált 

kalcifikációját vizsgáltuk. Az AR festés tanulsága szerint a VSMCs kalcifikációs képessége az 

ATF4 siRNS-sel kezelt sejtekben jelentősen elmaradt a Scr siRNS-sel kezelt sejtekétől (70B 

ábra). Ezen kívül az ATF4 siRNS-sel kezelt oszteogén stimulusnak kitett sejtek extracelluláris 

69. ábra. A DPD az ER stressz indukcióján keresztül fokozza a VSMCs kalcifikációját. 

(A-C) VSMCs-et megemelt szervetlen foszfát (Pi, 2 mmol/L) és DPD (10 µmol/L) tartalmú 

oszteogén médiumban tartottunk 4-PBA (250 µmol/L) hiányában vagy jelenlétében. (A) 

Reprezentatív AR festés és kvantálása (4. nap). (B) Kalcium akkumuláció az extracelluláris 

mátrixban (4. nap). (C) Az extracelluláris mátrix OCN tartalma (6. nap). (D) C57BL/6 

egerek kötőszövettől megtisztított aortáját kontroll, magas Pi (2 mmol/L) + DPD (25 

µmol/L) körülmények között tartottuk 4-PBA (250 µmol/L) hiányában vagy jelenlétében. 

Az aorta gyűrűk kalcium tartalma fehérjetartalomra normalizálva 7 nap kezelést követően. 

Átlag ± SD, n = 3-6. ***p < 0,005, ****p < 0,001. 

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



99 
 

mátrixának kalcium és OCN tartalma is elmaradt a Scr siRNS-sel kezelt stimulált sejtekétől 

(70C ábra).  

 

 

 

70. ábra. A DPD az ATF4 indukcióján keresztül fokozza a VSMCs kalcifikációját. (A-

C) VSMCs-et megemelt szervetlen foszfát (Pi, 2 mmol/L) és DPD (10 µmol/L) tartalmú 

oszteogén médiumban tartottunk Scr vagy ATF4 siRNS hiányában vagy jelenlétében. (A) 

ATF4 és β-aktin proteinek expressziójának kimutatása Western Blot analízissel teljes sejt 

lizátumból 24 órás kezelést követően.  Reprezentatív Western blot képek 3 független 

kísérletből és az ATF4 β-aktin-ra normalizált expressziója. (B) Reprezentatív AR festés és 

kvantálása (4. nap). (B) Kalcium akkumuláció az extracelluláris mátrixban (4. nap). (C) Az 

extracelluláris mátrix OCN tartalma (6. nap). Átlag ± SD, n = 3-5. **p < 0,01, ***p < 0,005, 

****p < 0,001. 
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5.3.8. A DPD kezelés hatása hiperfoszfatémia-indukált média kalcifikációra adenin-indukált 

krónikus veseelégtelen (CKD) egérmodellben   

Ezt követően a DPD hatását in vivo körülmények között vizsgáltuk, egy ismert CKD 

egérmodellen. A CKD kialakulását hím C57BL/6 egerekben adenin tartalmú diétával 

indukáltuk 6 héten keresztül. Ezt követően a kalcifikációt adenin plusz magas foszfát tartalmú 

diétával váltottuk ki, melyet 3 héten keresztül kaptak az egerek (71A ábra). A DPD három 

dózisát teszteltük, 5, 10, illetve 15 mg/kg/nap, és a gyógyszert orálisan gyomorszondán 

keresztül adagoltuk.  

71. ábra. A DPD korrigálja a CKD által indukált anémiát C57BL/6 egerekben. (A) 

Kísérleti protokoll. (B) Testtömeg, (C) szérum foszfát, (D) szérum urea, (E) szérum 

kreatinin (F) hemoglobin (G) vörösvérsejt szám, (H) hematokrit szintek a kezelés végén. 

Átlag ± SD, n = 5. ****p < 0,001. 
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Várakozásunknak megfelelően az adenin diéta CKD-t indukált az egerekben, melyre a 

testtömeg csökkenése, valamint a szérum urea és kreatinin szintek emelkedése utalt (71 ábra 

B, D, E). A CKD magas foszfát tartalmú diéta mellett a szérum foszfát szint emelkedését 

okozta, valamint anémia kialakulását, melyet a hemoglobin szint, a vörösvérsejt szám, illetve a 

hematokrit értékek csökkenése jelez (71 ábra C, F-H). A DPD kezelés a CKD kialakulását és 

a szérum foszfát szint emelkedését nem befolyásolta, ugyanakkor a DPD legmagasabb dózisa 

korrigálta a CKD-asszociált anémia kialakulását (71. ábra B-H).    

A következő kísérletünkben azt vizsgáltuk, hogy a DPD anémiát korrigáló dózisban (15 

mg/kg/nap) alkalmazva befolyásolja-e a CKD egerek magas foszfát tartalmú diétával indukált 

kalcifikációját. A kísérletet a 71A ábrán bemutatottak szerint végeztük el. A kísérlet végén az 

egerekbe intravénásan OsteoSense festéket injektáltuk, majd vizsgáltuk az aorta kalcifikációt. 

72. ábra. A DPD fokozza a kalcifikációt CKD egérmodellben. (A-C) Az egerek kezelése 

a 71A ábrán részletezett módon történt. A DPD dózisa 15 mg/kg/nap volt. (A) A kísérlet 

végén az egereket OsteoSense festékkel intravénásan injektáltuk. 24 óra múlva az aortát 

eltávolítottuk, és vizsgáltuk a fluoreszcencia intenzitást. (A) Reprezentatív kép az aortákról 

és kvantálása. (B) Az aorták Ca tartalma. (C) Az aorta hematoxilin eozin és von Kossa 

festése. Reprezentatív felvételek. Átlag ± SD, n = 5. *p < 0,05, **p < 0,01, ***p < 0,005. 
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A CKD egerek aortájának fluoreszcencia intenzitása több mint duplája volt a kontroll 

egerekének (6,41×108 ± 3,22×108 vs. 1,38×109 ± 3,58×108, p < 0,05) (72A ábra). A DPD-vel 

kezelt egerekből származó aorta fluoreszcens intenzitása mintegy duplája volt a CKD 

egerekének (2,82×109 ± 1,06×109 vs. 1,38×109 ± 3,58×108, p < 0,05) (72A ábra). Ezzel 

párhuzamosan a CKD egerekből származó aorta kalcium szintje jelentősen magasabb volt a 

kontroll egerek aortájának kalcium szintjénél (72B ábra). A DPD-vel kezelt CKD-s egerek 

kalcium szintje pedig magasabb volt a CKD-s egerekénél (72B ábra). Az aorta metszeteken 

elvégzett von Kossa festés gyenge pozitivitást mutatott a DPD-vel kezelt CKD egerek 

aortájában, ugyanakkor a kontroll, illetve a hordozóval kezelt CKD-s egerek aortái von Kossa 

festései negatívnak bizonyultak (72C ábra).  
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73. ábra. A hipoxia szerepe az aterogenezisben. A plakk hipoxia hatására módosul a plakk 

sejtjeinek metabolizmusa, fokozódik a lipid akkumuláció, a gyulladás, a proteolízis. A 

hipoxia angiogenezist indukál, a plakkba újonnan képződő erek nőnek be.                                                                                                                                           

6. DISZKUSSZIÓ 

 

Az érelmeszesedéses plakk belseje egy speciális mikrokörnyezet, melynek komponensei 

egymásra hatva befolyásolják a plakk progresszióját. Az egyik ilyen mikrokörnyezeti tényező 

a hipoxia, melynek jelenlétét a plakk középső régiójában különböző állatmodellekben és humán 

karotisz mintákban is kimutatták oxigén mikroelektródok segítségével 38,181–183. Apolipoprotein 

E deficiens egérmodellben kimutatták, hogy mind a krónikus, mind az intermittáló hipoxia 

fokozza a plakk progresszióját 184,185. Számos mechanizmust azonosítottak, melyek által a 

hipoxia fokozza az érelmeszesedést (73. ábra) 2.   

 

 

 

 

A hipoxia befolyásolja a plakkban található sejtek metabolizmusát. Hipoxia hatására 

emelkedik a glükóz transzporterek (pl. Glut-1) expressziója, és a plakk sejtjeinek 

glükózfelhasználása fokozódik. Az anyagcsere anaerob glikolízis irányú eltolódása a laktát 

termelődés fokozódását, és a plakk savasodását eredményezi 186. Egységnyi glükózból az 

anaerob glikolízis során sokkal kevesebb ATP képződik, mint az oxidatív metabolizmusban, és 

feltételezhető, hogy a csökkent ATP ellátottság a sejtek apoptózisát idézheti elő a plakkban. 

Továbbá, a hipoxia hatására felborul az elektron transzport és az intracelluláris oxigén 

koncentráció egyensúlya, melynek következtében fokozódik a ROS termelődés, mely szintén 

sejthalálhoz vezethet 187.  

A hipoxia a habos sejt képződésre is jelentős hatással van. A hipoxiának kitett 

makrofágokban fokozódik a zsírsav szintézis, a citoszoláris lipid cseppek kialakulása, a 
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trigliceridek és szterolok akkumulációja, ugyanakkor csökken a béta oxidációt katalizáló 

enzimek expressziója és a koleszterin efflux 188,189.  

A hipoxia módosítja a plakkon belüli gyulladási folyamatokat is, hatására emelkedik a pro-

inflammatórikus citokinek (pl. IL-1β, TNF-α, IL-8) és a sejtadhéziós molekulák (pl. VCAM-1) 

expressziója 190.  

A hipoxia a plakk stabilitását negatív irányban befolyásolja, melyben több folyamat játszik 

szerepet. A plakk extracelluláris mátrixa a plakk progressziója során folyamatosan átépül, 

melynek során proteolítikus enzimek degradálják ez extracelluláris mátrixot alkotó fehérjéket. 

Az extracelluláris mátrix átépülése kulcsszerepet játszik a fibrózus sapka kialakulásában - mely 

egy protektív mechanizmus -, valamint a plakk ruptúrában is, ami az akut kardiovaszkuláris 

események kiváltó oka. A plakkban lévő proteolítikus enzimek expressziója és aktivitása ezért 

alapvetően meghatározza a plakk stabilitását. A hipoxia fokozza a mátrix metalloproteinázok 

(pl. MMP-7) expresszióját, a plakk metabolikus savasodása pedig fokozza a lizoszomális 

hidrolázok, valamint az elasztin- és kollagénbontó katepszinek aktivitását 191.   

A hipoxia egyik további jól ismert hatása az angiogenezis indukciója. A plakk 

neovaszkularizációja régóta ismert volt, mint az előrehaladott érelmeszesedéses plakkok 

jellemzője, manapság azonban egyre több bizonyíték van arra, hogy a neovaszkularizáció az 

érelmeszesedés korai stádiumaiban is jelen van, amikor az intima megvastagodása meghaladja 

a 200–250 μm-t, az oxigén szöveti diffúziós távolságát 36,192. A plakkba benövő kapillárisok 

nem rendelkeznek stabil struktúrával, szivárognak és törékenyek, mely a plakk bevérzését 

okozza. Intrapakk hemorrágia a magas rizikójú plakkok mintegy 40%-ában kimutatható, 

elősegíti a plakk progresszióját, és növeli a plakk vulnerabilitását 193. Egyes vélekedések szerint 

az intraplakk hemorrágia kulcsszerepet játszik az érelmeszesedéssel összefüggő akut klinikai 

események kiváltásában 194.  

Az intraplakk hemorrágiát követően a vörösvérsejt lizál, melynek során vörösvérsejt 

membrán-lipidek és Hb kerül a plakkba. A vörösvérsejtmembrán hozzájárul a szabad 

koleszterin lerakódáshoz, és a makrofág infiltrációhoz, ez által a nekrotikus mag növekedéséhez 

40,195. Ezen túlmenően a közelmúltban kimutatták, hogy a vörösvérsejt membán fokozza a 

simaizomsejtek oszteogén irányú differenciálódását, és a vaszkuláris kalcifikációt 196.  

Munkánk során a hipoxia direkt, és az angiogenezis / hemorrágia / Hb extravazáció 

indukálása általi, indirekt hatásait vizsgáltuk, különféle sejtes, ex vivo és in vivo modellekben.  

6.1. Ördögi kör: intraplakk hemorrágia, hemoglobin-plakk lipid interakciók 
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A Hb alkotja a vörösvérsejtek száraz tömegének legnagyobb hányadát, mintegy 96%-át. A 

Hb molekula négy alegységből áll, mely mindegyike tartalmaz egy globuláris fehérjerészt és 

egy hem prosztetikus csoportot. A hem, vagy más néven vas protoporfirin IX, egy 4 pirrol 

molekula által alkotott gyűrűből és a pirrol molekulák N atomjaihoz koordinációs kötéssel 

kapcsolódó Fe2+ ionból áll. A  Fe2+ ion ötödik koordinációs helyével a globinban található 

hisztidin imidazol gyűrűjének nitrogen atomjához kötődik, a hatodik koordinációs helyre 

kötődik be az oxigén molekula reverzibilis módon. A Fe2+ ion és az oxigén molekula közötti 

kapcsolatot pontosabban két határszerkezeti forma írja le; az egyik formában a vas +2-es (ferro) 

oxidációs állapotban köti az oxigén molekulát, a másik határszerkezeti formában az oxigén 

molekula nagyobb elektronegativitásának köszönhetően egy elektront maga felé vonzva 

szuperoxid anionként (O2•-), a vas pedig oxidált +3-as (ferri, met) oxidációs állapotban van 

jelen (74. ábra) 44,197,198. A második határszerkezeti formában a szuperoxid anion reverzibilisen 

kötődik a Fe3+ ionhoz, disszociációja során pedig metHb keletkezik a vörösvérsejtben (74. 

ábra) 44. E folyamat következtében a vörösvérsejt fiziológiás körülmények között 1-2% 

metHb-t tartalmaz, melyet a vörösvérsejtben található metHb reduktáz enzim folyamatosan 

alakít vissza ferroHb-ná (74. ábra) 44,198.  

74. ábra. A vörösvérsejt antioxidáns mechanizmusai. A Hb auto-oxidációja során metHb 

(Fe3+) és szuperoxid anion (O2•-) képződik. A metHb-t a metHb reduktáz ferroHb-ná 

redukálja. A szuperoxid aniont a szuperoxid dizmutáz (SOD) hidrogén-peroxiddá alakítja. 

A Haber Weiss reakcióban átmentei fémionok jelenlétében hidroxil gyök (OH•) keletkezik. 

A kataláz, glutation peroxidázok (GPx) és peroxiredoxinok (PRX) a hidrogén-peroxid vízzé 

alakulását katalizálják. A rendszer további elemei a nem enzimatikus gyökfogók. GSH 

redukált glutation, GSSG glutation diszulfid, GSR glutation-diszulfid reduktáz, NADP+ 

nikotinamid adenin dinukleotid foszfát, NADPH redukált NADP, G6PDH glükóz-6-foszfát 

dehidrogenáz, Trx(r)/Trx(ox) redukált/oxidált thioredoxin, TrxR thioredoxin reduktáz.  
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Az auto-oxidáció másik terméke a szuperoxid anion, egy ROS, mely károsíthatja a 

vörösvérsejt membránt, illetve részt vehet más ROS formák kialakulásában. A vörösvérsejt 

komplex, enzimatikus és nem-enzimatikus elemekből felépülő antioxidáns rendszere 

semlegesíti a keletkező reaktív oxigén formákat (74. ábra) 44. Az enzimatikus rendszer egyes 

komponenseinek hiánya a vörösvérsejt membrán károsodásával és a vörösvérsejt keringésben 

eltöltött idejének jelentős csökkenésével jár együtt 44.  

A Hb tehát egy oxidációra hajlamos molekula, redukált állapotban tartása a vörösvérsejtben 

megvalósul, az extracelluláris térben azonban az antioxidáns védelmi rendszer hiánya a Hb 

oxidációját eredményezi 198. Kísérleteink során vizsgáltuk a Hb és a metHb hidrogén-

peroxiddal kiváltott oxidációját, mely a Hb illetve metHb két elektronos oxidációját, ferrilHb 

és ferrilHb gyök képződését idézi elő (7. ábra)44,46–48. Érdekes módon a Hb hidrogén-

peroxiddal kiváltott oxidációját követően mi elsősorban metHb-t tudtunk detektálni, a ferrilHb 

szintje nagyon alacsony volt (13. ábra) 165. Ugyanakkor a metHb hidrogén-peroxiddal kiváltott 

oxidációját követően detektált ferrilHb mennyisége fordított arányban állt a hidrogén-peroxid 

koncentrációjával (13. ábra) 165. Ezért további kinetikai vizsgálatokat végeztünk, és 

megállapítottuk, hogy a metHb hidrogén-peroxiddal kiváltott oxidációja során keletkező 

ferrilHb koncentrációja a reakció kezdete után 2 perccel eléri a maximumát, majd a ferrilHb 

koncentrációja csökkenni kezd. A csökkenés annál gyorsabb, minél több a hidrogén-peroxid 

koncentrációja a reakcióelegyben (15. ábra) 165. Ez magyarázatul szolgál arra, hogy miért 

detektáltunk kevesebb ferrilHb-t több hidrogén-peroxid jelenlétében a végpontos méréseknél. 

Eredményeink alátámasztják a korábbi ismereteket a ferrilHb instabil természetéről 48,50–52. A 

ferrilHb-ban lévő magas oxidációs állapotú (+4) ferril ion intramolekuláris elektron transzfer 

által stabilizálódik, melynek során az elektron a globin lánc kitüntetett, a hem prosztetikus 

csoporthoz térben közel álló és elektron donációra hajlamos aminosav oldalláncaitól a ferril-

ion irányába vándorol 48,50–52. Az intramolekuláris elektron transzfer eredményeként a ferril-ion 

Fe3+ ionná redukálódik és létrejön egy globin gyök 48,50–52. A globin gyökök egymással reagálva 

kovalens kötéseket alakítanak ki, és létrejönnek a keresztkötött Hb alegységekből álló 

multimerek, melyeket mi is detektáltunk a hidrogén-peroxiddal oxidált Hb és metHb mintákban 

(14-15. ábra) 165. Megállapítottuk, hogy a hidrogén-peroxid dózisfüggő módon idézi elő a 

multimerek kialakulását, és a metHb oxidációja során sokkal erőteljesebb multimerképződést 

tapasztaltunk, mint a Hb esetében. A multimerek kialakulása nem pillanatszerű reakció, és a 

nagyobb multimerek kialakulása több időt vesz igénybe mint a dimereké (14-15. ábra) 165. 

Eredményeink alátámasztják a ferril oxidációs forma instabilitásáról meglévő ismereteinket.  
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Oxidált Hb formák (metHb, hemikróm) és Hb multimerek jelenlétét bevérzett 

érelmeszesedése plakkokban is kimutattuk (16. ábra) 166. Érdekes módon egyes plakkokban 

dimereket nem, csak tetramereket tudtunk kimutatni, mely esetleg arra utalhat, hogy a plakk 

bevérzése régebben történt, és a Hb oxidációja előrehaladottabb stádiumban van.  

Az érelmeszesedéses plakk progressziójában jelentős esemény a szubendotéliális térben 

rekedt LDL módosulása (pl. oxidáció), majd makrofágok általi felvétele. A hem egy 

amfipatikus molekula, mely fokozza az LDL hidrogén-peroxiddal indukált oxidációját 167,168. 

Az oxidáció során konjugált diének, lipid hidroperoxidok és tiobarbitursav reaktív anyagok 

keletkeznek, a hem vas pedig katalizátorként gyorsítja a reakciót 167,168. Ismert továbbá az is, 

hogy a hem-globin kötés erőssége nagymértékben függ a hem vas oxidációs állapotától. A hem 

vas-ion oxidációja (ferro → ferri) a Hb molekula torzulását idézi elő, mely jelentősen, mintegy 

századára gyengíti a hem-globin kötést a metHb-ban a Hb-hoz viszonyítva 53. A hem-globin 

kötés erősségének csökkenése ferrilHb-ban is megfigyelhető 53. A hem vas oxidációja által 

előidézett molekulaszerkezeti torzulások miatt a hem eltérő mértékben képes disszociálni a 

különböző redox állapotú Hb formákról 53. Feltételeztük, és munkánk során bizonyítottuk, hogy 

a plakkban jelenlévő oxidált Hb formák a hem disszociációja által hozzájárulnak az LDL 

oxidációjához (17. ábra) 169.  

Az LDL oxidációja során különféle lipidperoxidációs termékek keletkeznek, többek között 

lipid hidroperoxidok is. Feltételeztük, hogy az oxidált LDL lipid hidroperoxid tartalma miatt a 

hidrogén-peroxidhoz hasonlóan indukálhatja a Hb kételektronos oxidációját. Kimutattuk, hogy 

a natív LDL nem, ugyanakkor az oxidált LDL dózisfüggő módon oxidálja a Hb-t (19-20. ábra) 

169. Így tehát a plakk lipidek és a Hb között egy körfolyamat alakul ki, melyben az oxidált 

lipidek Hb oxidációt, az oxidált Hb formák pedig további lipidperoxidációt indukálnak (75. 

ábra) 199,200.  

 

75. ábra A Hb és az LDL interakciói 

bevérzett plakkban. Az oxidált LDL Hb 

oxidációt, az oxidált Hb formák pedig 

további lipidperoxidációt indukálnak.   
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6.2. A hem és az oxidált Hb formák pro-inflammatórikus hatásai 

A hem egy jól ismert pro-oxidáns molekula, mely tulajdonsága - legalábbis részben - azon 

alapul, hogy a hem-vas a Fenton reakcióban elektron donorként és akceptorként is funkcionálva 

hidroxil gyökök képződését katalizálja 198,201. Ezen kívül a hem részt vesz szerves 

hidroperoxidok nagy reaktivitású alkoxil és peroxil gyökökké alakításában, valamint fokozza a 

NADPH oxidázok és a mitokondrium által termelt ROS képződést 172,201–203. 

Az elmúlt években a hem pro-inflammatórikus jellegére is fény derült, melyet három 

jelentős megfigyelés támaszt alá, melyek a következők: (i) a nagyfokú steril intra- vagy 

extravaszkuláris hemolízis gyulladást kelt, mely hemopexin, illetve HO-1 által kontrollálható 

204; (ii) a hem kísérleti állatokba való injektálása helyi, valamint szisztémás gyulladást indukál 

172,204–206; (iii) a hem kemoattraktáns és immunsejteket aktívál 172,203,207–209. A TLR4 és az 

NLRP3 a velünk született immunrendszer receptorai, melyek szükségesek a hem általi 

makrofág aktiváció folyamatában. Ezek a felfedezések paradigmaváltást idéztek elő, és azóta a 

hemre veszély asszociált molekuláris mintázatként tekintünk 44,172,208,210,211. 

Számos munkában vizsgálták a hem különféle sejtekre kifejtett pro-inflammatórikus 

hatását (76. ábra) 44,198. A hem a monocitákra és neutrophil granulocitákra kemoattraktáns 

hatású (76. ábra) 172,207. Kimutatták, hogy endotélsejtekben a hem TLR4-függő NF-κB 

aktivációt idéz elő, melynek hatására fokozódik a sejtek ROS termelése és a sejtfelszíni 

adhéziós molekulák expressziója (76. ábra) 212,213. A hem aktiválja a neutrofil granulocitákat, 

mely folyamat eredményeként fokozódó ROS termelődést, emelkedett IL-8 expressziót, és 

neutrofil extracelluláris csapda képződést figyeltek meg (76. ábra) 207,209,214. A hem hatását 

legkiterjedtebben makrofágokon vizsgálták. Ismert, hogy a hem TLR4 és NLRP3 

inflammaszóma aktivációt idéz elő makrofágokban, melynek hatására fokozódik a ROS és a 

pro-inflammatórikus citokinek termelődése (76. ábra) 172,208. A hem indukálja a makrofágok 

immunmemóriáját is, melynek következtében fokozódik a makrofág lipopoliszacharidra adott 

válaszkészsége (76. ábra) 215. Az immunmemória kialakulásának hátterében epigenetikus 

reguláció, a hiszton H3 acetilációja áll, és az immunválaszt fokozó hatás akár több héten 

keresztül is fennállhat (76. ábra)  215. Végezetül, a hem aktiválja a komplement rendszert, mely 

a C3a és a C5a aktivációs fragmentek keletkezéséhez és a membránkárosító komplex (MAC) 

kialakulásához vezet (76. ábra)   216,217. 
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A hem gyulladáskeltő szerepe tehát ismert volt, de nem állt rendelkezésre adat a Hb 

különböző redox formáinak esetleges pro-inflammatórikus tulajdonságairól. Ezért munkánk 

során endotélsejteken és makrofágokon is vizsgáltuk a hem és a különböző Hb formák 

gyulladáskeltő hatását. Megállapítottuk, hogy a Hb formák közül egyedüliként a ferrilHb okoz 

endotélsejt aktivációt, melyet az adhéziós molekulák fokozott expressziója és az egysejtréteg 

integritásának csökkenése jellemez (21-23. ábra) 170. Kimutattuk továbbá, hogy az adhéziós 

molekulák ferrilHb általi indukciója az NF-κB, a p38 MAPK és a JNK útvonalak aktivációján 

keresztül valósul meg (24-25. ábra) 170. Korábbi munkákban kimutatták, hogy a hem TLR4-

függő módon fokozza az adhéziós molekulák expresszióját endotélsejtekben, felmerült tehát a 

kérdés, hogy vajon az adhéziós molekulák ferrilHb általi indukcióját a ferrilHb disszociábilis 

76. ábra A hem pro-inflammatórikus hatásai. (I) A hem TLR4-függő módon endotélsejt 

aktivációt indukál, melyet NF-κB aktiváció, emelkedett ROS termelés, és az adhéziós 

molekulák fokozott expressziója jellemez. (II) A hem neutrophil aktivációt okoz, hatására 

fokozódik a NADPH oxidáz (NOX) függő ROS és az IL-8 termelés, és a neutrofil 

extracelluláris csapda képződés. (III) A hem a monocitákra és neutrophil granulocitákra 

kemoattraktáns hatású. (IV) A hem TLR4 és NLRP3 inflammaszóma aktivációt idéz elő 

makrofágokban, melynek hatására fokozódik a ROS és a proinflammatórikus citokinek 

termelődése. (V) A hem indukálja a makrofágok immun tréningjét, melynek következtében 

fokozódik a makrofág lipopoliszacharid (LPS)-ra adott válaszkészsége. (VI) A hem aktiválja 

a komplement rendszert, mely a C3a és C5a aktivációs fragmentek és a membránkárosító 

komplex (MAC) kialakulásához vezet. Syk, lép tirozin kináz; H3, hiszton 3.  
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hem csoportja okozza-e 212,213. Meglátásunk szerint a ferrilHb által indukált endotélsejt 

aktivációt nem a ferrilHb-ról ledisszociáló hem, hanem maga a ferrilHb okozza, mely 

elgondolás egyrészt azon alapszik, hogy a ferrilHb általi endotélsejt aktiváció TLR4 független, 

másrészt pedig azon, hogy a metHb  ̶  amely hajlamosabb a hem csoport disszociációjára, mint 

a ferrilHb  ̶  nem okoz endotélsejt aktivációt 170.         

A hem NLRP3 aktiváló hatását Dutra és munkacsoportja írta le elsőként makrofágokon 172. 

Ismert, hogy az endotélsejtek rendelkeznek a velünk született immunrendszer 

mintázatfelismerő receptoraival 218, továbbá az is, hogy az NLRP3 inflammaszóma 

endotélsejtekben is aktiválható, mely folyamat szerepet játszik a hemorrágiás sokk-indukált 

tüdőkárosodásban, a diabéteszes retino- és nefropátia, valamint a CKD patogenezisében 219–223. 

Kimutattuk, hogy LPS-sel előkezelt endotélsejtekben a hem indukálja az NLRP3 

inflammaszóma aktivációját és az IL-1β termelődését (26-27. ábra) 173. A szakirodalomból 

ismert, hogy az NLRP3 inflammaszóma aktivációjához két szignál szükséges, s ezt a mi 

eredményünk - miszerint LPS előkezelés hiányában IL-1β termelődést nem tapasztaltunk - is 

alátámasztja 173. Megállapítottuk, hogy a hem struktúrális integritása szükséges az NLRP3 

inflammaszóma indukciójához (28. ábra) 173, mely eredmény egybecseng Dutra és 

munkacsoportja makrofágokon bemutatott eredményeivel 172.  

Az NLRP3 inflammaszómát számos struktúrájában és funkciójában is jelentősen eltérő 

molekula indukálja, mely közös útvonalak aktivációján keresztül valósul meg. Az egyik ilyen 

jelentős útvonal, mely szerepet játszik az NLRP3 inflammaszóma aktivációjában, a fokozott 

ROS termelődés 224,225. A hem ismert pro-oxidáns, és kísérleteinkben bizonyítottuk, hogy a 

fokozott ROS képződés kulcsszerepet játszik az NLRP3 inflammaszóma hem általi 

indukciójában (29-30. ábra) 173.  

A különböző Hb redox formák hatását is vizsgáltuk az NLRP3 inflammaszóma 

aktivációjára endotélsejtekben és makrofágokban. A Hb formák közül egyedüliként a ferrilHb 

indukált IL-1β termelést LPS-sel előkezelt makrofágokban, ugyanakkor endotélsejtekben egyik 

Hb forma sem (33-35. ábra) 173,174. Az eltérés okát jelenleg nem ismerjük. Az endotélsejtek és 

makrofágok hemmel indukált IL-1β termelésének mennyiségét összehasonlítva 

megállapítottuk, hogy az endotélsejtek mintegy tizedannyi IL-1β-t termelnek, mint a 

makrofágok. Ha azonban tekintetbe vesszük az endotélsejtek tömegét a szervezetben, mely az 

agy tömegével vethető össze, lehetséges, hogy ez a csekély mértékű IL-1β termelés jelentős 

hatással bírhat, és valós szerepet játszhat hemolízissel járó betegségek patogenezisében.    
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6.3. A hem által indukált protektív mechanizmusok, az Nrf2/HO-1/ferritin rendszer 

A hem pro-inflammatórikus és pro-oxidáns hatásának csökkentésében kulcsfontosságú a 

HO-1, a HO enzimcsalád indukálható izoenzime, melynek indukcióját az Nrf2 szabályozza 146. 

A HO-1 a hem degradációját katalizálja, mely reakcióban ekvimoláris mennyiségben keletkezik 

szén monoxid (CO), biliverdin és vas-ion. A biliverint a biliverdin reduktáz bilirubinná alakítja, 

a vas-ion pedig fokozza a ferritin transzlációját. A vas a ferritinben katalitikusan inaktív 

formában tárolódik 146.  

Az egészséges érfalhoz képest a HO-1 és a ferritin expressziója emelkedett már az 

érelmeszesedéses plakk kialakulásának korai szakaszában 226,227. Az oxidált LDL, az 

érelmeszesedés patogenezisének egyik fő komponense, egyben a HO-1 expressziójának 

erőteljes induktora endotélsejtekben, simaizomsejtekben és makrofágokban is 228–230. A HO-1 

érfali expressziójának megemelkedését atero-protektív mechanizmusnak tekintjük, melyet 

számos megfigyelés támaszt alá. Egyrészt a HO-1 expresszió fokozása kémiai induktorokkal 

vagy virális géntranszferrel gátolja az érelmeszesedést hiperkoleszterémiás állatmodellekben 

231–233. Ezzel szemben a HO-1 hiánya fokozza az érelmeszesedést apolipoprotein E deficiens 

egérben 234. Emberekben a HO-1 hiány igen ritka, eddig mindösszesen 9 esetet ismer a 

szakirodalom 235. A humán HO-1 deficiens betegek esetleírásaiból is tisztán kirajzolódik, hogy 

a HO-1 kulcsszerepet játszik az oxidatív stressz és gyulladás elleni védelemben, a sejt és 

szövetkárosodás kivédésében 235. A humán HO-1 deficiencia vaszkuláris vonatkozása az 

endotélium sérülése, és az előrehaladott érelmeszesedés, mely már gyermekkorban 

megfigyelhető 236.  

A HO-1 protektív hatása nagyrészt a hem degradációja során keletkező termékek anti-

oxidáns és anti-inflammatórikus hatásain alapul 146. A bilirubin koncentrációjától függően 

kettős hatású, anti-oxidáns és pro-oxidáns jellegű hem degradációs metabolit. Fiziológiás 

koncentrációban számos ROS formát (pl. szinglet oxigén, szuperoxid anion, peroxinitrit, 

szerves peroxil gyökök) képes semlegesíteni, és lipofil tulajdonsága miatt jelentős szerepet 

játszik a sejtmembánt alkotó lipidek, valamint az LDL oxidatív stresszel szembeni védelmében 

237,238. A totál bilirubin szint fordítottan arányos a keringő oxidált LDL koncentrációjával, és a 

plazma bilirubin fiziológiás tartományba eső, de emelkedett szintje csökkenti a koronária artéria 

betegség rizikóját 239–242. Hiper-bilirubinémia esetén azonban a bilirubin anti-oxidáns jellege 

helyett a pro-oxidáns hatása lép előtérbe, neuronok apoptózisát okozva 243,244. A bilirubin 

oxidációja során keletkező termékek simaizomsejtekre kifejtett vazokonstriktív hatása is ismert 

245.  
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A hem degradáció másik terméke a gáz halmazállapotú CO, mely diffúzibilis, könnyen 

keresztüljut a különféle sejtkompartmenteken, és elsődlegesen a hem tartalmú fehérjék 

(szolubilis guanilát cikláz (sGC), oxidázok, endotél NO szintáz (eNOS), a mitokondriális 

légzési lánc fehérjéi, hem tartalmú transzkripciós faktorok) hem csoportjaihoz kötődve fejti ki 

hatását 246. A CO kötődése aktiválja vagy gátolja a target fehérjéket. Például a CO kötődés 

aktiválja a sGC-t és az eNOS-t, ugyanakkor gátolja a mitokondriális citokróm c oxidáz 

működését 247–249. A kardiovaszkuláris szövet sejtjei ezeket a CO-dal interakcióba lépő 

fehérjéket eltérő mértékben expresszálják, így a CO hatása sejtspecifikus. A citokróm c oxidáz 

gátlása emelkedett szuperoxid anion termelést idéz elő a mitokondriumban. Így a CO indirekt 

módon, redox jelátviteli folyamatokon keresztül, nem hem fehérjék expressziójának 

megváltozását idézi elő, melynek következtében a sejtek anti-inflammatórikus jellege válik 

dominánssá 246.  

A hem degradáció harmadik terméke a vas-ion, mely a ferritin láncok szintézisét poszt-

transzkripciós módon a vas reguláló fehérjék / vas válaszadó elem rendszeren keresztül 

regulálja 250.  A ferritin egy 24, H és L láncokból felépülő szférikus molekula, melynek 80 Å 

átmérőjű központi magjában közel 4500 vas(III) iont képes tárolni szervetlen komplex 

formában 251. A H alegység ferroxidáz aktivitással rendelkezik, funkciója a citoszoláris vas(II) 

ionok vas(III) ionokká történő oxidációjának katalizálása, míg az L alegységek a vas(III) ionok 

hatékony inkorporációjában játszanak szerepet 252. A ferritin ferroxidáz aktivitás-függő anti-

oxidáns tulajdonságát elsőként Balla és munkatársai figyelték meg endotélsejteken 253.           

A komplikált érelmeszesedéses lézióban a hemorrágia, a fokozott HO-1 expresszió és a 

kalcifikáció gyakorta együttesen van jelen. Ismert továbbá a fokozott ROS termelődés szerepe 

a vaszkuláris simaizomsejtek oszteokondrogén irányú differenciálódásában 67. Ezért munkánk 

során vizsgáltuk a pro-oxidáns tulajdonságú hem hatását vaszkuláris simaizomsejtek 

kalcifikációjára. Előzetes várakozásunkkal ellentétben azt tapasztaltuk, hogy a hem gátolta a 

vaszkuláris simaizomsejtek oszteokondrogén irányú differenciálódását és a kalcifikációt (39. 

ábra) 175. A hem indukálta a HO-1 expresszióját (40. ábra) 175, így a hem degradációs termékek 

kalcifikációra gyarorolt hatását is megvizsgáltuk. Megállapítottuk, hogy a simaizomsejtek 

oszteokondrogén differenciálódásának és kalcifikációjának gátlásában főként a hemből 

kiszabaduló vas-ion, és az általa indukált ferritin ferroxidáz aktivitással rendelkező H alegysége 

vesz részt (41-43. ábra) 175.  

A vaszkuláris simaizomsejtek csontsejt irányú fenotípus váltása nagy hasonlóságot mutat 

a mezenchimális őssejtek oszteoblaszt irányú differenciálódásával, valamint az oszteoblasztok 

érésével. A vaszkuláris simaizomsejteken tett megfigyeléseinkkel egybehangzó megállapítást 
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tettek Lin és munkatársai, akik kimutatták, hogy a HO-1 indukciója gátolja oszteoblasztok 

érését és mineralizációját 254. Saját munkacsoportunk is vizsgálta a vas/ferritin hatását 

mezenchimális őssejtek oszteoblaszt irányú differenciálódására, valamint oszteoblasztok 

mineralizációjára. Megállapítottuk, hogy a vastöbblet a ferritin indukcióján keresztül, 

ferroxidáz aktivitás-függő módon gátolja a mineralizációs folyamatokat mezenchimális 

őssejtekben és oszteoblasztokban is 255,256. Az általunk feltárt vastöbblet által indukált anti-

mineralizációs mechanizmus jelentős szerepet játszhat a vas felhalmozással járó betegségekben 

megfigyelt oszteoporózis kialakulásában 257,258. 

A komplikált lézióhoz hasonlóan a sztenotikus aorta billentyűkben is megfigyelhető 

neoangiogenezis, hemorrágia és a HO-1 expresszió fokozódása 259,260. A hemorrágia megléte 

összefüggést mutat az aorta sztenózis gyorsabb progressziójával. Ezeket a megfigyeléseket 

alapul véve vizsgáltuk a hem hatását billentyű intersticiális sejtek oszteobaszt irányú 

differenciálódásra. Kimutattuk, hogy a simaizomsejtekhez hasonló módon, a hem gátolta a 

billentyű intersticiális sejtek fenotípus változását, és bizonyítottuk, hogy a hem kalcifikációt 

gátló hatása csak a HO-1/Nrf2 útvonal zavartalan működése esetén érvényesül (45-47. ábra) 

176. A hem degradációs termékek mindegyike  ̶  a bilirubin, a vas-ion, és a szén-monoxid  ̶   

gátolta a kalcifikációt, de a gátlás mértékében nagy eltéréseket tapasztaltunk (48. ábra) 176. A 

simaizomsejtekhez hasonlóan a billentyű intersticiális sejtekben is kimutattuk a ferritin mindkét 

alegységének hem általi indukcióját, és az exogén módon adott ferritin anti-kalcifikációs hatását 

(49. ábra) 176. 

Az Nrf2 rendszer aktivációjának hatását vaszkuláris simaizomsejtek kalcifikációjára már 

korábbi munkákban is vizsgálták. Az Nrf2 különféle endogén (hidrogén-szulfid), természetes 

(rozmarinsav, resveratrol), és farmakológiai induktorait (Metformin) alkalmazva ezen munkák 

egyértelműen bizonyították az Nrf2 aktiváció anti-kalcifikációs hatását vaszkuláris 

simaizomsejteken 261–264. Az Nrf2 anti-kalcifikációs hatásmechanizmusában az Nrf2 

transzkripciós kontrollja alatt álló antioxidáns gének aktivációja és a ROS termelődés 

szupressziója áll 265. Szívbillentyű intersticiális sejteken végzett vizsgálataink - ezen 

eredményekkel összhangban állva - az Nrf2 útvonal aktivációjának anti-kalcifikációs hatását 

bizonyították.  

 

6.4. A HIF-1 útvonal jelentősége vaszkuláris kalcifikációban 

A vaszkuláris kalcifikáció két legjellegzetesebb formája az intima és a média kalcifikáció. 

A hipoxia mindét típusú kalcifikációs mintázat mellett jelen van az érfalban. Ismert az is, hogy 
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olyan betegségekben, melyek szisztémás, lokális, vagy intermittáló hipoxiával járnak együtt, 

fokozódik a vaszkuláris kalcifikáció. Például, egy eset-kontroll tanulmányban asztmás 

betegekben a tüdőartéria fokozott kalcifikációját mutatták ki, mely kalcifikáció mértéke az 

asztma fennálásának időtartamával mutatott korrelációt 158. Egy másik tanulmányban krónikus 

obstruktív tüdőbetegségben szenvedő betegekben a koronária artéria kalcifikációját mutatták 

ki, melynek mértéke erőteljes, negatív korrelációt mutatott a véroxigén szinttel 159,266.    

Ismert volt tehát a hipoxia jelenléte, és vaszkuláris kalcifikációval való összefüggése, 

azonban a jelenség hátterében álló mechanizmus felderítetlen maradt. Ezért munkánk során a 

hipoxia közvetlen hatását vizsgáltuk vaszkuláris simaizomsejtek oszteokondrogén irányú 

differenciálódására és kalcifikációjára. Kimutattuk, hogy a hipoxia előidézi a vaszkuláris 

simaizomsejtek oszteokondrogén irányú differenciálódását és kalcifikációját (51-53. ábra)  177. 

A hipoxia vaszkuláris simaizomsejtek oszteogén differenciálódására kifejtett hatását rajtunk 

kívül Mokas és munkatársai is vizsgálták. A sejteket oszteogén stimulusnak tették ki (magas 

foszfát) normoxiában és hipoxiában, és a hipoxia kalcifikációt fokozó hatását figyelték meg, 

mely a mi eredményeinkkel összhangban áll 160.   

Korábbi munkákban vizsgálták a hipoxia hatását csontszövet-képző sejtek mineralizációs 

hajlamára, illetve pluripotens mezenchimális őssejtek oszteoblaszt irányú differenciálódására. 

Park és munkatársai kimutatták, hogy a hipoxia (2% O2) csökkenti a RUNX2, OCN és ALP 

expresszióját MG63 oszteoblaszt-szerű sejtekben 267. Salim és munkatársai azt találták, hogy a 

hipoxia (2% O2) nem befolyásolja jelentősen primér oszteoblasztok, illetve mezenchimális 

prekurzor sejtek oszteogén irányú differenciálódását, ugyanakkor rövid ideig fennálló anoxia 

gátolja a csont nodulusok kialakulását a RUNX2 szint csökkenésén keresztül 268. Ezzel szemben 

Wagegg és munkatársai a hipoxia, HIF-1 és RUNX2-dependens, oszteogenezist fokozó 

hatásáról számoltak be, multipotens humán mezenchimális sejteken 269. Ichijima és munkatársai 

pedig perioszteális sejteken mutatták ki a hipoxia oszteogén differenciálódást indukáló hatását 

270.  

Ezek a látszólag egymásnak ellentmondó eredmények arra utalnak, hogy a hipoxia hatása 

a sejtek oszteogén differenciálódására és kalcifikációs képességére sejt-specifikus. Ismert, hogy 

a RUNX2 oszteogén mester transzkripciós faktor promóter aktivitása különbözik csontképző 

és nem csontképző sejtekben 271, mely esetleg szerepet játszhat a hipoxia sejt-specifikus 

hatásában. A hipoxia oszteogén differenciálódásban betöltött sejt-specifikus szerepének 

vizsgálata mindenképpen további munkát igényel, és talán közelebb vihet a CKD-ban kialakuló 

csont-érrendszeri tengely diszfunkció, és a vaszkuláris kalcifikációval párhuzamosan jelenlévő 

oszteoporózis megértéséhez.  
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A hipoxiára adott válasz mester regulátora a HIF-1 transzkripciós faktor, mely számos 

olyan gén transzkripcióját regulálja, mely segíti a túlélést a sejt és az organizmus szintjén is 

limitált oxigénkoncentráció esetén 147–149. A HIF-1 oxigén-érzékeny szabályozó alegysége a 

HIF-1α, melynek emelkedett expresszióját kimutattuk hipoxiában tartott humán aorta 

simaizomsejtekben (53. ábra) 177. Kísérleteink során megállapítottuk, hogy a hipoxia 

vaszkuláris simaizomsejtekre kifejtett oszteokondrogén differenciálódást indukáló hatása HIF-

1 függő (54-55. ábra) 177. A HIF-1 útvonal, ezen belül is a HIF-1α expresszió kalcifikációban 

betöltött jelentős szerepére hívta fel a figyelmet két korábbi közlemény. Az egyikben 

kimutatták, hogy a HIF-1α fokozott expressziója elősegíti, míg csökkent expressziója gátolja 

tüdőartéria simaizomsejtek osztegén differenciálódását 272. A másik klinikai vonatkozású 

cikkben pedig azt találták, hogy a plazma HIF-1α szintje korrelál, és független prediktora a 

koronária artéria kalcifikációjának kettes típusú diabéteszes betegekben 273. 

A hipoxia és a ROS termelődés közötti komplex viszony felderítése számos cikk témája 

volt, azonban a tudományterület tele van egymásnak ellentmondó megfigyelésekkel. Egyes 

cikkekben a ROS képződés csökkenését, másokban a ROS termelődés fokozódását figyelték 

meg hipoxiának kitett sejtekben 274–276. Napjainkra bebizonyosodott, hogy a hipoxia 

érzékeléséhez, és a hipoxiára adott reakcióhoz szükséges a mitokondriális légzési lánc 

működése, és az is hogy a hipoxia a mitokondriális és a NADPH oxidáz eredetű ROS 

képződését is fokozza 275–278. A mitokondriális ROS inhibitorok gátolják a hipoxia választ, ami 

azt bizonyítja, hogy a hipoxia által indukált ROS termelődés esszenciális szerepet tölt be a HIF-

1 útvonal működésében 276,278. A hipoxia fokozza a ROS termelést, ugyanakkor a fokozott ROS 

termelés stabilizálja a HIF-1α-t, ez által egy pozitív visszacsatolási mechanizmus jön létre a 

HIF-1 útvonal aktiváció és a ROS képződés között 279.   

A fokozott ROS termelés kulcsszerepet játszik a vaszkuláris patológiákban, beleértve a 

vaszkuláris kalcifikációt is 67,130. A ROS szerepet játszik a vaszkuláris simaizomsejtek 

oszteogén differenciálódásában, és az oszteogén markereket expresszáló sejteket az érfalban 

ROS forrásként azonosították 130,280.  

Munkánk során tehát vizsgáltuk a ROS szerepét a hipoxia kalcifikációt indukáló hatásában. 

Megállapítottuk, hogy a szakirodalmi előzményekkel összhangban a hipoxia fokozza a ROS 

képződést vaszkuláris simaizomsejtekben (56. ábra) 177. Kimutattuk hogy a ROS inhibitorok 

gátolják a HIF-1α hipoxia által indukált stabilizációját, valamint a vaszkuláris simaizomsejtek 

oszteokondrogén differenciálódását és kalcifikációját (57-60. ábra) 177. Az in vitro 

modellrendszer mellett a hipoxia hatását in vivo körülmények között is vizsgáltuk. Kimutattuk, 
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hogy hipoxiában (10% O2) fokozódik a Glut-1 és a RUNX2 mRNS expressziója az aortában 

(62. ábra).  

Mokas és munkatársai a hipoxia hatását magas foszfát jelenlétében vizsgálták, és 

kimutatták, hogy a hipoxia fokozza a vaszkuláris simaizomsejtek magas foszfáttal indukált 

kalcifikációját 160. A foszfát a vaszkuláris kalcifikáció egyik legjelentősebb induktora, mely 

kitüntetett szerepet játszik a CKD-asszociált média kalcifikációban 58,68. Ismert, hogy a CKD 

gyakran más krónikus betegségekkel társul, mint például anémia 281, metabolikus csontbetegség 

282 és kardiovaszkuláris betegségek 283,284.  

A CKD-asszociált anémia kialakulásában az alacsony eritropoetin (EPO) képződés, a 

vörösvérsejtek élettartamának csökkenése, valamint a vashiány játszik szerepet 281,285. Ennek 

megfelelően a CKD-asszociált anémia kezelésének fő célpontjai az EPO szint emelése, a 

vörösvérsejt termelés serkentése, valamint a vaspótlás 286–288. Az első generációs eritropoézist 

serkentő gyógyszerekről azonban számos tanulmányban bebizonyították, hogy tovább 

fokozzák a CKD betegek alapvetően is magas kardiovaszkuláris rizikóját 289–292. 

Alternatív terápiás lehetőségként kezdték el vizsgálni a prolil hidroxiláz inhibitorokat, 

melyek a HIF-1 útvonal aktivációján keresztül fokozzák az EPO termelést és a vörösvérsejt 

képzést. Ezek egyik képviselője az általunk is vizsgált Daprodustat, melyről több tanulmányban 

kimutatták, hogy adverz, illetve off-target hatásoktól mentesen, hatékonyan korrigálja az 

anémiát CKD betegekben 293,294. A DPD használatát 2020-ban engedélyezték Japánban CKD-

asszociált anémia kezelésére 295.   

Munkánk során a DPD hatását vizsgáltuk magas foszfáttal indukált in vitro, ex vivo és in 

vivo kalcifikációs modellrendszerekben. Kimutattuk hogy a DPD HIF-1-függő módon fokozza 

a vaszkuláris simaizomsejtek és az egér aorta gyűrű magas foszfáttal indukált kalcifikációját 

(64-66. ábra). Ezzel a megfigyelésünkkel összhangban a DPD-hez hasonló módon a 

Roxadustat nevű prolil hidroxiláz is fokozza a simaizomsejtek magas foszfáttal indukált 

kalcifikációját 160.  

Akut és/vagy krónikus stressz, beleértve a hipoxiát is, ER diszfunkciót és UPR-t indukál. 

Az UPR segítheti a sejtet a homeosztázis visszaállításában, vagy ennek sikertelensége esetén 

apoptotikus útvonalakat indukálhat 296. Az UPR hipoxiában történő indukciója segíti a sejt 

hipoxiához való adaptációját 297,298. Az UPR indukciójában három különböző szenzor vesz 

részt, az ATF6, az IRE1 és a PERK 296. A vaszkuláris kalcifikációval korábban összefüggésbe 

hozták a PERK-eIF2α-ATF4 útvonalat, mely hipoxiában is aktiválódik 164,178,299,300. 

Feltételeztük tehát, s munkánk során bizonyítottuk is, hogy a hipoxia mimetikum DPD ER 
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stresszt indukál, és a PERK-eIF2α-ATF4 útvonal aktivációján keresztül fejti ki pro-

kalcifikációs hatását (68-69. ábra).  

Végezetül a DPD hatását in vivo körülmények között is tanulmányoztuk. Vizsgálatunkhoz 

egy adeninnel indukált CKD egérmodellt választottunk, melyben a kalcifikációt magas foszfát 

tartalmú diétával segítettük elő. A DPD-t a humán alkalmazást követve naponta orálisan 

adagolva adtuk. Az általunk tesztelt három DPD dózis közül (5, 10, 15 mg/kg/nap) csak a 

legmagasabb dózis javította a hematológiai paramétereket (71. ábra). Az általunk talált 

hatékony dózis magasabb, mint a szakirodalomban leírt 3 mg/kg/nap, mely képes volt a 

vörösvérsejt szám és a Hb koncentráció szignifikáns emelésére egészséges, nem anémiás, 

nőstény B6D2F1 egérben 301. A jelentős eltérés hátterében számos ok állhat, mint például az 

állatok különböző genetikai háttere és neme, illetve a kezdeti hematológiai státusza. Lényeges 

eltérés továbbá, hogy az általunk alkalmazott modellben az egerek krónikus 

veseelégtelenségben szenvedtek, beszűkült vesefunkcióval, szemben az Ariazi és munkatársai 

által közölt tanulmánnyal, ahol a DPD hatását egészséges egereken vizsgálták 301. 

A DPD kalcifikációra kifejtett hatásának vizsgálata során a DPD-t az anémiát korrigáló 

dózisban alkalmaztuk. Kimutattuk, hogy a DPD 15 mg/kg/nap dózisban alkalmazva fokozta a 

kalcifikációt hiperfoszfatémiás CKD egerekben (72. ábra). Ismereteink szerint ez az első 

tanulmány, melyben egy klinikai gyakorlatban használt hipoxia mimetikum kalcifikációra 

gyakorolt hatását vizsgálta hiperfoszfatémiás CKD modellben. Az eredmény óvatosságra int, 

és további, a DPD kalcifikációra gyakorolt hatásának felderítését célzó klinikai tanulmányokat 

sürget.  

Az értekezésben bemutatott eredmények szorosabb vagy lazább összefüggésbe hozhatók a 

plakk hipoxiával és a következtében fellépő hemorrágiával, ahogyan azt az alábbi ábrán 

összegeztem (77. ábra).  
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77. ábra. A disszertációban vizsgált folyamatok összefoglalása 

 

 

 

A hipoxia számos, a plakk progresszióját befolyásoló mechanizmusra hat (angiogenezis, 

gyulladás, lipid akkumuláció, sejt metabolizmus, proteolízis), melyeket a diszkusszió elején 

részletesen ismertettem (73. ábra). Szerteágazó munkánk során tanulmányoztuk az oxidált Hb 

formák kialakulását, a különféle Hb redox formák és a plakk lipidek interakcióit, a Hb 

oxidációja során keletkező anyagok pro-inflammatórikus hatásait, valamint a hem kalcifikációt 

gátló hatását, mely az Nrf2/HO-1/ferritin antioxidáns mechanimus aktivációján keresztül 

valósul meg (77. ábra).  

Munkánk limitációja, hogy a hipoxia hatását in vivo körülmények között érelmeszesedéses 

modellekben még nem vizsgáltuk, viszont az érelmeszesedéses plakk mikrokörnyezetén kívül 

eső vizsgálatunkban a hipoxia mimetikum média kalcifikációt fokozó hatását mutattuk ki CKD 

egérmodellben. További terveink között szerepel a HIF-1α kalcifikációban betöltött szerepének 

vizsgálata simaizomsejt targetált HIF-1α deficiens egérben. Munkánk során nem érintettük a 

hipoxia proteolízisre, illetve a sejtmetabolizmusra kifejtett hatásait. Jövőbeli célunk a hipoxia, 

a metabolizmus és a kalcifikáció összefüggéseinek feltárása, valamint a hipoxia hatásának 

vizsgálata vaszkuláris simaizomsejtek szintetikus, infammatórikus, illetve adipogén irányú 

differenciálódására.       
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7. AZ ÉRTEKEZÉSBEN ISMERTETETT ÚJ TUDOMÁNYOS 

EREDMÉNYEK ÖSSZEFOGLALÁSA 

1. A Hb és a metHb oxidációja során instabil ferrilHb keletkezik, mely tovább alakul kovalens 

módon keresztkötött Hb formákká. A Hb multimerekben összekapcsolódó Hb láncok 

száma függ az oxidáló ágens koncentrációjától és a kiindulási Hb formában lévő hem-vas 

oxidációs állapotától. 

2. Humán bevérzett karotisz plakkokban kovalens módon keresztkötött Hb formák vannak 

jelen.  

3. A plakkban egyidejűleg jelenlévő LDL és Hb között egy körfolyamat alakul ki, melyben 

az oxidált lipidek Hb oxidációt, az oxidált Hb formák pedig további lipidperoxidációt 

indukálnak. 

4. A ferrilHb NF-κB-függő módon endotélsejt aktivációt idéz elő, mely az adhéziós 

molekulák emelkedett expressziójával, az aktin citoszkeleton átrendeződésével, 

intercelluláris rések kialakulásával, és az endotél egysejtréteg integritásának csökkenésével 

jellemezhető.  

5. Az intakt hem ROS-függő módon NLRP3 inflammaszóma aktivációt és aktív IL-1β 

szekréciót indukál LPS-sel előkezelt endotélsejtekben.  

6. A ferrilHb NLRP3 inflammaszóma aktivációt és aktív IL-1β szekréciót indukál LPS-sel 

előkezelt makrofágokban.  

7. A hem gátolja vaszkuláris simaizomsejtek és billentyű intersticiális sejtek magas foszfáttal 

indukált oszteokondrogén differenciálódását és kalcifikációját. 

8. A hem anti-kalcifikációs hatásában jelentős szerepe van az Nrf2/HO-1/ferritin antioxidáns 

rendszer indukciójának, és a hem degradációja során keletkező termékeknek.  

9. A hipoxia a HIF-1 útvonal aktivációján, és a ROS termelés fokozódásán keresztül indukálja 

vaszkuláris simaizomsejtek oszteokondrogén irányú differenciálódását és kalcifikációját.  

10. A hipoxia mimetikum DPD a HIF-1 útvonal aktivációján keresztül fokozza vaszkuláris 

simaizomsejtek és egér aorta gyűrűk magas foszfáttal indukált kalcifikációját.  

11. A DPD korrigálja az anémiát, ugyanakkor fokozza a kalcifikációt hiperfoszfatémiás 

krónikus veseelégtelen egerekben.   
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11.  KÖSZÖNETNYILVÁNÍTÁS 

Emléktöredékek: A nyírmadai ház padlása kimeríthetetlen kincsesbánya. A csomókba kötözött régi Nők 

Lapja, Fürge Ujjak és Füles magazinok között két bőrönd. Az egyikben parókák és mindenféle 

sminkeszközök, a másikban kémcssövek, lombikok, golyós hűtő, borszeszégő, különféle ásványok, és 

egy kis üvegben higany. Nagyapám vándorszínészi és kémiatanári életének kellékei. A kémiás bőrönd 

sokkal érdekesebb, a higanyos üveggel órákon át el lehet szórakozni.  

A nagyszülőkhöz való megérkezés után az első utam a nyárikonyhába vezet. A nagyapám a falusi 

könyvterjesztő, ide érkeznek a könyvek. A Világirodalom remekei sorozat, pár gyerekkönyv. 

Bármelyiket megkaphatom.  

A fürdőszoba ajtaja kulcsra van zárva. Senki se mehet be, apám a nagydoktorijához maratja a nyomtatott 

áramköröket, vagy fényképeket hív elő. Esténként a magyar híradó után az egész család a „Vremját” 

nézi az orosz csatornán, mert apám oroszul tanul. A nagydoktori védése után családi fotózkodás az MTA 

aulájában, mindenki boldog, anyám is megbocsájtotta már, hogy a vasklorid örök nyomot hagyott a 

fürdőkádon.  

Nagyszüleim, szüleim, az első köszönet nektek jár! Olyan közeget teremtettetek ahol a szorgalom, 

az olvasás, a tudás, a tanulás érték volt.   

Augusztus végén várom a könyvosztást. A kémiakönyv a legizgalmasabb, le se tudom tenni. 

Mengyelejev a kedvencem. Kémai szakkörön Gundel palacsintát süt nekünk tanárnő. Az alkoholt 

meggyújtja a tetején, egyszerűen varázslatos!  

Köpenyvizit a Vegyipariban. Ki kell menni a tanári asztalhoz, és körbeforogni. A köpeny nem lehet 

piszkos, gyűrött vagy szakadt, nagy a szigor. Nagymamám szorgalmasan foltozza a savmarta lyukakat.  

Az osztály fele egyetemre készül, én is megpróbálom. És sikerül! Én vagyok a legbüszkébb vegyész 

hallgató, de az érzés múlandónak bizonyul. Küzdök megannyi más sorstársammal együtt. Másodévre 

már csak feleannyian iratkozunk be.   

Diplomamunkát kellene írnom, de nem találom a helyem. Voltam már az analitika és a szerves kémai 

tanszéken is, egyik se tetszik. A barátnőm a mikrobiológia tanszéken van, szereti, így én is 

megpróbálkozom. Pócsi István lesz a témavezetőm, azt mondja nem lesz kész a diplomamunkám 

időben, túl későn jöttem. De ez nem zavar, érdekel végre, amit csinálunk, hihetetlen új világ nyílik 

előttem, amelyben a Bacillus Macerans a főszereplő, ő termeli az enzimet, amit tisztítani kell. Vegyész 

feladat, de azért mégse teljesen. Dolgozunk Nógrádi Noémi PhD hallgatóval éjjel-nappal, és a 

diplomamunka csakazértis készen lesz, pont időben.   

A második köszönet a tiétek, kedves általános- és középiskolai tanáraim, egyetemi oktatóim, akik 

fenn tudtátok tartani bennem az érdeklődést! 

Egyetem után kitérő, Kazincbarcika, ökotoxikológiai labor. Nem akarok már csak élettelen „kémiás” 

dolgokkal foglalkozni. Itt vannak algák, halak, mustármag csíráztatás, és a jövőbeli remény arra, hogy 

olyan mikroorganizmusokat szelektáljunk, melyek az ipari szennyvíz szerves alkotóit képesek 

lebontani. Nem győzöm kivárni, ötödannyi fizetésért PhD hallgatónak szegődök inkább.  

PhD felvételi, záporoznak a kérdések, egyikre se tudom a választ. Az-az mégis, tudom mi a pH, és hogy 

hogyan kell mérni. Ezzel megvolnánk, felvettek! A témavezetőim Balla György és öccse, Balla József, 

nagyon lelkes, amolyan megszállott kutatók, rohamtempóban tanítanak meg mindenre. Nekem minden 

új, a vegyész szakon se endotélsejtekről, se LDL-ről, de még a hemoglobinról se tanultunk. A laborban 

én vagyok az első, és sokáig egyetlen PhD hallgató, egy asszisztens, Dobolyi Alice a társaságom. Gyuri 

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



145 
 

esténként néz be a laborba, ha nem vagyok ott, megnézi a jegyzőkönyvemet. Ha tetszik neki az 

eredmény, -t rajzol mellé. Tél van, Jóskával hemoglobint tisztítunk. Hűtőszoba nincs, így nyitott 

ablaknál dolgozunk, reggelre megfagy a DMSO (is). Hihetelen módon hat év után két Blood cikkel 

védem meg a PhD-t. 
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megmutatják a helyemet, a vadonatúj pipettasorozatot, a vortexet és a centrifugát. Egy lapon listázva az 

aznapi feladatok, majd magamra hagynak. Mélyvíz. Tohru és Masuko szinte az intézetben laknak, az 

íróasztaluk alatt összetekerve egy-egy matrac. Vannak viták; munkaidőről, európai-ázsiai 

gondolkodásmódról, a felettes-beosztotti és a férfi-női viszonyrendszerekről. De nagy cikkeket 
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Portugália). Minden reggel itt kezdünk, Rasmus Larsen, Raffaella Gozzellino és Ana Ferreira 

társaságában, „the morning shift”, ahogy hívjuk magunkat. Miguel Soares laborjában vagyunk 

posztdokotorok, a többiek csak később, tizenegy felé kezdenek szállingózni.  

Köszönettel tartozom nektek is posztdoktori éveim témavezetői, PhD hallgató és posztdoktor 

társai, barátai, mindannyiótoktól rengeteget tanultam szakmailag és emberileg egyaránt! 

2015. augusztus 27-e nevezetes dátum: ekkortól számítom az önálló kutatócsoportunk megalakulását. 

Ez a folyamat sehol sem egyszerű, de a magyar, erősen hierarchikus rendszerben még bonyolultabb. 

Szerencsés vagyok, hogy olyan sokan segítettek, közöttük Paragh György és Seres Ildikó, Papp 
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Czimmerer Zsoltnak és Nagy Bélának.  

És akik nélkül most biztosan nem tartanék itt: egykori és jelenlegi PhD hallgatóim, Bányai Emese, 

Balogh Enikő, Tóth Andrea, Erdei Judit, Benard Bogonko Nyakundi, Arpan Chowdhury, Csiki 

Dávid Máté, Haneen Ababneh és Lente Gréta, köszönet nektek a munkátokért, kitartásotokért és 

barátságotokért! Rengeteg közös élmény köt össze minket, remélem, néhány sztori megjelenik majd 

MTA Doktori értekezések köszönetnyilvánításában, de az már a Ti történetetek lesz.  

Boldizsár fiam rajzol, az óvónéni nem tudja értelmezni a rajzot. Nem csoda, egy malária parazitával 

fertőzőtt vörösvérsejt van rajta. Janka lányom a laborban figyeli az egérboncolást, közben egy túrórudit 

majszol. Drága, már-már felnőtt gyermekeim, Boldizsár és Janka, köszönöm nektek hogy a világ 

legtermészetesebb módján rugalmasan kezeltétek a tudósléttel járó helyzeteket, sőt azokból mindig a 

legjobbat hoztátok ki! Nagyon jó fejek vagytok, imádlak benneteket! 

Köszönöm édesanyámnak, aki minden lehetséges módon segített, s ha még élne, nagyon büszke lenne 

rám; nővéremnek, Anitának és családjának, akikre mindig számíthattam; és végül, de nem 

utolsósorban férjemnek, Boross Péternek, akinél türelmesebb, megértőbb és segítőkészebb embert 

keresve se találhattam volna erre az élet nevű projektre.         
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12.       RÖVIDÍTÉSEK JEGYZÉKE 

 

ABCC6: ATP-kötő kazetta C alcsalád 6/ ATP-binding Cassette Sub-family C Member 6 

AGE: előrehaladott glikációs végtermékek/ Advanced Glycation end Products  

ALP: alkalikus foszfatáz/ Alkaline Phosphatase 

ANK: progresszív ankilózis membránfehérje/ Progressive Ankylosis Protein 

apoB100: apolipoprotein B 100/ Apolipoprotein B 100 

AR: alizarin vörös/ Alizarin Red 

ARE: antioxidáns válaszadó elemhez/ Antioxidant Response Element 

ASC: apoptosis-associated speck-like protein containing a caspase recruitment domain 

ATF: aktiváló transzkripciós faktor/ Activating Transcription Factor 

ATP: adneozin trifoszfát/ Adneosine Triphosphate 

BMDM: csontvelői makrofág/ Bone Marrow-Derived Macrophage 

BMP2: csont morfogenetikus fehérje 2/ Bone Morphogenetic Protein 2 

CAVS: aorta billentyű szűkületet/ Calcific Aortic Valve Stenosis 

CHOP: C/EBP homológ protein / C/EBP homolog protein 

CKD: krónikus veseelégtelenség/ Chronic Kidney Disease 

CPP: kalciprotein partikulák/ Calciprotein Particles 

DAMPs: veszély-asszociált molekuláris mintázatok/ Danger/Damage-Associated Molecular Patterns 

DMEM: Dulbecco-féle módosított sejttenyésztő folyadék/ Dulbecco’s Modified Eagle Medium 

DPBS: Dulbecco-féle foszfáttal pufferolt fiziológiás sóoldat/Dulbecco’s Phosphate-Buffered Saline 

DPD: Daprodustat/ Daprodustat 

eIF2: eukarióta transzlációs iniciációs faktor 2/ Eukaryotic Initiation Factor 2 alpha  

ENPPs: ektonukleotid-pirofoszfatáz/foszfodiészteráz enzimek/ Ecto-nucleotide Pyrophosphatases 

/Phosphodiesterases 

ER: Endoplazmatikus retikulum/ Endoplasmic Reticulum 

FBS: fötális borjúszérum/ Fetal Bovine Serum 

FGF23: fibroblaszt növekedési faktor 23/ Fibroblast Growth Factor 23 

ferrilHb: ferrilhemoglobin/ Ferrylhemoglobin 

GACI: újszülöttkori aorta kalcifikáció/ Generalized Arterial Calcification of Infancy 

GAPDH: gliceraldehid 3-foszfát dehidrogenáz/ Glyceraldehyde 3-phosphate Dehydrogenase 

Hb: hemoglobin/ Hemoglobin 

HDL: magas sűrűségű lipoprotein/ High-Density Lipoprotein 

HIF-1: hipoxia indukálta faktor-1/ Hypoxia Inducible Factor 1 

HO-1: hem oxigenáz-1/ Heme Oxygenase 1 
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HRE: hipoxia válaszadó elem/ Hypoxia Responsive Element 

HRP: tormaperoxidáz/ Horseradish Peroxidase 

HUVECs: Humán umbilikális véna endotélsejtek/ human umbilical vein endothelial cells 

ICAM-1: intracelluláris adhéziós molekula 1/ Intracellular Adhesion Molecule 1 

IκB: inhibítor kappa B/ Inhibitor kappa B 

IKK: IκB kináz/ IκB Kinase 

IL: interleukin/ Interleukin 

IRE1: inozitol-függő enzim 1/ Inositol-Requiring Enzyme 1  

JNK: c-Jun N terminális kináz/ c-Jun N-terminal Kinase 

LDL: alacsony sűrűségű lipoprotein/ Low-Density Lipoprotein 

metHb: methemoglobin/ Methemoglobin 

MGP: mátrix Gla fehérje/ Matrix Gla Protein 

mRNS: hírvívő RNS/ messenger RNA 

NAC: N-acetil cisztein/ N-acetyl cysteine 

NF-κB: nukleáris faktor kappa B/ Nuclear Factor kappa B 

NLRP3: NOD-szerű pyrin domént tartalmazó 3/ NLR Family Pyrin Domain Containing 3 

Nox: NADPH oxidáz/ NADPH Oxidase 

Nrf2: nuclear factor (erythroid derived 2)-like 2 

OCN: oszteokalcin/ Osteocalcin 

OPG: oszteoprotegerin/ Osteoportegerin 

OPN: oszteopontin/ Osteopontin 

oxLDL: oxidált LDL/ Oxidized LDL  

PAMPs: patogén-asszociált molekuláris mintázatok/ Pathogen-Associated Molecular Patterns 

PBS: foszfáttal pufferolt fiziológiás sóoldat/ Phosphate-Buffered Saline 

PERK: protein kináz R (PKR)-szerű ER kináz/ Protein Kinase RNA-like ER Kinase 

PH: prolil hidroxiláz/ Prolyl Hydroxylase  

Pi: szervetlen foszfát/ Inorganic Phosphate 

PiT1, PiT2: nátrium/foszfát kotranszporterek/ Sodium/Phosphate co-transporters 

PPi: pirofoszfát/ Inorganic Pyrophosphate 

pVHL: von Hippel-Lindau tumor szupresszor/ Von Hippel–Lindau Tumor Suppressor 

PXE: pszeudoxantoma elasztikum/ Pseudoxanthoma Elasticum  

RANKL: receptor aktivátor nukleáris faktor kappa B ligand/ Receptor Activator of Nuclear Factor 

kappa-Β Ligand 

ROS: reaktív oxigén származékok/ Reactive Oxygen Species 

RUNX2: Runt-related transzkripciós faktor 2/ Runt-related Transcription Factor 2 

SM: simaizom/ Smooth Muscle 

TBARs: tiobarbitursav-reaktív anyagok/ Thiobarbituric Acid Reactive Substances 
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TBS: Trissel pufferolt fiziológiás sóoldat/ Tris-Buffered Saline 

TNAP: szöveti nem specifikus alkalikus foszfatáz/ Tissue Non-specific Alkaline Phosphatase 

TNF: tumor nekrózis faktor/ Tumor Necrosis Factor 

UPR: unfolded protein válasz/ Unfolded Protein Response 

VEGF: vaszkuláris endotéliális növekedési faktor/ Vascular Endothelial Growth Factor 

VICs: billentyű ntersticiális sejtek/ Valve Interstitial Cells 

VCAM-1: vaszkuláris sejt adhéziós molekula-1/ Vascular Cell Adhesion Molecule 1 

VSMCs: vaszkuláris simaizomsejtek/ Vascular Smooth Muscle Cells 
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13.       MELLÉKLETEK 

A doktori értekezés alapjául szolgáló eredeti közlemények: 
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Ferritin Prevents Calcification and Osteoblastic
Differentiation of Vascular Smooth Muscle Cells

Abolfazl Zarjou,* Viktória Jeney,* Paolo Arosio,† Maura Poli,† Péter Antal-Szalmás,‡

Anupam Agarwal,§ György Balla,� and József Balla*

Departments of *Medicine, ‡Clinical Biochemistry and Molecular Pathology, and �Pediatrics, Medical and Health
Science Center, University of Debrecen, Debrecen, Hungary; †Dipartimento Materno Infantile e Tecnologie
Biomediche, University of Brescia, Brescia, Italy; and §Department of Medicine, Nephrology Research and Training
Center and Center for Free Radical Biology, University of Alabama at Birmingham, Birmingham, Alabama

ABSTRACT
Vascular calcification plays a role in the pathogenesis of atherosclerosis, diabetes, and chronic kidney
disease. Human aortic smooth muscle cells (HSMCs) undergo mineralization in response to elevated
levels of inorganic phosphate (Pi) in an active and well-regulated process. This process involves increased
activity of alkaline phosphatase and increased expression of core binding factor �-1, a bone-specific
transcription factor, with the subsequent induction of osteocalcin. Mounting evidence suggests an
essential role for the heme oxygenase 1 (HO-1)/ferritin system to maintain homeostasis of vascular
function. We examined whether induction of HO-1 and ferritin alters mineralization of HSMCs provoked
by high Pi. Upregulation of the HO-1/ferritin system inhibited HSMC calcification and osteoblastic
differentiation. Of the products of the system, only ferritin and, to a lesser extent, biliverdin were
responsible for the inhibition. Ferritin heavy chain and ceruloplasmin, which both possess ferroxidase
activity, inhibited calcification; a site-directed mutant of ferritin heavy chain, which lacked ferroxidase
activity, failed to inhibit calcification. In addition, osteoblastic transformation of HSMCs provoked by
elevated Pi (assessed by upregulation of core binding factor �-1, osteocalcin, and alkaline phosphatase
activity) was diminished by ferritin/ferroxidase activity. We conclude that induction of the HO-1/ferritin
system prevents Pi-mediated calcification and osteoblastic differentiation of human smooth muscle cells
mainly via the ferroxidase activity of ferritin.

J Am Soc Nephrol 20: 1254–1263, 2009. doi: 10.1681/ASN.2008070788

Vascular calcification occurs in many pathologic
conditions and can lead to devastating clinical con-
sequences. For example, it has been related to in-
creased risk for cardiovascular morbidities and
complications such as atherosclerotic plaque bur-
den,1–3 myocardial infarction,4,5 coronary artery
disease,6,7 postangioplasty dissection,8 and in-
creased ischemic episodes in peripheral vascular
disease.9 Studies also have indicated that coronary
calcification may be predictive of or associated with
sudden cardiac death.10,11 Indeed, coronary calcifi-
cation score measured by electron beam computed
tomography has been shown to have a prognostic
value for cardiovascular events comparable to that
of the Framingham risk index.11 Vascular calcifica-

tion follows two distinct patterns: (1) Intimal calci-
fication that occurs with atherosclerotic plaques
and (2) medial calcification, which is characterized
by diffuse calcification of the media, particularly at

Received July 26, 2008. Accepted January 22, 2009.

Published online ahead of print. Publication date available at
www.jasn.org.

A.Z. and V.J. contributed equally to this work.

G.B. and J.B. contributed equally to this work.
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the level of the internal elastic lamina, that does not necessarily
accompany atherosclerosis. This pattern is commonly seen in
patients with chronic kidney disease (CKD), who commonly
exhibit hyperphosphatemia. The mechanism of vascular calci-
fication is not completely understood, although abnormalities
in mineral metabolism are considered important risk factors.

Many studies have demonstrated the role of high extracel-
lular inorganic phosphate (Pi) to induce calcification of vascu-
lar cells in vitro12–16 in a process mediated by a sodium-depen-
dent phosphate co-transporter that facilitates entry of Pi into
vascular cells.17 This induces transition of human aortic
smooth muscle cells (HSMCs) into osteoblast-like cells
through a process that is accompanied by increased expression
of core binding factor �-1 (Cbfa-1), which is an osteoblast-
specific transcription factor required for osteoblast differenti-
ation, bone matrix gene expression, and, consequently, bone
mineralization.18 There is also an upregulation of alkaline
phosphatase (ALP), an important enzyme in early osteogenesis
and osteocalcin, a major noncollagenous protein found in
bone matrix that is believed to regulate mineralization.19

Heme is a ubiquitous iron-containing molecule that is an
absolute necessity for aerobic life. Current evidence suggests
that heme can be pro-oxidant and potentially toxic.20 –22 Heme
induces the synthesis of heme oxygenase 1 (HO-1), the rate-
limiting enzyme in the catabolism of heme.23 HO cleaves the
porphyrin ring at the �-methene bridge to form biliverdin and
carbon monoxide and releases free redox active iron. Biliver-
din is then converted to bilirubin by biliverdin reductase.

Ferritin is another molecule strongly inducible by heme and
iron. This is an iron storage protein that exhibits antioxidant
properties, and it was shown to protect the endothelium
against the damaging effects of heme and oxidants.24 Ferritin is
a large (450 kD), spherical shell that can store up to 4500 Fe
atoms in a safe, nontoxic form. It is made of 24 subunits of two
types (heavy [H] and light [L] chain) whose proportion de-
pends on the iron status of the cell, the tissue, and the organ.25

The H-chain has ferroxidase activity that is important not only
for iron incorporation but also in controlling the potentially
toxic Fe (II) ions, thereby reducing oxidative damage.26

In our investigations, we tested the role that heme may play
in the process of extracellular calcification, and we observed
that heme decreases extracellular matrix calcification in a dos-
age-responsive manner. These observations prompted us to
hypothesize that one or more products of heme catabolism
may inhibit HSMC mineralization.

RESULTS

Heme Decreases HSMC Calcification in a Dosage-
Responsive Manner
To develop an in vitro model, we cultured HSMCs in calcifica-
tion medium. Granular deposits developed in HSMCs grown
in calcification medium for 9 d (Figure 1AII) but not in the
control culture grown in normal growth medium (GM; Figure

1AI). Intriguing, we found that addition of heme (50 �mol/L,
9 d) to the calcification medium inhibited calcium deposition
as shown by von Kossa staining (Figure 1AIII). Extracellular
calcium measurements showed that the inhibitory effect of
heme on extracellular calcification is dosage dependent, with a
highly significant (P � 0.01) suppression at a dosage of 25
�mol/L (Figure 1B).

Heme is a strong inducer of HO-1, and, as expected, we

Figure 1. Heme inhibits HSMC calcification induced by elevated
Pi in a dosage-dependent manner. (A) HSMCs were cultured in
GM (I) or in calcification medium in the absence (II) or presence of
heme (50 �mol/L; III) for 9 d. Von Kossa staining of cells was
performed as described in the Concise Methods section. Repre-
sentative picture of three separate experiments. (B) HSMCs were
cultured in GM or in calcification medium alone or supplemented
with NaOH (Vehicle, 1 mmol/L) or 5, 25, and 50 �mol/L heme
(dissolved in NaOH at a final concentration of 1 mmol/L in each
group). Calcium contents of cells were measured after 3 (�), 6 (u),
and 9 d (f) of culture as described in the Concise Methods
section and were normalized by protein content. Data are
means � SD of three independent experiments performed in
duplicate. (C) HSMCs were cultured in GM alone or supple-
mented with 2, 3, or 4 mmol/L Pi (F). The media containing
different amounts of Pi was supplemented with heme (50 �mol/L;
Œ) or with NaOH (vehicle, 1 mmol/L; ‚). Calcium deposition was
measured at day 9, and results were normalized by protein con-
tent of the cells. Data show the average of three separate exper-
iments performed in duplicate. *P � 0.05; **P � 0.01. Magnifi-
cation, �100.
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found that HO-1 mRNA, protein, and HO activity were ele-
vated in the cells cultured in heme-containing medium. Pi level
of the medium did not affect this heme-mediated induction of
HO-1 (Figure 2, A, C, and D). In addition, we found that heme
did not significantly alter HO-2 expression (Figure 2B), and it
induced expression of ferritin regardless of Pi level of the me-
dium (Figure 2E).

Ferritin and Ferroxidase Activity Attenuate HSMC
Calcification
Heme induces HO-1 and ferritin; therefore, it was of interest to
analyze which of the two had a major effect on calcification.
We also analyzed the role of the end products of HO catalyzed
heme degradation by adding them exogenously to the calcifi-
cation medium. We found that iron, regardless of its ferric or
ferrous state (50 �mol/L), completely inhibits calcification
(the ferrous state, data not shown). Biliverdin at the concen-
tration of 50 �mol/L provided a little but significant (P � 0.05)
decrease in calcification (Figure 3A). Addition of CO (1%) or
bilirubin (50 �mol/L) did not influence calcification (Figure
3A). Conversely, addition of apoferritin (2 mg/ml) or recom-
binant H-chain ferritin to the calcification medium abolished
calcification (Figure 3B). These two ferritin types have ferroxi-
dase activity; therefore, we tested another protein with ferroxi-
dase activity, ceruloplasmin. Ceruloplasmin was found to
mimic the effect of ferritins at a concentration of 4 mg/ml. The
protective effect of L-ferritin was minor compared with that of
H-ferritin and ceruplasmin. This may have the following ex-
planation. The L-ferritin chains taken up by the cells may coas-
semble with the endogenous ferritin and thus expand the pool
of active ferritins. The H-mutant 222 ferritin, which lacks both
ferroxidase activity and iron-storing capability, was not pro-
tective at all against mineralization of HSMCs.

To confirm the protective role of ferritin, we inhibited HO
using tin protoporphyrin (SnPP), a widely known inhibitor of
HO activity, and also transfected the cells with small interfer-
ing RNA (siRNA) specific for HO-1. We confirmed the effi-
ciency of siRNA and observed an approximately 70% decrease
of HO-1 protein expression for up to 4 d after transfection
(Figure 4D). In fact, cells treated with heme in the presence of
SnPP or siRNA showed very low HO enzyme activity (Figure
4B). Treatment with SnPP or siRNA did not affect the heme-
mediated ferritin induction (Figure 4C) and, more important,
did not influence heme-mediated inhibition of calcification
(Figure 4A), indicating the paramount role of ferritin in this
protection.

To confirm further the function of ferritin in the heme-
or iron-induced inhibition of calcification, we selectively
downregulated heme- or iron-induced ferritin synthesis by
the iron chelator deferoxamine (DFO). Treatment of the
cells with DFO together with equimolar amount of heme or
Fe resulted in a complete block of heme- or Fe-induced
ferritin synthesis of both H- and L-chains as shown by West-
ern blot (Figure 5B). Downregulation of ferritin synthesis
by DFO led to complete loss of inhibition of calcification by

iron (Figure 5A). Moreover, co-treatment with heme and
DFO resulted in downregulation of both chains of ferritin
but not of HO-1 (Figure 5B), which was accompanied by

Figure 2. Heme induces HO-1 and ferritin in HSMCs. HSMCs
were cultured in GM or in calcification medium in the absence or
presence of heme (50 �mol/L) for 24 h. (A through E) HO-1 mRNA
levels (A), HO-2 mRNA levels (B), HO-1 protein expression (C),
HO activity (D), and ferritin expression (E) were measured as
described in the Concise Methods section. Western blot was
stripped and probed for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and shown as a representative of three experi-
ments. Data are means � SD of three to five independent exper-
iments each performed in duplicate. **P � 0.01.
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substantial decrease in inhibition of calcification (Figure
5A). Mild but significant (P � 0.05) inhibition of calcifica-
tion that may be attributed to biliverdin derived from HO-
mediated heme degradation was noted.

Ferritin Inhibits Osteoblastic Differentiation of HSMCs
It has been shown that vascular calcification in vivo shares sim-
ilarities with bone mineralization; therefore, we asked whether

ferritin and its ferroxidase activity solely inhibit mineralization
or suppress the phenotype transition of HSMCs into osteo-
blast-like cells. We examined the activity of alkaline phospha-
tase (Figure 6). HSMCs maintained in calcification medium

Figure 3. Ferritin/ferroxidase activity is responsible for the inhi-
bition of phosphate-induced HSMC calcification. (A) HSMCs were
cultured in GM or in calcification medium alone or in the presence
of heme (50 �mol/L), biliverdin (BV; 50 �mol/L), bilirubin (BR; 50
�mol/L), CO (1%), or iron (50 �mol/L) for 9 d. Calcium content of
cells was measured and normalized by cellular protein content. (B)
HSMCs were cultured in calcification medium alone or supple-
mented with apoferritin (2 mg/ml), H-ferritin (2 mg/ml), mutant
222 ferritin (2 mg/ml), ceruloplasmin (4 mg/ml), or L-ferritin (2
mg/ml). After 9 d, calcium deposition was measured as described
in the Concise Methods section. Graphs show means � SD of
three separate experiments. *P � 0.05; **P � 0.01. (C) For inves-
tigation of whether any of the compounds cause significant tox-
icity, an MTT [3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-tetrazo-
lium-bromide] assay was performed after 9 d of incubation. Data
are means � SD of five separate experiments. **P � 0.01.

Figure 4. Ferritin induced by heme mediates the inhibition of
phosphate-provoked HSMC calcification. When applied, cells
were transfected with siRNA for HO-1 or negative control siRNA
(NC) 24 h before the experiment. HSMCs were cultured in calci-
fication medium in the presence of heme (50 �mol/L) or heme
and SnPP (50 �mol/L each) for 4 d. (A through C) Calcium dep-
osition (A), HO enzyme activity (B), and ferritin expression (C) were
measured. (D) A typical Western blot shows efficacy of HO-1
knockdown by siRNA. Four days after transfection, cells were
treated with heme (50 �mol/L) for 24 h, and level of HO-1 protein
was determined. Data are means � SD of three independent
experiments each performed in duplicate. **P � 0.01.
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for 9 d showed an approximately seven-fold increase in ALP
activity compared with control. Supplementation with heme
provided a decrease in ALP activity. Similarly, exposures of
cells to iron (50 �mol/L) abolished high Pi-induced ALP ac-
tivity. Biliverdin (50 �mol/L) caused some inhibition (P �
0.05), whereas other end products of HO-mediated heme deg-
radation— bilirubin (50 �mol/L) and CO (1%)—failed to de-
crease ALP activity. Co-treatment of the cells with heme and
SnPP demonstrated similar changes in ALP activity as heme
alone; conversely, co-treatment with heme and DFO did not
affect the increased ALP activity. Importantly, apoferritin, H-
ferritin, and ceruloplasmin also decreased the activity of ALP
to the level seen in controls, but the H-mutant 222 ferritin was
totally ineffective.

Next we investigated the presence of another bone-specific
protein, osteocalcin, in the extracellular matrix. Maintaining
of HSMCs in calcification medium for 9 d resulted in a �10-
fold increase in osteocalcin content compared with control
(Figure 7A). Heme decreased upregulation of osteocalcin, and
SnPP did not alter this effect. In contrast, co-treatment of the
cells with heme and DFO led to the loss of osteocalcin down-
regulation by heme. Iron inhibited upregulation of osteocalcin
similarly to heme. In addition, biliverdin had a mild but signif-
icant effect (P � 0.05), whereas other products of HO reac-
tion— bilirubin and CO—failed to downregulate high Pi-in-

duced osteocalcin expression (Figure 7A). Apoferritin,
H-ferritin, and ceruloplasmin abolished expression of osteo-
calcin, whereas H-mutant 222 had no effect at all (Figure 7B).

Finally, to explore the mechanism underlying the inhibition
of mineralization, we examined the level of Cbfa-1, the “master
gene” of osteoblast differentiation, in our in vitro model. Cul-
turing HSMCs in calcification medium for 48 h resulted in a
1.8-fold increase in Cbfa-1 mRNA level compared with cells
maintained in normal GM. Heme inhibited induction of
Cbfa-1 mRNA (P � 0.05). Accordingly, apoferritin also signif-
icantly suppressed this Cbfa-1 induction (Figure 8A).

We also tested the intracellular levels of Pi (Figure 8B), and
our results indicate neither apoferritin nor ceruloplasmin al-
ters intracellular Pi levels after 24 h. Iron causes an approxi-
mately 25% decrease in the level of intracellular Pi that must be
attributed to its phosphate-binding capacity; therefore, expo-
sure of cells to iron inhibits osteoblastic differentiation via two
mechanisms: (1) Increasing intracellular H-ferritin and (2) de-
creasing extracellular phosphate. Furthermore, we also exam-
ined the role of aluminum, which is both a trivalent cation and
a strong phosphate binder. Although there was some inhibi-
tion of calcification, the extent was one third of that observed
with heme or iron (data not shown).

Figure 5. Downregulation of ferritin synthesis by DFO decreased
heme- or iron-mediated inhibition of calcium deposition. (A)
HSMCs were cultured in GM or in calcification medium alone or in
the presence of heme (50 �mol/L) or iron (50 �mol/L), with or
without equimolar amount of DFO for 9 d. Calcium content of
cells was measured and normalized by cellular protein content. (B)
Representative Western blots show expression of ferritin H- and
L-chains, HO-1, and GAPDH of cells treated as described in A.
Data are means � SD of three separate experiments. *P � 0.05;
**P � 0.01.

Figure 6. Ferritin attenuates ALP activity induced by elevated Pi.
(A) HSMCs were cultured in GM or in calcification medium alone
or in the presence of heme (50 �mol/L), heme � SnPP (50 �mol/L
each), heme � DFO (50 �mol/L each), biliverdin (BV; 50 �mol/L),
bilirubin (BR; 50 �mol/L), CO (1%), or iron (50 �mol/L) for 9 d. (B)
HSMCs were cultured in calcification medium alone or supple-
mented with apoferritin (2 mg/ml), H-ferritin (2 mg/ml), mutant
222 ferritin (2 mg/ml), ceruloplasmin (4 mg/ml), or L-ferritin (2
mg/ml) for 9 d. ALP activity of cells was measured as described in
the Concise Methods section. Data are means � SD of five
independent experiments each performed in duplicate. *P �
0.05; **P � 0.01.
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DISCUSSION

CKD often translates to deranged metabolism of both phos-
phate and iron. Accumulation of phosphate starts relatively
early in kidney disease, but overt hyperphosphatemia does not
develop until the later stages of CKD. Evidence from clinical,
animal, and in vitro studies indicate that such elevated phos-
phate level is an important inducer of vascular calcification.
Analyzing data from hemodialysis patients reveals that the ex-
tent of elevated serum phosphate is positively correlated with
mortality,27–29 and cardiovascular events are the major cause of
mortality in this group of patients. In particular, development
of calciphylaxis, which is a syndrome of vascular calcification
and skin necrosis, is almost exclusively seen in patients with
stage 5 CKD and correlates with extremely high fatal rates.
Moreover, in patients with CKD, there is an accumulation of
iron in reticuloendothelial cells that is accompanied by higher
levels of plasma ferritin; however, this increase largely results
because most of such iron is sequestered by reticuloendothelial
cells and its availability to other cells is significantly reduced.
This translates to depletion of intracellular ferritin and subse-
quent anemia of chronic disease. In inflammatory diseases
such as CKD, cytokines released by activated leukocytes and
other cells exert multiple effects.30 These contribute to the re-
duction in hemoglobin levels and increased hepatic synthesis
of hepcidin that in turn binds to ferroportin, the transporter
that allows egress of iron from reticuloendothelial macro-
phages and from intestinal epithelial cells. Binding of hepcidin

leads to internalization and degradation of ferroportin. The
corresponding sequestration of iron within the macrophages
limits iron availability to all cells. On the basis of our observa-
tions, we suggest that such derangements in iron metabolism
may facilitate Pi-induced vascular calcification; therefore, par-
enteral iron administration may be considered not only to re-
plete iron and correct anemia but also to prevent vascular cal-
cification via increasing intracellular ferritin expression and
decreasing extracellular Pi level, especially when the inflamma-
tion is well controlled.

Previous studies indicated that elevated phosphate could
induce SMC calcification as well as an osteochondrogenic phe-
notypic change. Evidence suggests a highly regulated cellular
process whereby many different inducers and inhibitors of os-
teoblast differentiation have been recognized.31

Growing evidence indicates the importance of the HO-fer-
ritin system in vascular homeostasis. Upregulation of HO-1
and ferritin occurs in the early phase of progression of athero-
sclerotic lesions,32–34 possibly reflecting cellular response to
heme and/or heme-iron– generated lipid peroxidation prod-
ucts. There is growing evidence that induction of the HO/fer-

Figure 7. Ferritin attenuates the upregulation of osteocalcin
induced by elevated Pi. (A and B) HSMCs were treated as de-
scribed at Figure 6, and osteocalcin levels were determined as
described in the Concise Methods section. Data are means � SD
of three independent experiments each performed in duplicate.
*P � 0.05; **P � 0.01.

Figure 8. (A) Both heme and apoferritin inhibit elevated Pi-
induced increase in Cbfa-1 mRNA level. HSMCs were cultured in
GM or in calcification medium alone or in the presence of heme
(50 �mol/L) or apoferritin (2 mg/ml) for 48 h. Cbfa-1 mRNA levels
were determined by quantitative reverse transcription–PCR as
described in the Concise Methods section. Data are means �
SEM of five independent experiments performed in triplicate.
*P � 0.05; **P � 0.01. (B) Intracellular Pi concentrations are not
affected by apoferritin or ceruloplasmin. HSMCs were cultured in
GM and calcification medium supplemented by iron (50 �mol/L),
apoferritin (2 mg/ml), or ceruloplasmin (4 mg/ml) for 24 h. Cell
lysates were used to measure Pi levels. Data are means � SEM of
three independent experiments performed in duplicate. *P �
0.05; **P � 0.01.
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ritin system is protective against atherosclerosis.34 Upregula-
tion of HO-1 and ferritin inhibits cytotoxicity induced by
oxidized LDL in endothelial cells35 and atherosclerotic lesion
formation in LDL receptor knockout mice, whereas inhibition
of HO enzyme activity by SnPP leads to accelerated atheroscle-
rosis in these mice.36

In this study, we confirm that growing HSMC in Pi-con-
taining calcification medium causes mineralization in a time-
dependent manner, and, in agreement with other findings, we
observed significant upregulation of specific osteoblast cell
markers during the culture period, supporting that this transi-
tion is an active cell-regulated process. Observation of the in-
hibitory effect of heme prompted us to hypothesize that one or
more products of heme catabolism might regulate HSMC
mineralization.

To identify the mediator for inhibition of HSMC calcifica-
tion and osteoblastic transformation, we first tested the prod-
ucts of heme degradation by HO. Iron almost completely at-
tenuated extracellular calcification and upregulation of
osteocalcin and ALP. Biliverdin was less effective, whereas bil-
irubin and CO failed to alter mineralization. Then we analyzed
the possible role of ferritin that is also strongly upregulated by
heme. We examined whether exogenous ferritin affected min-
eralization, because the uptake of exogenous apoferritin in a
dosage-responsive manner has already been demonstrated.24

We found that apoferritin caused a dosage-responsive sup-
pression of HSMC mineralization. Also exogenous H-ferritin
and ceruloplasmin—two largely different proteins that share
only ferroxidase activity—showed the same suppression of os-
teoblastic differentiation. The importance of ferroxidase activ-
ity in the process was confirmed by the finding that a structur-
ally analogous molecule to H-ferritin, namely the recombinant
H-ferritin mutant 222, which lacks ferroxidase activity and
iron storage capability, was ineffectual. These results strongly
support the notion that inhibition of mineralization may be
attributed to ferritin and its ferroxidase activity.

Upregulation of H- and L-chains of ferritin in cells ex-
posed to heme is driven at the translational level via labile
iron provided from heme catalysis by HO.37 In addition,
heme itself enhances ferritin expression by increasing its
translational rate.38 This explains why induction of ferritin
is not affected by inhibition of HO activity in cells exposed
to heme, as observed in previous studies.24 Accordingly, in
this study, cells treated with heme in the presence of SnPP or
siRNA for HO-1 exhibited very low HO activity but high
ferritin level. Treatment of cells with SnPP or siRNA for
HO-1 did not affect heme-mediated ferritin induction and
did not influence heme-mediated inhibition of mineraliza-
tion. These results indicate that ferritin alone is capable of
preventing HSMC calcification and differentiation after
cells are exposed to heme. To confirm further the role of
ferritin in the heme-induced inhibition of HSMC mineral-
ization, we selectively downregulated heme-induced fer-
ritin synthesis by the iron chelator DFO, which led to sub-
stantial loss of inhibition of calcification. The remaining

mild inhibition of calcification may be attributed to biliver-
din derived from enhanced HO-mediated heme degrada-
tion.

We observed an approximately 25% decrease in the level of
intracellular Pi after exposure of cells to iron. Considering that
ferric iron can bind up to five phosphates per mole, the de-
crease of intracellular Pi level resulted from the decrease of
extracellular Pi level after iron treatment; therefore, inhibition
of osteoblastic differentiation by iron occurs via two mecha-
nisms: (1) Increasing intracellular H-ferritin and (2) decreas-
ing extracellular Pi level.

The cellular mechanisms of vascular calcification still re-
main to be elucidated. Increased expression of Cbfa-1 is impli-
cated in the transition of SMCs into osteoblast-like cells.12,16

That heme or apoferritin significantly suppressed Cbfa-1 in-
duction by high Pi indicates that inhibition of mineralization
by ferritin might occur via transcription factor Cbfa-1. H-fer-
ritin has been found to localize also in the nucleus, where it
may participate in the regulation of gene expression, for exam-
ple in the suppression of � globin expression.39 This raises the
possibility that it might be involved in the regulation of genes
for HSMC differentiation into osteoblast-like cells, namely
Cbfa-1. A relationship between calcification and iron metabo-
lism has never been explored, although it should be noted that
most patients who have CKD and are on dialysis have vascular
calcification27–29 and deranged iron homeostasis.40

In conclusion, we report for the first time a novel role for
ferritin in the context of HSMC mineralization. These results
provide new insights into the mechanisms of vascular calcifi-
cation and uncover the HO/ferritin pathway as a target for new
strategies to prevent vascular calcification.

CONCISE METHODS

Cell Culture and Reagents
HSMCs were obtained from Cambrex Bioscience (Wokingham,

United Kingdom), FBS from Life Technologies (Vienna, Austria),

biliverdin from MP Biomedicals (Solon, OH), SnPP from Frontier

Scientific (Logan, UT), 1% CO gas from Linde Gas (Repcelak, Hun-

gary), and the gas chamber from Billups-Rothenburg (DelMar, CA).

Unless otherwise mentioned, all other reagents were obtained from

Sigma (St. Louis, MO). Cell cultures were maintained in GM DMEM

(high glucose) containing 15% FBS, 100 U/ml penicillin, 100 �g/ml

streptomycin and neomycin, and 1 mM sodium pyruvate. Cells were

grown to confluence and used from passages 4 through 8. Iron was

introduced as ammonium ferric citrate or ferric sulfate as well as

ferrous form. To keep the ferrous state, the media were supplemented

with 200 �mol/L ascorbic acid. Iron was dissolved in deionized water.

siRNA specific to HO-1 and negative control siRNA were obtained

from Ambion (Austin, TX) and were transfected with Oligofectamine

Reagent (Invitrogen, Carlsbad, CA) 24 h before the experiment.

Heme, biliverdin, and bilirubin were dissolved in NaOH. Final con-

centration of NaOH was kept below 2 mmol/L in all experiments. This

amount of NaOH caused a little change in the pH of the medium (7.40

BASIC RESEARCH www.jasn.org

1260 Journal of the American Society of Nephrology J Am Soc Nephrol 20: 1254–1263, 2009

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



versus 7.46), which did not influence calcification and underlying

gene expression of HSMCs.

Induction of Calcification
At confluence, cells were switched to calcification medium, which was

prepared by addition of 4 mmol/L Pi to the GM. Both GM and calci-

fication medium were changed every 2 d. For time-course experi-

ments, the first day of culture in calcification medium was defined as

day 0.

Quantification of Calcium Deposition
Cells grown on 48-well plates were washed twice with PBS and decal-

cified with 0.6 mol/L HCl for 24 h at 37°C. Calcium content of the

supernatants was determined by the QuantiChrome Calcium Assay

Kit (Gentaur, Brussels, Belgium). After decalcification, cells were sol-

ubilized with a solution of NaOH 0.1 mol/L and SDS 0.1%, and pro-

tein content of samples was measured with BCA protein assay kit

(Pierce, Rockford, IL). Calcium content of the cells was normalized to

protein content and expressed as �g/mg protein. Mineralization was

determined by von Kossa staining.

ALP Activity Assay
Cells grown on six-well plates were washed with PBS twice, solubilized

with 1% Triton X-100 in 0.9% NaCl, and assayed for ALP activity.

Briefly, 130 �l of Alkaline Phosphatase Yellow Liquid Substrate

(Sigma) was combined with 50 �g of protein samples and incubated

at 37°C for 30 min, and then the kinetics of p-nitrophenol formation

was followed for 30 min at 405 nm. Maximum slope of the kinetic

curves was used for calculation.

HO Enzyme Activity Assay
Cells grown on P100 dishes were washed twice with HBSS, scraped,

and centrifuged at 2000 � g for 15 min at 4°C. Cells were resuspended

in 300 �l of potassium phosphate (100 mmol/L [pH 7.4]) buffer con-

taining 2 mmol/L MgCl2, frozen and thawed three times, sonicated,

and centrifuged at 18,000 � g for 10 min at 4°C. The supernatant

containing cell microsomes was used to measure HO activity as de-

scribed previously.24 HO activity is expressed as pmol bilirubin

formed/mg cell protein per 60 min.

Western Blot to Detect HO-1 and Ferritin H- and
L-Chains
For evaluation of HO-1 protein expression, cell lysate was electropho-

resed in 12.5% SDS-PAGE. For ferritin H- and L-chain detection, cell

lysate was subjected to 8% nondenaturing PAGE. Western blotting

was performed with a polyclonal anti–HO-1 antibody at 1:2500 dilu-

tion (Calbiochem, San Diego, CA) or with mouse anti-human ferritin

H- or L-chain antibodies (from P. Arosio) at 1:1000 dilution followed

by horseradish peroxidase–labeled anti mouse IgG antibody. Anti-

gen-antibody complexes were visualized with the horseradish perox-

idase chemiluminescence system (Amersham Biosciences, Little

Chalfont, United Kingdom). After detection, membranes were

stripped and reprobed for glyceraldehyde-3-phosphate dehydroge-

nase.

Quantification of Ferritin and Osteocalcin
Ferritin content of cell lysate was measured with the IMx ferritin en-

zyme immunoassay (Abbott Laboratories, Abbott Park, Illinois). For

osteocalcin detection, extracellular matrix of cells grown on six-well

plates was dissolved in 300 �l of EDTA (0.5 mol/L [pH 6.9]). Osteo-

calcin content of the EDTA-solubilized extracellular matrix samples

was quantified by an ELISA (Bender MedSystems, Burlingame, CA).

Quantitative Reverse Transcription–PCR
Total RNA was isolated and reverse-transcribed, and HO-1 mRNA was

determined as described previously.41 For measurement of mRNA levels,

the 25-�l reaction mixture contained 5 �l of reverse-transcribed sample,

0.3 nmol/L of forward (5�-CAGGCAGGCACAGTCTTC-3�) and reverse

primers (5�-CAGAGGTGGCAGTGTCATC-3�) for Cbfa-1, forward

(5�-GGTGATAGAAGAGGCCAAGACTG-3�) and reverse (5�GGTGT-

CATGGGTCAGCAGCT-3�) primers for HO-1, forward (5�-GCAAT-

GTCAGCGGAAGTGGAA-3�) and reverse (5�-AAGTCACCTGAGGT-

GGTAGTT-3�) primers for HO-2, and 12.5 �l of iQ SYBR Green

Supermix (Bio-Rad, Hercules, CA). PCRs were carried out using the iCy-

cler iQ Real-Time PCR System (Bio-Rad). Results were normalized by

glyceraldehyde-3-phosphate dehydrogenase mRNA levels.

Ferritins and Ceruloplasmin
Apoferritin and ceruloplasmin were from Sigma. Human recombi-

nant wild-type H- and L-chain ferritins and the H-chain mutant 222

deleted ferroxidase activity were expressed in Escherichia coli and pu-

rified as described previously.42 Final concentrations of ferritins were

2 mg/ml, which correspond to 4.5 �mol/L for apoferritin, 3.95

�mol/L for H-ferritin, and 4.19 �mol/L for L-ferritin. Final concen-

tration of ceruloplasmin was 4 mg/ml, which corresponds to 32.7

�mol/L.

Phosphate Measurement
Pi content of the cell lysate was determined by the QuantiChrome

phosphate Assay Kit (Gentaur). After 24 h of incubation, cells were

washed twice with PBS and solubilized with 1% Triton, and the cell

lysates were assayed for Pi. Phosphate content of the cells was normal-

ized to protein content and expressed as �m/L per mg of cell protein.

CO Exposure
CO at a concentration of 1% (10,000 parts per million) in compressed

air was mixed with compressed air containing 5% CO2 before being

delivered into the culture incubator, yielding a final concentration of

400 parts per million CO. The incubator was humidified and main-

tained at 37°C. A CO analyzer was used to determine CO levels in the

chamber. After the chamber had stabilized, no oscillations were mea-

sured in the CO concentration.

Statistical Analysis
Data are shown as means � SD. Statistical analysis was performed by

ANOVA test followed by post hoc, Newmann-Keuls test for multiple

comparisons. P � 0.05 was considered significant, and P � 0.01 was

considered highly significant.
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Oxidized cell-free hemoglobin (Hb), including covalently cross-linkedHbmultimers, is present in advanced atherosclerotic lesions.
Oxidation of Hb produces methemoglobin (Fe3+) and ferryl hemoglobin (Fe4+ = O2−). Ferryl iron is unstable and can return to
the Fe3+ state by reacting with specific amino acids of the globin chains. In these reactions globin radicals are produced followed
by termination reactions yielding covalently cross-linked Hb multimers. Despite the evanescent nature of the ferryl state, herein
we refer to this oxidized Hb as “ferryl Hb.” Our aim in this work was to study formation and biological effects of ferrylHb. We
demonstrate that ferrylHb, like metHb, can release its heme group, leading to sensitization of endothelial cells (ECs) to oxidant-
mediated killing and to oxidation of low-density lipoprotein (LDL). Furthermore, we observed that both oxidized LDL and lipids
derived from human atherosclerotic lesions trigger Hb oxidation and subsequent production of covalently cross-linked ferrylHb
multimers. Previously we showed that ferrylHb disrupts EC monolayer integrity and induces expression of inflammatory cell
adhesion molecules. Here we show that when exposed to ferrylHb, EC monolayers exhibit increased permeability and enhanced
monocyte adhesion. Taken together, interactions between cell-free Hb and atheroma lipids engage in a vicious cycle, amplifying
oxidation of plaque lipids and Hb. These processes trigger EC activation and cytotoxicity.

1. Introduction

Extracellular lipid accumulation is the main feature of type
IV atherosclerotic lesions.These can progress intomore com-
plicated lesions, in which there is rupture of the fibrous cap
accompanied by either hematoma/hemorrhage and throm-
bus formation or intraplaque hemorrhage in the neovascula-
ture sprouting from the vasa vasorum. These events provoke
the clinical symptoms and are responsible for atherosclerosis-
associated morbidity and mortality [1–5].

Li et al. describe the complicated lesion as a highly oxida-
tive environment containing products of lipid peroxidation
such as lipid hydroperoxides, aldehydes, and carbonyls [6].
The authors suggest that these oxidation products are toxic
for incoming cells, especially macrophages, and constitute

a “death zone,” perhaps explaining the persistence and growth
of atherosclerotic lesions.

Upon plaque rupture or intraplaque hemorrhage, red
blood cells (RBCs) are brought into close contact with plaque
materials. Hemoglobin within RBCs is protected from oxida-
tion because erythrocytes are equipped with highly effective
antioxidant defenses [7]. Based on our previous work, lipids
derived from atheromatous plaque or oxidized low-density
lipoprotein (LDL) can cause RBC lysis and subsequent
oxidation of Hb into metHb [8]. The effect of oxLDL and
plaque lipids can be mimicked by cumene hydroperoxide.
Moreover, enzymatic conversion of lipidhydroperoxides to
alcohol by GSH/GPx causes significant inhibition of RBC
lysis and Hb oxidation triggered by oxLDL and plaque lipids,
suggesting that lipid hydroperoxides play amajor role in these
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2 Oxidative Medicine and Cellular Longevity

processes [8]. We determined the Hb composition of human
complicated atherosclerotic lesions and found that as much
as 50% of the total Hb content is oxidized in these lesions [8].

A complex interplay between Hb and peroxides exists
leading to the formation of metHb (Fe3+), ferrylHb (Fe4+),
and oxoferrylHb (Fe4+ =O2−) species [9, 10]. Protein radicals
are transiently formed in the reactions between the ferryl
or oxoferryl species and the surrounding globin chains with
the involvement of specific amino acids such as 𝛼Tyr-24,
𝛼Tyr-42, 𝛼His-20, 𝛽Tyr-35, 𝛽Tyr-130, and 𝛽Cys-93 [11, 12].
Termination reactions of globin radicals can yield covalently
cross-linkedHbmultimers which are likely to possess unique
biological properties. Previously, we described the presence
of these cross-linkedHb species and elevated dityrosine levels
in human complicated atherosclerotic lesions [8].

Oxidized Hb species have been suggested to act as cyto-
toxic pro oxidants. For example, metHb sensitizes vascular
EC to oxidant-mediated killing [13]. Furthermore when
metHb is present in plasma, it will promote oxidative modifi-
cation of LDL [14]. The release of the prosthetic heme group
is crucial in these metHb-triggered oxidative processes. In
contrast, the pathophysiological effect of the highly oxidized
ferrylHb is less studied, even though its presence in com-
plicated human atherosclerotic lesions has been shown [8].
We have previously shown that ferrylHb, but not native Hb
or metHb, can act as a proinflammatory product targeting
vascular EC [15].

The goal of the present study was to address the potential
interactions between RBC-derived Hb and atheroma lipids,
focusing on the formation and biological effects of ferrylHb.
Here we report that lipids derived from human atheromatous
lesions and oxLDL trigger the formation of covalently cross-
linked Hb multimers, which in turn activate EC. When
exposed to ferrylHb, EC monolayers exhibit increased per-
meability and enhanced monocyte adhesion. These are the
results of amplification of the oxidative reactions betweenHb
and atheroma lipids. Based on these observations, we propose
that lysis of erythrocytes and formation of ferrylHb might
contribute to the progression of atherosclerosis.

2. Materials and Methods

2.1. Materials. Reagents were purchased from Sigma-Aldrich
(St. Louis, MO) unless otherwise specified.

2.2. Tissue Samples. Collection of specimens of human athe-
rosclerotic lesions from beating-heart deceased donors and
extraction of lipids were performed as previously described
[8]. All procedures were approved by the Scientific and
Research Ethics Committee of the Scientific Council of
Health of the Hungarian Government.

2.3. Cell Culture. Human umbilical vein EC (HUVECs) were
removed by exposure to dispase and cultured in medium
199 containing 15% FBS, antibiotics, L-glutamine, sodium
pyruvate, and EC growth factor as described previously [13].
HUVECs were used at passages 2 and 3 within 2 days after-
confluence.

2.4. Hemoglobin Preparation. Hb of different redox states,
that is, (Fe2+) oxyHb, (Fe3+) metHb, and ferrylHb, was pre-
pared as described [15]. Briefly, Hb was isolated from fresh
blood drawn from healthy volunteers using ion-exchange
chromatography on a DEAE Sepharose CL-6B column.
MetHb was generated by incubation (30min, 25∘C) of puri-
fied Hbwith a 1.5-foldmolar excess of K

3
Fe(CN)

6
over heme.

FerrylHb was obtained by incubation (1 h, 37∘C) of Hb with a
10 : 1 ratio of H

2
O
2
to heme. After oxidation, bothmetHb and

ferrylHb were dialyzed against saline (3 times for 3 hours at
4∘C) and concentrated using Amicon Ultra centrifugal filter
tubes (10,000 MWCO, Millipore Corp., Billerica, MA, USA).
Aliquots were snap-frozen in liquid nitrogen and stored at
−80∘C until use. Purity of each Hb preparation was evaluated
by SDS-PAGE followed by staining with ProteoSilver Plus
Silver Staining Kit. The purity of Hb preparations was above
99.9%. Hb concentrations were calculated as described by
Winterbourn [16].

2.5. Preparation and Oxidation of Low-Density Lipoprotein.
LDL was isolated from the plasma of EDTA-anticoagulated
venous blood of healthy volunteers by gradient ultracentrifu-
gation (Beckman Coulter, Inc., Brea, CA, USA). The density
of plasma was adjusted to 1.3 g/mL with KBr and a two-
layer gradient was made in a Quick-Seal ultracentrifuge tube
by layering saline on 10mL plasma. Ultracentrifugation was
performed at 302,000 g for 2 hours at 4∘C (VTi 50.2 rotor).
LDL samples were kept at −70∘C until use and the protein
concentration was determined by Pierce BCA protein assay
Kit (Pierce Biotechnology, Rockford, IL, USA). Oxidation of
LDL was carried out by the addition of heme (5 𝜇mol/L) and
H
2
O
2
(75𝜇mol/L) as in our previous studies. In experiments

assessing the LDL oxidizing potential of different Hb species
EDTA-plasma was incubated for 1 hour at 37∘Cwith different
Hb species, that is, Hb, metHb, and ferrylHb, at a dose of
100 𝜇mol/L of Hb monomer prior to separation of LDL.

2.6. Measurement of Lipid Peroxidation Products in LDL. The
spontaneous oxidation of LDL treated as described previously
was measured over a period of two-week incubation at 4∘C
by measuring the concentrations of conjugated dienes, lipid
hydroperoxides, and thiobarbituric-acid reactive substances
(TBARs). To assess conjugated diene content, LDL samples
were diluted to 200𝜇g protein/mL and optical density was
measured at 234 nm. The method of Wolf was used to mea-
sure the total lipid hydroperoxide content in the LDL samples
[14]. To measure TBARs, 50 𝜇L of a 200𝜇g protein/mL
LDL sample was mixed with 100 𝜇L of thiobarbituric acid
reagent (0.375 g 2-thiobarbituric acid, 2.08mL HCl, 15mL
10% trichloroacetic acid to a final volume of 100mL). After
heating at 90∘C for 20 minutes, the samples were cooled
and extracted with 200𝜇L n-butanol. The upper phase was
measured spectrophotometrically at 532 nm. Results were
calculated using a molar extinction coefficient of 1.56 ×
105M−1 cm−1 and are expressed as nmol TBARs/mg protein.

2.7. Lipid-Mediated Oxidation of Hb. Purified Hb (20𝜇mol/L
heme) was incubated with H

2
O
2
(200𝜇mol/L), native or
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oxidized LDL (50–500𝜇g protein/mL), or lipid derived from
atheromatous lesion (LP) (500 𝜇g lipid/mL). Changes in Hb
redox state were followed by UV-visible spectra recorded on
a Beckman DU-800 spectrophotometer.

2.8. EC Cytotoxicity Assay. Confluent HUVECs grown in
96-well tissue-culture plates were washed twice with PBS
and exposed to heme and different Hb species, that is, Hb,
metHb, or ferrylHb (10 𝜇mol/L heme) in HBSS. After 1 hour
of incubation cells were washed and treated with H

2
O
2

(75 𝜇mol/L) for 3 hours. Cell viability was assessed by MTT
assay as described previously [17]. In separate experiments
HUVECs were exposed to LDL (250𝜇g protein/mL) which
was treated with heme and different Hb species, that is,
Hb, metHb, or ferrylHb (10 𝜇mol/L heme). Cell viability was
measured by MTT assay after 6 hours of LDL exposure.

2.9. EC Monolayer Permeability Assay. HUVECs were cul-
tured on gelatin-coated hanging cell culture inserts (Mil-
lipore Corporation, Billerica, MA, USA). After reaching
confluence, cells were treated with heme, Hb, metHb, or
ferrylHb (10 𝜇mol/L heme) for 12 hours. After treatment,
fluorescein sodium salt (1𝜇mol/L) in complete medium was
added to the apical filter compartment, followed by a 60-
minute incubation. Samples were collected from the lower
basolateral compartment and fluorescence was measured by
a fluorescence microplate reader at 488/525 nm (Synergy4,
BioTek, Winooski, USA).

2.10. Monocyte Adhesion Assay. HUVECs were cultured on
cover slips in 24-well plates and treated with heme, Hb,
metHb, and ferrylHb (10 𝜇mol/L heme) for 12 hours. Periph-
eral blood mononuclear cells (PBMCs) were prepared by
using Histopaque-1077. CD14 positive cells were then sep-
arated using a magnetic isolation procedure (MACS CD14
microbeads, Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany).Monocyteswere suspended in serum-freeDMEM
to a concentration of 5 × 106 cells/mL and incubated with
Calcein AM (5 𝜇mol/L) for 30 minutes at 37∘C. The labeled
monocytes (105 cells/well) were added to HUVECs in com-
plete culture medium and incubated for 30 minutes at 37∘C,
followed by two washes with Ca2+- and Mg2+-containing
HBSS to remove nonadherent cells. Cells were fixed with
paraformaldehyde (3.7%, Merck) and blocked with donkey
serum (5%, Jackson ImmunoResearch Europe Ltd., Suffolk,
UK) for 30 minutes. After blocking, cells were stained with
TRITC-conjugated phalloidin (25 𝜇g/mL) and with Hoechst
(0.5 𝜇g/mL). Images were taken with a fluorescent micro-
scope at a magnification of 400x (DM2500, Leica Microsys-
tems GmbH, Wetzlar, Germany).

2.11. Quantitative Real-Time PCR (qRT-PCR). Confluent
HUVECs grown in 6-well plates were exposed to heme
and different Hb species, that is, Hb, metHb, and ferrylHb
(100 𝜇mol/L heme) in complete medium. After a 6-hour
treatment cells were washed and total RNA was isolated
using RNAzol STAT-60 according to the manufacturer’s
instructions (TEL-TEST Inc., Friendswood, TX,USA). Levels
of heme oxygenase-1 (HO-1) and cyclophilin mRNA were

measured by real-timeRT-PCR. RNAwas reverse transcribed
by using Superscript II reverse-transcriptase (Invitrogen,
Life Technologies Co., Carlsbad, CA, USA). Real-time
PCR was carried out using the iCycler iQ Real-Time PCR
System (Bio-Rad Laboratories, Hercules, CA, USA). The
25 𝜇L reaction mixture contained 0.3 nmol/L primers (for
HO-1: + GGT-GAT-AGA-AGA-GGC-CAA-GAC-TG and −
GGT-GTC-ATG-GGT-CAG-CAG-CT, for cyclophilin +
ACG-GCG-AGC-CCT-TGG and − TTT-CTG-CTG-TCT-
TTG-GGA-CCT), 0.13 nmol/L fluorescent probes (for HO-1
CTC-AAC-ATC-CAG-CTC-TTT-GAG-GAG-TTG-CAG,
for cyclophilin CGC-GTC-TCC-TTT-GAG-CTG-TTT-
GCA), 3mmol/L MgCl

2
, 0.2mmol/L dNTPs and 0.05U/mL

Taq DNA polymerase (Invitrogen, Life Technologies Corp.,
Carlsbad, CA, USA). Results are expressed as fold increase
in HO-1/cyclophilin gene expression ratio compared to that
of untreated cells.

2.12. Western Blot. HUVECs were cultured in 6-well plates
and exposed to heme and different Hb species, that is, Hb,
metHb, or ferrylHb (100𝜇mol/L heme) in complete medium.
After 8 hours of incubation the cells were solubilized in
10mmol/LTrisHCl, containing 5mmol/LEDTA, 150mmol/L
NaCl (pH 7.2), 1% Triton X-100, 0.5% Nonidet P-40, and
protease inhibitors (Complete Mini, F. Hoffmann-La Roche
Ltd., Basel, Switzerland). Proteins (20𝜇g) were applied to
12.5% SDS-PAGE gels. After electrophoresis, proteins were
transferred to a nitrocellulose membrane (Amersham Bio-
sciences Corp., Piscataway, NJ, USA) andHO-1was identified
using a mouse anti-human HO-1 monoclonal antibody (Cat
no. 374087, Calbiochem,MerckKGaA,Darmstadt, Germany)
at a dilution of 1 : 2500. To ascertain equivalent protein load-
ing, membranes were stripped and reprobed with a mouse
anti-human GAPDH antibody (Cat no. N13300-221, Novus
Biologicals, LLC, Littleton, CO, USA) at a dilution of 1 : 1000.
To detect ferritins, samples were subjected to native gel
electrophoresis. Anti-human ferritinH and L antibodies were
a generous gift from Paolo Arosio. Primary antibodies were
detected by using horseradish peroxidase-conjugated donkey
anti-rabbit or goat anti-mouse IgG secondary antibodies.
Antigen-antibody complex was detected by a horseradish
peroxidase chemiluminescence system according to theman-
ufacturer’s instructions (Amersham Biosciences Corp., Pis-
cataway,NJ,USA).Quantificationwas performed using video
densitometry (AlphaDigiDoc RT, Alpha Innotech Corp., San
Leandro, CA, USA).

2.13. Detection of Covalently Cross-Linked Hb Multimers. Hb
samples (1–4𝜇g) were applied to 12.5% SDS-PAGE gels. After
electrophoresis, proteins were transferred to a nitrocellulose
membrane (Amersham Biosciences Corp., Piscataway, NJ,
USA) and Hb was identified using a HRP-conjugated goat
anti-human Hb polyclonal antibody (Cat no. ab19362-1,
Abcam Plc., Cambridge, UK) at a dilution of 1 : 15000. In
other cases cross-linkedHbmultimerswere detected by silver
staining following SDS-PAGE.

2.14. Statistical Analysis. Data are shown as mean ± S.D. Sta-
tistical analysis was performed by one-way ANOVA or
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Student’s t-test as appropriate. 𝑃 < 0.05 was considered sig-
nificant.

3. Results

3.1. Oxidized Hemoglobin Species Induce Oxidative Modi-
fication of LDL. To model the possible interactions that
could take place inside a complicated atherosclerotic lesion
between lipids and different Hb species, we purified Hb from
human blood and generatedmetHb and ferrylHb.We should
note that ferrylHb is not a homogenous chemical entity
but is a mixture of globin- and porphyrin-centered radicals
(which can be very short-lived) and covalently cross-linked
Hb multimers. Human EDTA-anticoagulated plasma was
incubated with heme and the three different Hb species, that
is, Hb, metHb, and ferrylHb (100 𝜇mol/L heme). After 1 hour
of incubation at 37∘C LDLwas isolated by ultracentrifugation
and oxidative modification of LDL was monitored by the
formation of conjugated dienes, lipid hydroperoxides, and
TBARs in samples incubated at 4∘C for 15 days. Lipid peroxi-
dation did not occur in LDL samples derived fromnontreated
or Hb-treated plasma samples (Figures 1(a)–1(c)). Starting on
day 2 following-isolation, heme treatment caused extensive
and rapid increase in conjugated dienes, LOOH, and TBARs
content of LDL (Figures 1(a)–1(c)). MetHb, and ferrylHb
also initiated oxidative modification of LDL and increased
the levels of lipid peroxidation products at days 7–10 after
isolation (Figures 1(a)–1(c)).The kinetics of formation of lipid
peroxidation products in the LDL was strictly dependent on
the dose of ferrylHb (Figures 1(d)–1(f)).

Heme released from oxidized Hb in plasma preferentially
associates with LDL and is degraded shortly thereafter in
the course of lipid peroxidation [14]. Therefore we assessed
whether the heme moiety of ferrylHb is released and eventu-
ally taken up by LDL and degraded during lipid peroxidation.
Plasma was incubated with heme or ferrylHb for 1 hour
at 37∘C followed by LDL separation and measurement of
LDL-associated heme. As shown in Figure 1, ferrylHb treat-
ment dose-dependently increased the concentration of LDL-
associated heme in the LDL (Figure 1(g)).

In order to determine whether similar events occurred
in whole plasma, we treated fresh plasma with heme, Hb,
metHb, or ferrylHb. Following the isolation of LDL, the
concentration of LDL-associated heme was measured on the
day of LDL isolation and 15 days later. We observed that
LDL-associated heme underwent degradation when plasma
was treated with heme, metHb, or ferrylHb (Figure 1(h)). In
contrast the heme content of LDL derived from Hb-treated
plasma did not change over a 15-day incubation period
(Figure 1(h)).These results suggest that ferrylHb, like metHb,
readily releases heme, following which iron is released upon
oxidative scission of heme and serves to catalyze the process
of lipid peroxidation.

3.2. Oxidized Hb Species Trigger EC Death. We have shown
previously that heme and metHb make EC more sensitive
to oxidative stress by delivering redox active iron, and thus
amplifying the generation of reactive oxygen species [13].
Therefore we tested whether ferrylHb, similar to metHb, can

sensitize EC to oxidative stress. Confluent HUVECs were
pretreated with heme, Hb, metHb, or ferrylHb at a dose of
5 𝜇mol/L heme. After 1 hour, heme-containing solutions were
removed and cells were challenged with H

2
O
2
(75𝜇mol/L).

Neither heme nor hemoglobins or H
2
O
2
alone caused EC

death. Moreover, no cytotoxicity was observed when Hb-
treated cells were exposed to H

2
O
2
. In contrast, when

HUVECs were pretreated with heme, metHb, or ferrylHb
prior to H

2
O
2
exposure, cell viability decreased (Figure 2(a)).

This shows that while not cytotoxic per se, heme, metHb, and
ferrylHb sensitize EC to H

2
O
2
-driven cytotoxicity.

In our previous work we demonstrated that heme and
metHb can exert cytotoxic effects on EC via oxidative mod-
ification of LDL [14]. To assess whether this is also the case
with ferrylHb, LDL was incubated with heme, Hb, metHb,
or ferrylHb (10 𝜇mol/L heme) overnight, and the resulting
LDL was tested for cytotoxic effects. We observed that LDL
samples treated with heme, metHb and ferrylHb became
highly toxic to HUVECs (Figure 2(b)). In contrast, Hb did
not generate cytotoxic LDL (Figure 2(b)).

3.3. Oxidized Hemoglobin Species Induce HO-1 and Ferritin
Expression in HUVECs. Upon exposure to free heme, EC
upregulate the expression of HO-1 and H-ferritin to assure
degradation of heme and safe storage of liberated iron,
respectively. We have previously demonstrated that native
(oxy) Hb does not induce HO-1 and ferritin in EC, whereas
metHb does, because it releases its heme moiety [13]. We
asked whether ferrylHb could transfer heme groups to the
endothelium and thus upregulateHO-1 and ferritin synthesis.
We observed that ferrylHb, similar to metHb, induces HO-
1 mRNA and protein expression (Figures 3(a) and 3(b)). As
with HO-1 expression, ferritin level was also increased in
ferrylHb-treated cells compared to vehicle-treated controls
(Figure 3(c)). These effects occur in a dose-dependent man-
ner. However, when compared at a heme-molar ratio the
effect of ferrylHb is lower than that of free heme (Figures 3(d)
and 3(e)).

3.4. OxLDL and Reactive Lipid Mediators Derived from Com-
plicated Atherosclerotic Lesions Initiate Hb Oxidation and
Globin-Globin Crosslinking. Lipid hydroperoxides, such as
those found in oxLDL as well as in lipids derived from athero-
matous lesions, can initiate Hb oxidation resulting in metHb
formation and subsequent heme release [17]. Oxidized lipids
and ferrylHb coexist in advanced atherosclerotic lesions but
the role of reactive lipid mediators in the formation of
ferrylHb and the subsequent crosslinking of Hb subunits
has not been addressed. Therefore, we tested native and
oxidized LDL, as well as lipids derived from human type
IV atherosclerotic lesions, for their ability to induce Hb
crosslinking, a surrogate marker of ferrylHb formation. Hb
(20𝜇mol/L heme) was treated with H

2
O
2
(200𝜇mol/L),

native or oxidized LDL (500𝜇g protein/mL), or lipids derived
from human type IV atherosclerotic lesions (LP) (500 𝜇g
lipid/mL). After a 2-hour incubation at 37∘C, samples (4 𝜇g
protein/lane) were subjected to SDS-PAGE followed by sil-
ver staining. Covalently cross-linked Hb dimer formation
was observed in H

2
O
2
-treated as well as in oxLDL- and
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Figure 1: FerrylHb triggers oxidative modification of LDL. Human plasma was incubated with heme, Hb, metHb, and ferrylHb for 1 hour at
37∘C, followed by separation of LDL. Concentrations are indicated and expressed as 𝜇mol/L heme groups. Following separation samples were
kept at 4∘C. Conjugated dienes ((a) and (d)), LOOH ((b) and (e)), and TBARs ((c) and (f)) in LDL samples were measured every day for 15
days. Results are representative of 3 independent experiments. Heme contents of the same samples were measured on the day of separation
(g) and 15 days later (h). Data represent mean ± S.D. of 3 independent experiments.
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Figure 2: FerrylHb triggers EC death via different mechanisms. (a) Confluent HUVECs grown on 96-well plates were exposed to heme, Hb,
metHb, and ferrylHb (5𝜇mol/L heme) in HBSS for 1 hour. After washing with HBSS, cells were challenged with H

2
O
2
(75 𝜇mol/L in HBSS)

for 4 hours, followed by MTT assay to assess cell viability. (b) LDL was incubated with heme, Hb, metHb, and ferrylHb (10 𝜇mol/L heme)
overnight. HUVECs were exposed to LDL samples at a dose of 250𝜇g protein/mL for 4 hours. MTT assay was performed to determine cell
viability. Results are shown as mean ± S.D. (𝑛 = 4) from one representative experiment of three.

plaque lipid-treated Hb samples (Figure 4(a)). In contrast,
native LDL did not induce Hb crosslinking (Figure 4(a)).
Oxidation state of iron in the Hb modified by oxLDL
was determined spectrophotometrically. OxLDL increased
in a dose-dependent manner the percentage of Fe3+ Hb
as assessed by an increased absorbance at 𝜆 = 630 nm
accompanied by a decrease at 𝜆 = 577 nm and 𝜆 = 562 nm
(Figures 4(b) and 4(c)). With increasing doses of oxLDL,
dimer formation became more prevalent and at higher doses
tetrameric and multimeric ferrylHb formation occurred as
well (Figure 4(d)).

3.5. Hb Oxidation and Crosslinking Induced by H
2
O
2
and

Reactive Lipid Mediators Can Be Inhibited by Haptoglobin
(Hp) or GSH/GPx. Cell-freeHb binds to the acute-phase pla-
sma protein Hp, promoting its endocytosis via the Hp recep-
tor CD163, and thus preventing Hb accumulation in plasma
[18, 19]. We tested whether binding of Hb to Hp inhibits
ferrylHb formation. Hb oxidation was induced with H

2
O
2
or

oxLDL in the presence or absence of Hp. After 90 minutes
Fe3+-heme content was determined spectrophotometrically
(Figure 5(a)), and covalently cross-linked Hb formation was
assessed by western blotting (Figure 5(b)). Hp slightly inhib-
ited H

2
O
2
-mediated metHb formation. A more pronounced

inhibitory effect of Hp was seen on Hb crosslinking; Hp
inhibited by 42% and 60% covalently cross-linked Hb dimer
formation in response to H

2
O
2
and oxLDL, respectively.

These results suggest that Hp has a role in suppressing the loss
of Hb heme/iron and preventing the formation of covalently
cross-linked Hb species.

Lipid hydroperoxides in the oxLDL can trigger Hb oxida-
tion, resulting in the formation of metHb [17], but the role of
lipid hydroperoxides in Hb crosslinking has not been tested.

To examine whether lipid hydroperoxides in oxLDL are
responsible for oxLDL-mediated Hb crosslinking, we used
glutathione-glutathione peroxidase (GSH/GPx) to decom-
pose H

2
O
2
and lipid hydroperoxides and assessed their effect

on Hb crosslinking. GSH/GPx reduced the formation of
metHb by 93% when Hb was oxidized by H

2
O
2
, and by 70%

when Hb was exposed to oxLDL (Figure 5(a)). Exposing Hb
toH
2
O
2
or oxLDL in the presence ofGSH/GPx led to 90–95%

less dimer formation compared to Hb exposed to H
2
O
2
or

oxLDL in the absence of GSH/GPx (Figure 5(b)). These data
highlight the critical role of lipid hydroperoxides inmediating
Hb oxidation and subsequent covalent crosslinking of the Hb
subunits.

3.6. FerrylHb Increases EC Monolayer Permeability and
Enhances Monocyte Adhesion. We have previously demon-
strated that ferrylHb activates EC in vitro, leading to the
formation of intercellular gaps disrupting the endothelial
monolayer [15]. Here we show that this effect is dose depen-
dent (Figure 6(a)) and that intercellular gap formation is
associated functionally with increased endothelial monolayer
permeability (Figure 6(b)). This is a unique feature of fer-
rylHb as neither Hb nor metHb increased EC monolayer
permeability. In our previous work we also showed that
ferrylHb induces the expression of proinflammatory genes
in EC [15]. Therefore we asked whether ferrylHb-triggered
induction of these proteins—known to play a role in cell
adhesion—is accompanied by increased monocyte adhesion
to vascular EC. We found that human monocytes readily
adhered to ferrylHb-treated EC. In contrast, treatment of
EC with heme, Hb, or metHb did not promote monocyte
adhesion (Figure 6(c)).These data suggest that the formation
of ferrylHb may be a crucial event in the promotion of
inflammatory responses.
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Figure 3: FerrylHb induces HO-1 and ferritin in EC. Confluent HUVECs grown on 6-well plates were exposed to heme, Hb, metHb, and
ferrylHb (100𝜇mol/L heme or as indicated in complete medium containing 15% of FBS). After 4 hours of incubation total RNA was isolated
and HO-1 mRNA level was measured by quantitative RT-PCR (panels (a) and (d)). For protein expression, HUVECs were solubilized after
8 hours of treatment. HO-1 and ferritin H and L expression was detected by Western blot ((b) and (e)) or with ELISA (c). Immunoblots
were reprobed with GAPDH and are representative of three independent experiments. Results are shown as mean ± S.D. (𝑛 = 3) from one
representative experiment of three.

4. Discussion

The abundance of antioxidant enzymes andmolecules makes
the erythrocyte a relatively protective environment for Hb.
Preventing or reversing Hb oxidation in RBCs is crucial.
Under normal conditions, senescent RBCs are removed
from the circulation by hemophagocytic macrophages of the
reticuloendothelial system in a well-regulated way. Several
pathological conditions are associatedwith intra- or extravas-
cular release ofHb and subsequent increase of oxidative stress
[20, 21].

Hb oxidation leads to the formation of different Hb
oxidation products, including ferryl iron containing heme,
globin- and heme-centered radicals, covalently cross-linked
heme-globin species and covalently cross-linked globin-
globin multimers. In the literature these oxidized Hb species,
are called, as a group, “ferrylHb.” These can be found in
human blood under normal [22, 23] or pathological con-
ditions [24]. We have previously reported the presence of
covalently cross-linked globin-globin multimers of ferrylHb
in human atherosclerotic lesions [8], but the involvement of
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Figure 4: Oxidized LDL and atheroma lipids cause Hb oxidation and formation of ferrylHb. (a) Human Hb (20 𝜇mol/L heme) was
treated with H

2
O
2
(200𝜇mol/L), native LDL (400𝜇g/mL), oxLDL (400𝜇g/mL), and lipid derived from human atherosclerostic plaque (LP)

(400𝜇g/mL). After 90 minutes of incubation Hb samples (4𝜇g/lane) were subjected to SDS-PAGE followed by silver staining. ((b), (c),
and (d)) Human Hb was incubated with oxLDL (50–400𝜇g/mL) for 90 minutes. ((b) and (c)) Spectral scan of Hb samples were taken and
concentrations of Hb and metHb were calculated based on the visible spectra. (d) Hb samples (4𝜇g/lane) were subjected to SDS-PAGE
followed by silver staining. Silver staining images and spectral scan are representatives of three independent experiments. Results are shown
as mean ± S.D. (𝑛 = 3) from one representative experiment of three.

ferrylHb in the pathogenesis of atherosclerosis remains to be
further defined.

Subendothelial retention of excess circulating LDL, oxi-
dation of the trapped LDL, and immunological responses
triggered by oxLDL are widely regarded as elements of
atherogenesis (reviewed in [25]). Oxidation-specific epitopes
are present on oxidized LDL particles, apoptotic cells and
modified proteins in the vessel wall. It has been shown that
elevated concentration of these epitopes predicts myocardial
infarction, stroke and cardiovascular death [26]. Consid-
ering this close relationship between disease outcome and
oxidative modifications it is highly important to characterize
the potential oxidizing agents in the vessel wall. Hb can
be a strong candidate that triggers oxidative damage in the
atherosclerotic plaque.

The two mechanisms via which Hb can enter to the
atherosclerotic plaque area are (i) plaque rupture or (ii)
intraplaque hemorrhage; the latter is common in advanced
coronary atherosclerotic lesions [27–29]. Intraplaque hem-
orrhage is most likely originated from immature neoves-
sels invading the atherosclerotic plaques as a result of its
angiogenic activity [30, 31]. Recently, intraplaque hemorrhage
has been linked to plaque vulnerability and considered as
a critical event in triggering atherosclerosis-associated acute
clinical symptoms [32].

Following intraplaque hemorrhage erythrocyte mem-
brane proteins and iron accumulate in the plaque, suggesting
that RBCs entering atherosclerotic plaques are lysed, their
Hb is oxidized, and heme is released and degraded [4].
We have previously shown that both lipids extracted from
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Figure 5: GSH/GPx and Hp inhibit H
2
O
2
and oxLDL-mediated oxidation and crosslinking of Hb. ((a) and (b)) Human Hb (20𝜇mol/L

heme) was pretreated with Hp (50𝜇mol/L) for 10 minutes at 37∘C followed by 90 minute incubation with H
2
O
2
(200𝜇mol/L) and oxLDL

(400𝜇g/mL). Separately, H
2
O
2
(200𝜇mol/L) and oxLDL (400𝜇g/mL) were pretreated with GSH/GPx for 10 minutes at 37∘C followed by

a 90-minutes of incubation with Hb (20𝜇mol/L heme). (a) MetHb was determined spectrophotometrically. (b) Oxidation-induced dimer
formation was monitored by Western blot. Immunoblot is a representative of three independent experiments. Results are shown as mean ±
S.D. (𝑛 = 3) from one representative experiment of three.

human atheromatous plaques and oxidized LDL cause lysis
of RBCs and subsequent Hb oxidation [8]. Theoretically
these oxidized Hb species can initiate LDL modification via
two distinct mechanisms with the involvement of (i) globin
radicals or (ii) heme iron. For example, in a reaction system
containing Hb, H

2
O
2
, and LDL, lipid peroxidation is rapid

leading to the formation of conjugated dienes in less than
1 hour in the presence of 200𝜇g/mL LDL, 3mmol/L heme,
and 4.5mmol/L H

2
O
2
[33]. This reaction has been shown

to be triggered by globin radicals produced in the reaction
of Hb and H

2
O
2
[33]. On the other hand, heme release

from oxidized Hb can also contribute to LDL oxidation. This
notion is supported by the facts that (i) heme itself is a potent
inducer of LDL oxidation, (ii) metHb, that does not have
radical properties but releases heme moieties and initiates
LDL oxidation and (iii) heme and Hb-initiated oxidation of
LDL is inhibited by the heme-binding protein, hemopexin
[34, 35]. In parallel with previously reported findings [33]
here we demonstrated that ferrylHb can trigger LDL oxida-
tion. We showed that heme derived from ferrylHb has been
associated with LDL and caused a slow lipid peroxidation
in 12 days in the presence of 1mg/mL LDL and ≈50𝜇mol/L
heme (Figure 1). During this period of time LDL-associated
ferrylHb-derived heme underwent degradation similar to
that of heme which is degraded during heme-mediated LDL
oxidation. These results suggest that ferrylHb, depending on
the circumstances of its production and the environment, can
initiate LDL oxidation via two distinct mechanisms in which
globin radicals and heme play the major roles.

Hydrogen peroxide is the most studied reactive oxygen
metabolite that can induce oxidation of Hb in cell-free
systems [36, 37], as well as in intact erythrocytes [38]. In these

complex reactions different Hb species are formed, including
metHb and ferrylHb [9, 10]. Ferryl iron is unstable and
reacts with specific amino acids of the surrounding globin
chains [11, 12] resulting in the formation of globin radicals.
Subsequent reactions between globin radicals yield covalently
cross-linked Hb multimers [39]. Besides classical reactive
oxygen metabolites, organic peroxides were shown to induce
the leakage of Hb fromhuman erythrocytes [40] and the gen-
eration of metHb [41]. FerrylHb generation was detected in
the interaction between ruptured erythrocytes and LDL [42,
43]. Parallel with these findings here we showed that oxLDL
but not native LDL caused Hb oxidation and subsequent
covalent crosslinking of Hb subunits (Figure 4.) We found
that formation of crosslinked Hb species is dose dependent,
in a way that higher doses of oxLDL result in the formation
of larger multimers with higher molecular weights.We found
that pretreatment of oxLDL with GSH/GPx that converts
lipid hydroperoxide to alcohol inhibited Hb oxidation and
concomitant crosslinking suggesting the involvement of lipid
hydroperoxides in the generation of these species (Figure 5).

In case of intravascular or extravascular hemolysis or
hemorrhage the deleterious effects of cell-freeHb are thought
to be controlled mainly via the action of Hp [44], that
binds to Hb with high affinity [18, 45] and promotes its
clearance by monocytes and resident macrophages of the
reticuloendothelial system via scavenger receptor CD163
[19]. CD163-mediated endocytosis of Hp-Hb complex is
followed by rapid induction of HO-1 that degrades heme
into CO, biliverdin, and iron [21]. Concomitant with HO-1
induction, ferritin is upregulated to store the iron released
from heme [19, 46]. Colocalized expression of CD163 and
HO-1 was reported in a subpopulation of macrophages in
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Figure 6: FerrylHb disrupts endothelial monolayer and induces leukocyte adhesion in HUVECs. (a) Confluent HUVECs grown in 6-well
plates were exposed to Hb and ferrylHb at a dose of 0–20 𝜇g/mL overnight. Images are 100X, taken with an inverted microscope (Carl
Zeiss 426126), and analyzed by ImageJ software. (b) Confluent HUVECs grown in hanging cell culture inserts were treated with heme, Hb,
metHb, and ferrylHb (10 𝜇mol/L heme groups each) for 12 hours. Fluorescein (1 𝜇mol/L) was added into the apical filter compartment and
was detected in the lower compartment after a 60-minute incubation. Endothelial permeability is expressed as fold increase over nontreated
cells. (c) Confluent HUVECs were treated with heme, Hb, metHb, and ferrylHb (10𝜇mol/L heme) for 12 hours. Monocytes were labeled and
added to HUVECs (105 cells/well) for 30 minutes at 37∘C. Cells were stained with TRITC-conjugated phalloidin and with Hoechst. Images
are 400x. Results are shown as mean ± S.D. (𝑛 = 3) from one representative experiment of three. Images are representative of 3 independent
experiments.
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neovascularized atherosclerotic lesions [46], as well as in
lesions with intraplaque hemorrhage [47]. This macrophage
subpopulation degrades Hb more quickly and produces less
reactive oxygen species and more of the anti-inflammatory
cytokine IL-10. Based on these features this hemorrhage-
associatedmacrophage subpopulationwas suggested to act in
an anti-inflammatory and atheroprotective manner [46, 48].

Recently it has been shown that oxidative crosslinking
of Hb is associated with reduced Hp binding; therefore, the
endogenous Hp-CD163 scavenger pathway is impaired [39].
As a result of inadequate uptake of these structurally altered
Hb species, macrophages fail to induceHO-1, a stress respon-
sive enzyme that provides the anti-inflammatory and athero-
protective effects of hemorrhage-associatedmacrophages [39,
48]. Also, impaired uptake of ferrylHb might result in the
release of free heme which induces programmed necrosis or
apoptosis of macrophages [49] as well as other cells [50].

Besides facilitating the removal of cell-free Hb from
circulation, Hp has been shown to prevent Hb oxidation as
well as heme loss from oxidized Hb [33, 51, 52]. Cooper et
al. explored the mechanism underlying the protective effect
of Hp in peroxide-mediated Hb oxidation. Interestingly, they
found that in the presence of Hp the steady-state concen-
tration of ferryl iron increases, while lipid peroxidation is
inhibited. This is because Hp binding stabilizes the ferryl
iron as well as the globin radical located on tyrosine 145
[53]. In agreement with these findings we reported here
that oxLDL-mediated Hb oxidation and formation of cova-
lently crosslinked Hbmultimers are inhibited by haptoglobin
(Figure 5).

EC activation and damage are associated with the ini-
tiation and progression of atherosclerosis [54]. Oxidation
of Hb can harm endothelial cells in different ways. Heme
released upon Hb oxidation can sensitize EC to oxidant-
mediated killing [13] and can induce EC death via triggering
oxidativemodification of LDL [14, 55]. Herewe demonstrated
that ferrylHb exerts cytotoxic effect towards the vascular
endothelium, mainly, via inducing oxidative modification of
LDL, as ferrylHb slightly sensitizes EC to H

2
O
2
-mediated

killing. Heme release is crucial in cellular responses triggered
by metHb. When challenged with metHb, EC upregulate
HO-1 to catabolize heme and ferritin to store liberated iron
in a redox inactive form. We found that ferrylHb, similar
to metHb, induces HO-1 and ferritin expression in EC.
This suggests that heme release is not impaired by covalent
crosslinking of globin chains in ferrylHb. Recentlywe showed
that Hb oxidation via the generation of ferrylHb exerted
proinflammatory effects on vascular EC [15]. In response
to ferrylHb, EC rearrange their actin cytoskeleton leading
to intercellular gap formation [15]. FerrylHb induces the
expression of proinflammatory genes, for example, E-selectin,
Icam-1, andVcam-1 in EC [15].Herewe demonstrated that gap
formation is associatedwith increased endothelial permeabil-
ity, and that elevated expression of adhesion molecules led
to increased number of adherent monocytes on the surface
of EC (Figure 6). Free heme and metHb do not activate
EC, suggesting that heme release does not play a role in
the ferrylHb-mediated inflammatory response. Furthermore

Hb is also unable to induce EC, suggesting that the cross-
linked species of ferrylHb act as an important and unique
proinflammatory agonist.

5. Conclusion

In conclusion, we demonstrated that ferrylHb containing
covalently cross-liked Hb multimers can be formed in
atherosclerotic lesions by the interactions of Hb and reactive
lipid components,mainly lipid hydroperoxides, in the plaque.
There are similarities and differences between metHb and
ferrylHb. Both Hb oxidation products can release heme,
sensitizing EC to oxidant-mediated killing and initiating lipid
peroxidation of LDL. On the other hand, FerrylHb is unique
in that it acts as a proinflammatory agonist by targeting
vascular EC. This activation results in increased EC mono-
layer permeability and enhanced monocyte adhesion. Taken
together, interactions between cell-free Hb and atheroma
lipids provoke a vicious cycle promoting the oxidation of
plaque lipids and Hb which in turn trigger endothelial acti-
vation and cytotoxicity.
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Hemolytic or hemorrhagic episodes are often associated with inflammation even when infectious agents are absent suggesting that
red blood cells (RBCs) release damage-associated molecular patterns (DAMPs). DAMPs activate immune and nonimmune cells
through pattern recognition receptors. Heme, released from RBCs, is a DAMP and induces IL-1β production through the
activation of the nucleotide-binding domain and leucine-rich repeat-containing family and pyrin domain containing 3 (NLRP3)
in macrophages; however, other cellular targets of heme-mediated inflammasome activation were not investigated. Because of
their location, endothelial cells can be largely exposed to RBC-derived DAMPs; therefore, we investigated whether heme and
other hemoglobin- (Hb-) derived species induce NLRP3 inflammasome activation in these cells. We found that heme
upregulated NLRP3 expression and induced active IL-1β production in human umbilical vein endothelial cells (HUVECs). LPS
priming largely amplified the heme-mediated production of IL-1β. Heme administration into C57BL/6 mice induced caspase-1
activation and cleavage of IL-1β which was not observed in NLRP3−/− mice. Unfettered production of reactive oxygen species
played a critical role in heme-mediated NLRP3 activation. Activation of NLRP3 by heme required structural integrity of the
heme molecule, as neither protoporphyrin IX nor iron-induced IL-1β production. Neither naive nor oxidized forms of Hb were
able to induce IL-1β production in HUVECs. Our results identified endothelial cells as a target of heme-mediated NLRP3
activation that can contribute to the inflammation triggered by sterile hemolysis. Thus, understanding the characteristics and
cellular counterparts of RBC-derived DAMPs might allow us to identify new therapeutic targets for hemolytic diseases.

1. Introduction

Damage-associated molecular patterns (DAMPs) or alarmins
are endogenous biomolecules that are released upon tissue
stress, injury, or cell death. DAMPs are able to trigger and/
or exacerbate innate immune response via the activation of
diverse innate immune receptors [1]. Hemolytic or hemor-
rhagic episodes are often associated with inflammation even
when infectious agents are absent, suggesting that damaged
red blood cells (RBCs) release DAMPs [2, 3].

The far most abundant protein in mature RBCs is hemo-
globin (Hb) that composes 96% of the dry weight of RBCs;
therefore, upon hemolysis, tremendous amounts of Hb are
released into the extracellular milieu. Outside of the protec-
tive environment of RBCs, Hb is prone to oxidation, leading
to the formation of oxidized Hb forms, that is, metHb (MHb)
and ferrylHb (FHb) [4–10]. Because of conformational
changes, oxidized Hb forms release their heme prosthetic
group. An endogenous protective system evolved to limit
the harmful effects of extracellular Hb and heme that relies
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mainly on the presence of two proteins in the plasma,
namely, haptoglobin and hemopexin. These acute-phase pro-
teins scavenge Hb and heme, respectively, and help their effi-
cient removal from the circulation [11–14]. Upon massive
intravascular hemolysis, this protective system becomes
overwhelmed, leading to the depletion of haptoglobin and
hemopexin and the accumulation of Hb and heme in the
plasma [11–14].

Extracellular Hb, particularly in its oxidized forms and
the released heme, exerts various biological effects. Heme is
a potent prooxidant and proinflammatory molecule
(reviewed in [10, 15]). As a prooxidant, heme induces lipid
peroxidation and sensitizes various cell types to oxidant-
and tumor necrosis factor- (TNF-) mediated programmed
cell death [16–19]. As a proinflammatory agonist, heme tar-
gets macrophages and induces TNF secretion via a toll-like
receptor 4- (TLR4-) dependent mechanism [20] and triggers
interleukin 1 beta (IL-1β) production through a mechanism
dependent on the expression of the nucleotide-binding
domain and leucine-rich repeat-containing protein 3
(NLRP3) inflammasome [21]. Through heme release, metHb
and ferrylHb share most of the deleterious effects of free
heme [10, 19, 22].

Endothelial cells provide a barrier between blood and tis-
sue and therefore play a fundamental role in the inflamma-
tory response. Because of their location, endothelial cells
are in the frontline to be exposed to Hb and its oxidation
products upon intravascular hemolysis [23]. Growing evi-
dence suggests that heme and oxidized Hb species play a
pathophysiological role in endothelial cell activation upon
hemolytic diseases via the upregulation of adhesion mole-
cules [24–26]. Additionally, endothelial cells respond to dif-
ferent alarmins by NLRP3 inflammasome activation and
subsequent release of IL-1β, and this mechanism has been
shown to play a significant role in diverse pathological condi-
tions including atherosclerosis, diabetic retinopathy, diabetic
nephropathy, and chronic kidney disease [27–32].

Heme is a prototypical alarmin that triggers NLRP3 acti-
vation in macrophages, but we lack knowledge on whether it
acts on endothelial cells. Therefore, here, we investigated
whether heme or other Hb-associated DAMPs induce
NLRP3 inflammasome activation in human umbilical vein
endothelial cells (HUVECs).

2. Materials and Methods

2.1. Materials. Reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless otherwise specified.

2.2. Mice. C57BL/6 andNlrp3−/−mice were maintained at the
University of Debrecen in a conventional animal house and
were used between 6 and 8 weeks of age. All experiments
followed guidelines of the institutional and national ethical
committee and underwent approval. The Nlrp3−/− mice
strain was originally generated and characterized in the labo-
ratory of J. Tschopp [33]. To study the inflammatory action
of heme, twenty C57BL/6 mice (female, 6–8 weeks of age)
were randomly divided into 4 groups (n = 5/group) and
injected intraperitoneally (i.p.) with heme at a dose of 75,

150, and 300nmol/peritoneal cavity in 200μL apyrogen
PBS. Control mice received PBS only. In one experiment,
we injected C57BL/6 mice (n = 4) i.p. with heme-albumin
that was prepared by incubating heme with an equimolar
amount of human albumin for 10 minutes at room tempera-
ture. After 16 hours, mice were sacrificed by CO2 exposure
and peritoneal leukocytes were harvested by peritoneal
lavage using ice-cold PBS containing 2% FCS (Gibco,
Thermo Fisher Scientific Inc., Waltham, MA, USA) and were
analyzed by flow cytometry. Total number of cells was deter-
mined using a fixed number of latex beads (Beckman Coulter,
Paris, France), coacquired with a preestablished volume of the
cell suspensions. Number of peritoneal neutrophils was eval-
uated using R-phycoerythrin- (R-PE-) conjugated rat anti-
mouse Ly-6G (Gr1; CD11b, BD Biosciences, San Jose, CA,
USA) and biotin anti-mouse neutrophil monoclonal anti-
body (CL8993B, Cedarlane, Hornby, Ontario, Canada). Cells
were costained with propidium iodide (0.5μg/mL) to exclude
dead cells. Fluorescence was measured by flow cytometry
(FACS Calibur, BD Biosciences), and data was analyzed using
FlowJo software (Tree Star, Inc., Ashland, OR, USA). Ly-6G
and 7/4 double positive cells were identified as neutrophils,
Ly-6G negative and 7/4 positive cells were considered as
inflammatory monocytes/macrophages [34]. In another
experiment, twenty C57BL/6 mice (female, 6–8 weeks of
age) were randomly divided into 4 groups (n = 5/group) and
injected intraperitoneally (i.p.) with LPS (100μg/peritoneal
cavity), heme (300 nmol/peritoneal cavity), or LPS+heme
in 200μL apyrogen PBS. Control mice received PBS only.
Total leukocytes in the peritoneal fluid was determined on
Burker chambers after dilution in Turk solution as it was
described previously [21]. For IL-1β detection, peritoneal
fluid was centrifuged and the amount of IL-1β in the super-
natants was quantified by ELISA (DuoSet ELISA, R&D,
Minneapolis, MN, USA). To assess the role of NLRP3 in
heme-mediated inflammatory response, 6 C57BL/6 and 6
NLRP3−/− mice (female, 6–8 weeks of age) were randomly
divided into 2 groups (n = 3/group) and injected i.p. with
heme (300 nmol/cavity in 200μL PBS) or vehicle. Livers
were collected 16 hours postinjection, frozen in liquid nitro-
gen, and stored at −70°C until analysis.

2.3. Cell Culture. Human umbilical vein endothelial cells
(HUVECs) were removed from human umbilical cords
(n = 8) by exposure to dispase and cultured in medium 199
containing 15% FBS, antibiotics, heparin, L-glutamine,
sodium pyruvate, and endothelial cell growth factor on gela-
tinized plates as described previously [19].

2.4. Hemoglobin Preparation. Hb of different redox states,
that is, oxyHb (Fe2+), metHb (Fe3+), and ferrylHb
(Fe4+=O), was prepared as described [25]. Briefly, Hb
was isolated from fresh blood drawn from healthy volunteers
using ion-exchange chromatography on a DEAE Sepharose
CL-6B column. MetHb was generated by incubation
(30min, 25°C) of purified Hb with a 1.5-fold molar excess
of K3Fe (CN)6 over heme. FerrylHb was obtained by incuba-
tion (1 h, 37°C) of Hb with a 10 : 1 ratio of H2O2 to heme.
After oxidation, both metHb and ferrylHb were dialyzed
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against saline (3 times for 3 hours at 4°C) and concentrated
using Amicon Ultra centrifugal filter tubes (10,000 MWCO,
Millipore Corp., Billerica, MA, USA). Aliquots were snap-
frozen in liquid nitrogen and stored at −70°C until use. Purity
of each Hb preparation was evaluated by SDS-PAGE
followed by staining with ProteoSilver Plus Silver Staining
Kit. The purity of Hb preparations was above 99.9%. Hb con-
centrations were calculated as described by Winterbourn [4].

2.5. HUVEC Treatment. HUVECs were used at passage 2
and 3 within 2 days postconfluence. When indicated,
HUVECs were pretreated with the indicated doses of
lipopolysaccharide (LPS; 0.1, 1, and 10μg/mL in complete
(15% FBS) medium) for 24 hours. Heme was dissolved in
NaOH (20mmol/L), the pH was adjusted slowly to 7.4 with
HCl and the solution was sterile filtered using a 0.2μm
syringe filter (Millipore). Heme treatments were carried
out in 1% FBS-containing medium for 4 hours (mRNA),
12 hours (protein expression), or 24 hours (IL-1β secretion
and viability assays).

2.6. Quantitative Real-Time PCR (qRT-PCR). RNA was iso-
lated from cells using TRIzol (RNA-STAT60, Tel-Test Inc.,
Friendswood, TX, USA) according to the manufacturer’s
protocol. Two micrograms of RNA were reverse transcribed
to cDNA with High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Waltham, MA, USA). Quantita-
tive real-time PCR was performed using iTaq Universal
Probes Supermix (Bio-Rad Laboratories, Hercules, CA,
USA) and predesigned primers and probes (TaqMan® Gene
Expression Assays) to detect IL-1β (Hs.00174097), NLRP3
(Hs.00918082), ASC (Hs.01547324), HO-1 (Hs.01110250),
and GAPDH (Hs.02758991). Relative mRNA expressions
were calculated with the ΔΔCt method using GAPDH as
an internal control.

2.7. Determination of Cell Viability. Cell viability was deter-
mined by theMTT assay as previously described [19]. Briefly,
following treatments, cells were washed with PBS, and 100μL
of 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium
bromide (0.5mg/mL) solution in HBSS was added. After a
4-hour incubation, the MTT solution was removed, forma-
zan crystals were dissolved in 100μL of DMSO, and optical
density was measured at 570 nm.

2.8. IL-1β Secretion in HUVECs. HUVECs were cultured in
96-well plates. Following treatment, cellular supernatants
were collected and 100μL of undiluted sample was used for
ELISA analysis (DuoSet ELISA, R&D, Minneapolis, MN,
USA). All of the measurements were performed according
to the manufacturer’s protocol.

2.9. Western Blot. Following treatment, HUVECs were solu-
bilized in 10mmol/L TrisHCl, containing 5mmol/L EDTA,
150mmol/L NaCl (pH7.2), 1% Triton X-100, 0.5% Nonidet
P-40, and protease inhibitors (Complete Mini, F. Hoffmann-
La Roche Ltd., Basel, Switzerland). Whole cell lysates (20μg)
were used to evaluate NLRP3, HO-1, and GAPDH protein
expressions. Liver lysates (20μg) obtained from C57BL/6
or Nlrp3−/− mice were used to investigate caspase-1 and

IL-1β processing. Protein samples were run on 12.5%
SDS-PAGE. Western blotting was performed with the use
of a monoclonal anti-NLRP3 antibody (Clone number
768319, R&D Systems, Minneapolis, USA), a polyclonal
anti-caspase-1 p20 antibody (sc-398,715, Santa Cruz Bio-
technology Inc., Dallas, TX, USA), a monoclonal anti-IL-
1β antibody (number 12242, Cell Signaling Technology,
Leiden, Netherlands), and a monoclonal anti-human HO-1
antibody (sc-136,960, Santa Cruz) followed by the species-
specific HRP-labeled secondary antibodies (Amersham Bio-
sciences Corp., Piscataway, NJ, USA). Antigen-antibody
complexes were visualized with the horseradish peroxidase
chemiluminescence system (Amersham Biosciences Corp.,
Piscataway, NJ, USA). After detection, the membranes were
stripped and reprobed for GAPDH using anti-GAPDH anti-
body at a dilution of 1 : 1000 (Novus Biologicals, Littleton,
CO, USA). Results were quantified by using the Alpha Digi-
Doc RT (Alpha Innotech, San Leandro, CA, USA) quantifi-
cation system.

2.10. Intracellular ROS Measurement. ROS production
was monitored by using the 5-(and-6)-chloromethyl-2′,7′-
dichlorodihydro-fluorescein di-acetate and acetyl ester
(CM-H2DCFDA) assay (Life Technologies, Carlsbad, CA,
USA). After the treatment, cells were washed with PBS and
loaded with CM-H2DCFDA (10μmol/L, 30min, in the
dark). Cells were washed thoroughly, and fluorescence inten-
sity was measured applying 488nm excitation and 533nm
emission wavelengths for 3 hours in every 30 minutes. In
some experiments, ROS was scavenged by N-acetyl cysteine
(NAC, 5mmol/L) during the treatments.

2.11. Statistical Analysis. Data are shown as mean± S.D.
Statistical analysis was performed by one-way ANOVA
or Student’s t-test, as appropriate. P < 0 05 was considered
significant.

3. Results

3.1. Heme Acts as a Proinflammatory Agonist and Induces
IL-1β Secretion In Vivo. To examine whether heme exerts
proinflammatory effects in vivo, we injected heme into the
peritoneal cavity of C57BL/6 mice. Heme induced a dose-
dependent inflammatory response, and its highest dose
(300nmol/mice) triggered about a 20-fold increase in the
number of peritoneal PMN cells andmonocytes/macrophages,
as compared with vehicle-treated controls (Figures 1(a)–1(c)).
Next, we analyzed the effect of heme on the production of IL-
1β in vivo. Intraperitoneal administration of heme caused an
about 25-fold increase in the peritoneal IL-1β level as com-
pared with vehicle-treated controls (Figure 1(d)). These
results indicate that heme triggers processing and release
of IL-1β in vivo. We compared the proinflammatory effect
of heme to that of LPS and found that heme at the dose
of 300nmol/mice triggered 2.9-fold more leukocyte infiltra-
tion into the peritoneal cavity than LPS (100μg/mice)
(Figure 1(e)). LPS failed to further increase the number of
infiltrating leukocytes triggered by heme (Figure 1(e)).
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3.2. Heme Induces IL-1β Secretion in HUVECs through
NLRP3 Inflammasome Activation. Dutra et al. showed that
heme triggers IL-1β production in LPS-primed macrophages
through the activation of the NLRP3/ASC/caspase-1 inflam-
masome platform [21]. Endothelial cells provide a barrier
between blood and tissues, and therefore they are heavily
exposed to heme upon intravascular hemolysis. Given this
fact, we asked whether heme-induced inflammasome activa-
tion—besides of macrophages—also occurs in endothelial
cells. To test this, we treated HUVECs with heme and mea-
sured IL-1β mRNA levels. We found that heme (50μmol/
L) increased IL-1β mRNA levels by 6-fold compared to
vehicle-treated cells (Figure 2(a)). In general, NLRP3 inflam-
masome activation requires two distinct signals; therefore, we
next examined how heme behaves as a second signal. In this
case, we pretreated HUVECs with LPS (signal 1) before the
heme (signal 2) exposure. LPS treatment alone caused an
about 19-fold increase in IL-1β mRNA levels as compared
to vehicle control (Figure 2(a)). Furthermore, we found that
LPS priming largely enhanced the heme response and this
combined treatment resulted in a 53-fold elevation in IL-1β
mRNA (Figure 2(a)). We checked whether IL-1β mRNA
response is dependent on the dose of LPS. We primed
HUVECs with different doses of LPS and found that LPS at

the dose of 0.1μg/mL efficiently amplified the effect of heme
on IL-1β mRNA levels (Figure 2(b)). Next, we asked
whether heme triggers processing and secretion of active
IL-1β. For this, we measured the level of processed IL-1β
in the cellular supernatant of HUVECs. We found that heme
alone caused a dose-dependent mild increase in the level of
active IL-1β as compared to vehicle-treated cells. LPS treat-
ment did not increase secreted IL-1β levels but largely
enhanced the heme-mediated response (Figures 2(c) and
2(d)). To see whether cell death is involved in inflamma-
some activation by heme, we assessed cellular viability fol-
lowing the treatments. We found that heme up to 25μmol/
L is not toxic, but we observed an about 40% of cell death
when cells were exposed to 50μmol/L heme (Figure 2(e)).
The effect of heme on cell viability was independent of LPS
priming (Figure 2(e)). These results suggest that heme and
LPS act synergistically to induce the secretion of IL-1β in
endothelial cells.

To see whether NLRP3 inflammasome activation is
involved in the heme-mediated production of IL-1β, first,
we checked mRNA and protein levels of NLRP3. We found
that heme increased NLRP3 mRNA and protein expressions
in HUVECs (Figures 3(a)–3(c)). LPS as well caused elevation
of NLRP3 expression on both mRNA and protein levels but
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Figure 1: Heme induces neutrophil and monocyte infiltration and IL-1β secretion in vivo. (a–c) C57BL/6 mice were injected (i.p.) with
heme (75, 150, or 300 nmol/mice) or PBS (n = 5 in all groups). Peritoneal cavity was rinsed, and neutrophil and inflammatory
monocytes/macrophage numbers were determined after 16 h of treatment. (a) Representative dot plots of peritoneal cells stained with
Ly-6G and 7/4. (b) Mean number of Ly-6G high and 7/4 high PMN cells. (c) Mean number of Ly-6G low and 7/4 high inflammatory
monocytes/macrophages. (d) C57BL/6 mice were injected (i.p.) with heme (300mmol/kg body weight) or vehicle. Peritoneal cavity was
rinsed, and the active IL-1β level was determined in the supernatant by ELISA (n = 5 in both groups). (e) C57BL/6 mice were injected
(i.p.) with LPS (100 μg/mice), heme (300 nmol/mice), and LPS + heme or PBS (n = 5 in all groups). Peritoneal cavity was rinsed, and total
numbers of leukocytes was counted after 16 h of treatment. Data represent mean± SD; ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 005.
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failed to further increase the heme-mediated responses
(Figures 3(a)–3(c)). Assembly of the NLRP3 inflammasome
platform results in activation of caspase-1. We assessed
whether heme treatment triggers caspase-1 activation
in vivo. Injection of heme into wild-type mice peritoneum
induced an almost five-fold elevation in the level of active
caspase-1 (p20) in the liver (Figures 3(d) and 3(e)). In con-
trast, no heme-mediated caspase-1 activation occurred in
Nlrp3−/− mice (Figures 3(d) and 3(e)). Heme induced a
13.8-fold increase in the level of processed active IL-1β in
the liver of wild-type mice. On the contrary, we did not
observe active IL-1β formation in heme-treated Nlrp3−/−

mice (Figures 3(d) and 3(f)). These results suggest that

heme-mediated production of IL-1β occurs through the acti-
vation of NLRP3 inflammasome and caspase-1 activation.

3.3. Coordinated Iron of the Porphyrin Ring Is Involved in
Heme-Mediated Inflammasome Activation. Next, we aimed
to explore the structural motifs that are involved in heme-
mediated inflammasome activation. We tested protoporphy-
rin IX (PPIX), a precursor of heme that lacks the central Fe2+

ion, and the iron salt FeSO4 on whether they are able to
trigger the production of IL-1β in HUVECs. Both PPIX
and free iron (Fe2+) failed to increase the level of IL-1β
mRNA in LPS-pretreated HUVECs (Figure 4(a)). Stimula-
tion of LPS-treated HUVECs with PPIX or free iron did
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Figure 2: Heme induces IL-1β maturation and secretion in HUVECs. (a) LPS-primed (10 μg/mL, 24 h) or nonprimed HUVECs were
exposed to heme (10, 25, and 50μmol/L in 1% FBS, 4 h) or ATP (5mmol/L). IL-1β mRNA levels were determined by qRT-PCR. (b)
LPS-primed (0.1, 1, and 10μg/mL, 24 h) or nonprimed HUVECs were exposed to heme (25 μmol/L in 1% FBS, 4 h). IL-1β mRNA levels
were determined by qRT-PCR. (c) LPS-primed (10 μg/mL, 24 h) or nonprimed HUVECs were exposed to heme (10, 25, and 50μmol/L
in 1% FBS, 24 h). Secreted IL-1β levels were determined by ELISA from the cellular supernatant. (d) LPS-primed (0.1, 1, and 10μg/mL,
24 h) or nonprimed HUVECs were exposed to heme (25 μmol/L in 1% FBS, 24 h). Secreted IL-1β levels were determined by ELISA from
the cellular supernatant. (e) Cells were treated as in (c), and cellular viability was assessed by MTT assay. Results are shown as mean
± SD (n = 3) from one representative experiment of three. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 005.

5Oxidative Medicine and Cellular Longevity

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



not cause secretion of mature IL-1β (Figure 4(b)). These
results suggest that coordinated iron present in the heme
molecule, but not the protoporphyrin ring or the released
iron, is critical to the activation of the inflammasome.

3.4. ROS Are Involved in Heme-Mediated Inflammasome
Activation. Both heme and LPS are well-known inducers
of ROS production in endothelial cells [18, 35]. Recent
studies highlighted the critical involvement of ROS in
NLRP3 activation induced by several stimuli [36, 37];
therefore, we next examined whether elevated ROS pro-
duction plays a role in heme-mediated inflammasome
activation in endothelial cells. First, we investigated ROS
production triggered by different doses of LPS in
HUVECs. We found that LPS—at the concentration range
from 100ng/mL to 10μg/mL—slightly but significantly
increased ROS production in HUVECs (Figure 5(a)).
Then, we investigated whether these doses of LPS could
increase ROS production triggered by heme. Our results
revealed that heme is a very potent inducer of ROS pro-
duction in HUVECs, resulting in about 5-fold elevation
of ROS production over controls and that LPS priming
slightly but significantly increased heme-triggered ROS

formation (Figure 5(b)). The radical scavenger NAC par-
tially inhibited ROS formation in LPS-primed heme-
treated HUVECs (Figure 5(c)). This was associated with
the reduction of heme-induced upregulation of IL-1β
mRNA and the attenuation of active IL-1β formation in
LPS-primed endothelial cells (Figures 5(d) and 5(e)).

3.5. Heme Binding Attenuates the Proinflammatory Effect
of Heme. Heme scavenging proteins such as hemopexin
(Hx) or albumin block most of the prooxidant actions of
heme [38]; therefore, we next investigated whether the
proinflammatory actions of heme towards endothelial cells
could be inhibited by albumin. We primed HUVECs with
LPS and then challenged with heme or heme-albumin
complex. In contrast to heme, heme-albumin failed to
induce IL-1β mRNA expression and secretion of mature
IL-1β in LPS-primed HUVECs (Figures 6(a) and 6(b)).
In contrast to heme, heme-albumin did not increase ROS
production in LPS-primed HUVECs (Figure 6(c)). Finally,
we checked whether heme-albumin triggers leukocyte infil-
tration in C57BL/6 mice. Our results revealed that albumin
completely inhibited heme-mediated leukocyte infiltration
(Figure 6(d)). These results suggest that heme-binding

LPS
Heme

−
−

−
10

−
25

−
50

+
−

+
10

+
25

+
50

⁎⁎⁎

⁎⁎

⁎⁎

⁎

⁎⁎

0

2

4

6

8

10

12
Re

la
tiv

e N
LR

P3
 m

RN
A

 le
ve

l
(fo

ld
ch

an
ge

)

(a)

NLRP3 −

GAPDH −

kDa

− 37 
− 100 

− 150 

LPS
Heme

−
−

−
+

+
−

+
+

(b)

LPS
Heme

−
−

−
+

+
−

+
+

⁎⁎

⁎

⁎⁎

0

2

4

6

8

10

12

14

N
LR

P3
 (f

ol
dc

ha
ng

e)
 

(c)

Caspase-1 (p20) −

Procasp-1 −

WT NLRP3−/−

Ctrl Heme Ctrl Heme

Active IL-1�훽−

Pro-IL-1�훽 −

GAPDH −

− 20 

− 37 

− 20 

− 50 

− 37 

kDa

− 25 

(d)

WT NLRP3−/−

Ctrl Heme Ctrl Heme

⁎⁎⁎ ⁎⁎⁎

0

1

2

3

4

5

6

7

Ca
sp

as
e-

1 
(p

20
) (

fo
ld

ch
an

ge
)

(e)

WT NLRP3−/−

Ctrl Heme Ctrl Heme

A
ct

iv
e I

L-
1�훽

 (f
ol

dc
ha

ng
e) ⁎⁎⁎ ⁎⁎⁎

0

5

10

15

20

(f)

Figure 3: Heme induces NLRP3 expression and activation of caspase-1. (a) LPS-primed (10 μg/mL, 24 h) or nonprimed HUVECs were
exposed to heme (10, 25, and 50μmol/L in 1% FBS, 4 h). NLRP3 mRNA levels were determined by qRT-PCR. (b) LPS-primed (10 μg/mL,
24 h) or nonprimed HUVECs were exposed to heme (25 μmol/L in 1% FBS, 6 h). NLRP3 were analyzed by Western blot from whole cell
lysate. Membrane was reprobed for GAPDH. Representative blots of 2 independent experiments are shown. (c) Densitometric analysis of
Western blots. (d) C57BL/6 and Nlrp3−/− mice were injected with heme (300 nmol/peritoneal cavity) or vehicle (Ctrl). Protein expressions
of activated caspase-1 and processed IL-1β were analyzed by Western blot from liver samples (16 h). Membrane was reprobed for
GAPDH. Representative blots of 3 independent experiments are shown. (e and f) Densitometric analysis of Western blots. Results are
shown as mean± SD of 3 independent experiments. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 005.
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plasma proteins exhibit an anti-inflammatory function in
case of massive intravascular hemolysis by inhibiting heme-
mediated inflammatory responses.

3.6. Oxidized Hb Forms Do Not Trigger Inflammasome
Activation in Endothelial Cells.Oxidized forms of Hb are able
to release their heme moiety; therefore, we next investigated
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Figure 4: The coordinated iron is critical in heme-mediated induction of IL-1β. (a and b) HUVECs primed with LPS (10 μg/mL, 24 h) were
stimulated with heme, PPIX, or FeSO4 (25 μmol/L). (a) IL-1β mRNA level (4 h) was determined by quantitative RT-PCR. (b) Active IL-1β
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Figure 5: Unfettered ROS production is critical in heme-mediated induction of IL-1β. (a) HUVECs were treated with LPS (0.01–10μg/mL,
24 h). (b) HUVECs were primed with LPS (0.01–10μg/mL, 24 h) then treated with heme (12.5 or 25 μmol/L, 4 h). (c–e) Naive or LPS-primed
(10 μg/mL, 24 h) HUVECs were treated with heme (25 μmol/L) in the presence or absence of NAC (5mmol/L). (a–c) Following the 4-hour
heme treatment, ROS production was measured with DCFDA assay. (d) Following the 4-hour heme treatment, IL-1β mRNA level was
determined by quantitative RT-PCR. (e) Active IL-1β levels in cellular supernatants (24 h) were determined by ELISA. Results are shown
as mean± SD (n = 5) from one representative experiment of three. ∗∗∗P < 0 005, ∗∗P < 0 01, and ∗P < 0 05.
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whether the different Hb forms are involved in inflamma-
some activation and the subsequent production of IL-1β in
HUVECs. Exposure of HUVECs to oxidized forms of Hb,
that is, metHb and ferrylHb but not naive Hb resulted in
the upregulation of the heme catabolizing enzyme heme
oxygenase-1 (HO-1) in HUVECs as was revealed by quanti-
tative RT-PCR and Western blotting (Figures 7(a) and 7(b)).
Importantly, we found that metHb and ferrylHb are much
weaker inducers of HO-1 than an equimolar amount of heme
(Figures 7(a) and 7(b)). As heme-mediated ROS production
is critical for NLRP3 inflammasome activation in HUVECs,
we examined whether Hb species at different oxidation
states increase intracellular ROS levels in HUVECs. In
contrast to heme, none of the Hb forms at the concentra-
tion of 25μmol/L increased ROS production in HUVECs
(Figure 8(a)). In contrast, when we applied the Hb forms
at the concentration of 250μmol/L, we observed ROS pro-
duction when the cells were treated with metHb and fer-
rylHb but not with naive Hb (Figure 8(b)).

Then, we investigated whether the different Hb forms
induce NLRP3 inflammasome activation in HUVECs. First,
we assessed IL-1β mRNA levels in nonprimed HUVECs
treated with low (25μmol/L) or high (250μmol/L) concen-
tration of Hb forms (Figure 8(c)). We found that high
concentration of ferrylHb induced a 2.2-fold elevation of
IL-1β mRNA expression in HUVECs, in which the effect
was not observed in cells treated with metHb or naive Hb
(Figure 8(c)). At the same time, heme at 10-times lower
concentration caused an approximately 3-fold upregulation
of IL-1β mRNA expression in HUVECs (Figure 8(c)).
Finally, we investigated the effect of Hb forms (low and
high doses) on IL-1β mRNA expressions in LPS-primed
HUVECs. As shown in Figure 8(d), none of the Hb forms
triggered further elevation of IL-1β mRNA levels when
HUVECs were primed with LPS (Figure 8(d)). These results
suggest that free heme, but not Hb-bound heme, is involved

in inflammasome activation and the subsequent production
of IL-1β in HUVECs.

4. Discussion

In this study, we show that heme is an inducer of IL-1β pro-
cessing through the activation of the NLRP3 inflammasome
in human endothelial cells. The molecular mechanism by
which heme promotes NLRP3 activation involves ROS and
requires structural integrity as well as “free”/non-Hb-bound
status of heme (Figure 9).

Heme is a potent proinflammatory molecule in vivo,
which is a notion supported by the finding that intraperito-
neal injection of heme induces infiltration of neutrophils
and monocytes/macrophages into the peritoneal cavity of
mice. This inflammatory response is associated with
increased production of the proinflammatory cytokine IL-
1β in the peritoneum.

Under noninflammatory conditions, endothelial cells
have multiple functions in maintaining blood fluidity, regu-
lating blood flow, controlling vessel wall permeability, and
keeping circulating leukocytes in a quiescent state. Upon
infection or inflammation, endothelial cells are among the
first cells coming into contact with microbial or endogenous
molecules and they become active participants and regulators
of the inflammatory response [23]. Endothelial cells are
equipped with receptors of the innate immune system allow-
ing them to sense and respond to a variety of pathogen-
associated molecular patterns (PAMPs) and endogenous
DAMPs [39].

Exposure of endothelial cells to classical DAMPs such as
extracellular ATP and high mobility group box 1 protein
(HMGB1) results in the activation of NLRP3 inflammasome
and the subsequent production of IL-1β [40, 41]. Endothelial
activation of NLRP3 inflammasome was observed in animal
models of hypercholesterolemia and hyperglycemia, and
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Figure 6: Albumin inhibits heme-induced NLRP3 inflammasome activation in HUVECs in vitro and heme-induced peritoneal infiltration
of leukocytes in vivo. (a–c) HUVECs primed with LPS (10 μg/mL, 24 h) were stimulated with heme or heme-albumin (H-A, 25μmol/L). (a)
IL-1β mRNA level (4 h) was determined by quantitative RT-PCR. (b) Active IL-1β levels in cellular supernatants (24 h) were determined by
ELISA. (c) ROS production (4 h) was measured with DCFDA assay. Results are shown as mean± SD (n = 4) from one representative
experiment of two. ∗∗∗P < 0 005, ∗∗P < 0 01, and ∗P < 0 05. (d) C57BL/6 mice were injected (i.p.) with heme (300 nmol/mice), heme-
albumin (h–a, 300 nmol/mice), or PBS (n = 5 in all groups). Peritoneal cavity was rinsed, and the total number of leukocytes was counted
after 16 h of treatment. Results are shown as mean± SD, ∗∗∗P < 0 005.
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endothelial production of IL-1β has been shown to contrib-
ute to diverse pathological conditions, including rheumatoid
arthritis, hemorrhagic shock-induced acute lung injury,
transfusion-related acute lung injury, and chronic kidney
disease [27, 29, 32, 42–44].

Activation of different innate immune receptors includ-
ing NLRP1, NLRP3, NLRC4, or AIM2 initiates the assembly
of the inflammasome, leading to activation of inflammatory
caspases and the maturation and secretion of IL-1β [45–48].
Previous studies showed that heme induces IL-1β produc-
tion in macrophages through the activation of the NLRP3
inflammasome [21, 49]. Our results show that heme is a
broader inducer of NLRP3 inflammasome activation and
besides macrophages, its proinflammatory actions target
endothelial cells as well. Activation of the NLRP3 inflamma-
some in macrophages requires two signals. The first (prim-
ing) signal provided mainly by toll-like receptors (TLRs)
or TNF receptor 1 and 2, triggering NF-κB-mediated expres-
sion of NLRP3 [50, 51]. The second signal is provided by a
PAMP or DAMP that activates NLRP3 to trigger inflamma-
some assembly, activation of caspase-1, cleavage of pro-IL-
1β, and release of the active cytokine [51]. In agreement with
this notion, priming with LPS was shown to be essential for
heme-mediated NLRP3 inflammasome activation in macro-
phages [21]. Regarding endothelial cells, heme induced low
amount of active IL-1β formation in nonprimed HUVECs
in which the response was largely amplified after LPS prim-
ing. Active IL-1β formation in nonprimed heme-treated

HUVECs was associated with some degree of cell death.
During endothelial cell necrosis, ATP and HMGB1 are
released, which were shown to trigger endothelial NLRP3
inflammasome activation [40, 41, 52]. Therefore, it is pos-
sible that ATP and HMGB—mediators released upon
heme-mediated cell death—contributed to heme-induced
production of IL-1β in nonprimed HUVECs. On the other
hand, LPS priming did not promote cell death but substan-
tially increased the heme-mediated production of active
IL-1β, suggesting that this response was independent of
cell death.

Heme induced the expression of NLRP3 mRNA in
HUVECs, regardless of LPS priming, and we showed that
NLRP3 is an indispensable player in the heme-triggered pro-
duction active IL-1β. As a result of NLRP3 inflammasome
activation, the procaspase-1 zymogen is self-activated by pro-
teolytic cleavage into the active form [51]. Activated caspase-
1 then cleaves pro-IL-1β leading to the formation of the
active cytokine [51]. We showed here that heme failed to
induce the formation of activated caspase-1 and cleavage of
pro-IL-1β in NLRP3 deficient mice.

Heme consists of a PPIX ring and a central Fe2+ ion that
is stabilized by four N-Fe coordinate-covalent bonds. Follow-
ing uptake by endothelial cells, heme is cleaved by HO-1 and
the liberated d iron contributes to the labile iron pool of the
cells. A recent study revealed that high intracellular iron in
patients with sickle cell disease is associated with markers
of inflammation and mortality [53]. Moreover, labile iron
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Figure 7: Oxidized Hb species transfer heme to endothelial cells. (a–c) HUVECs were treated with heme, Hb, metHb, or ferrylHb (25 μmol/L
heme group). (a) HO-1 mRNA level (4 h) was determined by quantitative RT-PCR. Results are shown as mean± SD (n = 3) from one
representative experiment of three. (b) Protein expression of HO-1 (8 h) was evaluated by Western blot. Membranes were reprobed for
GAPDH. Representative blots of 3 independent experiments are shown. (c) Densitometric analysis of Western blots. Results are shown as
mean± SD of 3 independent experiments. ∗∗∗P < 0 005.
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has been shown to induce NLRP3 inflammasome activation
in human monocytes [54]. These observations inspired us
to investigate whether free iron causes NLRP3 inflamma-
some activation in endothelial cells, too. Here, we show that
in contrast to monocytes, iron itself is unable to trigger active

IL-1β production in HUVECs. There are controversial
results regarding NLRP3 inflammasome activation by the
other component of heme, PPIX [21, 49]. Here, we show that
PPIX fails to induce NLRP3 inflammasome activation and
subsequent production of active IL-1β in LPS-primed
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Figure 8: Oxidized Hb species increase ROS formation but fail to induce IL-1β production and maturation in HUVECs. (a–c) Naive
(a–c) or LPS-primed (d) HUVECs were treated with heme (25μmol/L) Hb, metHb, or ferrylHb (25 or 250 μmol/L). (a and b) Following
the treatments (a: 25μmol/L and b: 250 μmol/L) (4 h), ROS production was measured with DCFDA assay. (c and d) IL-1β mRNA
level (4 h) was determined by quantitative RT-PCR. Results are shown as mean± SD (n = 3) from one representative experiment of three.
∗∗∗P < 0 005, ∗∗P < 0 01, and ∗P < 0 05.
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endothelial cells. This is in agreement with the finding of
Dutra et al. who showed that PPIX does not trigger active
IL-1β production in LPS-primed macrophages [21]. Overall,
our results suggest that coordinated iron present in the heme
molecule is critical to the activation of NLRP3 inflamma-
some and subsequent production of active IL-1β in endothe-
lial cells.

NLRP3 inflammasome activation is triggered by several
structurally diverse molecules that share some common
molecular mechanisms through which inflammasome acti-
vation occurs. These include elevated ROS production, K+

efflux, lysosomal damage, and ATP release [36, 55–57].
Because both heme and LPS are well-known inducers of
ROS production in endothelial cells, here, we concentrated
our work to investigate whether ROS is involved in heme-
mediated NLRP3 inflammasome activation in LPS-primed
HUVECs [18, 35]. Here, we show that LPS is a much weaker
inducer of ROS production in HUVECs in comparison to
heme. On the other hand, LPS priming increased heme-
mediated ROS production in HUVECs in a synergistic man-
ner, suggesting an interplay between the two triggers. Inhibi-
tion of ROS formation by NAC partially prevented heme-
mediated production of IL-1β mRNA in LPS-primed
HUVECs, suggesting that other mechanisms independently
of ROS formation could contribute to this effect. Lysosomal
destabilization has been shown to induce NLRP3 inflamma-
some activation in HUVECs [58, 59]. Previous work showed
that certain activators of the NLRP3 inflammasome, such as

bacterial pore-forming toxins and particulate matter, induce
both mitochondrial ROS production and K+ efflux, but
NLRP3 inflammasome activation was dependent exclusively
on K+ efflux [55]. Dutra et al. showed that heme-mediated
inflammasome activation is dependent on both ROS produc-
tion and K+ efflux but independent on lysosomal destabiliza-
tion in LPS-primed macrophages [21]. Further investigation
is needed to see whether K+ efflux or lysosomal destabiliza-
tion is involved in heme-mediated NLRP3 inflammasome
activation in LPS-primed HUVECs and whether this effect
is independent of ROS production.

Prooxidant and proinflammatory effects of circulating
heme are controlled by specific and nonspecific heme-
binding plasma proteins [18]. Hx is an acute-phase plasma
protein that binds heme with the highest affinity of any
known protein and therefore it is the key defense against
the deleterious effects of heme [38]. Along with this notion,
Hx−/− mice have increased renal damage after acute hemoly-
sis in comparison to wild-type mice [60]. Exogenous admin-
istration of Hx protects mice against endothelial damage
triggered by heme overload by improving liver and cardio-
vascular functions [61, 62]. Besides Hx, other plasma pro-
teins exhibit heme-binding activity that can support the
defense system upon massive hemolysis when Hx is depleted
[18]. For example, the abundant plasma protein albumin has
one strong binding site for heme (fatty acid binding site and
FA1 domain) [63]. Here, we showed that albumin binding
inhibits heme-mediated NLRP3 inflammasome activation
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Figure 9: Working model of heme-induced NLRP3 inflammasome activation in endothelial cells. Pathogen-associated molecular patterns
(PAMPs), such as LPS or TNF (Signal 1), bind to toll-like receptors (TLRs) or TNF receptor and prime endothelial cells to activate NF-κB
to induce the expression of NLRP3, caspase-1, and IL-1β. Heme (signal 2) that can derive from Hb released form damaged RBCs induces
ROS generation, caspase-1 activation, and cleavage of pro-IL-1β. Mature form of IL-1β is secreted from the cell. The role of K+ efflux and
lysosomal destabilization remained to be explored.
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in LPS-primed HUVECs in vitro and blocks heme-mediated
peritoneal leukocyte infiltration in vivo in C57BL/6 mice. In
accordance with our finding, Dutra et al. showed previously
that Hx binding inhibits heme-mediated NLRP3 inflamma-
some activation in LPS-primed macrophages [21].

Oxidation of Hb in the extracellular milieu is an event of
crucial interest in pathological hemolytic conditions, because
only oxidized forms of Hb are able to release their heme moi-
ety. In line with this notion, metHb and ferrylHb, similarly to
that of free heme, sensitize endothelial cells to oxidant-
mediated killing but naive Hb lacks such harmful effect [22,
64]. Additionally, ferrylHb possesses proinflammatory
actions towards endothelial cells leading to endothelial cell
activation and the disruption of endothelial barrier function,
in which the actions are independent of heme release and are
exclusively linked to ferrylHb as neither Hb nor metHb
behave in a proinflammatory manner towards endothelial
cells [25, 65]. Endothelial cells exposed to heme upregulate
HO-1, the rate-limiting enzyme of heme degradation. Here,
we confirmed that oxidized forms of Hb, that is, metHb
and ferrylHb release their heme moiety by assessing HO-1
mRNA and protein expressions in HUVECs following expo-
sure of different Hb forms. Our data revealed that metHb and
ferrylHb are much weaker inducers of HO-1 than free heme,
suggesting that heme release from oxidized Hb forms is not
complete. This is in agreement with previously reported
studies in which the ability of different Hb forms in triggering
oxidative modification of low-density lipoprotein (LDL) was
examined [19, 64]. In comparing to heme, metHb and
ferrylHb trigger a delayed and less pronounced oxidative
modification of LDL, accompanying with lower numbers of
LDL-associated heme groups, suggesting an incomplete
release of heme moiety from oxidized Hb forms [19, 64]. Free
heme induces ROS production in HUVECs, and we hypothe-
sized that oxidized Hb forms accelerate ROS production in
endothelial cells based on their ability to release heme. Indeed,
we showed here that oxidized forms of Hb, namely, metHb
and ferrylHb increase ROS production in HUVECs when
applied at high concentrations. Our final question was
whether oxidized Hb forms trigger NLRP3 inflammasome
activation and subsequent production of IL-1β in HUVECs.
Ourdata revealed that althoughhigh concentrations ofmetHb
and ferrylHb increasedROS formation inHUVECs, theywere
not potent enough to significantly increase the level of IL-1β
mRNA in HUVECs. Therefore, we concluded that in case
of intravascular hemolysis, non-Hb-bound heme is the driv-
ing force of NLRP3 inflammasome activation in HUVECs.

5. Conclusion

In conclusion, we demonstrated that heme acts in a proin-
flammatory manner in vitro and in vivo and induces NLRP3
inflammasome activation and the subsequent production of
the proinflammatory cytokine IL-1β. Besides macrophages,
heme targets human endothelial cells and triggers the secre-
tion of active IL-1β. Heme-mediated inflammatory response
in HUVECs is largely amplified by LPS priming and was
associated with unfettered ROS production. Heme triggers
NLRP3 inflammasome activation only if it is structurally

intact and if it is not bound to Hb or heme-binding proteins
such as albumin. Further investigations are needed to explore
whether other known mechanisms contributing to NLRP3
inflammasome activation such as K+ efflux or lysosomal
destabilization are involved in heme-mediated NLRP3
inflammasome activation in HUVECs (Figure 9).
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A B S T R A C T

Damage associated molecular patterns (DAMPs) are released form red blood cells (RBCs) during intravascular
hemolysis (IVH). Extracellular heme, with its pro-oxidant, pro-inflammatory and cytotoxic effects, is sensed by
innate immune cells through pattern recognition receptors such as toll-like receptor 4 and nucleotide-binding
domain and leucine rich repeat containing family, pyrin domain containing 3 (NLRP3), while free availability of
heme is strictly controlled. Here we investigated the involvement of different hemoglobin (Hb) forms in he-
molysis-associated inflammatory responses.

We found that after IVH most of the extracellular heme molecules are localized in oxidized Hb forms. IVH was
associated with caspase-1 activation and formation of mature IL-1β in plasma and in the liver of C57BL/6 mice.
We showed that ferrylHb (FHb) induces active IL-1β production in LPS-primed macrophages in vitro and trig-
gered intraperitoneal recruitment of neutrophils and monocytes, caspase-1 activation and active IL-1β formation
in the liver of C57BL/6 mice. NLRP3 deficiency provided a survival advantage upon IVH, without influencing the
extent of RBC lysis or the accumulation of oxidized Hb forms. However, both hemolysis-induced and FHb-
induced pro-inflammatory responses were largely attenuated in Nlrp3−/− mice.

Taken together, FHb is a potent trigger of NLRP3 activation and production of IL-1β in vitro and in vivo,
suggesting that FHb may contribute to hemolysis-induced inflammation. Identification of RBC-derived DAMPs
might allow us to develop new therapeutic approaches for hemolytic diseases.

1. Introduction

Sterile hemolysis is associated with inflammation mainly due to the
release of damage associated molecular patterns (DAMPs) during red
blood cell (RBC) destruction [1,2]. Hemoglobin (Hb) composes 96% of
the dry weight of RBCs that is protected from oxidation by the highly
efficient antioxidant network inside the RBCs [3]. On the other hand
once outside of the protective environment of RBCs, Hb is prone to
oxidation, leading to the formation of oxidized Hb forms, i.e. metHb
(MHb) and ferrylHb (FHb) [3–9]. Oxidation of the heme iron weakens
the association between heme and the globin chain therefore oxidized
Hb forms are able to release heme. An endogenous protective system
controls the harmful effects of extracellular Hb and heme. This relies

mainly on the presence of Hb- and heme-binding proteins in the plasma,
particularly haptoglobin (Hp) and hemopexin (Hx) which facilitate
clearance of extracellular Hb and heme from the circulation via receptor
mediated endocytosis [10–13]. This protective system can be over-
whelmed upon massive intravascular hemolysis leading to the accu-
mulation of Hb and heme in the plasma [10–13].

Accumulating evidence reveals that free heme exerts both pro-oxi-
dant [14–17] and pro-inflammatory actions [3,18,19]. As a pro-in-
flammatory molecule, heme induces tumor necrosis factor alpha
(TNFα) secretion via a Toll like receptor 4 (TLR4)-dependent me-
chanism in macrophages [20], TLR4-dependent degranulation of
Weibel-Palade bodies and nuclear factor κB (NF-κB) activation in en-
dothelial cells [21], and triggers neutrophil extracellular trap formation

https://doi.org/10.1016/j.bbadis.2018.10.030
Received 27 July 2018; Received in revised form 16 October 2018; Accepted 26 October 2018

⁎ Corresponding author.
E-mail address: viktoria.jeney@med.unideb.hu (V. Jeney).

1 The first two authors equally contributed to these studies.

BBA - Molecular Basis of Disease 1865 (2019) 464–475

Available online 30 October 2018
0925-4439/ © 2018 Published by Elsevier B.V.

T

dc_1976_21

Powered by TCPDF (www.tcpdf.org)

http://www.sciencedirect.com/science/journal/09254439
https://www.elsevier.com/locate/bbadis
https://doi.org/10.1016/j.bbadis.2018.10.030
https://doi.org/10.1016/j.bbadis.2018.10.030
mailto:viktoria.jeney@med.unideb.hu
https://doi.org/10.1016/j.bbadis.2018.10.030
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbadis.2018.10.030&domain=pdf


as well [22]. Additionally, free heme induces Nucleotide binding do-
main, Leucine rich Repeat containing Protein 3 (NLRP3) inflammasome
activation, and subsequent production of interleukin 1 beta (IL-1β) in
both macrophages and endothelial cells [23,24]. Furthermore, recently
it has been shown that cell-free heme and heme-loaded microvesicles
formed upon intravascular hemolysis activates the complement system
[25,26]. This mechanism can contribute to thrombosis and organ injury
in hemolytic uremic syndrome and sickle cell disease [25,26].

Recent evidence shows that heme scavenging by Hx cannot at-
tenuate renal dysfunction in an experimental model of intravascular
hemolysis, suggesting that besides free heme, other components re-
leased upon RBC destruction play a pathophysiological role in these
conditions. In line of this notion, extracellular Hb and oxidized Hb
forms has been reported to exhibit diverse pro-inflammatory actions
[27]. For example, cell-free Hb impairs nitric oxide (NO) bioavailability
and that NO replacement partially prevents acute hemolysis-induced
inflammatory processes [28]. Importantly, FHb is a strong pro-in-
flammatory agonist that triggers NF-κB activation in endothelial cells
leading to increased expression of cellular adhesion molecules and
disruption of the endothelial monolayer integrity, independently of
heme release [29]. Moreover, oxidized forms of Hb, i.e. MHb and FHb
are known pro-oxidants which actions are considered to be dependent
on heme release from these species [17,30,31].

Heme is a prototypical alarmin, involved in hemolysis-induced
lethality via triggering NLRP3 activation in macrophages, but we lack
knowledge whether extracellular Hb or oxidized Hb forms could con-
tribute to inflammation triggered by sterile hemolysis. Therefore, we
investigated the involvement of different Hb forms to NLRP3 in-
flammasome activation and subsequent production of IL-1β in a mice
model of sterile hemolysis.

2. Materials and methods

2.1. Materials

Reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA)
unless otherwise specified.

2.2. Animals

C57BL/6 (wild type, WT) and Nlrp3−/− mice on a C57BL/6 back-
ground were maintained at the University of Debrecen in a conven-
tional animal house. The Nlrp3−/− mice strain was originally generated
and characterized in the laboratory of J. Tschopp [32]. In the experi-
ments we used age- and sex-matched male and female mice between 6
and 8weeks of age. All experiments were carried out in accordance
with the principles of the Basel Declaration and followed guidelines of
the institutional and national ethical committee and underwent ap-
proval (Approval registration number: 2/2016/DEMÁB, issued by the
University of Debrecen, Committee of Animal Welfare). Mice were
euthanized by CO2 inhalation, and blood was drawn by heart puncture
into heparinized tubes. Plasma samples were obtained by centrifugation
of blood at 2000×g, 15min, 4 °C. Livers and spleens were collected
after perfusion of the mice with 5mL of sterile ice-cold PBS.

2.3. Hemolysis protocol and mouse treatments

Hemolysis was induced in mice by intraperitoneal (i.p.) adminis-
tration of phenylhydrazine (PHZ). PHZ was applied twice, first 50 mg/
kg body weight and 16 h later 30mg/kg body weight. In time course
experiments mice were sacrificed 4 or 16 h after the first dose of PHZ, or
4 h after the second PHZ injection (20 h). In some experiments we in-
jected the mice with heme, Hb, MHb and FHb at a dose of 300 nmol
heme group, or with LPS 100 μg/peritoneal cavity in a volume of
200 μL. Control mice received 200 μL apyrogen PBS in all experiments
and in some experiments we applied controls without treatment as well.

2.4. Hematocrit (Hct) measurement

K3-EDTA anticoagulated murine whole blood samples were ana-
lyzed by Siemens Advia-2120i hematology analyzer (Tarrytown, NY,
USA) with 800 Mouse C57BL program of Multi Species software. Hct
values were determined as a calculated parameter derived from RBC
count (RBC in T/L) and mean cell volume (MCV in fL). The number of
RBCs was multiplied by the MCV of the sample RBCs and was divided
by 1000.

2.5. Hb preparation

Hb of different redox states, i.e. Hb (Fe2+), MHb (Fe3+), and FHb
(Fe4+=O), were prepared as described [29]. Briefly, Hb was isolated
from fresh blood drawn from healthy volunteers using ion-exchange
chromatography on a DEAE Sepharose CL-6B column. MHb was gen-
erated by incubation (30min, 25 °C) of purified Hb with a 1.5-fold
molar excess of K3Fe(CN)6 over heme. FHb was obtained by incubation
(1 h, 37 °C) of Hb with a 10:1 ratio of H2O2 to heme. The ferryl state of
iron is highly unstable therefore FHb is transiently forms. During sta-
bilization of ferryl iron different chemically heterogeneous oxidized Hb
molecules are formed which we refer as FHb to reflect rather the way of
their formation than their actual oxidation status. After oxidation, both
MHb and FHb were dialyzed against saline (3 times for 3 h at 4 °C) and
concentrated using Amicon Ultra centrifugal filter tubes (10,000
MWCO, Millipore Corp., Billerica, MA, USA). Aliquots were snap-frozen
in liquid nitrogen, and stored at −70 °C until use. Endotoxin content of
Hb preparations was analyzed by Limulus amebocyte lysate assay
(Lonza, Walkersville, MD, USA). Purity of each Hb preparation was
evaluated by SDS-PAGE followed by staining with ProteoSilver Plus
Silver Staining Kit. The purity of Hb preparations was above 99.9%.
Molar concentrations for all Hb solutions used throughout this paper
are based on heme.

2.6. Determination of Hb concentrations at different oxidation status

Optical densities at 541, 560, 576 and 630 nm were determined
with a Hewlett Packard HP 8453 spectrophotometer. To calculate Hb
and MHb concentrations the recently reported equations and extinction
coefficients were used [33]. Hemichrome concentrations were calcu-
lated as described previously [4].

2.7. Determination of plasma total heme concentration and calculation of
non Hb-bound heme

Plasma total heme content was determined with QuantiChrom
Heme Assay Kit (BioAssay Systems, Hayward, CA, USA) following the
manufacturer's instructions. This kit measures the sum of bioavailable
and protein-bound heme. Non Hb-bound heme concentration was cal-
culated with the use of the following equation: [non Hb-bound
heme]= [total heme]− [Hb]− [MHb]− [hemichrome].

2.8. Cell culture and treatments

Murine RAW 264.7 macrophage cell line was purchased from ATCC
(Manassas, VA, USA). Cells were cultured in DMEM supplemented with
10% heat inactivated fetal bovine serum (Gibco, Waltham, MA, USA), L-
glutamine and 1% penicillin/streptomycin in 5% CO2 humidified at-
mosphere at 37 °C. When indicated RAW cells were pretreated with
10 ng/mL LPS (0111: B4 from Escherichia coli) for 4 h. Bone marrow
macrophages (BMMs) were isolated using tibia and femur from 8 to
12weeks old C57BL/6 mice. Bone marrow was obtained by flushing the
opened bones with 10mL of complete DMEM. Bone marrow cells were
counted, re-suspended in complete medium supplemented with 50 ng/
mLM-CSF (Miltenyi Biotec, Bergisch Gladbach, Germany), and seeded
at a density of 3×105 cell/well in 96-well tissue culture plates. After
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7 days of culture, non-adherent cells were removed and adherent cells
were used in the experiments. When indicated, BMMs were pretreated
with 10 ng/mL LPS in complete DMEM containing 10% heat inactivated
FBS for 4 h. Heme and Hb treatments of both cell types (RAW and
BMMs) were carried out in DMEM supplemented with 1% heat in-
activated FBS.

2.9. Quantitative real-time PCR (qRT-PCR)

RNA was isolated from cells using TRIzol (RNA-STAT60, Tel-Test
Inc., Friendswood, TX, USA) according to the manufacturer's protocol.
Two micrograms of RNA were reverse transcribed to cDNA with High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Waltham, MA, USA). Quantitative RT-PCR was performed using iTaq
Universal Probes Supermix (Bio-Rad Laboratories, Hercules, CA, USA)
and predesigned primers and probes (TaqMan® Gene Expression
Assays) to detect IL-1β (Mm 00434228), HO-1 (Mm 00516005) and
GAPDH (Mm 99999915). Relative mRNA expressions were calculated
with the ΔΔCt method using GAPDH as internal control.

2.10. Western blot

Liver lysates were used to investigate caspase-1 activation and IL-1β
processing. Protein samples (20 μg) were run on 12.5% SDS-PAGE.
Western Blotting was performed with the use of a polyclonal anti-cas-
pase-1 p20 antibody (sc-398,715, Santa Cruz Biotechnology Inc.,
Dallas, TX, USA), and a monoclonal anti-IL-1β antibody (12,242, Cell
Signaling Technology, Leiden, The Netherlands). HO-1 expression was
evaluated from liver and whole cell lysate (20 μg) with the use of a
polyclonal HO-1 antibody (ADI-SPA-896, Enzo Life Sciences Inc.,
Farmingdale, NY, USA). HRP-conjugated anti-rabbit and anti-mouse
antibodies were used as secondary antibodies (NA931 and NA934,
Amersham Biosciences Corp., Piscataway, NJ, USA). Antigen-antibody
complexes were visualized with the horseradish peroxidase chemilu-
minescence system (Amersham Biosciences Corp., Piscataway, NJ,
USA). After detection, the membranes were stripped and reprobed for
β-actin using HRP-conjugated anti-β-actin antibody (sc-47778, Santa
Cruz Biotechnology Inc., Dallas, TX, USA). Hb was detected with the
use of a HRP-conjugated polyclonal anti-Hb antibody (ab-19362,
Abcam, Cambridge, UK). Results were quantified by using Alpha
DigiDoc RT (Alpha Innotech, San Leandro, CA, USA) quantification
system.

2.11. IL-1β secretion in macrophages

Following treatments cellular supernatants were collected and
100 μL of undiluted sample was used for ELISA analysis (DuoSet ELISA,
R&D, Minneapolis, MN). All of the measurements were performed ac-
cording to the manufacturer's protocol.

2.12. Determination of cell viability

Cell viability was determined by the MTT assay as previously de-
scribed [17]. Briefly, following treatments, cells were washed with PBS,
and 100 μL of 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium
bromide (0.5 mg/mL dissolved in HBSS) solution was added. After a 4-h
incubation the MTT solution was removed, formazan crystals were
dissolved in 100 μL of DMSO and optical density was measured at
570 nm.

2.13. Intracellular ROS measurement

ROS production was monitored by using the 5-(and-6)-chlor-
omethyl-2′,7′-dichlorodihydro-fluorescein di-acetate, acetyl ester (CM-
H2DCFDA) assay (Life Technologies, Carlsbad, CA, USA). After the
treatment cells were washed with PBS and loaded with CM-H2DCFDA

(10 μmol/L, 30min, in the dark). After loading the cells with CM-
H2DCFDA, cells were washed thoroughly with PBS and fluorescence
intensity was monitored for 3 h applying 488 nm excitation and 533 nm
emission wavelengths.

2.14. Mouse peritonitis model

Twenty-five WT mice (male and female, 8–10weeks of age) were
randomly divided into 5 groups (n=5/group) and injected i.p. with
heme and Hb forms at a dose of 300 nmol heme group/peritoneal cavity
in 200 μL apyrogen PBS. Control mice received PBS only. After 16 h,
mice were sacrificed by CO2 exposure and peritoneal leukocytes were
harvested by peritoneal lavage using ice-cold PBS containing 2% FCS
(Gibco, Waltham, MA, USA) and were analyzed by flow cytometry.
Total number of cells was determined using a fixed number of latex
beads (Beckman Coulter, Paris, France), co-acquired with a pre-estab-
lished volume of the cell suspensions. Number of peritoneal neutrophils
was evaluated using R-phycoerythrin (R-PE)-conjugated rat anti-mouse
Ly-6G (Gr1; CD11b, BD Biosciences, San Jose, CA) and biotin anti-
mouse neutrophil monoclonal antibody (Clone 7/4, CL8993B,
Cedarlane, Hornby, Ontario, Canada). Cells were co-stained with pro-
pidium iodide (0.5 μg/mL) to exclude dead cells. Fluorescence was
measured by flow cytometry (FACS Calibur, BD Biosciences) and data
was analyzed using FlowJo software (Tree Star, Inc. Ashland, OR). Ly-
6G and 7/4 double positive cells were identified as neutrophils, Ly-6G
negative, 7/4 positive cells were considered as inflammatory mono-
cytes/macrophages [34].

2.15. Statistical analysis

Data are shown as mean ± S.D. Statistical analysis was performed
by one-way ANOVA or Student's t-test, as appropriate. P < 0.05 was
considered significant.

3. Results

3.1. Intravascular hemolysis (IVH) is associated with the formation of Hb
forms with different oxidation status

Following RBC lysis, Hb outside of the protective environment of
RBCs tends to be oxidized. Because oxidation of Hb is a complex process
and can lead to the formation of different oxidized Hb species, first we
wanted to determine the plasma concentrations of Hb forms following
IVH in mice. To trigger IVH we injected PHZ (50mg/kg body weight
and 30mg/kg body weight 16 h later) into the peritoneal cavity of WT
mice whereas control mice received PBS (Fig. 1A). A well-known effect
of severe IVH is splenomegaly, therefore to monitor the condition, we
collected spleen and blood samples at 4 h, 16 h (before the second in-
jection), and at 20 h time points. PHZ injection triggered marked en-
largement of the spleen at 20 h post-injection and yellowish/brownish
discoloration of the plasma at every time points (Fig. 1A). A single PHZ
injection induced a substantial decrease in hematocrit levels at 4 h time
point compared to PBS-injected controls (0.5 ± 0.01 v/v% vs.
0.36 ± 0.05 v/v%) (Fig. 1B). Hematocrit levels further decreased to
0.31 ± 0.01 v/v% after the second PHZ injection (Fig. 1B). Next we
determined plasma total heme levels. A single injection of PHZ trig-
gered a robust elevation in plasma total heme levels as compared to
PBS-injected controls at 4 h post-injection (18.4 ± 1.6 μmol/L vs.
80.5 ± 16.9 μmol/L) (Fig. 1C). The second PHZ injection further in-
creased total plasma heme level up to 123.6 ± 16.4 μmol/L (Fig. 1C).
Then we determined Hb, metHb and hemichrome levels in the plasma
samples of PHZ-injected mice (Fig. 1D–F). Naïve Hb levels were ele-
vated in plasma samples collected from PHZ-injected mice at 16 h and
20 h time points (Fig. 1D). Interestingly, 4 h after PHZ injection most of
the heme was in the form of oxidized Hbs, particularly hemichrome
(52.84 ± 6.9 μmol/L) and metHb (30.07 ± 6.44 μmol/L) (Fig. 1E and
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F). At this time point we could detect very low levels of non-Hb bound
heme (1.05 ± 0.56 μmol/L) that we refer “free heme” here (Fig. 1G).
Similarly, majority of heme was present in oxidized Hb forms in plasma
samples taken 16 and 20 h after PHZ injection (Fig. 1D–F). Free heme
level started to increase in plasma of PHZ-injected mice 16 h post-in-
jection (1.2 ± 2.36 μmol/L vs. 5.9 ± 4.15 μmol/L) and became
markedly elevated in plasma of PHZ-treated mice compared to PBS-
injected controls at 20 h time point (32.67 ± 1.13 μmol/L vs.
0.85 ± 1.23 μmol/L) (Fig. 1D-G). Extensive oxidation of Hb leads to
the formation of ferryl and oxyferryl Hb species, those instable inter-
mediates that decay via intramolecular electron transfer giving a rise to
the formation of globin radicals. Termination of globin radicals leads to
the formation of covalently crosslinked Hb forms with potential pro-
inflammatory effects. Therefore, we wanted to investigate whether
these covalently cross-linked Hb forms are present in the plasma fol-
lowing intravascular hemolysis. We found that Hb dimers were present
in plasma samples obtained from PHZ-injected mice but not in the
plasma of PBS-injected control mice (Fig. 1H).

3.2. IVH is associated with processing of IL-1β and caspase-1 activation

Dutra el al showed that heme induces NLRP3 activation and IL-1β
production in macrophages, and that this mechanism contributes to
hemolysis-induced lethality in mice [23]. To further examine this
phenomenon, we measured plasma levels of IL-1β in PHZ-injected WT
mice. In agreement with the previous observation of Dutra et al. PHZ-
induced hemolysis was associated with elevation of IL-1β plasma con-
centrations at 16 h and 20 h time points (Fig. 2A). The liver is largely
responsible for free hemoglobin uptake following intravascular hemo-
lysis, therefore next we analyzed livers of PHZ-injected mice [35]. We
observed dark discoloration but no other obvious changes in the livers
of PHZ-injected mice compared to PBS-injected mice (Fig. 2B). Ex-
pression of heme oxygenase-1 (HO-1), the enzyme responsible for cel-
lular degradation of heme, was markedly elevated (10.39 ± 1.36-fold
increase vs. vehicle control) in the liver of PHZ-treated mice analyzed at
20 h post-injection (Fig. 3C). Furthermore, we detected increased levels
of cleaved IL-1β in liver samples obtained from PHZ-injected WT mice

Fig. 1. Intravascular hemolysis induces accumulation of Hb, oxidized Hb forms and free heme in the plasma.
(A–H) C57BL/6 mice were injected (i.p.) with PHZ (50mg/kg, then 30mg/kg mice at 16 h, n=5) or PBS (n=5) or left untreated (C), n= 5). Mice were sacrificed
and samples were collected at 4, 16 and 20 h time points. (A) Schedule of the experiment. Representative images of plasma discoloration and spleen enlargement
upon PHZ treatment are shown. (B) Hematocrit, (C) plasma total heme, (D) plasma Hb, (E) plasma MHb, (F) plasma hemichrome, (G) plasma free heme levels are
shown as mean ± SD. *P < 0.05. **P < 0.01. ***P < 0.005. (H) Representative Hb western blot of plasma samples taken at the indicated time points. As controls
we show purified human hemoglobin (Hb) and oxidized Hb (FHb).
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at all time points (Fig. 2C), that was associated with time-dependent
activation of caspase-1, suggesting NLRP3 inflammasome activation
(Fig. 2D).

3.3. FHb but not naïve Hb or MHb induce IL-1β processing in macrophages

Previous studies showed that heme induces IL-1β production in
macrophages, suggesting that free heme plays a central role in hemo-
lysis-associated formation of IL-1β [23]. Distribution of plasma heme
following IVH revealed that most of the plasma heme is localized in
oxidized Hb forms, and that elevation of IL-1β levels in the plasma of
PHZ-injected mice (Fig. 2A) precedes the accumulation of non Hb-
bound heme (Fig. 1G). Therefore, we hypothesized that other Hb forms
produced after intravascular hemolysis contribute to the formation of
IL-1β. To address this question first we purified Hb from human blood
of healthy donors and used to generate Hb forms with different oxi-
dation status MHb and FHb. We obtained characteristic absorption
spectra for each Hb forms (Fig. 3A). Purity of the Hb preparations was
higher than 95%, as assessed by silver staining after SDS/PAGE se-
paration (Fig. 3B). Silver staining (Fig. 3B) and Western blotting
(Fig. 3C) revealed that Hb and MHb were present as 16 kDa monomer
subunits. In contrast we detected covalently crosslinked Hb multimers
in FHb preparation (Fig. 3B and C) which is consistent with previous
reports [29]. Then we treated LPS-primed RAW264.7 murine macro-
phages with heme (25 μmol/L) as a positive control, and Hb forms with

different oxidation status, Hb, MHb and FHb (25–150 μmol/L). In
agreement with the previously published results of Dutra et al. [23]
heme induced a marked upregulation of IL-1β mRNA in LPS-primed
RAW macrophages that was associated with increased processing and
secretion of IL-1β (Fig. 4A and B). Among the Hb forms naïve Hb and
MHb induced IL-1β mRNA, but failed to increase the level of processed
IL-1β in cellular supernatants (Fig. 4A and B). In contrast, FHb caused
marked upregulation of IL-1β mRNA and increased processing and se-
cretion of IL-1β (Fig. 4A and B). Next, we examined the effect of Hb
forms on IL-1β secretion in LPS-primed BMMs. Similarly to that of RAW
macrophages only heme and FHb induced IL-1β processing and secre-
tion in BMMs (Fig. 4C). LPS priming was necessary to trigger heme of
FHb-induced IL-1β production in both RAW cells and BMMs as non-
primed cells failed to respond to heme or FHb stimulation (data not
shown).

3.4. Pro-inflammatory actions of Hb forms

Next, we examined whether Hb forms with different oxidation
status exerts pro-inflammatory actions in vivo when injected into the
peritoneal cavity of WT mice. We found that heme and FHb induced
marked intraperitoneal infiltration of neutrophils and monocytes in WT
mice (Fig. 5A–C). In contrast, naïve Hb did not induce peritoneal in-
filtration of leukocytes, while MHb triggered only a mild increase in the
number of peritoneal neutrophils but did not induced monocyte

Fig. 2. Intravascular hemolysis triggers IL-1β production and caspase-1 activation.
(A–D) C57BL/6 mice were injected (i.p.) with PHZ (50mg/kg, then 30mg/kg mice at 16 h, n= 5) or PBS (n= 5) or left untreated (C), n= 5). Mice were sacrificed
and samples were collected at 4, 16 and 20 h time points. (A) IL-1β levels from plasma were determined by ELISA and are shown as mean ± SD. (B) Representative
images of liver upon PHZ treatment and controls are shown.(C-D) Protein expressions of processed IL-1β (IL-1β p20) and activated caspase-1 (Casp-1 p20) were
analyzed by Western blot from liver samples at indicated time points. Membranes were reprobed for β-actin. Representative blots of 3 independent experiments are
shown. Densitometric analysis of Western blots is shown as mean ± SD of 3 independent experiments. *P < 0.05. **P < 0.01. ***P < 0.005.

Fig. 3. Characterization of purified Hb, MHb, and FHb so-
lutions.
(A) Absorbance spectra of purified Hb, MHb and FHb solu-
tions at the concentrations of 60 μmol/L. (B) Representative
silver staining (N=3) following SDS-PAGE of Hb, MtHb,
and ferrylHb (5 nmol/lane). (C) Representative western blot
(N=5) of Hb, mHb and FHb (5 nmol/lane).
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recruitment (Fig. 5A–C). In our previous experiment, we showed that
PHZ-induced hemolysis was associated with caspase-1 activation and
IL-1β processing in the liver therefore next we investigated the effect of
different Hb forms in inflammasome activation in the liver of WT mice.
Intraperitoneal administration of all the Hb forms as well as heme in-
duced caspase-1 activation in the liver of WT mice (Fig. 5D). Among the
different Hb forms the most potent inducer of caspase-1 activation was
FHb that induced an 8-fold increase in the expression of cleaved cas-
pase-1 (Fig. 5D). Parallel with caspase-1 activation, we observed
marked elevation of processed IL-1β in the liver of FHb as well as heme-
treated WT mice (Fig. 5E). In comparison to FHb and heme, Hb and
MHb were much less potent agonists to induce IL-1β processing in livers
of WT mice (Fig. 5E).

3.5. Deficiency of NLRP3 provides tolerance to mice against intravascular
hemolysis-mediated lethality

Massive intravascular hemolysis can be lethal. In our PHZ-induced
hemolysis model 75% of WT mice succumbed 2 to 6 days after the first
PHZ injection. In contrast, only 33% of PHZ-injected NLRP3 deficient
mice died within the same period (Fig. 6A). The mice survived the first
7 days following the first PHZ treatment recovered and lived up to
10 days when we terminated the experiment (Fig. 6A). To see whether
PHZ treatment results the same extent of hemolysis in WT and Nlrp3−/

− mice, first we compared hematocrit levels following PHZ injections.
We found no difference between hematocrit levels of PHZ-treated WT
and NLRP3 deficient mice (Fig. 6B). Then we compared the levels of
extracellular Hb forms in plasma of WT and NLRP3 mice following PHZ
injections. We found similar levels of Hb, MHb and hemichrome in
plasma samples obtained from WT and Nlrp3−/− mice (Fig. 6D–E).
These results suggest that NLRP3 deficient mice are more tolerant to
PHZ-induced hemolysis and extracellular Hb forms than WT mice.

3.6. NLRP3 is essential to both hemolysis-triggered and FHb-induced
inflammation

IVH triggers IL-1β processing in the liver. To investigate whether
NLRP3 is involved in hemolysis-induced production of IL-1β, we treated
WT and NLRP3 deficient mice with PHZ and assessed IL-1β levels in the
liver. PHZ treatment induced marked elevation of cleaved IL-1β in WT
mice livers, whereas we did not observe increased IL-1β processing in
the livers of PHZ-treated Nlrp3−/− mice (Fig. 7A). Next, we in-
vestigated the involvement of NLRP3 in FHb-induced processing of IL-
1β using WT and Nlrp3−/− mice. We injected WT and Nlrp3−/− mice
with vehicle, FHb and LPS that served as a positive control. We found
increased levels of processed IL-1β in the livers of both LPS and FHb-
treated WT mice in comparison to vehicle-injected controls. In contrast,
we observed no increase in IL-1β processing in livers of either LPS- or
FHb-treated Nlrp3−/− mice compared to vehicle-treated controls
(Fig. 7B). These results suggest that NLRP3 is essential to the produc-
tion of active IL-1β in response to hemolysis or FHb.

3.7. Hb-mediated IL-1β production is associated with heme uptake and ROS
production in macrophages

Macrophages take up heme in different forms and are considered to
be the major cell types involved in heme-iron recycling. Following
uptake, heme is released and degraded by the inducible enzyme HO-1.
To see whether the different Hb forms could serve as heme sources
towards macrophages we determined HO-1 mRNA and protein ex-
pressions in RAW macrophages treated with different Hb forms. Heme
is the strongest inducer of HO-1 in macrophages, and caused a>30-
fold elevation in HO-1 mRNA level at the dose of 25 μmol/L (Fig. 8A).
Our results revealed that among the Hb forms, FHb is the most potent
Hb form in inducing HO-1 mRNA and protein expressions in RAW
macrophages (Fig. 8B and C). Heme uptake of macrophages is asso-
ciated with elevated production of ROS formation (Fig. 8D). Among the

Fig. 4. Induction of IL-1β production by free heme and
Hb forms in macrophages.
(A) LPS primed (10 μg/mL, 24 h) RAW cells were ex-
posed to heme (25 μmol/L) or different Hb forms (Hb,
MHb or FHb) at a concentration of 25, 50, 100,
150 μmol/L in DMEM containing 1% FBS for 4 h. IL-1β
mRNA levels were determined by qRT-PCR. (B) LPS
primed (10 μg/mL, 24 h) or non-primed RAW cells were
exposed to heme (25 μmol/L) Hb, MHb or FHb
(150 μmol/L in DMEM containing 1% FBS, 6 h). IL-1β
levels from cellular supernatant were determined by
ELISA. (C) LPS primed (10 μg/mL, 24 h) or non-primed
BMMs were exposed to heme (25 μmol/L) Hb, MHb or
FHb (150 μmol/L in DMEM containing 1% FBS, 6 h). IL-
1β levels from cellular supernatant were determined by
ELISA. Results are shown as mean ± SD from 3 in-
dependent experiments performed in triplicates.
*P < 0.05. **P < 0.01. ***P < 0.005.
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Hb forms naïve Hb and MHb did not increase ROS production in
macrophages even when we applied at higher doses. In contrast, FHb
induced ROS formation in a dose-dependent manner (Fig. 8E). Heme-
mediated unfettered ROS production in macrophages was associated
with decreased cell viability. In contrast, none of the Hb forms triggered
cell death of RAW macrophages (Fig. 8F).

4. Discussion

In this study, we report the contribution of different Hb forms
produced upon IVH to NLRP3 inflammasome activation and subsequent
production of IL-1β with the use of in vitro approaches and a mice
model of sterile hemolysis. We show that besides heme, oxidized Hb
forms, in particular FHb contribute to the production of the pro-in-
flammatory cytokine IL-1β. We also show the critical involvement of
NLRP3 in FHb-mediated formation of IL-1β.

While Hb is compartmentalized in RBCs its extensive oxidation is
prevented by a highly effective antioxidant defense system including
enzymatic (Cu/Zn superoxide dismutase, catalase, glutathione perox-
idase, and peroxiredoxins) as well as non-enzymatic (glutathione) sca-
vengers [3,36,37]. Furthermore auto-oxidation of Hb into MHb is
controlled by MHb reductase. Outside of the protective environment of
RBCs, Hb is prone to oxidation.

Auto-oxidation of Hb leads to the formation of MHb and superoxide
anions. Two-electron oxidation of Hb is triggered by peroxides, e.g.
H2O2, leading to the formation of FHb. The reaction of MHb with H2O2

yields FHb radical (Hb%+(Fe4+=O2−)) in which the unpaired electron
is associated with the globin or the porphyrin ring [5–8]. Because these
Hb forms contain high-valence iron, they are highly reactive that can
decay by several routes [38]. Iron can be stabilized via an in-
tramolecular electron transfer between the ferryl iron and specific
amino acid residues such as αTyr-24, αTyr-42, αHis-20, βTyr-35, βTyr-

Fig. 5. Induction of peritonitis, liver caspase-1 activation and IL-1β processing by free heme and Hb forms in mice.
(A–E) C57BL/6 mice were injected (i.p.) with heme or Hb forms (300 nmol heme/mice, n= 5/each group) or PBS (n= 5). (A–C) Peritoneal cavity was rinsed,
neutrophil and inflammatory monocytes/macrophage numbers were determined after 16 h of treatment. (A) Representative dot plots of peritoneal cells stained with
Ly-6G and 7/4. (B) Mean number of Ly-6G high and 7/4 high PMN cells. (C) Mean number of Ly-6G low, 7/4 high inflammatory monocytes/macrophages. Data are
presented as mean ± SD. (D-E) Protein expressions of activated caspase-1 (Casp-1 p20) and processed IL-1β (IL-1β p20) were analyzed by Western blot from liver
samples. Membranes were reprobed for β-actin. Representative blots of 3 independent experiments are shown. Densitometric analysis of Western blots is shown as
mean ± SD of 3 independent experiments. *P < 0.05. **P < 0.01. ***P < 0.005.
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130, and βCys-93 of the globin chains resulting in the formation of MHb
globin radical [3,39,40]. Furthermore, termination reactions between
globin- and porphyrin-centered radicals give a rise to globin-globin and
porphyrin-globin adducts.

Here we used a well-established model of acute sterile hemolysis to
investigate the formation of these Hb species in vivo. In agreement with
previous observations, acute intravascular hemolysis induced marked
splenomegaly and decreased hematocrit levels in C57BL/6 mice
(Fig. 1A and B) [41]. Parallel with the hematocrit we assessed plasma
heme level by Heme Assay Kit. We revealed profound elevation of ex-
tracellular heme concentrations up to ~130 μmol/L (Fig. 1C), which is
very similar to the previously reported plasma total heme levels in PHZ-
injected mice measured by formic acid method [42]. More detailed
examination of plasma heme content revealed that most of the heme
moiety can be found in hemichrome, a denatured form of oxidized Hb.
Dominance of hemichromes among the produced Hb species upon in-
travascular hemolysis may be attributed to the use of PHZ which is a
very strong oxidant [43]. A lesser amount of heme was present in Hb
and metHb, and at 20 h post-injection we calculated that about
20 μmol/L heme was dissociated from the hemoglobins (Fig. 1D–G).
The amount of bioavailable heme in the plasma of PHZ-injected mice
was measured recently with a novel approach using heme-specific
single domain antibodies and a cellular-based heme reporter assay [42].
They reported that the amount of bioavailable heme is around
2–5 μmol/L [42]. Therefore we assume that most of the non Hb-bound
heme we detected with our assay is associated with specific and non-
specific heme-binding proteins or transferred to hydrophobic lipid
compartments [17,44,45].

Besides hemichromes, Hb, metHb and non Hb-bound heme we
could identify covalently crosslinked Hb dimers in plasma samples of
PHZ-injected mice, which is an indirect evidence of the formation of the
highly reactive ferryl species (Fig. 1H).

RBC-derived microparticles (RMPs) are heme-loaded small phos-
pholipid vesicles shed from RBCs. There is growing evidence that these
RMPs are bioactive particles and contribute to the pathogenesis of
sickle cell disease and RBC storage lesions [25,46–49]. We applied low
speed centrifugation of blood to obtain plasma samples therefore RMPs
could influence the determination of plasma Hb and heme levels in this
study.

Abundant evidence indicates that extracellular Hb and free heme
are harmful, explaining the evolvement of efficient mechanisms that
control their deleterious effects. The plasma acute phase proteins Hp
and Hx are in the first line of defense upon intravascular hemolysis. Hp
captures cell free Hb and facilitates its clearance through the CD163
macrophage scavenger receptor-mediated endocytosis [10,11]. Besides
this function, Hp binding protects Hb from oxidation, because Hb re-
sidues known to be prone to oxidative modifications are buried in the
Hp:Hb interface [50–55]. Hx sequesters free heme with the highest
affinity of any known proteins in an inert, non-toxic form [12]. Fol-
lowing capture, Hx-heme complexes are internalized via the scavenger
receptor LDL receptor-related protein 1/CD91 mainly by hepatocytes
and macrophages [13,56]. The protective effects and the therapeutic
potential of Hp and Hx have been elucidated in various hemolytic
models (reviewed in [57,58]).

In case of massive intravascular hemolysis both Hp and Hx are
consumed, leading to the accumulation cell-free Hb, oxidized Hb forms
and free heme that we have observed in our acute hemolysis model
(Fig. 1). Accumulating evidence suggests that extracellular Hb, oxidized
Hb forms and free heme possess specific pro-inflammatory activities.
For example, FHb impairs endothelial barrier function through upre-
gulation of adhesion molecules and formation of intercellular gaps
[29]. Several studies suggest pro-inflammatory actions of free heme via
the activation of pattern recognition receptors such as TLR4 or NLRP3
in leukocytes and endothelial cells [20–24,59–62].

Based on our results PHZ-induced intravascular hemolysis is asso-
ciated with increased plasma concentration of IL-1β. Additionally, our
results revealed that intravascular hemolysis induces caspase-1 activa-
tion and the formation of active IL-1β in the liver (Fig. 2). The in-
volvement of liver is well-known in free hemoglobin clearance fol-
lowing intravascular hemolysis [63]. Both hepatocytes [35] and
Kupffer cells can internalize extracellular hemoglobin [64] and both
cell types respond to cellular danger signals by activating caspase-1 and
releasing the pro-inflammatory cytokines IL-1β and IL-18 [65]. Further
studies are needed to identify the nature of IL-1β producing cells in the
liver.

Previous work of Dutra et al. revealed that heme triggers production
of IL-1β in macrophages which contributes to hemolysis-associated
lethality. Interestingly, we found that the increase in IL-1β plasma

Fig. 6. Deficiency of NLRP3 provides tolerance
to mice against intravascular hemolysis-medi-
ated lethality.
(A) C57BL/6 mice and Nlrp3−/− mice were in-
jected (i.p.) with PHZ (50mg/kg, then 30mg/
kg mice at 16 h, n=11/group). Survival of
mice was monitored for 10 days. (B-E) C57BL/6
mice and Nlrp3−/− mice were injected (i.p.)
with PHZ (50mg/kg, then 30mg/kg mice at
16 h, n=5/group) or PBS (n= 5). Mice were
sacrificed and plasma samples were collected at
20 h time point. Hematocrit (B), Hb (C), MHb
(D) and hemichrome (E) levels were determined
by spectral analysis of the plasma samples. Data
is presented as mean ± SD of 3 independent
experiments. *P < 0.05. **P < 0.01.
***P < 0.005.
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levels precedes the accumulation of non-Hb bound heme in the plasma
(Figs. 1 and 2), therefore we tested the different Hb forms upstream of
free heme whether they are involved in the inflammatory response
triggered by intravascular hemolysis.

When exposed in vitro to FHb, LPS-primed macrophages markedly
up-regulate IL-1β mRNA (Fig. 4A). To a lesser extent, both Hb and MHb
increase the level of IL-1β mRNA (Fig. 4A). Similarly to that of heme,
FHb is able to induce processing of IL-1β in macrophages (Fig. 4B and
C). On the contrary, naïve Hb and MHb lack the ability to induce IL-1β
secretion in vitro (Fig. 4B and C).

LPS priming was necessary to induce IL-1β production in heme or

FHb-treated macrophages. This is in agreement with the widely ac-
cepted mechanism of inflammasome activation that requires two dis-
tinct signals [66]. In contrast, PHZ injection without LPS treatment was
enough to trigger IL-1β production in the liver in our in vivo model. We
speculate that gut-derived LPS could serve as a first signal in the in-
duction of IL-1β as it was confirmed previously in an experimental
model of alcoholic liver disease [67,68]. This potential mechanism
needs to be confirmed in PHZ-induced intravascular hemolysis model
by further studies. In vivo administration of FHb through intraperitoneal
injection provokes peritonitis, characterized by massive infiltration of
neutrophils and monocytes into the peritoneal cavity (Fig. 5A–C).
Heme, to a lesser extent, also induces neutrophil and monocyte re-
cruitment. In contrast, injection of naïve Hb does not trigger leukocyte
infiltration, and MHb provokes only minor neutrophil recruitment
(Fig. 5A–C). This result is in agreement with previously published re-
sults of Silva et al., in which the authors showed that FHb induces
peritoneal recruitment of neutrophils [29]. As a response to in-
travascular hemolysis caspase-1 is activated and IL-1β is processed in
the liver (Fig. 2), therefore we used this approach to further investigate
the pro-inflammatory role of different Hb forms. Intraperitoneal ad-
ministration of FHb and heme induced caspase-1 activation and pro-
cessing of IL-1β (Fig. 5D and E).

Activation of different innate immune receptors including NLRP1,
NLRP3, NLRC4 or AIM2 could lead to maturation and secretion of ac-
tive IL-1β through the assembly of the inflammasome and activation of
inflammatory caspases [69–72]. Among these immune receptors, the
critical role of NLRP3 inflammasome complex was established pre-
viously in heme-mediated IL-1β production in macrophages as well as
in endothelial cells [23,24,73]. Dutra et al. showed that survival rates of
mice lacking NLRP3 inflammasome components such as NLRP3,
apoptosis-associated speck-like protein containing a caspase activation
and recruitment domain (ASC) or Caspase-1 are remarkable higher than
WT mice upon intravascular hemolysis [23]. To further investigate this
phenomenon first we confirmed the survival advantage NLRP3 defi-
cient mice in our acute PHZ-induced hemolysis model (Fig. 6A). The-
oretically survival advantage of these knock-out mice strains can rely
on their increased resistance to PHZ-induced RBC lysis, or their in-
creased tolerance to lysis. Measurement of hematocrit levels of WT and
Nlrp3−/− mice subjected to PHZ-induced hemolysis revealed that
NLRP3 deficiency does not impair RBC lysis therefore this mechanism
cannot explain increased survival rate of Nlrp3−/− mice compared to
WT (Fig. 6B). Moreover, we found no difference between plasma con-
centrations of Hb, MHb or hemichrome in WT and Nlrp3−/− mice
(Fig. 6C–E), suggesting that NLRP3 deficient mice has increased toler-
ance to lysis.

Tissue damage control in response to infection as well as sterile
inflammation can improve survival of the host in diverse disease con-
ditions [74]. In response to hemolysis NLRP3 inflammasome is acti-
vated leading to the production of the pro-inflammatory cytokine IL-1β
in the liver of WT mice. In contrast, there is no active IL-1β production
in the liver of PHZ-, or FHb-treated Nlrp3−/− mice (Fig. 7A and B). Lack
of the pro-inflammatory response in NLRP3 deficient mice might con-
tribute to the improved survival of those mice under hemolytic condi-
tions.

We demonstrated that the extensively oxidized Hb form, FHb is as
potent trigger as heme of NLRP3 inflammasome activation under both
in vitro and in vivo conditions. It is well established that oxidized Hb
forms, i.e. MHb and FHb are able to release heme, because oxidation of
the heme iron weakens the association between heme and the globin
chain. Based on this feature, MHb and FHb exhibit pro-oxidant activ-
ities supported by the notion that they induce oxidative modification of
low-density lipoprotein (LDL) similarly to that of free heme [17,31].
Moreover, heme released by oxidized Hb forms can be taken up by
diverse cells including endothelial cells and amplify oxidant-mediated
killing [16,30]. Macrophages internalize both heme and naïve Hb
through receptor mediated endocytotic pathways and catabolize heme

Fig. 7. NLRP3 is essential to hemolysis-associated IL-1β processing.
(A) C57BL/6 mice and Nlrp3−/− mice were injected (i.p.) with PHZ (50mg/kg,
then 30mg/kg mice at 16 h, n= 5/group) or PBS (n=5). (B) C57BL/6 mice
and Nlrp3−/− mice were injected (i.p.) with PBS, FHb (300 nmol heme/peri-
toneal cavity), or LPS (100 μg/peritoneal cavity). (A–B) Mice were sacrificed
and liver samples were collected at 20 h time point. Protein expression of
processed IL-1β (IL-1β p20) was analyzed by Western blot from liver samples.
Membranes were reprobed for β-actin. Representative blots of 3 independent
experiments are shown. Densitometric analysis of Western blots is shown as
mean ± SD of 3 independent experiments. *P < 0.05. **P < 0.01.
***P < 0.005.
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via the action of heme oxygenases (HO). Heme exposure triggers
marked upregulation of HO-1. Our results revealed that besides free
heme Hb forms with different oxidation states upregulated HO-1 mRNA
and protein expressions, suggesting the Hb forms served as a heme
source for macrophages (Fig. 8A–C). Interestingly, we found that FHb is
more potent in inducing HO-1 in RAW macrophages than naïve Hb or
MHb (Fig. 8B and C). In a recent work heme release from various he-
moglobin redox states was studied using heme scavenger proteins and
lung epithelial cells as reporter systems [75]. This study showed un-
doubtedly that MHb releases heme at a faster rate, and triggers higher
HO-1 expression in lung epithelial cells than FHb [75]. The difference
between the two observations may reflect that the release and sub-
sequent uptake of heme might not be the exclusive mechanism of ob-
taining heme from various Hb forms in macrophages. Comparing to free
heme, all Hb forms including FHb are much weaker inducers of HO-1
suggesting that heme uptake and/or heme release from oxidized Hb
forms is incomplete. This is in agreement with previous findings
showing that MHb and FHb cause delayed oxidative modification of

LDL due to lower numbers of LDL-associated heme groups compared to
free heme [17,31].

NLRP3 inflammasome activation is triggered by several structurally
diverse molecules that share some common molecular mechanisms
through which inflammasome activation occurs, including elevated
ROS production, K+ efflux, lysosomal damage as well as ATP release
[76–79]. Dutra et al. showed that ROS production plays a critical role in
heme-mediated NLRP3 inflammasome activation and IL-1β production.
We confirmed that heme induces ROS production in macrophages
(Fig. 8D). Evaluation of ROS production in macrophages treated with
different Hb forms revealed that FHb increases ROS formation although
to a lesser extent compared to heme (Fig. 8D and E). On the contrary,
naïve Hb and MHb fail to increase ROS production in macrophages
(Fig. 8D). Testing the effect of heme and the different Hb forms on
macrophage viability revealed that heme at higher concentrations
triggers cell death whereas Hb forms at the concentration of 250 μmol/
L do not influence cell viability.

Taken together we demonstrated that following intravascular

Fig. 8. Hb-mediated IL-1β production is associated
with heme uptake and ROS production in macro-
phages.
RAW cells were exposed to (A) heme (25 μmol/L) or
(B) different Hb forms (Hb, MHb or FHb) at a con-
centration of 25, 50, 100, 150 μmol/L in DMEM
containing 1% FBS for 4 h hours. HO-1 mRNA levels
were determined by qRT-PCR. Results are shown as
mean ± SD from three experiments performed in
triplicates. (C) RAW cells were treated with heme
(25 μmol/L) or different Hb forms (150 μmol/L) for
8 h. Protein expression of HO-1 was evaluated by
Western blot. Membranes were reprobed for β-actin.
Representative blots of 3 independent experiments
are shown. Densitometric analysis of Western blots is
shown as mean ± SD of 3 independent experiments.
(D–E) RAW cells were exposed to heme (0–50 μmol/
L) or different Hb forms (Hb, MHb or FHb) at a
concentration of 150 and 250 μmol/L in DMEM
containing 1% FBS for 4 h. Following the treatment
ROS production was measured with DCFDA assay.
(F) RAW cells were exposed to heme (0–50 μmol/L)
or different Hb forms (Hb, MHb or FHb) at a con-
centration of 250 μmol/L in DMEM containing 1%
FBS for 8 h. Following the 8-h treatment cell viability
was measured with MTT assay. (D–F) Data is pre-
sented as mean ± SD of 3 independent experiments
performed in quadruplicates. *P < 0.05.
**P < 0.01. ***P < 0.005.
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hemolysis different Hb oxidation products are formed which might
contribute to sterile hemolysis-induced inflammatory reactions. Among
them, we identified FHb as a potent pro-inflammatory molecule that
induces formation and maturation of the pro-inflammatory cytokine IL-
1β in vitro and in vivo. FHb-mediated inflammatory response is medi-
ated through NLRP3 inflammasome activation and caspase-1 activa-
tion. FHb acts as a heme source towards macrophages and increase ROS
production. Further investigations are needed to identify the exact
molecular mechanism of the pro-inflammatory actions of FHb. It needs
to be addressed whether (i) FHb is internalized or (ii) the released heme
exerts the biological effect of FHb or (iii) elevation of ROS production is
involved in FHb-mediated pro-inflammatory responses in macrophages.

Accumulating evidence support the pathophysiological role of ac-
tivation of the innate immune system in pathologies associated with
intravascular hemolysis [20,21,23]. Thus, identification of RBC-derived
DAMPs and understanding the molecular signaling mechanisms af-
fected by them might provide new approaches for treating pathological
conditions with intravascular lysis of RBCs.

Non-standard abbreviations

BMM bone marrow-derived macrophage
CM-H2DCFDA 5-(and-6)-chloromethyl-2′,7′-dichlorodihydro-fluor-

escein di-acetate acetyl ester
DAMPs damage associated molecular patterns
DMEM Dulbecco's Modified Eagle's Medium
FBS fetal bovine serum
ferrylHb, FHb ferryl hemoglobin
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
Hb hemoglobin
Hct hematocrit
HO-1 heme oxygenase-1
Hp haptoglobin
Hx hemopexin
IL-1β interleukin 1 beta
LDL low-density lipoprotein
LPS lipopolysaccharide
MCV mean corpuscular volume
metHb, MHb methemoglobin
MTT 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bro-

mide
NAC N-acetyl cysteine
NLRP3 Nucleotide binding domain, Leucine rich Repeat containing

Protein 3
PBS phosphate buffered saline
PHZ phenylhydrazine
RBCs red blood cells
ROS reactive oxygen species
TLR4 toll like receptor 4
TNF tumor necrosis factor
WT wild type
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Vascular calcification (VC) increases progressively during 
aging and associated with higher risks for any cardio-

vascular event and mortality.1–4 Diverse pathologies including 
chronic kidney disease, diabetes mellitus, atherosclerosis, as 
well as chronic respiratory diseases are associated with accel-
erated calcification.5–8

Osteochondrogenic differentiation of vascular smooth 
muscle cells (VSMCs) is considered to be the key event in 
VC.9,10 Upon osteochondrogenic differentiation, VSMCs 
upregulate master transcription factors of osteogenesis and 
chondrogenesis, such as RUNX2 (runt-related transcription 
factor 2) and SOX9 (Sry-related HMG box-9); parallel with 
this process, they lose VSMC lineage markers such as smooth 
muscle actin α-2.9–13 RUNX2, SOX9, and their target genes 

such as ALP (alkaline phosphatase) and OCN (osteocalcin) 
are found to be upregulated in calcifying vascular tissues.9–13 
Several inducers and inhibitors of such transdifferentiation 
have been identified to date.14–17

Accumulating evidence suggests a link between hypoxia 
and accelerated calcification. For example, arterial calcifica-
tion is increased in patients with asthma, chronic obstructive 
pulmonary disease, and obstructive sleep apnea,6–8 but whether 
hypoxia plays a contributory role in triggering arterial calcifi-
cation in these conditions has not been addressed.

HIF-1 (hypoxia-inducible factor 1) pathway is the master 
regulator of cellular and systemic homeostatic response to 
hypoxia. The HIF-1 pathway is regulated by the oxygen-sen-
sitive α subunit (HIF-1α) that is stabilized upon hypoxia.18 
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Objective—Vascular calcification is associated with high risk of cardiovascular events and mortality. Osteochondrogenic 
differentiation of vascular smooth muscle cells (VSMCs) is the major cellular mechanism underlying vascular calcification. 
Because tissue hypoxia is a common denominator in vascular calcification, we investigated whether hypoxia per se 
triggers osteochondrogenic differentiation of VSMCs.

Approach and Results—We studied osteochondrogenic differentiation of human aorta VSMCs cultured under normoxic (21% 
O

2
) and hypoxic (5% O

2
) conditions. Hypoxia increased protein expression of HIF (hypoxia-inducible factor)-1α and its target 

genes GLUT1 (glucose transporter 1) and VEGFA (vascular endothelial growth factor A) and induced mRNA and protein 
expressions of osteochondrogenic markers, that is, RUNX2 (runt-related transcription factor 2), SOX9 (Sry-related HMG 
box-9), OCN (osteocalcin) and ALP (alkaline phosphatase), and induced a time-dependent calcification of the extracellular 
matrix of VSMCs. HIF-1 inhibition by chetomin abrogated the effect of hypoxia on osteochondrogenic markers and abolished 
extracellular matrix calcification. Hypoxia triggered the production of reactive oxygen species, which was inhibited by 
chetomin. Scavenging reactive oxygen species by N-acetyl cysteine attenuated hypoxia-mediated upregulation of HIF-1α, 
RUNX2, and OCN protein expressions and inhibited extracellular matrix calcification, which effect was mimicked by a 
specific hydrogen peroxide scavenger sodium pyruvate and a mitochondrial reactive oxygen species inhibitor rotenone. Ex 
vivo culture of mice aorta under hypoxic conditions triggered calcification which was inhibited by chetomin and N-acetyl 
cysteine. In vivo hypoxia exposure (10% O

2
) increased RUNX2 mRNA levels in mice lung and the aorta.

Conclusions—Hypoxia contributes to vascular calcification through the induction of osteochondrogenic differentiation of 
VSMCs in an HIF-1–dependent and mitochondria-derived reactive oxygen species–dependent manner.

Visual Overview—An online visual overview is available for this article.   (Arterioscler Thromb Vasc Biol. 2019;39:1088-
1099. DOI: 10.1161/ATVBAHA.119.312509.)

Key Words: hypoxia ◼ hypoxia-inducible factor 1 ◼ mitochondria ◼ reactive oxygen species  
◼ vascular calcification
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Some studies associated HIF-1α levels and VC. For example, 
a positive correlation between plasma HIF-1α levels and ar-
terial calcification has been shown in patients with type 2 di-
abetes mellitus.19 In addition, a study revealed that HIF-1α 
colocalizes with neoangiogenesis and areas of calcification in 
stenotic valves.20

Recently, a direct role of HIF-1 activation has been shown 
in phosphate-induced VSMC calcification that could be rel-
evant in mineral imbalance-induced calcification in patients 
with chronic kidney disease.21 Moreover, pulmonary arte-
rial hypertension was found to be associated with increased 
pulmonary arterial calcification and elevated expression of 
RUNX2 in the lungs of patients with pulmonary arterial hy-
pertension.22 These works proposed that sustained RUNX2 
expression promotes HIF-1α activation and that RUNX2/HIF-
1α axis triggers proliferative and osteogenic phenotype switch 
of VSMCs.21,22

Hypoxia triggers adaptation mechanisms, including but 
not limited to angiogenesis, vascular reactivity and remod-
eling and metabolic alterations such as upregulation of glu-
cose uptake and glycolysis to foster survival in a low oxygen 
condition.23 As part of the hypoxic response, cells reduce ox-
ygen consumption of mitochondria through the upregulation 
of pyruvate dehydrogenase kinase 1 that leads to inactivation 
of pyruvate dehydrogenase which prevents the conversion of 
pyruvate to acetyl-CoA (acetyl coenzyme A) and thus attenu-
ates the entry of pyruvate to the mitochondrial Krebs cycle.24

It is generally accepted that intracellular reactive oxygen 
species (ROS) levels also change during hypoxia, but the di-
rection of this change and the origin of ROS (mitochondrial 
or NADPH [nicotinamide adenine dinucleotide phosphate] 
oxidase) remained controversial.25 Because ROS production 
requires oxygen one might assume that ROS production is at-
tenuated in hypoxia which idea is supported by several stud-
ies.25 On the other hand, accumulating evidence suggests that 
hypoxia-mediated partial inhibition of the mitochondrial elec-
tron transport chain is associated with increased mitochon-
drial ROS production.26–30 Recent evidence suggests that upon 

hypoxia mitochondria-derived elevated ROS production stabi-
lizes HIF-1α; and therefore, elevated ROS production plays a 
critical role in hypoxia-driven cellular responses.29–31

Unfettered ROS production has been implicated in cardi-
ovascular pathophysiology including VC.32 Elevated ROS for-
mation was detected in animal models of VC and in human 
sclerotic and stenotic aortic valves.33 Vascular cells expressing 
osteogenic markers were identified as a source of excess ROS, 
and in vitro studies revealed that ROS production is enhanced 
during osteogenic differentiation of VSMCs.33 A recent study 
showed that inhibition of mitochondrial ROS generation 
attenuates phosphate-mediated osteogenic differentiation of 
VSMCs, suggesting a causative role of ROS in VC.34 Because 
hypoxia is a common feature in diverse pathologies when car-
diovascular calcification occurs, here we investigated the role 
of hypoxia, HIF-1 activation, and ROS formation in osteo-
chondrogenic differentiation of human aortic SMCs.

Materials and Methods
The article adheres to the implementation of the Transparency and 
Openness Promotion Guidelines. The data that support the findings of 
this study are available from the corresponding author upon request.

Materials
Unless specified otherwise, reagents were from Sigma-Aldrich Co 
(St Louis, MO).

Mice
All experiments were performed in compliance with institutional 
(Institutional Ethics Committee, University of Debrecen) and na-
tional guidelines. Twenty-four C57BL/6 mice (8–10 weeks old, male 
and female, sex matched) were randomly divided into 4 groups. Mice 
were housed in cages with standard bedding and unlimited access to 
food and water placed into transparent gas-tight acrylic chambers. 
The hypoxia group obtained a premade gas mixture of 10% O

2
 and 

90% of N
2
 (Messer Group GmbH, Bad Soden, Germany). The nor-

moxia group obtained a premade gas mixture of 21% O
2
 and 79% of 

N
2
 (Messer Group GmbH). The total gas flow through the chamber 

was adjusted to 5 to 10 L/min. Temperature was maintained at 24°C 
to 26°C, and a standard light-dark cycle of ≈12-hour light exposure 
was used. At the indicated time of hypoxia exposure (12, 24, and 48 
hours), mice were sacrificed with CO

2
 inhalation and perfused with 

5 mL of ice-cold Dulbecco’s PBS (DPBS; D8537; Sigma). Aorta and 
lung samples were collected, snap-frozen in liquid N

2
, and kept at 

−80°C until analysis.

Cell Culture and Reagents
Human aorta VSMCs (354-05; Cell Applications Inc, San Diego, 
CA) were maintained in DMEM (D6171; Sigma) supplemented 
with 10% fetal bovine serum (F2442; Sigma), antibiotic-antimycotic 
solution (A5955; Sigma), and l-glutamine (G7513; Sigma). Cells 
were maintained at 37°C in a humidified atmosphere containing 5% 
CO

2
. Cells were grown to confluence and used from passages 5 to 

8. Experiments were performed on 2 cell lines derived from differ-
ent donors. In some experiments, we cultured VSMCs in osteogenic 
medium that was obtained by supplementing the growth medium 
with inorganic phosphate (NaH

2
PO

4
-Na

2
HPO

4
, pH 7.4, 2.5 mmol/L; 

S5011 and S5136; Sigma) and CaCl
2
 (0.6 mmol/L; C8106; Sigma).

Hypoxic Treatment
Hypoxic condition was obtained by placing the cells into a modular 
incubator chamber (Billups-Rothenberg Inc, Del Mar, CA), which 
was connected to a gas bottle containing a mixture of 5% O

2
, 5% 

Nonstandard Abbreviations and Acronyms

ALP alkaline phosphatase

BRD4 bromodomain protein 4

DPBS Dulbecco’s PBS

ECM extracellular matrix

GLUT1 glucose transporter protein type 1

HIF-1 hypoxia-inducible factor 1

NAC N-acetyl cysteine

OCN osteocalcin

OD optical density

ROS reactive oxygen species

RUNX2 runt-related transcription factor 2

SOX9 Sry-related HMG box-9

SP sodium pyruvate

VC vascular calcification

VEGFA vascular endothelial growth factor A

VSMC vascular smooth muscle cell
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CO
2
, and 94% of N

2
 (Messer Group GmbH). A continuous slow flow 

(0.1 L/min) was applied throughout the experiment. To obtain nor-
moxia, we used a gas mixture of 21% O

2
, 5% CO

2
, and 74% of N

2
. 

In some experiments, we used hypoxia mimetic drugs CoCl
2
 (CC, 

200 μmol/L; 60818; Sigma), desferrioxamine (20 μmol/L; D9533; 
Sigma), 2, 2′-bipyridyl (100 μmol/L; D216305; Sigma), or the HIF-1 
inhibitor chetomin (6 nmol/L; C9623; Sigma).

Alizarin Red Staining and Quantification
Alizarin red staining was performed as described previously.35 In 
brief, after washing with DPBS, the cells were fixed in 4% parafor-
maldehyde (16005; Sigma) and rinsed with deionized water thor-
oughly. Cells were stained with Alizarin Red S (A5533; Sigma) 
solution (2%, pH 4.2) for 20 minutes at room temperature. Excessive 
dye was removed by several washes in deionized water. To quantify 
alizarin red staining in 96-well plates, we added 100 μL of hexadecy-
lpyridinium chloride (C9002; Sigma) solution (100 mmol/L) to the 
wells and measured optical density (OD) with a spectrophotometer 
(Hitachi U-2800A) at 560 nm using hexadecylpyridinium chloride 
solution as blank.

Determination of Cell Viability
Cell viability was determined by the 3-[4, 5-Dimethylthiazol-2-yl]-
2,5-diphenyl-tetrazolium bromide assay as previously described.36 In 
brief, cells were cultured and treated in 96-well plates for the indi-
cated time. Then cells were washed with DPBS, and 100 μL of 3-[4, 
5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (0.5 mg/
mL; M2128; Sigma) solution in DPBS was added. After a 4-hour in-
cubation, the 3-[4, 5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium 
bromide solution was removed, formazan crystals were dissolved in 
100 μL of DMSO (D8779; Sigma), and OD was measured with a 
spectrophotometer (Hitachi U-2800A) at 570 nm using DMSO as 
blank. Viability of nontreated cells at day 0 was considered as 100%, 
whereas viability of cells treated with 1% Triton X-100 (X100; 
Sigma) was considered as 0%. We used the following equation to 
calculate viability of samples: viability of sample=[OD570

sample
/

(OD570
Day0 Ctrl

−OD570
Triton x-100

)]×100.

ALP Activity Assay
Cells grown in 96-well plates were washed with DPBS twice, sol-
ubilized with 1% Triton X-100 in 0.9% NaCl (S7653; Sigma) and 
assayed for ALP activity. In brief, 130 μL of Alkaline Phosphatase 
Yellow Liquid Substrate (P7998; Sigma) was combined with 50 μg of 
protein samples, incubated at 37°C for 30 min, and then the kinetics 
of p-nitrophenol formation was followed for 30 minutes at 405 nm. 
Maximum slope of the kinetic curves was used for calculation.

Quantification of Ca Deposition
Cells grown on 96-well plates were washed twice with DPBS and 
decalcified with HCl (30721; Sigma; 0.6 mol/L) for 30 minutes at 
room temperature. Ca content of the HCl supernatants was deter-
mined by QuantiChrom Calcium Assay Kit (DICA-500; Gentaur, 
Kampenhout, Belgium) as previously described.37 Following decal-
cification, cells were washed twice with DPBS and solubilized with 
a solution of NaOH (S8045; Sigma; 0.1 mol/L) and sodium dodecyl 
sulfate (20760; Sigma; 0.1%), and protein content of samples were 
measured with BCA protein assay kit (23225; Pierce Biotechnology, 
Rockford, IL). Ca content of the cells was normalized to protein con-
tent and expressed as μg/mg protein.

Quantitative Reverse Transcription 
Polymerase Chain Reaction
RNA was isolated from cells using Trizol (CS502, RNA-STAT60; 
Tel-Test Inc, Friendswood, TX) according to the manufacturer’s pro-
tocol. Two micrograms of RNA was reverse transcribed to cDNA with 
High-Capacity cDNA Reverse Transcription Kit (4368813; Applied 
Biosystems, Waltham, MA). Quantitative real-time polymerase chain 

reaction was performed using iTaq Universal Probes Supermix (172–
5134; BioRad Laboratories, Hercules, CA) and predesigned prim-
ers and probes (TaqMan Gene Expression Assays) to detect VEGFA 
(Hs.00900055), GLUT1 (Hs.00892681), RUNX2 (Hs.535845), 
SOX9 (Hs.1001343), MSX2 (Hs.00741177), ALP (Hs.00768162), 
OCN (Hs.01587814), GAPDH (Hs.02758991), and Cyclophilin A 
(Hs04194521). Relative mRNA expressions were calculated with the 
ΔΔCt method using GAPDH or CyPA as internal control.

Western Blot Analysis
We evaluated HIF-1α, Glut-1, RUNX2, SOX9, and ALP protein 
expressions in whole cell lysates. Proteins (20 μg/lane) were resolved 
on 10% SDS-PAGE, then blotted onto a nitrocellulose membrane 
(Amersham Proton 1060003; GE Healthcare, Chicago, IL). Western 
Blotting was performed with the use of an anti–HIF-1α antibody 
(GTX30647; GeneTex, Irvine, CA) at a 1 μg/mL concentration, anti–
Glut-1 antibody (GTX15309; GeneTex) at a 0.5 μg/mL concentra-
tion, anti-RUNX2 antibody (20700-1-AP; Proteintech, Rosemont, 
IL) at 0.2 μg/mL concentration, anti-SOX9 antibody (ab184547; 
Abcam, Cambridge, United Kingdom) at 1 μg/mL concentration, 
and anti-ALP antibody (sc-30203; Santa Cruz Biotechnology, Inc, 
Dallas, TX) at 1 μg/mL concentration. After the binding of the 
primary antibodies, membranes were incubated with Amersham 
enhanced chemiluminescence rabbit IgG, horseradish peroxidase–
linked whole Ab (NA-934; GE Healthcare) at 0.5 μg/mL concentra-
tion. Antigen-antibody complexes were visualized with Amersham 
enhanced chemiluminescence Western Blotting Detection Reagent 
(RPN2109; GE Healthcare). After detection, the membranes were 
stripped and reprobed for β-actin with the use of an anti–β-actin an-
tibody (sc-47778; Santa Cruz Biotechnology, Inc) at a concentration 
of 0.5 μg/mL. Results were quantified by using Alpha DigiDoc RT 
(Alpha Innotech, San Leandro, CA).

Quantification of OCN
For OCN detection, the extracellular matrix (ECM) of cells grown on 
6-well plates was dissolved in 100 μL of EDTA (E6758; Sigma; 0.5 
mol/L, pH 6.9). Concentration of OCN was quantified by an ELISA 
(BMS2020INST; eBioscience, San Diego, CA) using 25 μL of the 
EDTA-solubilized ECM samples.

Intracellular ROS Measurement
ROS production was monitored by using the 5-(and-6)-chloromethyl-
2′,7′-dichlorodihydro-fluorescein di-acetate, acetyl ester assay 
(C6827; Life Technologies, Carlsbad, CA) as previously described.38 
After a 4-hour pretreatment, cells were washed with DPBS and loaded 
with 5-(and-6)-chloromethyl-2′,7′-dichlorodihydro-fluorescein di-
acetate, acetyl ester (10 μmol/L, 30 minutes, in the dark). Cells were 
washed thoroughly with DPBS, and fluorescence intensity was meas-
ured in every 30 minutes for 4 hours applying 488 nm excitation and 
533 nm emission wavelengths. In some experiments, we applied ROS 
inhibitors during the hypoxia treatment, N-acetyl cysteine (NAC, 1 
mmol/L; A9165; Sigma), Mn(III)-tetrakis (4-benzoic acid) porphyrin 
chloride (50 μmol/L; sc-221954; Santa Cruz Biotechnology, Inc), so-
dium pyruvate (SP, 5 mmol/L; P5280; Sigma), GKT137831 (GKT, 20 
μmol/L; HY-12298; MedChem Express, Sollentuna, Sweden), and 
rotenone (5 μmol/L; R8875; Sigma).

Aorta Organ Culture Model and 
Quantification of Ca
C57BL/6 mice (N=35 in total, N=5 per group) were sacrificed with 
CO

2
 inhalation and perfused with 5 mL of ice-cold DPBS. Entire 

aortas were harvested and cleaned using a dissecting microscope 
under aseptic conditions. Aortas were maintained in DMEM (D6171; 
Sigma) supplemented with 10% fetal bovine serum (F2442; Sigma), 
antibiotic-antimycotic solution (A5955; Sigma), and l-glutamine 
(G7513; Sigma) under hypoxic (5% O

2
) or normoxic conditions for 

6 days. As positive control, we used osteogenic medium that was 
obtained by supplementing the basal culture medium with inorganic 
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phosphate (NaH
2
PO

4
-Na

2
HPO

4
, pH 7.4, 2.5 mmol/L) as previously 

described.39 In some experiments, we applied NAC (5 mmol/L) and 
chetomin (6 nmol/L) during the hypoxia treatment. The medium was 
replaced in every other day. After 6 days of treatment, aortas were 
opened longitudinally and decalcified with 50 μL of HCl (30721; 
Sigma; 0.6 mol/L) for 30 minutes at room temperature. Ca content 
of the HCl supernatants was determined by QuantiChrom Calcium 
Assay Kit (DICA-500; Gentaur, Kampenhout, Belgium) and normal-
ized to the wet weight of the aortas.

Statistical Analysis
Results are expressed as mean±SD. At least 3 independent experi-
ments were performed for all in vitro studies. Statistical analyses were 
performed with GraphPad Prism software (version 8.01, San Diego, 
CA). Shapiro-Wilk test was performed to assess normality of distri-
bution. All data passed normality and equal variance tests; therefore, 
parametric tests were used to determine P values. Statistically sig-
nificant differences between 2 groups were assessed using a 2-tailed 
Student t test. Comparisons between >2 groups were performed by 
1-way ANOVA followed by Tukey multiple comparisons test. To 
compare each of a number of treatment groups with a single control 
group, we performed 1-way ANOVA followed by Dunnett post hoc 
test. Because of low mice number/group, data from male and female 
mice were analyzed together in the ex vivo and in vivo experiments. 
A value of P <0.05 was considered significant.

Results
Hypoxia Induces Osteochondrogenic Differentiation 
and ECM Mineralization of VSMCs
To investigate whether hypoxia plays a role in osteochondro-
genic reprogramming of human VSMCs first we investigated 
whether hypoxia (5% O

2
) or the hypoxia mimetics CoCl

2
 

(200 μmol/L), desferrioxamine (20 μmol/L) and 2,2′-bipyri-
dyl (100 μmol/L) trigger stabilization of HIF-1α in VSMCs. 
After 12 hours of treatment, we evaluated protein expression 
of HIF-1α from whole cell lysate (Figure 1A). We found that 
hypoxia as well as all the hypoxia mimetics increased HIF-1α 
levels markedly (≈5- to 8-fold) in VSMCs. Because GLUT1 
(glucose transporter 1) and VEGFA (vascular endothelial 
growth factor A) are regulated by the HIF-1 pathway next 
we evaluated protein expressions of GLUT1 and VEGFA. 
Hypoxia and hypoxia mimetics increased GLUT1 expres-
sion (12 hours) and VEGFA secretion (48 hours) in VSMCs 
(Figure 1A and 1B). Parallel with these changes, hypoxia (5% 
O

2
, 6 hours) caused a 2- to 3-fold elevation of mRNAs encod-

ing osteochondrogenic transcription factors, that is, RUNX2, 
SOX9, and Msh Homeobox 2 (MSX2; Figure 1C). Moreover, 
we found that mRNA levels of OCN and ALP, genes under the 
control of the osteochondrogenic transcription factors, were 
also elevated in VSMCs exposed to hypoxia (1.52±0.04 fold 
and 1.8±0.08 fold increases over normoxia controls, respec-
tively; Figure 1C).

Next, we evaluated protein expressions of RUNX2, 
SOX9, and ALP in VSMCs exposed to normoxia or hypoxia 
for 12 hours, 3 days, and 6 days. Compared with normoxia 
controls, expressions of RUNX2 and SOX9 were elevated at 
12 hours and 6 days (Figure 1D). Protein expression as well 
as enzyme activity of ALP was increased after 6 days of hy-
poxia exposure (Figure 1D and 1E). Next, we have measured 
the level of OCN, a major noncollagenous protein in miner-
alized bone, in the ECM of VSMCs in every 5 days for 20 

days. Concentration of OCN was low and did not change in 
VSMCs under normoxia (Figure 1F). In contrast, hypoxia 
triggered a time-dependent elevation of OCN levels in the 
ECM (days 15 and 20).

To study whether the observed hypoxia-induced lineage 
reprogramming of VSMCs leads to ECM calcification, we 
exposed VSMCs to hypoxia for 10 days and measured Ca 
deposition in the ECM. As a positive control, we used oste-
ogenic medium that was supplemented with phosphate (2.5 
mmol/L) and Ca (0.6 mmol/L), that is a well-established in-
ducer of ECM calcification in VSMCs. Hypoxia triggered 
time-dependent Ca accumulation in the ECM although the 
calcification was delayed and weaker compared with phos-
phate-mediated Ca deposition (Figure 2A). This result was 
confirmed by alizarin red staining, which showed weak pos-
itivity following a 10-day hypoxia exposure (Figure 2B). 
These results suggest that hypoxia per se acts as an osteo-
genic factor in VC in vitro.

Calcification of VSMCs has been associated with apop-
totic cell death especially in high phosphate and calcium con-
ditions10; therefore, next we investigated whether cell death 
could play a role in hypoxia-induced ECM calcification in 
VSMCs. We exposed VSMCs to hypoxia or osteogenic me-
dium and measured cell viability after 10 days of treatment. 
None of the treatments influenced cell viability that remained 
higher than 90% after 10 days of treatment when compared 
with cell viability determined on day 0 (Figure 2C).

Hypoxia Triggers Osteochondrogenic 
Differentiation of VSMC Through HIF-1
In general, hypoxia-induced cellular responses are medi-
ated via HIF-1. To test whether HIF-1 activation is involved 
in hypoxia-mediated osteochondrogenic differentiation of 
VSMCs we applied chetomin, a well-characterized and se-
lective inhibitor of HIF-1 transcriptional activity. First, we 
checked the efficiency of chetomin in inhibiting HIF-1 ac-
tivity by evaluating mRNA levels and protein expressions of 
VEGFA and GLUT1. In response to hypoxia (5% O

2
, 6 hours) 

VSMCs upregulated both VEGFA and GLUT1 transcriptions 
which responses were completely abolished in the presence 
of chetomin (Figure 3A). Then we evaluated the level of 
VEGFA in supernatant of VSMCs cultured under hypoxic 
conditions in the presence or absence of chetomin for 48 hours 
(Figure 3B). Chetomin inhibited hypoxia-mediated upregula-
tion of VEGFA formation (Figure 3B). In addition, we found 
that chetomin attenuated the increase in GLUT1 protein ex-
pression triggered by hypoxia (5% O

2
, 12 hours; Figure 3C).

Next we investigated the effect of chetomin on hypoxia-
induced upregulation of osteochondrogenic markers. In the 
presence of chetomin hypoxia-induced increase in RUNX2, 
SOX9, MSX2 OCN, and ALP, mRNA levels were abrogated 
(Figure 3D). Chetomin abolished upregulation of RUNX2 
protein expression induced by hypoxia (5% O

2
, 12 hours; 

Figure 3E). In addition, chetomin inhibited hypoxia-mediated 
increase in OCN in the ECM (day 15; Figure 3F) and ECM 
calcification (day 10; Figure 3G). These results suggest that 
HIF-1 activity plays a role in hypoxia-mediated osteochon-
drogenic differentiation and ECM calcification of VSMCs.

D
ow

nloaded from
 http://ahajournals.org by on M

ay 11, 2020

dc_1976_21

Powered by TCPDF (www.tcpdf.org)



1092  Arterioscler Thromb Vasc Biol  June 2019

The Involvement of ROS in Hypoxia-Mediated 
HIF-1α Upregulation, Osteochondrogenic 
Differentiation, and ECM Calcification of VSMCs
There is a complex interplay between ROS production 
and hypoxia in which hypoxia increases ROS production, 

and excess ROS production increases HIF-1α expression. 
Therefore, next we examined the role of this interplay 
between ROS and HIF-1 in the hypoxia-driven osteo-
chondrogenic differentiation and ECM calcification of 
VSMCs.

Figure 1. Hypoxia induces osteochondrogenic differentiation of vascular smooth muscle cells (VSMCs). Confluent VSMCs (passage 5–8) were maintained 
under normoxic (N, 21% O2) or hypoxic (H, 5% O2) conditions or exposed to the hypoxia mimetic drugs CoCl2 (CC, 200 μmol/L), desferrioxamine (DFO, 20 
μmol/L), bipyridyl (BP, 100 μmol/L). A, HIF (hypoxia-inducible factor)-1α, Glut-1 (glucose transporter 1), and β-actin protein expressions detected by Western 
Blot from whole cell lysate (12 h). Representative Western blots from 3 independent experiments. Densitometry analysis (mean±SD) of 3 independent experi-
ments. B, VEGFA (vascular endothelial growth factor A) levels (48 h, mean±SD) were determined from cellular supernatant by ELISA in triplicates from 4 in-
dependent experiments. C, Relative mRNA expressions (6 h, mean±SD) of VEGFA, GLUT1, RUNX2, SOX9, MSX2, OCN, ALP normalized to GAPDH from 3 
independent experiments performed in triplicates. D, RUNX2 (runt-related transcription factor 2), SOX9 (Sry-related HMG box-9), ALP (alkaline phosphatase), 
and β-actin protein expressions detected by Western Blot from whole cell lysate (12 h, 3 d, 6 d). Representative Western blots from 3 independent experi-
ments. Densitometry analysis (mean±SD) of 3 independent experiments. E, Alkaline phosphatase activity (mean±SD) of VSMCs measured in triplicates from 
4 independent experiments (12 h, 3 d, 6 d). F, OCN (osteocalcin) level in EDTA-solubilized ECM samples (mean±SD) assessed by ELISA from 4 independent 
experiments. P values were calculated using 1-way ANOVA followed by Dunnett post hoc analysis in A and B and Student t test in D, E, and F. *P<0.05, 
**P<0.01, ***P<0.005, ****P<0.001 when compared with control cells under normoxia. ns indicates not significant.
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To see whether hypoxia influences intracellular ROS pro-
duction VSMCs were kept under normoxia (21% O

2
, 4 hours) 

or hypoxia (5% O
2
, 4 hours) followed by monitoring of ROS 

production over an additional 4-hour period. Compared with 
normoxic condition, hypoxia increased ROS production in 
VSMCs (Figure 4A). Hypoxia-driven elevation of ROS pro-
duction was abrogated by the broad ROS scavenger NAC (5 
mmol/L) and the H

2
O

2
 scavenger SP (5 mmol/L; Figure 4B). 

In contrast, the superoxide dismutase mimetic manganese (III) 
tetrakis (4-benzoic acid) porphyrin chloride (50 μmol/L) failed 
to inhibit hypoxia-mediated ROS production (Figure 4B). To 
investigate the source of ROS production under hypoxia we 
applied NADPH oxidase 1/4 inhibitor (GKT137831, GKT, 20 

μmol/L) and rotenone (5 μmol/L) that inhibits mitochondrial 
ROS formation. Rotenone reduced, whereas GKT had no effect 
on hypoxia-induced ROS production (Figure 4C). Then we 
tested the effect of NAC, SP, and rotenone on hypoxia-induced 
upregulation of HIF-1α. All the 3 ROS scavengers inhibited 
hypoxia-induced elevation of HIF-1α expression (12 hours; 
Figure 4D). These results suggested that ROS, and particularly 
H

2
O

2
, plays a role in hypoxia-driven increase in HIF-1α expres-

sion. To further confirm the involvement of H
2
O

2
 in the upregu-

lation of HIF-1α, next we treated VSMCs with H
2
O

2
 (1, 10, 100 

μmol/L, 30 minutes) and evaluated protein expression of HIF-
1α. We found that H

2
O

2
 markedly induced the expression of 

HIF-1α in VSMCs (Figure 4E). Then, to address whether HIF-1 
activation is required for hypoxia-driven ROS production, we 
measured ROS production in VSMCs exposed to hypoxia (5%, 
4 hours) in the presence or absence of chetomin (6 nmol/L). 
Chetomin completely abolished hypoxia-mediated ROS forma-
tion (Figure 4F), suggesting that HIF-1 activation is involved in 
hypoxia-driven ROS production in VSMCs.

Following this we investigated whether inhibition of ROS 
formation influences hypoxia-driven osteochondrogenic dif-
ferentiation and ECM calcification of VSMCs. We found 
that the ROS inhibitors NAC, SP, and rotenone attenuated 
hypoxia-mediated increases in mRNA levels of osteochon-
drogenic transcription factors, that is, RUNX2 and SOX9 (6 
hours) and diminished the hypoxia-driven upregulation of 
RUNX2 protein expression (12 hours; Figure 5A through 5C). 
In addition, we found that NAC, SP, and rotenone inhibited 
hypoxia-induced ECM calcification assessed by alizarin red 
staining (Figure 5D, day 10). Furthermore, calcium (day 10) 
and OCN (day 15) levels of ECM of hypoxia-treated VSMCs 
were largely attenuated by NAC, SP, and rotenone (Figure 5E 
and 5F). These results pointed out a fundamental role of ex-
cess ROS formation in HIF-1α upregulation as well as in the 
process of VSMC osteochondrogenic differentiation and sub-
sequent calcification under hypoxic conditions.

Hypoxia Induces Upregulation of RUNX2 in 
Mice Lung and Aorta In Vivo and Induces 
Calcification of Mice Aorta Ex Vivo
To investigate whether hypoxia induces osteochondrogenic 
reprogramming in vivo, we exposed C57BL/6 mice to hypoxia 
(10% O

2
) for 12, 24, and 48 hours. Lungs and aortas were har-

vested for analysis from hypoxia-exposed and control (21% O
2
) 

mice. As expected, hypoxia triggered upregulation of Glut-1 at 
12 hours in the lung (Figure 6A). In addition, 24-hour hypoxia 
exposure induced a 1.7-fold increase in RUNX2 mRNA expres-
sion in the lung (Figure 6B). Similarly to that of lung, Glut-1 
mRNA was elevated in the aorta of hypoxia-treated mice at 
12-hour time point (Figure 6C). We found persistent elevation 
(≈2- to 3-fold) of RUNX2 mRNA expression in the aorta at all 
time points compared with normoxia controls (Figure 6D).

Recently, a novel organ culture model of aorta has been 
established to study VC.39 We used this approach to assess the 
effect of hypoxia on VC. We dissected aortas from C57BL/6 
mice and cultured under normoxic or hypoxic conditions. As 
positive control, we used osteogenic medium, supplemented 
with 2.5 mmol/L phosphate. After 6 days of culture, we deter-
mined Ca content of the aortas. Osteogenic medium triggered 

Figure 2.  Hypoxia induces extracellular matrix (ECM) calcification of 
vascular smooth muscle cells (VSMCs). Confluent VSMCs (passage 5–8) 
were maintained under normoxic (21% O2) or hypoxic (5% O2) conditions 
or exposed to osteogenic medium (supplemented with 2.5 mmol/L phos-
phate, 0.6 mmol/L Ca) for 10 days. A, Time course of Ca accumulation 
in ECM (mean±SD). Data derived from 3 independent experiments per-
formed in triplicates. B, Representative alizarin red (AR) staining (day 10) 
and quantification (mean±SD) of 3 independent experiments performed 
in duplicates (optical density [OD]). C, Cell viability determined after 10 
days of treatment. Mean±SD from 3 independent experiments performed 
in quadruplicates is shown. P values were calculated using 1-way ANOVA 
followed by Tukey multiple comparison analysis. **P<0.01, ***P<0.005, 
****P<0.001 when compared with control cells under normoxia, ##P<0.01, 
###P<0.005 in comparison between hypoxic and osteogenic conditions.
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a 7.6-fold increase in the Ca content of the cultured aortas 
when compared with control aortas. Importantly, we observed 
a 5.2-fold elevation in the Ca content of aortas cultured under 
hypoxic conditions when compared with normoxia controls 
(Figure 6E). We provided evidence that hypoxia-mediated el-
evation of ROS production and HIF-1 transcriptional activity 
are required for hypoxia-mediated osteogenic differentiation 
of VSMCs in vitro, therefore then we addressed whether ROS 
and HIF-1 activation plays a role in hypoxia-mediated aorta 
calcification ex vivo. Our results revealed that the ROS inhib-
itor NAC (5 mmol/L) as well as chetomin (6 nmol/L) attenu-
ated hypoxia-mediated aorta calcification ex vivo (Figure 6F).

Discussion
For decades, cardiovascular calcification was considered as a 
passive degenerative process in which calcium and phosphate 
accumulates in the form of hydroxyapatite in different places 

of the cardiovascular system. By now this paradigm changed 
and it became broadly accepted that cardiovascular calcifica-
tion is a highly regulated process sharing many features with 
embryonic bone formation.40 Osteochondrogenic differentia-
tion of certain cells in the cardiovascular system is considered 
to be the major cellular mechanism of VC.14,41,42 Numerous 
inducers and inhibitors of such osteochondrogenic differenti-
ation have been identified to date.43

VC was observed in various diseases associated with sys-
temic or local hypoxia. For example, examination of post-
mortem lungs in a case-control study revealed that bronchial 
artery calcification occurs in patients with asthma, and the ex-
tent of calcification was related to the duration of the disease.6 
Accelerated coronary artery calcification was observed in 
patients with chronic obstructive pulmonary disease as well, 
that was strongly correlated with low arterial blood oxygena-
tion.7,44 VC is a characteristic feature of atherosclerosis,45 and 

Figure 3.  Hypoxia triggers osteochondrogenic differentiation of vascular smooth muscle cells (VSMCs) through HIF (hypoxia-inducible factor)-1. Confluent 
VSMCs (passage 5–8) were maintained under normoxic (N, 21% O2) or hypoxic (H, 5% O2) conditions in the presence or absence of the HIF-1 inhibitor chet-
omin (Chet/C, 6 nmol/L). A, Relative mRNA expressions (6 h, mean±SD) of VEGFA (vascular endothelial growth factor A) and GLUT1 (glucose transporter 1) 
normalized to GAPDH from 3 independent experiments performed in triplicates. B, VEGFA levels (48 h, mean±SD) were determined from cellular supernatant 
by ELISA in triplicates from 3 independent experiments. C, Glut-1 and β-actin protein expressions detected by Western Blot from whole cell lysate (12 h). 
Representative Western blots from 3 independent experiments. Densitometry analysis (mean±SD) of 3 independent experiments. D, Relative mRNA expres-
sions (6 h, mean±SD) of RUNX2 (runt-related transcription factor 2), SOX9 (Sry-related HMG box-9), MSX2 (Msh Homeobox 2), OCN (osteocalcin), and ALP 
(alkaline phosphatase) normalized to GAPDH from 3 independent experiments performed in triplicates. E, RUNX2 and β-actin protein expressions detected 
by Western Blot from whole cell lysate (12 h). Representative Western blots from 3 independent experiments. Densitometry analysis (mean±SD) of 3 inde-
pendent experiments. F, OCN protein in EDTA-solubilized ECM samples (day 15, mean±SD) measured by ELISA in triplicates from 3 independent experi-
ments. G, Representative alizarin red (AR) staining (day 10) and quantification (mean±SD) of 3 independent experiments performed in duplicates (optical 
density [OD]). P values were calculated using 1-way ANOVA followed by Tukey multiple comparison analysis. *P<0.05, **P<0.01, ***P<0.005 when compared 
with control cells under normoxia, #P<0.05, ##P<0.01, ###P<0.005 in comparison of hypoxia vs hypoxia+chetomin groups.
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intimal spotty calcification frequently associates with intra-
plaque neovascularization, a hallmark of plaque hypoxia.46 
Plaque hypoxia contributes to atheroma evolution, remodel-
ing and vulnerabilization through diverse mechanisms but the 
question whether hypoxia is directly linked to atherosclerotic 
plaque calcification has not been addressed.47–50

Because hypoxia is a common denominator in dis-
eases associated with VC here we investigated whether hy-
poxia per se triggers osteochondrogenic differentiation of 
VSMCs. Our study provides evidence that hypoxia induces 

osteochondrogenic reprogramming and subsequent ECM cal-
cification of VSMCs. We describe the critical role of HIF-1 ac-
tivation and ROS in the osteochondrogenic effect of hypoxia.

Different cells of the cardiovascular system can undergo 
osteochondrogenic differentiation.14,41,42 Here, we focused on 
human aortic VSMCs, because it is the most extensively studied 
in vitro model of VC, and osteochondrogenic differentiation 
of these cells is critically involved in arterial calcification. We 
found that hypoxia induced stabilization of HIF-1α and ele-
vated the expressions of hypoxia response genes, VEGFA and 

Figure 4.  Interplay between reactive oxygen species (ROS) production, HIF (hypoxia-inducible factor)-1α stabilization and HIF-1 activity. A–D, Confluent 
vascular smooth muscle cells (VSMCs) (passage 5–8) were exposed to hypoxia (H, 5% O2) in the presence or absence of different ROS scavengers; N-acetyl 
cysteine (NAC; 5 mmol/L), Mn(III)-tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP; MTB, 50 μmol/L), sodium pyruvate (SP, 5 mmol/L), GKT (GKT137831; 
20 μmol/L), and rotenone (Rot, 5 μmol/L). A, Intracellular ROS production in VSMCs after a 4-hour exposure to normoxia or hypoxia. ROS was monitored for 
4 h following the exposure. Fold change over normoxia at 0 min is shown as mean±SD from 3 independent experiments. B, C, ROS production of VSMCs 
exposed to hypoxia (4 h) in the presence of NAC, MTB, SP, GKT, and Rot in comparison to normoxia control. ROS production (mean±SD, 3 h post-treatment) 
of 3 independent experiments is shown. D, HIF-1α and β-actin protein expressions detected by Western Blot from whole cell lysate (12 h). Representative 
Western blots from 3 independent experiments. Densitometry analysis (mean±SD) of 3 independent experiments. E, HIF-1α and β-actin protein expressions 
detected by Western Blot from whole cell lysate of VSMCs (passage 7–8) exposed to H2O2 (30 min, 1–100 μmol/L). F, ROS production of VSMCs exposed 
to hypoxia (4 h) in the presence of chetomin (C, 6 nmol/L) in comparison to normoxia control. ROS production (mean±SD, 3 h post-treatment) of 3 inde-
pendent experiments is shown. P values were calculated using Student t test in A 1-way ANOVA followed by Tukey multiple comparison analysis in B–D and 
F or Dunnett post hoc analysis in E. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001 when compared with control cells under normoxia. ##P<0.01, ###P<0.005 in 
comparison of hypoxia vs hypoxia+inhibitor groups.
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GLUT1 in VSMCs. Besides this response, hypoxia triggered 
an osteochondrogenic differentiation program characterized 
by upregulation of osteochondrogenic transcription factors 
and bone-specific proteins in VSMCs. Hypoxia-mediated 
switch of the osteochondrogenic reprogramming in VSMCs 
eventually led to elevated ECM calcification in vitro.

The effect of hypoxia on osteogenic capability was 
studied previously in diverse osseous and pluripotent mes-
enchymal cells. Park et al51 showed that hypoxia (2% O

2
) 

decreases the expressions of RUNX2, OCN, and ALP in 
MG63 osteoblast-like cells. In contrast, Salim et al52 found 
that hypoxia (2% O

2
) had little effect on osteogenic differ-

entiation of primary osteoblasts and mesenchymal precur-
sors, but short-term anoxic treatment inhibited in vitro bone 
nodule formation and calcium deposition in both cell types 
through downregulation of RUNX2. On the contrary Wagegg 
et al53 reported that hypoxia promotes osteogenesis of mul-
tipotent human mesenchymal stromal cells in an HIF-1 and 
RUNX2-dependent way. Ichijima et al54 showed that hypoxia 

Figure 5.  Reactive oxygen species (ROS) are involved in hypoxia-medi-
ated osteochondrogenic differentiation and extracellular matrix (ECM) 
calcification of vascular smooth muscle cells (VSMCs). Confluent VSMCs 
(passage 5–8) were exposed to hypoxia (H, 5% O2) in the presence or ab-
sence of different ROS scavengers; N-acetyl cysteine (NAC; 5 mmol/L), 
sodium pyruvate (SP, 5 mmol/L), and rotenone (Rot, 5 μmol/L). A, B, Rela-
tive mRNA expressions (6 h, mean±SD) of RUNX2 (runt-related transcrip-
tion factor 2) and SOX9 (Sry-related HMG box-9) normalized to GAPDH 
from 3 independent experiments performed in triplicates. C, RUNX2 and 
β-actin protein expressions detected by Western Blot from whole cell ly-
sate (12 h). Representative Western blots from 3 independent experiments. 
Densitometry analysis (mean±SD) of 3 independent experiments. D, Rep-
resentative alizarin red staining (day 10) and quantification (mean±SD) of 
3 independent experiments performed in duplicates (optical density [OD]). 
E, Ca level of HCl-solubilized ECM samples (day 10, mean±SD) from 3 
independent experiments. F, OCN (osteocalcin) level in EDTA-solubilized 
ECM samples (day 15, mean±SD) assessed by ELISA from 3 independent 
experiments. P values were calculated using 1-way ANOVA followed by 
Tukey multiple comparison analysis. **P<0.01, ***P<0.005 when compared 
with control cells under normoxia. #P<0.05, ##P<0.01, ###P<0.005 in 
comparison of hypoxia vs hypoxia+inhibitor groups.

Figure 6.  Hypoxia induces osteochondrogenic reprogramming in mice 
lung and aorta. A–D, C57BL/6 mice were exposed to hypoxia (10% O2) 
for 12, 24, or 48 h (N=6, each time points). Control mice were exposed 
to normoxia (N=6). Relative mRNA expressions (mean±SD) of GLUT1 
(glucose transporter 1) and RUNX2 (runt-related transcription factor 2) 
normalized to cyclophilin A in lung and aorta. E, F, Cleaned whole aortas 
from C57BL/6 mice were cultured ex vivo under normoxic (N, n=5), hy-
poxic (Hyp, n=5), and osteogenic (Osteo, n=5) conditions for 6 days. In 
a separate experiment aortas were cultured under hypoxic conditions in 
the presence of N-acetyl cysteine (NAC; 5 mmol/L) or chetomin (Chet; 
6 nmol/L; n=5 per group). Ca content of aortas normalized to wet aorta 
weight (mean±SD). P values were calculated using 1-way ANOVA followed 
by Dunnett post hoc analysis in A–E and Tukey multiple comparison anal-
ysis in F. *P<0.05, **P<0.01, ***P<0.005 when compared with normoxia 
controls. ##P<0.01 in comparison of hypoxia vs hypoxia+inhibitor groups.
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induced osteogenesis of periosteal cells. Regarding smooth 
muscle cells, Mokas et al21 showed that hypoxia enhances 
phosphate-mediated osteogenic differentiation and calcifica-
tion of VSMCs.

These results suggest that hypoxia regulates osteogenic 
differentiation in a highly sensitive and a cell-specific manner. 
Considering that RUNX2 is the master regulator of osteogenic 
differentiation, the high variability of the hypoxia responses 
described in diverse cells could be at least partially explained 
by the differences in RUNX2 promoter activity in osseous and 
nonosseous cells.55

Cellular and systemic homeostatic response to hypoxia is 
regulated by the HIF-1 pathway. HIF-1 is a heterodimer basic 
helix-loop-helix-PAS domain transcription factor, composed 
of an oxygen-sensitive α subunit (HIF-1α) and a stable β sub-
unit.18 Under normoxia, HIF-1α is constantly synthesized and 
degraded, while under hypoxia, HIF-1α is stable and dimer-
izes with the β subunit.18 The heterodimer translocates into 
the nucleus, binds to cis-acting hypoxia response elements 
in HIF-1 target genes, recruits coactivator molecules, that is, 
p300 and CREB (cAMP response element-binding protein)-
binding protein, and the complex activates transcription.18 
Here we showed that inhibition of the HIF-1 pathway abol-
ished hypoxia-mediated osteochondrogenic differentiation 
of VSMCs, suggesting that HIF-1 activation is critically in-
volved in the osteochondrogenic effect of hypoxia. Our results 
are in strong agreement with the work of Ruffenach et al22 in 
which they showed that overexpression of HIF-1α promotes, 
whereas adenovirus expressing a dominant negative form of 
HIF-1α inhibits calcification of pulmonary artery smooth 
muscle cells. These findings are also supported by the pre-
vious clinical observation that HIF-1α plasma levels signif-
icantly and independently predict the presence of coronary 
artery calcification in patients with type 2 diabetes mellitus.19

Recent evidence suggests a complex interplay between 
HIF-1 and RUNX2 in the regulation of osteogenic differentia-
tion. Our results revealed that hypoxia induces the expression 
of RUNX2, which effect was dependent on HIF-1 activity. On 
the other hand Mokas et al21 showed that induction of RUNX2 
by elevated phosphate leads to HIF-1α stabilization. In addi-
tion, Ruffenach et al22 showed that overexpression of RUNX2 
triggers HIF-1α activation. In the recent years, regulation of 
RUNX2 through the epigenetic reader BRD4 (bromodomain 
protein 4) has been established. BRD4 induces RUNX2 tran-
scription in cancer cells.56 BRD4 expression is elevated in 
lungs, distal pulmonary arteries, pulmonary artery smooth 
muscle cells, and coronary arteries of patient with pulmonary 
arterial hypertension, that contributes to vascular remodeling 
and the development of coronary artery disease.57,58 Inhibition 
of BRD4 has been shown to reverse hypoxia-induced pulmo-
nary arterial hypertension57 and suppress VC in a hypercholes-
terolemic mice model.59

Although it sounds paradoxical, hypoxia stimulates ROS 
production in diverse mammalian cells.60 Studies showed 
that mitochondrial electron transport chain complexes I and 
III and NADPH oxidases are involved in hypoxia-mediated 
increase in ROS production.60–63 Moreover, the finding that 
mitochondria-targeted antioxidants abolish the hypoxia re-
sponse proved that mitochondrial ROS production is essential 

for propagation of the hypoxic signal toward the activation of 
the HIF pathway.64

Based on this evidence we hypothesized that hypoxia-
mediated elevation of mitochondrial ROS production could 
critically participate in hypoxia-mediated osteochondrogenic 
differentiation of VSMCs. In line of this notion here we con-
firmed that hypoxia triggers elevated ROS production in 
VSMCs. Inhibition of ROS production with NAC and the mi-
tochondrial complex I inhibitor rotenone abolished hypoxia-
induced HIF-1α stabilization and inhibited hypoxia-induced 
upregulations of RUNX2, SOX9, and OCN and attenuated 
calcification.

Previous studies already suggested a causative role of ex-
cessive ROS production in cardiovascular pathophysiology 
including VC.32–34 Osteogenic differentiation of VSMCs has 
been linked to enhanced ROS production, and vascular cells 
expressing osteogenic markers were identified as sources of 
excess ROS around calcifying foci.33 Importantly, Zhao et 
al34 showed that inhibition of mitochondrial ROS generation 
attenuates phosphate-mediated osteogenic differentiation of 
VSMCs. Byon et al65 showed that hydrogen peroxide promotes 
osteogenic differentiation of VSMCs through the induction of 
RUNX2. In agreement with these findings here we showed 
that hypoxia-mediated production of hydrogen peroxide plays 
an essential role in the stabilization of HIF-1α and in the pro-
motion of osteochondrogenic response in VSMCs. We found 
that hydrogen peroxide is sufficient to stabilize HIF-1α under 
normoxic condition in VSMCs which is in agreement with 
previous observations.28,66

Inhibition of HIF-1 stabilization by ROS scavengers under 
hypoxic conditions suggests that ROS generation is upstream 
of HIF-1 stabilization in VSMCs under hypoxia, as has been 
described in many other experimental conditions and recog-
nized as hypoxia/ROS/HIF-1 axis.31,67

Interestingly, we also found that inhibition of HIF-1 ac-
tivity abolished hypoxia-mediated ROS production, sug-
gesting a more complex interplay between ROS generation 
and HIF-1 activity. A similar phenomenon was described in 
a previous study, in which decreased ROS production was 
observed in heterozygous HIF-1α deficient mice upon hy-
poxia exposure.68 The authors suggested that once HIF-1 is 
activated, it may function to maintain increased ROS levels 
and they proposed a positive feed-forward loop between ROS 
and HIF-1 activity.68 This might be implicated in our experi-
mental settings, which needs to be further investigated.

Hypoxia and accelerated arterial calcification coincide in 
diverse diseases such as asthma, chronic obstructive pulmo-
nary disease, and obstructive sleep apnea.6–8 Here we showed 
that hypoxia upregulates RUNX2 expression in mice lung 
and aorta in vivo. In addition, using an ex vivo organ culture 
approach we showed that hypoxia triggers Ca accumulation 
in mouse aorta in an HIF-1–dependent and ROS-dependent 
manner.

To conclude, data reported in the present study suggest 
that hypoxia is an independent factor sufficient to trigger 
osteochondrogenic differentiation of VSMCs. We propose 
that unfettered generation of ROS during hypoxia may be the 
signal switching on the osteochondrogenic differentiation pro-
gram of VSMCs that leads eventually to VC.
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Highlights
• Hypoxia induces osteochondrogenic differentiation and extracellular matrix calcification in vascular smooth muscle cells.
• HIF-1 (hypoxia-inducible factor 1) activation is involved in hypoxia-mediated osteochondrogenic differentiation and extracellular matrix calci-

fication in vascular smooth muscle cells.
• Hypoxia elevates mitochondrial reactive oxygen species formation in vascular smooth muscle cells, which is indispensable in hypoxia-driven 

osteochondrogenic differentiation of vascular smooth muscle cells.
• Hypoxia induces osteochondrogenic reprogramming in the mouse aorta.
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Hemolytic diseases are characterized by an accelerated breakdown of red blood cells (RBCs) and the release of hemoglobin (Hb).
Following, RBC lysis Hb oxidation occurs with the formation of different redox states of Hb (metHb and ferrylHb) and the release
of heme. ferrylHb is unstable and decomposes to metHb with the concomitant formation of globin radicals and eventually
covalently crosslinked Hb multimers. The goal of the present study was to determine the concentrations of the different redox
states of Hb in biological samples during hemolytic conditions. We used plasma and urine samples of mice with intravascular
hemolysis and human cerebrospinal fluid (CSF) samples following intraventricular hemorrhage. Because ferrylHb is highly
unstable, we also addressed the fate of this species. metHb and free heme time-dependently accumulate in plasma and CSF
samples following intravascular hemolysis and intraventricular hemorrhage, respectively. ferrylHb is hardly detectable in the
biological samples during hemolytic conditions. Under in vitro conditions, ferrylHb decomposes quickly to metHb, which
process is associated with the formation of covalently crosslinked Hb multimers. We detected these covalently crosslinked Hb
multimers in plasma, urine, and CSF samples during hemolytic conditions. Because globin modification is specific for these Hb
forms, we propose to call this heterogeneous form of Hb produced during ferrylHb decomposition as globin-modified oxidized
Hb (gmoxHb). Understanding the formation and the contribution of gmoxHb species to the pathogenesis of hemolytic
conditions could have therapeutic implications in the treatment of hemolytic diseases.

1. Introduction

The average life span of red blood cells (RBCs) in the circula-
tion is about 120 days. Earlier destruction of RBCs is defined
as hemolysis which can occur in the vasculature or in the
extravascular space. Diverse conditions can trigger hemolysis
including intrinsic RBC defects such as hemoglobinopathies,
RBC enzyme deficiencies and RBC membrane disorders, as
well as extrinsic RBC defects triggered by auto- and alloim-

mune reactions, oxidants, toxins, infections, and mechanical
stress (reviewed in [1, 2]).

Upon hemolysis, RBC content is released into the plasma
or the extravascular environment. Hemoglobin (Hb), the
oxygen carrier molecule, is the far most abundant compo-
nent of RBCs composing about 96% of the dry weight of
RBCs. Hb is a globular tetramer that builds up by 4 subunits,
two alpha, and two beta, and each subunits contain a heme
prosthetic group in their hydrophobic pocket. Outside of
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the protective environment of RBCs Hb is prone to oxidation
(reviewed in [3]).

Autooxidation of Hb is driven by the Hb-bound molecu-
lar oxygen and targets exclusively the ferrous (Fe2+) ion of the
heme prosthetic group, leading to the formation of superox-
ide anion and metHb in which the heme group contains a
ferric (Fe3+) ion in the center [4]. Hydrogen peroxide
(H2O2) and lipid hydroperoxides induce a two-electron oxi-
dation of Hb producing ferrylHb in which the formal charge
of heme iron is 4+ [5–7]. Additionally, the reaction of metHb
with H2O2 leads to the formation of ferrylHb globin radical
(Hb•+(Fe4+=O2-)) in which the formal charge of heme iron
is 4+ and an unpaired electron is located on the globin chain
[5–10]. Ferryl iron is considered as a strong oxidant and
decomposes quickly via an intramolecular electron transfer
between the ferryl iron and specific amino acid residues of
the globin chain with close proximity, leading to the further
production of globin centered radicals [6, 11–13]. Globin
radicals are reactive intermediates which react with each
other in which reactions with the unpaired electrons located
on the globin chains form new covalent bonds between the
Hb subunits yielding covalently crosslinked Hb forms
(reviewed in [3]). Importantly, Hb oxidation is associated
with remarkable conformational distortion weakening the
noncovalent globin-heme interaction, eventually leading to
the release of the heme moiety [14–16].

In connection with hemolysis-associated pathologies,
most studies focused on the actions of heme. Non-Hb-
bound or so-called “free” heme was detected in the plasma
and the urine of mice infected by malaria parasites [17, 18].
The contribution of “free” heme to the pathogenesis of
malaria was shown by using mouse models of severe malaria
with cerebral, renal, and liver manifestations [17–19]. The
presence and the pathophysiologic effects of “free” heme
have been also established in severe sepsis caused by polymi-
crobial infections or sickle cell disease caused by mutations in
the gene encoding the β chain of Hb [20–23]. Heme is a well-
known prooxidant, regulates cellular metabolism while exert-
ing proinflammatory and cytotoxic effects [24, 25], but
according to a recent study, not all the “free” heme is bio-
available [26]. In fact, its bioavailable concentration under
strong hemolytic conditions remains below 5μmol/L [26].

In contrast, the concentration of acellular Hb and oxi-
dized Hb forms can be particularly high (up to several hun-
dred μmol heme/L) following hemolysis, still the
contribution of these Hb forms to the pathogenesis of hemo-
lytic conditions remained rather elusive [27]. The biological
effect of Hb depends on the precise nature of heme/iron
redox states; therefore, accurate quantification of oxidized
Hb forms is particularly important. Recently, more accurate
redox-specific extinction coefficients have been determined,
allowing precise measurement of ferrous, ferric, and ferryl
forms of Hb [28].

The goal of the present study was to determine the con-
centrations of the different redox states of Hb in biological
samples during hemolytic conditions. We used plasma and
urine samples of mice with intravascular hemolysis and
human cerebrospinal fluid (CSF) samples following intraven-
tricular hemorrhage (IVH). Because ferrylHb is highly unsta-

ble, we also aimed at addressing the fate of this reactive
species and investigating the formation of covalently cross-
linked Hb forms under in vitro and in vivo conditions.
Understanding the formation and the contribution of these
species to the pathogenesis of hemolytic conditions could
have therapeutic implications in the treatment of hemolytic
diseases.

2. Methods

2.1. Materials. Reagents were purchased from Sigma-Aldrich
(St. Louis, MO) unless otherwise specified.

2.2. Hemolysis Protocol and Mouse Treatments. Hemolysis
was induced in C57BL/6 mice by intraperitoneal (i.p.)
administration of phenylhydrazine (PHZ). We applied PHZ
twice, first 50mg/kg body weight and 16 hours later 30mg/kg
body weight. Mice were sacrificed 4 or 16 hours after the first
dose of PHZ or 4 hours after the second PHZ injection (20 h).
We used age- and sex-matched male and female mice
between 6-8 weeks of age. All experiments were carried out
in accordance with the principles of the Basel Declaration
and followed guidelines of the institutional and national eth-
ical committee and underwent approval (Approval registra-
tion number: 2/2016/DEMÁB, issued by the University of
Debrecen, Committee of Animal Welfare). Mice were eutha-
nized by CO2 inhalation, and blood was drawn by heart
puncture into heparinized tubes. Plasma samples were
obtained by centrifugation of blood at 2000 × g, 15min,
and 4°C.

2.3. Collection of Cerebrospinal Fluid (CSF) Form Patients
with IVH. In this work, we used the leftover of CSF samples
that were collected by spinal tap or ventricular reservoir
puncture for diagnostic purposes at the Department of Neu-
rosurgery, University of Debrecen. CSF samples were taken
from preterm infants diagnosed with grade III IVH with a
mean gestational age at birth: 27:9 ± 2:2 weeks. CSF samples
were collected at 26:6 ± 16:4 days after the onset of IVH. No
CSF was obtained exclusively for inclusion in this study.
Within 30 minutes of collection, CSF samples were centri-
fuged (2000 × g, 4°C, and 15min), and supernatants were
stored aliquoted at -70°C until analysis. The procedures were
approved by the Scientific and Research Ethics Committee of
the University of Debrecen and the Ministry of Human
Capacities under the registration number of 1770-
5/2018/EÜIG. Parental consent forms were signed by the
parents of the infants involved in this study.

2.4. Determination of Hb, metHb, ferrylHb, Total Heme, and
Free Heme Levels. The absorbance spectra (250-700 nm) of
the samples were taken with a spectrophotometer (Nano-
Drop 2000, Thermo Fisher Scientific, MA, USA). Two
methods were used to calculate concentrations of Hb redox
forms in biological samples using optical density (OD) values
measured at 541, 560, 576, and 630nm. First, Hb, metHb,
and hemichrome concentrations were calculated as described
previously by Winterbourn [29]. Second, Hb, metHb, and
ferrylHb concentrations were calculated as described previ-
ously by Meng and Alayash [28]. Equations used to calculate
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the concentrations of the different Hb redox forms are
listed in Table 1. The total heme concentration of the sam-
ples was determined by using a QuantiChrom Heme Assay
Kit (Gentaur Ltd., London, UK) according to the manufac-
turer’s instructions. Concentration of non-Hb bound
heme in CSF samples was calculated by the following equa-
tion: ½ free heme� = ½total heme� – ½Hb − heme� – ½metHb −
heme� – ½ ferrylhemoglobin�. Concentration of non-Hb
bound heme in plasma samples was calculated by the fol-
lowing equation: ½ free heme� = ½total heme� – ½Hb − heme�
– ½metHb − heme� – ½hemichrome�.

2.5. Hemoglobin Preparation. Hb of different redox states,
i.e., Hb (Fe2+), metHb (Fe3+), and ferrylHb (Fe4+=O), were
prepared as described (Silva et al., [30]). Briefly, Hb was iso-
lated from fresh blood drawn from healthy volunteers using
ion-exchange chromatography on a DEAE Sepharose CL-
6B column. metHb was generated by incubation (30min,
25°C) of purified Hb with a 1.5-fold molar excess of
K3Fe(CN)6 over heme. ferrylHb was obtained by incubation
(1 h, 37°C) of Hb with a 10 : 1 ratio of H2O2 to heme. After
oxidation, both metHb and ferrylHb were dialyzed against
saline (3 times for 3 hours at 4°C) and concentrated using
Amicon Ultra centrifugal filter tubes (10,000 MWCO, Milli-
pore Corp., Billerica, MA, USA). Aliquots were snap-frozen
in liquid nitrogen and stored at -70°C until use. The purity
of each Hb preparation was evaluated by SDS-PAGE
followed by staining with ProteoSilver Plus Silver Staining
Kit. The purity of Hb preparations was above 99.9%. Molar
concentrations for all Hb solutions used throughout this
paper are based on heme.

2.6. Hemoglobin Oxidation. Hb and metHb at a concentra-
tion of 50μmol/L heme group were oxidized with different
amounts of H2O2 (125, 250, and 500μmol/L) for 10 minutes
at room temperature (RT).

2.7. Statistical Analysis. Results are expressed as mean ± SD.
At least 3 independent experiments were performed for all
in vitro studies. Statistical analyses were performed with
GraphPad Prism software (version 8.01, San Diego, CA,
USA). Comparisons between more than two groups were
carried out by ordinary one-way ANOVA followed by post
hoc Tukey’s multiple comparison test. A value of p < 0:05
was considered significant.

3. Results

3.1. Intravascular Hemolysis and IVH Are Associated with the
Formation of Hb Forms with Different Oxidation Status. Pre-
vious studies showed that Hb tends to be oxidized outside of
the protective environment of RBCs in which process Hb
species with different oxidation states are formed. In this
work, we analyzed human CSF samples following IVH
(Figure 1) and murine plasma samples following intravascu-
lar hemolysis (Suppl. Fig 1). CSF is a clear, cell-free, plasma-
like fluid that occupies the central spinal canal, the ventricu-
lar system, and the subarachnoid space. Upon IVH, RBCs
enter CSF and lyse. To see whether Hb oxidation occurs in
CSF, we used the leftover of CSF samples taken for diagnostic
purposes from preterm infants with IVH. In agreement with
previous observations, we detected high amounts of extracel-
lular heme (463:01 ± 303:39μmol/L) in CSF samples
obtained between days 0-20 after the onset of intraventricular
hemorrhage [31]. Total heme levels were significantly lower
in CSF samples obtained at 21-40 days after the onset of hem-
orrhage (64:98 ± 73:50 μmol/L) and was below 1μmol/L in
CSF samples collected 41-60 days after the bleeding
(Figure 1(a)). To see the distribution of the different heme
forms in the CSF samples; first, we used the method
described by Winterbourn [29] that allowed us to determine
Hb, metHb, and hemichrome concentrations in CSF samples
(Figure 1(b)). The major heme form in the CSF samples
obtained at 0-20 days after the onset of hemorrhage was the
non-Hb bound or so-called free heme (51:7 ± 15:7% of total
heme, Figure 1(b)). metHb was the second most abundant
Hb form in these samples accounting for 23:2 ± 8:2% of total
heme content. We also detected hemichrome (11:7 ± 5:3%)
and Hb (13:4 ± 4:3%) in these samples (Figure 1(b)). Simi-
larly, free heme and oxidized Hb forms (metHb and hemi-
chrome) were predominant in CSF samples obtained
between days 21-40 after the onset of IVH too
(Figure 1(b)). Next, we calculated Hb, metHb, and ferrylHb
concentrations in the same CSF samples using the method
by Meng and Alayash [28]. Similarly to the previously calcu-
lated results, we found that free heme is the most abundant
heme form (63:0 ± 16:2% of total heme) in the CSF samples
obtained between days 0-20 after the onset of hemorrhage
(Figure 1(c)). These CSF samples also contained nearly equal
amounts of Hb and metHb (18:1 ± 3:2 and 17:2 ± 4:1% of
total heme) and a very low amount of ferrylHb (1:7 ± 3:2%
of total heme (Figure 1(c)). Free heme becomes even more
dominant (73:4 ± 12:3% of total heme) in the expense of

Table 1

Calculations of Hb redox forms (mmol heme group/L) Ref.

Hb½ � = −350:52 × OD541 + 388:95 × OD576 + 150:02 × OD630
metHb½ � = −185:77 × OD541 + 171:88 × OD576 + 387:58 × OD630
ferrylHb½ � = 702:23 × OD541 − 657:43 × OD576 – 455:64 × OD630

[28]

Hb½ � = 119 × OD576 − 39 × OD630 − 89 × OD560
metHb½ � = 28 × OD576 + 307 × OD630 − 55 × OD560
hemichrome½ � = −133 × OD576 − 114 × OD630 + 233 × OD560

[29]
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the other heme forms in CSF samples obtained between days
21-40 after the onset of intraventricular hemorrhage
(Figure 1(d)). To further compare the two methods, we
determined Hb and metHb levels of 110 CSF samples with
both methods and calculated hemichrome and ferrylHb

levels with the appropriate method. We found that the Hb
concentrations determined by the two methods correlated
strongly (R2 = 0:8910, Figure 1(d)). At higher Hb concentra-
tions, we measured lower values with the Meng method than
with the Winterbourn method (Figure 1(d)). metHb
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Figure 1: Time-dependent accumulation of heme and different redox states of Hb in biological samples during hemolytic conditions. CSF
samples were obtained from preterm infants diagnosed with grade III IVH at different time intervals after the onset of IVH (n = 5/group).
(a) Total heme levels of CSF were determined by the heme assay kit in triplicates. Bars represent mean ± SD. p values were calculated
using one-way ANOVA followed by Tukey’s multiple comparison analysis. ∗∗∗p < 0:005, ∗∗∗∗p < 0:001. (b) Pie chart represents Hb,
metHb, and hemichrome levels determined by the method of Winterbourn, and non-Hb-bound heme levels as a percentage of total heme
in CSF samples collected between days 0-20 and 21-40 days after the onset of intraventricular hemorrhage. (c) Pie chart represents Hb,
metHb, and ferrylHb levels determined by the method of Meng and Alayash, and non-Hb-bound heme levels as a percentage of total
heme in CSF samples collected between days 0-20 and 21-40 days after the onset of intraventricular hemorrhage. (d) Scatter plot shows
Hb levels of CSF samples (n = 114) determined by two different methods of (i) Winterbourn and (ii) Meng and Alayash. Red line
represents the x = y line. (e) Scatter plot shows metHb levels of CSF samples (n = 114) determined by two different methods of (i)
Winterbourn and (ii) Meng and Alayash. Red line represents the x = y line. (f) Scatter plot shows the correlation between hemichrome
and ferrylHb levels of CSF samples (n = 114).
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concentrations calculated with the two methods were almost
identical (R2 = 0:9947, Figure 1(e)). Finally, we correlated
hemichrome concentrations determined by the method of
Winterbourn with the ferrylHb concentration determined
by the method of Meng and Alayash (R2 = 0:7693,
Figure 1(f)).

To investigate the formation of oxidized Hb forms in
plasma, we induced intravascular hemolysis by intraperito-
neal injection of PHZ (50mg/kg body weight and 30mg/kg
body weight 16 hours later) (Suppl. Fig 1A). We collected
plasma samples at 4, 16, and 20 hours after the first PHZ
injection. As we expected, PHZ triggered a robust elevation
in plasma total heme levels at every time points (Suppl. Fig
1A). Then, we determined the distribution of total plasma
heme among Hb, metHb, and hemichrome in the plasma
samples of PHZ-injected mice (Suppl. Fig 1B). Plasma sam-
ples collected 4 hours after PHZ injection contained mainly
native Hb (57:1 ± 12:3% of total heme). In these samples,
hemichrome was the second most abundant heme form
accounting for 31:2 ± 7:1% of total heme. These samples also
contained metHb (11:2 ± 3:1% of total heme) but did not
contain free heme (Suppl. Fig 1B). At 16 hours after PHZ
injection, the plasma contained a high percentage of hemi-
chrome (46:3 ± 6:2% of total heme), less Hb but more metHb
in comparison to the 4-hour time point. Importantly, we
could detect non-Hb-bound heme in the plasma samples
obtained at 16 hours after PHZ injection (6:6 ± 2:4% of total
heme). At 16-hour time point, the mice received a second
injection of PHZ that triggered a further increase in total
heme, a decrease in the percentage of nonoxidized Hb
(13:6 ± 3:6% of total heme), and increased the percentage of
non-Hb-bound heme up to 17:5 ± 4:1% of total heme at the
20-hour time point. We could not detect any ferrylHb in
plasma samples with the method of Meng and Alayash (data
not shown).

Overall, these results suggest that Hb oxidation and heme
release occur upon extensive hemolysis (both intravascular
and intraventricular). We run into difficulties in detecting
ferrylHb in biological samples with visible absorption
spectroscopy.

3.2. Formation and Detection of Oxidized Hb Forms In Vitro.
To study the process and the products of Hb oxidation in
detail, we purified Hb from human RBCs. We also pro-
duced metHb from Hb by reacting it with K3Fe(CN)6 that
triggers one-electron oxidation of ferrous ion into ferric
ion in the heme prosthetic group. The characteristic
absorption spectra of Hb and metHb are shown in Supple-
mentary Figure 2A. The purity of the Hb preparations was
investigated by silver staining after SDS/PAGE separation.
Both Hb and metHb samples gave a single band at
16 kDa that corresponds to the size of an Hb subunit
(Suppl. Fig 2B).

To induce oxidation, we reacted Hb and metHb with
H2O2 and take absorption spectra of the samples and calcu-
lated the concentrations of Hb, metHb, and ferrylHb with
the use of the extinction coefficients and equations deter-
mined recently by Meng and Alayash [28]. Reacting Hb
(50μmol/L) with increasing concentrations of H2O2 (125-
500μmol/L) for 10 minutes at RT triggered a dose-
dependent formation of metHb, and parallel with that, a
decrease of Hb concentration (Figure 2(a)). We observed fer-
rylHb formation (~1% of total heme content) when Hb was
reacted with high doses (250 and 500μmol/L) of H2O2
(Figure 2(a)). Next, we reacted metHb with H2O2 (125-
500μmol/L), and we could detect ferrylHb 10 minutes after
the reaction started (Figure 2(b)). We found that after a reac-
tion in which Hb was reacted with a 2.5-fold molar excess of
H2O2 (125μmol/L), 36:18 ± 3:62% of total Hb was in the fer-
ryl form (Figure 2(b)). Unexpectedly, when we applied H2O2
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Figure 2: Formation of oxidized Hb forms in hydrogen peroxide-induced oxidation of Hb andmetHb. (a) Purified human Hb and (b) metHb
(60 μmol/L heme) were oxidized with different concentrations of H2O2 (125, 250, and 500 μmol/L) for 10 minutes at 37°C. Concentrations of
different redox states of Hb were determined by analysis of the visible spectra and the presence of different redox states of Hb as a percentage
of total heme was calculated. The bar graph shows mean ± SD from 3 independent experiments. p values were calculated using one-way
ANOVA followed by Tukey’s multiple comparison analysis. ∗p < 0:05, ∗∗∗p < 0:005, ∗∗∗∗p < 0:001.
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in a 10-fold molar excess (500μmol/L) over Hb, we obtained
a significantly lower yield of ferrylHb formation
(16:0 ± 0:23% of total heme) (Figure 2(b)).

The ferryl (Fe4+) oxidation state is highly unstable.
Supporting this notion, it has been shown that the ferryl
ion in ferrylHb readily oxidizes particular oxidation-
prone adjacent amino acid residues of the globin chain,
resulting in the formation of globin radicals and ferric
(Fe3+) ion. The produced globin radicals are also reactive
and can stabilize by reacting with each other. In the reac-
tion between the globin radicals, a new covalent bond is
formed from the two unpaired electrons located on the
globin radicals, resulting in terminally crosslinked Hb
multimers. Therefore, next, we wanted to examine whether
this reaction occurred in our experimental system. We
incubated Hb and metHb (50μmol/L) with different con-
centrations of H2O2 (125-500μmol/L) for 10 minutes at
RT and subjected the samples to denaturing SDS-PAGE
followed by Western blot to detected Hb. We observed
dose-dependent formation of covalently crosslinked Hb
dimers in the reaction between Hb and H2O2
(Figures 3(a) and 3(b)). Moreover, we found a large exac-

erbation of Hb dimer formation in the reaction between
metHb and H2O2 (Figures 3(c) and 3(d)). Besides dimers,
we observed a dose-dependent formation of tetramers
when metHb was reacted with H2O2 (Figures 3(c) and
3(d)). Because globin modification is specific for these
covalently crosslinked Hb multimers, we propose to call
this heterogeneous form of Hb produced during ferrylHb
decomposition as globin modified oxidized Hb (gmoxHb).

Next, we measured the kinetics of ferrylHb production
and decomposition using similar experimental settings as in
our previous experiment. WemixedmetHb (50μmol/L) with
H2O2 at different concentrations (125-500μmol/L), followed
the reaction by taking absorption spectra of the samples in
every minute for 10 minutes, and calculated the concentra-
tions of ferrylHb andmetHb. ferrylHb level peaked at around
2 minutes after the reaction was started and then declined
during the 10-minute examination period at all H2O2 con-
centrations (Figure 4(a)). The peak level of ferrylHb (~45%
of total Hb) was independent of the concentration of H2O2
used in the reaction (Figure 4(a)). On the other hand, the rate
of ferrylHb decomposition was dependent on the dose of
H2O2. Namely, the highest concentration of H2O2
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Figure 3: Formation of covalently crosslinked Hb multimers in hydrogen peroxide-induced oxidation of Hb and metHb. Purified human Hb
and metHb (60 μmol/L heme) were oxidized with different concentrations of H2O2 (125, 250, and 500μmol/L) for 30 minutes at 37°C. (a, c)
Representative western blots after (a) Hb and (c) metHb oxidation. (b, d) Densitometric analysis of western blots was performed and the
percentages of gmoxHb multimers as a percent of total Hb were calculated. The bar graph shows mean ± SD from 3 independent
experiments. p values were calculated using one-way ANOVA followed by Tukey’s multiple comparison analysis. ∗p < 0:05, ∗∗p < 0:01,
∗∗∗p < 0:005, ∗∗∗∗p < 0:001.
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(500μmol/L) triggered the highest rate of ferrylHb disap-
pearance (1:72 ± 0:17 μmol/L ferrylHb/min) (Figures 4(a)
and 4(b)). As we expected, metHb and ferrylHb levels chan-
ged the exact opposite directions in the course of the reaction
between metHb and H2O2 (Figure 4(c)). Next, we investi-
gated the concentration- and time-dependence of the for-
mation of gmoxHb. We observed that H2O2 dose-
dependently triggered the formation of gmoxHb dimers
within 1 minute (Figures 4(d) and 4(e)). Moreover, 250
and 500μmol/L H2O2 induced the formation of gmoxHb
tetramers within 10 minutes in a dose-dependent manner
(Figures 4(d) and 4(e)).

3.3. Detection of gmoxHb Forms in Biological Samples.
Finally, we investigated whether these covalently cross-

linked Hb forms are present in different biological sam-
ples. First, we analyzed mice plasma and urine samples
following intravascular hemolysis. Intravascular hemolysis
was induced with intraperitoneal injection of PHZ as
described previously. Plasma and urine samples were col-
lected at 4, 16, and 20 hours after the PHZ injection. Four
hours after the PHZ injection, the plasma contained only
Hb monomers, and we could not detect any gmoxHb in
the urine (Figures 5(a)–5(d)). In contrast, all the plasma
and urine samples obtained at 16 and 20 hours post-
PHZ injection contained gmoxHb dimers (Figures 5(a)–
5(d)). Besides plasma and urine, we also investigated the
presence of gmoxHb forms in human CSF samples fol-
lowing IVH. We found gmoxHb dimers (~20% of total
heme) in CSF samples collected between days 0-20 and
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Figure 4: Decay of ferrylHb leads to the regeneration of metHb and formation of gmoxHb multimers. (a–c) Purified human metHb
(60 μmol/L heme) was oxidized with different concentrations of H2O2 (125, 250, and 500μmol/L), and the concentrations of different
redox states of Hb were determined every minute for 10 minutes. (a) Time- and dose-dependent formation and decomposition of
ferrylHb in the reaction between metHb and H2O2 presented as mean ± SD of 3 independent experiments. (b) ferrylHb decomposition
rate (μmol ferrylHb/min) was calculated at each H2O2 concentration from the kinetic measurements. Graph shows mean ± SD of 3
independent experiments. (c) Time-dependent inverse changes of ferrylHb and metHb levels in the course of metHb oxidation with H2O2
(500 μmol/L) presented as mean ± SD of 3 independent experiments. (d, e) Time- and dose-dependent formation of gmoxHb in the
course of metHb oxidation with H2O2. Purified human metHb (60 μmol/L heme) was oxidized with different concentrations of H2O2
(125, 250, and 500μmol/L) for 1 and 10 minutes at 37°C. (d) Representative western blot is shown. (e) Densitometric analysis of western
blots was performed, and the percentages of gmoxHb monomers, dimers, and tetramers as a percent of total Hb were calculated. The bar
graph shows mean ± SD from 3 independent experiments. p values were calculated using one-way ANOVA followed by Tukey’s multiple
comparison analysis. ∗∗p < 0:01, ∗∗∗p < 0:005, ∗∗∗∗p < 0:001.
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21-40 after the onset of IVH (Figure 5(f)). Interestingly,
we found exclusively gmoxHb tetramers in CSF samples
collected at day 41-60 post-IVH (Figure 5(f)).

4. Discussion

Despite the heterogeneous etiology of hemolytic diseases,
there are common symptoms including (i) endothelial acti-
vation/dysfunction responsible for hypercoagulation state
and, eventually, thrombus formation; (ii) reduced nitric
oxide bioavailability leading to vasoconstriction, pulmonary,
and systemic hypertension; and (iii) hemoglobinuria and
acute kidney injury [2]. These common symptoms of hemo-
lytic diseases are largely induced by extracellular Hb and its
breakdown products.

During hemolysis, Hb is released from RBCs and is
bound avidly by haptoglobin (Hp), an acute phase plasma

protein that protects Hb from oxidation and facilitates its
clearance from the circulation through endocytosis via the
CD163 macrophage scavenger receptor [32–38]. The plasma
concentration of Hp is relatively high (0.41–1.65mg/ml),
allowing the elimination of approximately 3 g of Hb which
is less than 1% of the circulating Hb. Upon massive hemoly-
sis, the Hb scavenging capacity of Hp is overwhelmed and Hb
accumulates in the plasma. Extracellular Hb scavenges nitric
oxide, the important vasodilator (reviewed in [39, 40]) lead-
ing to vasoconstriction and hypertension [41]. Furthermore,
noncompartmentalized Hb cannot benefit from the highly
efficient antioxidant defense system present in intact RBCs,
and Hb tends to oxidize [3].

In this study, we investigated the formation of different
redox states of Hb in biological samples during hemolytic
conditions. First, we analyzed CSF samples obtained from
premature infants following IVH. IVH is the bleeding into
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Figure 5: Time-dependent accumulation of covalently crosslinked Hb multimers in biological samples under hemolytic conditions. (a–d)
Plasma and urine samples were collected from C57BL/6 mice at different time points (n = 5/group) following PHZ injection. (a, c)
Representative western blots and (b, d) densitometric analysis of western blots are presented. The bar graph shows mean ± SD from 3
independent experiments. (e, f) CSF samples were obtained from preterm infants diagnosed with grade III IVH at different time intervals
after the onset of IVH (n = 5/group). (e) Representative western blot is shown. Densitometric analysis was performed and percentages of
Hb monomers, dimers, and tetramers as a percent of total Hb were calculated. p values were calculated using one-way ANOVA followed
by Tukey’s multiple comparison analysis. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:005, ∗∗∗∗p < 0:001.
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the brain’s ventricular system that is filled up with CSF. It is a
frequent complication of prematurity that associates with
high neonatal mortality and an increased risk of neurodeve-
lopmental impairment in the surviving infants [42–45]. It is
long known that inflammation plays a critical role in the
pathophysiology of IVH-induced brain damage; however,
the molecular mechanism by which IVH stimulates the
inflammatory response is not fully understood. Extravasation
of blood into the intraventricular space triggers a cascade of
events including the release of various vasoactive and proin-
flammatory molecules from the blood (reviewed in [46]).
Previous studies showed that cell-free Hb and Hbmetabolites
are present in CSF following different types of intracranial
hemorrhage including IVH [31, 47–49]. Among the different
redox states of Hb, metHb was detected in CSF samples
obtained following IVH in preterm infants as well as in an
experimental rabbit model of IVH and its role in the neuroin-
flammatory response has been shown [47]. In agreement
with these previous observations, we found that after IVH
Hb is released into the CSF and Hb oxidation occurs leading
to the formation of metHb and non-Hb-bound heme in a
time-dependent manner. In this study, we compared two dif-
ferent visible spectrophotometric methods to calculate the
concentrations of the different redox states of Hb. We used
the method of Winterbourn [29] to calculate Hb, metHb,
and hemichrome concentrations, whereas the method of
Meng and Alayash [28] was used to calculate Hb, metHb,
and ferrylHb concentrations. Hb concentrations measured
by the two methods correlated well, and metHb concentra-
tions were almost identical. The Winterbourn method
allowed us to detect hemichrome in the CSF samples,
whereas the other method allowed us to detect—although
low concentration—ferrylHb in the CSF samples. These oxi-
dized Hb forms might play distinct roles in the neuroinflam-
matory response following IVH.

Besides CSF analysis, we used a well-established model of
acute sterile hemolysis to investigate the formation of the dif-
ferent Hb species in vivo. In agreement with previous obser-
vations [27, 50, 51], we found that the injection of PHZ
triggered a marked elevation of extracellular heme content in
the plasma. The determination of the distribution of the extra-
cellular heme among the different redox states of Hb revealed
that Hb dominates at an early time point (4h), and hemi-
chrome becomesmore dominant at later time points. Previous
studies showed that hemichrome formation is a characteristic
feature of PHZ-induced hemolysis, as PHZ reacts with Hb,
forming reactive intermediates such as a hydroxyl radical
which triggers the production of hemichrome [52]. On the
other hand, we could not detect ferrylHb in plasma samples
after PHZ injection. This might be due to the transient nature
of ferrylHb or the inadequacy of the method to measure fer-
rylHb in such a complex biological sample. Nevertheless, this
question needs to be further investigated.

PHZ-induced intravascular hemolysis is associated with
acute kidney injury, due to oxidative stress, cytotoxicity,
and proinflammatory effects triggered by extracellular Hb
and its breakdown products. According to a recent study,
the renal manifestations of intravascular hemolysis are
largely heme-independent, since injection of free heme could

not reproduce them, and heme scavenging could not prevent
them, which suggests that kidney injury is mediated by
hemolysis-derived products upstream of heme release [51].
We assume that oxidized Hb forms could play a role in
hemolysis-induced kidney injury, which assumption should
be addressed and the exact Hb forms should be identified
in further studies.

The autooxidation of Hb leads to the formation of metHb
and superoxide anion [5–7]. Hydrogen peroxide is also pro-
duced during Hb autoxidation by the spontaneous or
enzyme-driven dismutation of superoxide [53]. Hydrogen
peroxide initiates a two-electron oxidation of Hb leading to
the formation of ferrylHb [5–7]. Interestingly, we could
hardly detect any ferrylHb in our biological samples. We
used a recently published spectrophotometric method to
measure the different redox states of Hb in the plasma and
CSF samples [28]. The unsuccessful detection of ferrylHb in
biological samples might be due to the unstable nature of this
high valance redox state of heme iron in ferrylHb.

Using in vitro approaches, we investigated the stability
and the fate of ferrylHb during hydrogen peroxide-induced
Hb and metHb oxidation. In the reaction between metHb
and hydrogen peroxide paradoxically, we observed that the
formation of ferrylHb was inversely proportional to the con-
centration of hydrogen peroxide. Further investigation of the
kinetics of the reaction between metHb and hydrogen perox-
ide revealed that ferrylHb concentration reaches its maxi-
mum at around two minutes after initiation of the reaction,
and then, ferrylHb decomposes with a rate that is dependent
on the concentration of hydrogen peroxide. In line with this
notion, higher concentrations of hydrogen peroxide trig-
gered a faster decomposition rate of ferrylHb resulting in
lower levels of ferrylHb measured at 10 minutes after the ini-
tiation of the reaction.

Based on the literature, ferrylHb decomposition occurs
via an intramolecular electron transfer between the ferryl
iron and specific amino acid residues of the globin chain,
leading to the production of ferric iron and globin centered
radicals [6, 11–13]. The reaction between globin radicals
results in covalently crosslinked Hb multimers (reviewed in
[3]). Here, we showed that metHb and ferrylHb levels are
inversely related to each other in the course of the reaction
between metHb and hydrogen peroxide. Moreover, we found
time- and dose-dependent production of covalently cross-
linked Hb multimers.

The scientific literature lacks a consensus regarding the
nomenclature of this covalently crosslinked Hb multimers.
The formation of covalently crosslinked Hb multimers is
ultimately linked to two-electron oxidation of Hb or metHb.
The heme iron in these forms is in the ferric redox state;
therefore, in many works, these forms are referred simply
as metHb. We believe that this nomenclature is not correct
because it overlooks the modification of the globin moiety
that gives this Hb form unique properties. In other works,
authors refer these forms as ferrylHb that is confusing as well,
because the ferryl oxidation state is temporary. Because glo-
bin modification is a major characteristic feature of this Hb
form, in this work, we proposed to call these covalently cross-
linked Hb forms as gmoxHb. A unique name could make it
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easier to distinguish these species from metHb that is an oxi-
dized Hb without globin modification and from ferrylHb that
is an unstable redox form of Hb.

As we stated before, gmoxHb has unique biological prop-
erties that distinguish it clearly from Hb and metHb. It has
been previously shown that gmoxHb acts in a proinflamma-
tory manner targeting endothelial cells and macrophages
independently of heme release. The exposure of endothelial
cells to gmoxHb induces the upregulation of adhesion mole-
cules such as vascular cell adhesion molecule-1, intercellular
adhesion molecule-1, and E-selectin and induces intercellular
gap formation that is dependent on actin polymerization and
the activation of the c-Jun N-terminal kinase and the p38
mitogen-activated protein kinase signal transduction path-
ways [3, 30]. Moreover, gmoxHb serves as a damage-
associated molecular pattern (DAMP) inducing the
Nucleotide-binding domain, Leucine-rich Repeat containing
Protein 3 (NLRP3) inflammasome activation, and subse-
quent production of interleukin 1 beta in macrophages [27].

Although we could hardly detect ferrylHb in the plasma
and CSF samples after intravascular hemolysis and IVH,
respectively, we hypothesized that ferrylHb formed but
decomposed quickly making the detection of this temporary
product impossible. We found that indeed this was the case
and detected high amounts of gmoxHb dimers in both
plasma and urine samples following intravascular hemolysis.

Both Hb globin chains contain several oxidation-prone
amino acid residues with close proximity to the heme iron
(i.e., ?Tyr-24, ?Tyr-42, ?His-20, ?Tyr-35, ?Tyr-130, and
?Cys-93) which can be involved in the intramolecular elec-
tron transfer between the ferryl iron and the globin [3, 12,
13]. Because of this phenomenon, not only dimers but higher
multimers can be formed during Hb oxidation. Along with
this notion, we detected the time- and dose-dependent for-
mation of gmoxHb tetramers when metHb was reacted with
H2O2in vitro. Interestingly, we could not detect gmoxHb tet-
ramers in plasma or urine samples following intravascular
hemolysis, but this form was present in CSF samples
obtained from premature infants following IVH. In fact,
gmoxHb was the exclusively represented Hb form in CSF
samples collected between days 41-60 posthemorrhage.

CSF is renewed 4-5 times a day via the blood-CSF barrier
[54]. Specific proteins expressed in the choroid plexus epithe-
lial cells tightly regulate the transport of essential nutrients
and ions into, and removal of waste products from the CNS
via diffusion, facilitated diffusion and active transport [55].
We lack information about whether Hb and its derivatives
can be cleared from CSF via the blood-CSF barrier following
IVH, but our results do not support this idea. We found that
Hb monomers are present in the CSF up to 40 days post-IVH
which suggests a slow clearance mechanism for Hb.

Hp, the Hb binding protein, plays a crucial role in remov-
ing extracellular Hb from plasma. Upon massive intravascu-
lar hemolysis, the Hb removal capacity of plasma is
overwhelmed, and Hb can be excreted in the urine, which
occurred in our PHZ-injected mice model. This pathological
event can cause acute kidney injury [56], but at the same time
it prevents the long-lasting presence of cell-free Hb in the
circulation.

Hp is present in CSF too, but its concentration is much
lower than in the plasma, therefore, the Hb-binding capacity
of CSF (~100μg Hb in adults, no data about infants) is far
below the Hb-binding capacity of plasma (~5 g Hb) [57].
We showed earlier that CSF samples obtained between days
0-20 after the onset of hemorrhage contained 10-530mg of
Hb in the 50ml volume of CSF, and assumed that in most
cases of grade III IVH, the level of cell-free Hb exceeds the
Hb-binding capacity of CSF [31]. This assumption is sup-
ported by the observation that following IVH, Hb penetrates
from the intraventricular space to the periventricular white
matter and contributes to the development of IVH-
associated brain injury [58–60]. Besides Hb clearance, Hp
plays a role in protecting Hb from oxidation, by shielding
its oxidation-prone amino acid residues [61]. This mecha-
nism could have limited function upon intraventricular hem-
orrhage due to the low concentration of Hp in CSF. Taken
together, low Hp concentration in CSF allows the long-
lasting presence and extensive oxidation of Hb in the CSF
which eventually leads to the formation of gmoxHb tetra-
mers. We assume that the clearance mechanisms—if any—-
are limited in the case of gmoxHb tetramers that could
explain the exclusive presence of this Hb form in the CSF
samples collected between days 41-60 after the onset of
IVH. Nevertheless, further investigations are needed to
address the clearance mechanisms of Hb and its derivatives
from the CSF after IVH.

GmoxHb crosslinks have been detected in human com-
plicated atherosclerotic lesions and their etiopathogenetic
role in oxidizing low-density lipoprotein has been established
previously [9, 10, 62, 63]. Further studies needed to under-
stand the role of gmoxHb in the pathogenesis of hemolytic
diseases, and because gmoxHb is a heterogeneous entity,
the particular roles of the Hb crosslinks with different sizes
should be addressed.
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Abstract: Calcific aortic valve stenosis (CAVS) is a heart disease characterized by the progressive
fibro-calcific remodeling of the aortic valves, an actively regulated process with the involvement of
the reactive oxygen species-mediated differentiation of valvular interstitial cells (VICs) into osteoblast-
like cells. Nuclear factor erythroid 2-related factor 2 (Nrf2) regulates the expression of a variety
of antioxidant genes, and plays a protective role in valve calcification. Heme oxygenase-1 (HO-1),
an Nrf2-target gene, is upregulated in human calcified aortic valves. Therefore, we investigated the
effect of Nrf2/HO-1 axis in VIC calcification. We induced osteogenic differentiation of human VICs
with elevated phosphate and calcium-containing osteogenic medium (OM) in the presence of heme.
Heme inhibited Ca deposition and OM-induced increase in alkaline phosphatase and osteocalcin
(OCN) expression. Heme induced Nrf2 and HO-1 expression in VICs. Heme lost its anti-calcification
potential when we blocked transcriptional activity Nrf2 or enzyme activity of HO-1. The heme
catabolism products bilirubin, carbon monoxide, and iron, and also ferritin inhibited OM-induced
Ca deposition and OCN expression in VICs. This study suggests that heme-mediated activation of
the Nrf2/HO-1 pathway inhibits the calcification of VICs. The anti-calcification effect of heme is
attributed to the end products of HO-1-catalyzed heme degradation and ferritin.

Keywords: valve calcification; valve interstitial cell (VIC); osteogenic differentiation; heme; Nrf2;
heme oxygenase-1 (HO-1); ferritin

1. Introduction

Calcific aortic valve stenosis (CAVS) is a heart disease characterized by a progressive
fibro-calcific remodeling and thickening of the aortic valves eventually leading to severe
heart outflow tract obstruction [1]. CAVS is the second-most frequent cardiovascular
disease, with a prevalence of 0.4% in the general population. It is also considered an aging
disease, as the prevalence of severe CAVS increases to 1.7% in the population over 65 years
old [1].

Until recently, CAVS was thought to be a passive, degenerative process, but this
assumption was challenged by the detection of osteoblast-like and osteoclast-like cells
in human aortic valve leaflets [2]. Now, CAVS is considered to be an actively regulated
process in which differentiation of valvular interstitial cells (VICs) into osteoblast-like cells
and myofibroblasts occurs [3,4].

Under in vitro conditions, VICs respond to osteogenic stimuli through the upregula-
tion of several osteochondrogenic markers, including runt-related transcription factor 2
(RUNX2), bone morphogenetic protein 2 (BMP2), Sry-related HMG box-9 (SOX9), alkaline
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phosphatase (ALP), osteopontin (OPN), and osteocalcin (OCN), and these markers have
been detected in human diseased aortic valves [5,6].

Patients with chronic kidney disease (CKD) are characterized by accelerated and
premature cardiovascular calcification, which is a clear exhibition of the CKD-associated
premature aging phenotype [7,8]. In CKD patients, the prevalence of severe CAVS ranges
between 6-13%, a rate significantly higher than in the general population [9,10]. As a
consequence, CKD patients exhibit extremely high cardiovascular mortality, similar to that
seen in the elderly (≥75) general population [11,12].

CKD is associated with the dysregulation of calcium (Ca) and phosphate (P) metabolism,
leading to hyperphosphatemia and high-circulating Ca x P products [13]. Increased P and
Ca synergistically stimulate osteochondrogenic differentiation and the extracellular matrix
(ECM) calcification of vascular smooth muscle cells (VSMCs) [13–15]. In CKD patients, higher
serum P concentrations are associated with an increased prevalence of vascular and valvular
calcification, suggesting a causative role of high P in CKD-associated calcification [16].

The elevation of reactive oxygen species (ROS) formation plays a role in both vas-
cular and valve calcification [17,18]. Normally, ROS formation is counterbalanced by a
complex antioxidant defense system. Nuclear factor erythroid 2-related factor 2 (Nrf2) is
an important element of this antioxidant network [19]. Under homeostasis, Nrf2 binds
to its negative regulator, Kelch-like ECH-associated protein 1 (Keap1) in the cytosol [19].
This interaction initiates the polyubiquitinylation and proteasomal degradation of Nrf2.
Different oxidants and electrophiles induce the modification of cysteine residues of Keap1,
leading to the disruption of the Nrf2–Keap1 interaction, Nrf2 stabilization, and nuclear
translocation. Once in the nucleus, Nrf2 binds to the antioxidant response elements lo-
cated at the promoter regions of a variety of antioxidant genes [19]. Previous studies have
shown that upregulation of the Nrf2 system attenuates the high P-induced calcification of
VSMCs [20–22].

Under homeostasis, heme is an essential molecule that serves as a prosthetic group
of diverse hemoproteins [23]. In contrast, labile heme is potent pro-oxidant and pro-
inflammatory molecule [24–26]. Labile heme promotes Nrf2 stabilization via a Keap1-
dependent signaling mechanism and regulates the transcription of heme oxygenase-1
(HO-1), the enzyme responsible for heme catabolism [27,28]. Heme catabolism by HO-
1 is protective against the deleterious effects of labile heme and provides protection from
hemolytic conditions and polymicrobial sepsis [29–31]. The mechanism through which
heme catabolism by HO-1 confers protection in diverse diseases is not completely under-
stood, but it has been linked to the generation of the heme degradation products carbon
monoxide (CO), biliverdin, and iron [23]. Because HO-1 has been found to be upregulated
in human calcified aortic valves [32], we investigated the effect of the Nrf2/HO-1 pathway
activation on P- and Ca-induced osteogenic differentiation and ECM calcification of VICs.

2. Materials and Methods
2.1. Cell Culture

Human VICs were obtained from Innoprot (Derio, Spain). Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, D6171, Sigma, St. Louis, MO, USA) supple-
mented with 10% FBS (10270-106, Gibco, Grand Island, NY, USA), antibiotic antimycotic
solution (A5955, Sigma, St. Louis, MO, USA), sodium pyruvate (S8636, Sigma, St. Louis,
MO, USA), and L-glutamine (G7513, Sigma, St. Louis, MO, USA). Cells were maintained at
37 ◦C in a humidified atmosphere containing 5% CO2. Cells were grown to confluence and
used from passages 5 to 8.

2.2. Induction of Osteogenesis

At confluence, VICs were switched to the osteogenic medium, which was prepared
by adding inorganic phosphate (P) as a mixture of NaH2PO4 and Na2HPO4, pH 7.4
(0–2.5 mmol/L), and Ca in the form of CaCl2 (0.3–1.2 mmol/L) to the growth medium.
Both the growth and osteogenic media were changed every three days. Unless otherwise
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specified, we used an osteogenic medium that was supplemented with 2.5 mmol/L P and
0.3 mmol/L Ca.

2.3. Cell Treatments

Iron was introduced as ammonium ferric citrate (F5879, Sigma, St. Louis, MO, USA),
dissolved in deionized water. Heme (H9039, Sigma, St. Louis, MO, USA) was dissolved in
NaOH (20 mmol/L). Tin protoporphyrin IX (SnPP, 16375, Cayman Chemical, Ann Arbor,
MI, USA) and zinc protoporphyrin IX (ZnPP, 691550-M, EMD Millipore Corp., Burlington,
MA, USA) were dissolved in DMSO. The final concentration of NaOH was kept below
2 mmol/L, and the DMSO was less than 1% in all experiments. To deliver CO, we used
the tricarbonyl-dichloro-ruthenium (II) dimer also known as CO-releasing molecule 2
(CORM2), [Ru2Cl4(CO)6] (288144, Sigma, St. Louis, MO, USA). CORM2 was dissolved in
DMSO immediately before use, and it was administered every 12 h. The Nrf2 inhibitor
ML385 (SML1833, Sigma, St. Louis, MO, USA) was dissolved in DMSO. Ferritin (FT) was
administered as holoferritin (F4503, Sigma, St. Louis, MO, USA).

2.4. Alizarin Red (AR) Staining and Quantification

After washing with Dulbecco’s PBS (DPBS; D8537, Sigma, St. Louis, MO, USA),
the cells were fixed in 4% paraformaldehyde (16005, Sigma, St. Louis, MO, USA) and
rinsed with deionized water thoroughly. Cells were stained with Alizarin Red S (A5533,
Sigma, St. Louis, MO, USA) solution (2%, pH 4.2) for 20 min at room temperature. Excessive
dye was removed through several washes in deionized water. To quantify AR staining
in 96-well plates, we added 100 µL of hexadecyl-pyridinium chloride (C9002, Sigma, St.
Louis, MO, USA) solution (100 mmol/L) to the wells and measured the optical density
(OD) with a microplate reader (800 TS, Biotek, Winooski, VT, USA) at 560 nm using
hexadecyl-pyridinium chloride solution as a blank.

2.5. Quantification of Ca Deposition

Cells grown on 96-well plates were washed twice with DPBS, and decalcified with
HCl (30721, Sigma, St. Louis, MO, USA, 0.6 mol/L) for 30 min at room temperature. The Ca
content of the HCl supernatants was determined using the QuantiChrome Calcium Assay
Kit (DICA-500, Gentaur, Kampenhout, Belgium). Following decalcification, cells were
washed twice with DPBS, and solubilized with a solution of NaOH (S8045, Sigma, St. Louis,
MO, USA, 0.1 mol/L) and sodium dodecyl sulfate (11667289001, Sigma, St. Louis, MO,
USA 0.1%), and the protein content of the samples was measured with the BCA protein
assay kit (23225, Pierce Biotechnology, Rockford, IL, USA). The Ca content of the cells were
normalized to the protein content, and expressed as mg/mg protein.

2.6. Quantification of OCN

For OCN detection, the ECM of the cells grown on 6-well plates was dissolved in
100 µL of EDTA (E6758, Sigma, St. Louis, MO, USA, 0.5 mol/L, pH 6.9). The OCN content of
the EDTA-solubilized ECM samples was quantified by an enzyme-linked immunosorbent
assay (DY1419-05, DuoSet ELISA, R&D, Minneapolis, MN, USA), used according to the
manufacturer’s protocol.

2.7. Determination of Cell Viability

Cell viability was determined by the MTT assay, as previously described [19]. Briefly,
following the treatments, the cells in the 96-well plates were washed with PBS and 100 µL
of 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT, ML2128, Sigma,
St. Louis, MO, USA, 0.5 mg/mL) solution was added. After a 4 h of incubation in the cell
culture incubator, the MTT solution was removed, the formazan crystals were dissolved in
100 µL of DMSO, and the optical density was measured at 570 nm.
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2.8. Quantitative RT-PCR

RNA was isolated from cells using TRIzol (CS502, RNA-STAT60, Tel-Test Inc.,
Friendswood, TX, USA), according to the manufacturer’s protocol. Two micrograms of
RNA were reverse-transcribed to cDNA using High-Capacity cDNA Reverse Transcription
Kit (4368813, Applied Biosystems, Waltman, MA, USA). For the measurement of the mRNA
levels, the reaction mixture contained 0.1 µg reverse-transcribed sample, 10 µmol/L of for-
ward (5’-GAGACAGGTGAATTTCTCCCAAT-3’) and reverse (5’GGGAGTAGTTGGCAGA
TCCA-3’) primers for Nrf2, forward (5’-TTCAGAAGGGCCAGGTGA-3’) and reverse (5’-
TGTTGCGCTCAATCTCCTC-3’) primers for HO-1, forward (5’- TACCCGCACTTGCACAAC-
3’) and reverse (5’- TCTCGCTCTCGTTCAGAAGTC-3’) primers for SOX9, forward (5’-
AGCTGGATGACCAGAGTGCT-3’) and reverse (5’- GCTCTCATCATTGGCTTTCC-3’) primers
for osteopontin (OPN) and 5 µL of LightCycler 480 SYBR GREEN I Master Mix (04887352001,
Bio-Rad Laboratories, Hercules, CA, USA). PCRs were carried out using the Real-Time
PCR System (Bio-Rad Laboratories, Hercules, CA, USA). Relative mRNA expressions were
calculated with the ∆∆Ct method, using HPRT as internal control.

2.9. Western Blot

For the evaluation of the ALP, RUNX2, HO-1, Nrf2, ferritin H-chain (FtH), and ferritin
L-chain (FtL) protein expressions, cell lysates were electrophoresed in 10% SDS-PAGE,
then blotted onto a nitrocellulose membrane (1060003, Amersham Proton, GE Healthcare,
Chicago, IL, USA). Western blotting was performed with the use of anti-ALP antibody
(sc30203, Santa Cruz Biotechnology, Inc, Dallas, TX), anti-RUNX2 antibody (GTX81326,
GeneTex, Irvine, CA, USA) at a 1:1000 dilution, anti-HO-1 antibody (70081, Cell Signaling
Technology, Leiden, The Netherlands) at a 1:2000 dilution, anti-Nrf2 antibody (16396-1-AP,
Proteintech, Rosemont, IL, USA) at a 1:1000 dilution, anti-FTH antibody (4393, Cell Sig-
naling Technology, Leiden, Netherlands) at a 1:1000 dilution, anti-FTL antibody (ab69090,
Abcam, Cambridge, United Kingdom) at a 1:500 dilution, followed by the HRP-labeled
anti-rabbit or anti-mouse IgG secondary antibodies (NA-934 and NA-931, Amersham
Biosciences Corp., Piscataway, NJ, USA). Antigen-antibody complexes were detected by
enhanced chemiluminescence using ClarityTM Western ECL Substrate (170-5060, Bio-Rad
Laboratories, Hercules, CA, USA). Chemiluminescent signals were detected conventionally
on an X-ray film or digitally by using a C-Digit Blot Scanner (LI-COR Biosciences, Lin-
coln, NE, USA). After detection, the membranes were stripped and reprobed for β-actin
using anti-β-actin antibody at a dilution of 1:2000 (sc-47778, Santa Cruz Biotechnology Inc.,
Dallas, TX, USA). Blots were quantified by using the inbuilt software on the C-Digit Blot
Scanner (LI-COR Biosciences, Lincoln, NE, USA).

2.10. Statistics

Results are expressed as mean ± SD. At least three independent experiments were
performed for all in vitro studies. Statistical analyses were performed with GraphPad
Prism software (v.8.01, San Diego, CA, USA). The Shapiro–Wilk test was performed to
assess the normality of the distribution. All data passed the normality and equal variance
tests, therefore parametric tests were used to determine p values. Statistically significant
differences between two groups were assessed using a two-tailed Student’s t-test. Compar-
isons between more than two groups were carried out by one-way ANOVA followed by
Tukey’s multiple comparisons test. To compare each of a number of treatment groups with
a single control group, we performed a one-way ANOVA followed by Dunnett’s post hoc
test. A value of p < 0.05 was considered significant.

3. Results
3.1. Phosphate and Ca Synergistically Induce ECM Mineralization and Cell Death in VICs

To set up an in vitro model of aortic valve calcification, we used human primary
VICs that morphologically displayed characteristics of both fibroblasts and smooth mus-
cle cells (Figure 1a). To induce calcification, we cultured human VICs in a calcification
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medium that was supplemented with different concentrations of P (0–2.5 mmol/L) and Ca
(0–1.2 mmol/L). ECM calcification was evaluated by AR staining after 7 days of treatment
(Figure 1b,c). We found that P and Ca synergistically and dose-dependently induced ECM
calcification in VICs. Then we measured Ca levels in HCl-solubilized ECM samples, which
confirmed the results of the AR staining (Figure 1d). The combination of 2.5 mmol/L P and
0.3 mmol/L Ca resulted in about a 5-fold elevation in the ECM Ca content over the control
(0.20 ± 0.03 vs. 1.10 ± 0.13 mg Ca/mg protein) (Figure 1d), whereas the 2.0 mmol/L P
and 0.6 mmol/L media triggered an about 8.5-fold increase. The calcification of VIC cells
reached its maximum in the presence of the 0.6 mmol/L Ca and 2.5 mmol/L P media
(Figure 1d). A further increase in the amount of Ca resulted the loss of P-sensitivity and
yielded maximum calcification regardless of the P concentration (Figure 1d). Previously,
calcification of VICs has been associated with apoptotic cell death [33], therefore next
we investigated the effect of P- and Ca-driven osteogenic stimulation on cell viability.
We observed that excess P and Ca triggered cell death synergistically in a dose-dependent
manner, resulting in a substantial decrease in the viability of VICs when the Ca concen-
tration exceeded 0.6 mmol/L and the P levels were higher than 2 mmol/L (Figure 1e).
These results suggest that excess P and Ca induce cell death and Ca deposition in the ECM
of VICs. RUNX2 is the master transcription factor of osteogenic differentiation. There-
fore, we investigated whether osteogenic stimuli (OM) upregulated RUNX2 expression.
We found that OM (2.5 mmol/L Pi and 0.3 mmol/L Ca) increased RUNX2 expression about
4-fold (Figure 1f).
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Figure 1. Osteogenic stimuli induce extracellular matrix mineralization and Ca deposition of valve interstitial cells (VICs). 
(a–f) Confluent VICs (passage number 5–8) were maintained in growth medium (GM) or in osteogenic medium (OM) 
obtained by supplementing growth medium (GM) with phosphate (P) (0–2.5 mmol/L) and Ca (0–1.2 mmol/L). (a) Bright-
field microscope image of human VICs in passage number 5, 100x magnification. (b,c) Ca deposition in the extracellular 
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Figure 1. Osteogenic stimuli induce extracellular matrix mineralization and Ca deposition of valve interstitial cells (VICs).
(a–f) Confluent VICs (passage number 5–8) were maintained in growth medium (GM) or in osteogenic medium (OM)
obtained by supplementing growth medium (GM) with phosphate (P) (0–2.5 mmol/L) and Ca (0–1.2 mmol/L). (a) Bright-
field microscope image of human VICs in passage number 5, 100× magnification. (b,c) Ca deposition in the extracellular
matrix (ECM) was evaluated by Alizarin Red (AR) staining after 7 days of treatment. Representative images of stained
plates from three independent experiments and quantification are shown. (d) Ca content of the HCl-solubilized ECM is
presented. (e) Cell viability was determined by MTT assay after 7 days of treatment. (f) Protein expression of RUNX2 was
determined from whole cell lysates (24 h). Membranes were reprobed for β-actin. Representative Western blots and relative
expression of RUNX2 normalized to β-actin from three independent experiments are shown. Results are presented as
mean ± SD of three independent experiments performed in triplicate. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001.
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3.2. Heme Inhibits P- and Ca-Induced ECM Calcification and Osteogenic Transdifferentiation of VICs

To induce VIC calcification without triggering massive cell death, we set up the
P and Ca concentrations to 2.5 mmol/L and 0.3 mmol/L respectively, and used this
supplementation to the osteogenic medium (OM) in all further experiments. To investigate
the effect of heme on VIC calcification, we treated the VICs with OM in the presence of
various concentrations of heme (1–50 µmol/L). First, we assessed ECM calcification by AR
staining and observed that heme strongly inhibited VIC calcification in a dose-dependent
manner (Figure 2a). Heme at a concentration of 10 µmol/L reached its maximal inhibitory
effect based on AR staining quantification (Figure 2a). Then we evaluated how heme
influenced ECM Ca levels. Heme at a concentration of 1 µmol/L already inhibited OM-
induced calcification significantly (2.02 ± 0.10 vs. 1.21 ± 0.31 mg Ca/mg protein) and
higher concentrations have even more profound effects (Figure 2b).
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Figure 2. Heme inhibits OM-induced calcification of VICs in a dose-dependent manner. (a–d) Con-
fluent VICs (passage number 5–8) were maintained in GM or OM (2.5 mmol/L P and 0.3 mmol/L 
Ca) in the absence or presence of heme (1–50 µmol/L). (a) Representative AR staining and quantifi-
cation (day 5) are shown from three independent experiments. (b) Ca content of the HCl-solubil-
ized ECM is presented (day 5). Data are expressed as mean ± SD of three independent experiments 

Figure 2. Heme inhibits OM-induced calcification of VICs in a dose-dependent manner. (a–d) Con-
fluent VICs (passage number 5–8) were maintained in GM or OM (2.5 mmol/L P and 0.3 mmol/L Ca)
in the absence or presence of heme (1–50 µmol/L). (a) Representative AR staining and quantification
(day 5) are shown from three independent experiments. (b) Ca content of the HCl-solubilized ECM is
presented (day 5). Data are expressed as mean ± SD of three independent experiments performed in
triplicate. (c) Protein expression of ALP was determined from whole cell lysates (72 h). Membranes
were reprobed for β-actin. Representative Western blots and relative expression of ALP normalized to
β-actin from three independent experiments are shown. Data are expressed as mean ± SD. (d) OCN
levels were determined in EDTA-solubilized ECM samples by ELISA (day 5). Results are presented
as mean ± SD of three independent experiments performed in duplicate. * p < 0.05, ** p < 0.01,
*** p < 0.005, **** p < 0.001.

Osteogenic stimulation triggers the trans-differentiation of VICs to osteoblast-like
cells. This process can be monitored by the detection of certain osteoblast-specific proteins
including ALP and OCN. Therefore, next we investigated the effect of heme on the expres-
sion of these markers. Osteogenic stimulation with OM triggered an about 1.5-fold increase
in the expression of ALP as compared to control VICs (GM) (Figure 2c). This increase was
blunted in the presence of heme at the concentration of 5, 10, and 25 µmol/L (Figure 2c).
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Next, we determined the level of OCN, a typical Ca-binding non-collagenous bone-matrix
protein, in the ECM of the VICs. The OCN level of OM-treated VICs were about 10-fold
higher than in the controls (GM) (Figure 2d). This increase was completely diminished in
the presence of heme at a concentration of 10 and 25 µmol/L (Figure 2d).

3.3. Induction of the Nrf2/HO-1 Axis by Heme in VICs

Nrf2, the transcription factor that controls the expression of numerous antioxidant
genes, has been implicated in vascular pathologies. Based on previous studies, upregula-
tion of the Nrf2 system attenuates high P-induced calcification of VSMCs [20–22]. Because
heme is a known inducer of Nrf2 in various cell types, first we investigated whether heme
induces the expression of Nrf2 in VICs. Heme at a concentration of 50 µmol/L induced an
about 4-fold increase in the Nrf2 mRNA level (4 h) (Figure 3a). Nrf2 regulates the expres-
sion of HO-1, a protein with diverse anti-oxidant and anti-inflammatory actions. Therefore,
we investigated whether the heme-mediated upregulation of Nrf2 was accompanied by
increased expression of HO-1. As we expected, heme induced a strong and dose-dependent
upregulation of HO-1 mRNA (4 h) expression in VICs (Figure 3b). Then we assessed the
Nrf2 and HO-1 protein expressions (12 h) in heme-treated VICs. Every applied concen-
tration of heme (5–50 µmol/L) triggered an about 2.5-fold increase in the expression of
Nrf2 compared to the control (GM) (Figure 3c). Additionally, we observed a strong and
dose-dependent upregulation of HO-1 in heme-treated VICs (Figure 3c).
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Figure 3. Heme induces Nrf2 and HO-1 in VICs. (a-c) VICs (passage number 5–8) were cultured in
GM or OM in the absence or presence of heme (5–50 µmol/L). (a,b) Nrf2 and HO-1 mRNA levels
were measured by real time RT-PCR (4 h). (c) Protein expression of Nrf2 and HO-1 was determined
from whole cell lysates (12 h). Membranes were reprobed for β-actin. Representative Western blots
and relative expression of Nrf2 and HO-1 normalized to β-actin from three independent experiments
are shown. Results are presented as mean ± SD of three independent experiments performed in
triplicate. ** p < 0.01, **** p < 0.001.
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3.4. Anti-Calcification Effect of Heme Requires Integrity of the Nrf2/HO-1 Axis

We investigated whether the induction of the Nrf2/HO-1 system played a critical role
in the heme-mediated inhibition of VIC calcification. Our first approach was to inhibit the
transcriptional activity of Nrf2 with the well-characterized inhibitor ML385. We induced
calcification of the VICs with OM in the presence or absence of heme (10 µmol/L) and in
the presence or absence of ML385 (10 µmol/L). To assess calcification, we performed AR
staining on day 5 (Figure 4a). As we expected, heme completely inhibited OM-induced
VIC calcification in the absence of ML385 (Figure 4a). In contrast, in the presence of ML385,
heme lost its ability to inhibit the OM-induced calcification of VICs (Figure 4a), suggesting
that the transcriptional activity of Nrf2 was necessary for the anti-calcification effect of
heme. Moreover, we found that OM triggered stronger calcification in the presence of
ML385, highlighting the protective role of Nrf2 in P and Ca-induced VIC calcification
(Figure 4a). We confirmed these results with the evaluation of ECM Ca levels (Figure 4b).
We found higher Ca levels in the ECM of cells that were treated with ML385, heme,
and OM compared to the cells that were treated with ML385 and OM (2.66 ± 0.54 vs.
1.66 ± 0.12 mg Ca/mg protein) (Figure 4b).
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Figure 4. Inhibition of Nrf2 or HO-1 diminishes the anti-calcification effect of heme. (a,b) VICs
(passage number 5–8) were pretreated with vehicle or ML385 (10 µmol/L) for 3 h. (c,d) VICs were
pretreated with vehicle, SnPP (10 µmol/L), or ZnPP (10 µmol/L) for 3 h. (a–d) After the pretreatment,
cells were maintained in GM, OM, or OM supplemented with heme (10 µmol/L). (a,c) Representative
AR staining from three experiments and quantification (day 5) are shown. (b,d) The Ca content of the
HCl-solubilized ECM is presented (day 5). Data are expressed as mean ± SD of three independent
experiments performed in triplicate. * p <0.05, ** p <0.01, **** p <0.001.
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Then we investigated the role of HO-1 in the anti-calcification effect of heme. We in-
duced calcification of the VICs with OM in the presence of heme and the pharmacological
inhibitors of HO-1 enzyme activity SnPP and ZnPP. Heme (10 µmol/L) completely inhibited
OM-induced ECM calcification in the absence of HO-1 inhibitors (Figure 4c). In contrast,
in the presence of either SnPP (10 µmol/L) or ZnPP (10 µmol/L), heme lost its ability to
inhibit OM-induced VIC calcification (Figure 4c). To confirm these results, we measured
the Ca content of HCl-solubilized ECM. The Ca level of heme-treated VIC was decreased
significantly compared to those of the OM-treated cells, and this decrease was completely
lost in the presence of HO-1 inhibitors (Figure 4d). These results suggests that intact
HO-1 enzyme activity is needed for the anti-calcification effect of heme.

3.5. Heme Degradation Products Possess Anti-Calcification Activities

The inhibition of HO-1 activity impairs the anti-calcification effect of heme, which
suggests the possibility that heme degradation products are responsible for the inhibitory
effects of heme. HO-1-catalized heme degradation yields biliverdin, which is promptly con-
verted to bilirubin (BR) by biliverdin reductase (BVR), iron (Fe), and CO (Figure 5a). There-
fore, next we investigated the effect of BR, Fe, and CO on VIC calcification. We induced
ECM calcification in the VICs with OM in the presence or absence of BR (5–50 µmol/L),
Fe (5–50 µmol/L), and CO administered as CORM2 (5–50 µmol/L). As shown by AR stain-
ing performed on day 5, all the three heme degradation products exhibited dose-dependent
anti-calcification potential (Figure 5b–d). We confirmed these results by measuring the Ca
content of solubilized ECM. BR, Fe, and CO inhibited osteogenic stimulation-induced Ca
accumulation in the ECM of VICs. BR at a 50 µmol/L concentration completely inhibited
OM-induced calcification, whereas Fe and CO provided partial protection (Figure 5e–g).

Next, we investigated the effect of the heme degradation products on the levels of
OCN in the ECMs of OM-stimulated VICs (Figure 5h). Osteogenic stimulation (OM)
triggered an about 80-fold increase of OCN in the ECM of VICs as compared to controls
(GM) (0.037 ± 0.016 vs. 3.025 ± 0.304 ng/mg protein) (Figure 5h). This increase was totally
abolished in the presence of heme and BR, and it was partially inhibited by Fe and CO at a
concentration of 50 µmol/L (Figure 5h). Then, we evaluated the mRNA levels of SOX9,
a transcription factor involved in the osteochondrogenic trans-differentiation of VICs,
and OPN, a bone-related glycoprotein (Figure 5i,j). Heme and BR inhibited OM-induced
increases in both the SOX9 and OPN mRNA expressions, whereas Fe and CO did not
exhibit such a protective effect (Figure 5i,j).
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donor (CORM; 5-50 µmol/L) for 5 days. (b–d) Ca deposition in the ECM was evaluated after 5 
days by AR staining. Representative images of stained plates from three independent experiments 
and quantification are shown. (e–g) Ca content of HCl-solubilized ECM is shown. (h–j) VICs were 
maintained in GM, OM, or OM supplemented with heme (H, 25 µmol/L), BR (50 µmol/L), Fe (50 
µmol/L), or CORM (50 µmol/L). (h) OCN levels were determined in EDTA-solubilized ECM sam-
ples by ELISA (day 5). (i,j) SOX9 and OPN mRNA levels were measured by real time RT-PCR (72 
h). Data are expressed as mean ± SD of three independent experiments performed in triplicate. * p 
< 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001. 
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Figure 5. The effect of bilirubin, iron, and CO on the calcification of VICs. (a) Schematic of HO-
1-catalyzed heme degradation. (b–g) VICs (passage number 5–8) were maintained in GM, OM,
or OM supplemented with (b,e) bilirubin (BR; 5-50 µmol/L), (c,f) iron (Fe; 5-50 µmol/L), or (d,g)
CO donor (CORM; 5-50 µmol/L) for 5 days. (b–d) Ca deposition in the ECM was evaluated after
5 days by AR staining. Representative images of stained plates from three independent experiments
and quantification are shown. (e–g) Ca content of HCl-solubilized ECM is shown. (h–j) VICs were
maintained in GM, OM, or OM supplemented with heme (H, 25 µmol/L), BR (50 µmol/L), Fe (50
µmol/L), or CORM (50 µmol/L). (h) OCN levels were determined in EDTA-solubilized ECM samples
by ELISA (day 5). (i,j) SOX9 and OPN mRNA levels were measured by real time RT-PCR (72 h).
Data are expressed as mean ± SD of three independent experiments performed in triplicate. * p < 0.05,
** p < 0.01, *** p < 0.005, **** p < 0.001.

3.6. Ferritin Mimics the Inhibitory Effect of Heme on VIC Calcification

Heme degradation by HO-1 leads to the release of free iron from the heme moiety
and the subsequent upregulation of ferritin (FT), the key molecule in iron storage. Be-
cause FT has many beneficial effects in vascular pathology, we investigated its role in
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VIC calcification. First, we evaluated the protein expressions of both ferritin subunits,
FTH (ferritin heavy/heart) and FTL (ferritin light/liver). Heme at a concentration of
5 µmol/L upregulated the expressions of both FTH and FTL by about 15-fold and 20-fold,
respectively (Figure 6a). Then we addressed whether ferritin could inhibit OM-induced
VIC calcification. We administered ferritin as a holoprotein and assessed calcification by AR
staining and ECM Ca measurement. Both methods demonstrated that holo-FT completely
inhibits OM-induced calcification at a concentration of 100 µg/mL (Figure 6b,c).
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expressed as mean ± SD from three independent experiments performed in triplicate. * p < 0.05, ** 
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Nrf2 is encoded by the nuclear factor erythroid-derived 2-like 2 gene, a basic-leucine 

zipper-like transcription factor belonging to the Cap‘n’Collar subfamily [34]. Nrf2 is a 
stress-responsive transcription factor that regulates the expression of more than 250 genes 
encoding cytoprotective, antioxidant, and phase II-detoxifying enzymes in order to limit 
oxidative stress and maintain cellular homeostasis [34].  

HO-1 is one of the classic Nrf2-regulated genes. HO-1 catalyzes the degradation of 
heme, a molecule with pro-oxidant and pro-inflammatory properties, into compounds 
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Figure 6. Ferritin mimics the effect of heme in inhibiting the mineralization of VICs. (a) VICs (passage
number 5–8) were treated with GM or OM, in the absence or presence of heme (1–50 µmol/L) for
12 h. Expression of H and L chains of ferritin (FTH and FTL) were determined by Western blot.
Immunoblots were reprobed with β-actin and are representative of three independent experiments.
(b,c) VICs were treated with GM and OM, in the presence or absence of ferritin (1–1000 µg/mL) for
5 days. (b) Representative AR staining out of three independent experiments and quantification (day 5)
are shown. (c) Ca content of HCl-solubilized ECM is shown. Results are expressed as mean ± SD from
three independent experiments performed in triplicate. * p < 0.05, ** p < 0.01, **** p < 0.001.

4. Discussion

Nrf2 is encoded by the nuclear factor erythroid-derived 2-like 2 gene, a basic-leucine
zipper-like transcription factor belonging to the Cap‘n’Collar subfamily [34]. Nrf2 is a
stress-responsive transcription factor that regulates the expression of more than 250 genes
encoding cytoprotective, antioxidant, and phase II-detoxifying enzymes in order to limit
oxidative stress and maintain cellular homeostasis [34].

HO-1 is one of the classic Nrf2-regulated genes. HO-1 catalyzes the degradation of
heme, a molecule with pro-oxidant and pro-inflammatory properties, into compounds with
anti-oxidant and anti-inflammatory features, such as CO and bilirubin [23]. Heme degrada-
tion by HO-1 is associated with the upregulation of ferritin, the key iron storage protein that
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keeps liberated heme-iron in a redox inactive state [35]. Recently, Olkowitz et al. reported
increased expression of HO-1 in calcified aortic valves [32], therefore here we investigated
the role of the Nrf2/HO-1 pathway in valve calcification.

The Ca x P product is the most predictive parameter in the prevalence of valve
calcification in CKD patients [36]. We therefore used a cellular model of valve calcification
in which we induced calcification in VICs with an osteogenic medium containing elevated
levels of P and Ca (Figure 1). In agreement with previous reports, we found that elevated
level of P and Ca induced ECM calcification in VICs [37]. The effect of P and Ca was
dose-dependent and synergistic, and extensive Ca accumulation in the ECM of VICs was
associated with cell death (Figure 1).

To induce the Nrf2/HO-1 pathway, we used heme, the ubiquitous iron compound
with well-known deleterious effects in vascular pathology. Heme largely amplifies oxidant-
mediated cell death in endothelial cells (ECs), due to its ability to catalyze the Haber–Weiss
reaction, in which highly reactive hydroxyl radicals are formed [26,38]. Heme can also harm
ECs indirectly by triggering the oxidative modification of low-density lipoprotein [24].
Additionally, heme activates toll-like receptor 4, and the nuclear factor kappa B (NF-κB)
signaling pathway in ECs, leading to endothelial activation and dysfunction, charac-
terized by the production of vascular adhesion molecules, pro-inflammatory cytokines,
and ROS [39–41]. Heme also triggers the activation of the nucleotide-binding domain,
the leucine-rich repeat-containing family, and the pyrin domain containing 3 (NLRP3)
inflammasome [42].

Recent evidence has proven that NF-κB activation and the excessive production of
ROS are important mediators of vascular calcification [17,43–47]. Based on these facts,
one can assume that heme would trigger vascular calcification. Surprisingly, we found the
opposite: heme is a potent inhibitor of VIC calcification (Figure 2). Our results revealed that
heme inhibits ECM calcification and the expression of osteoblast markers, ALP, and OCN
in OM-stimulated VICs, in a dose-dependent manner (Figure 2). Previously, Zarjou et al.
found a similar effect of heme on the P-induced calcification of VSMCs in vitro [48]. Further
studies are needed to address the effect of heme on vascular and valvular calcification
in vivo.

The Nrf2/HO-1 pathway is a potent anti-oxidant and anti-inflammatory pathway,
and we hypothesized that its induction might explain the anti-calcification effect of heme.
To address this possibility, first we demonstrated that heme induces the Nrf2/HO-1 system
in VICs (Figure 3). Moreover, we found that heme lost its anti-calcification potential upon
the pharmacological inhibition of Nrf2 in VICs (Figure 4). Our data is in agreement with
previous reports in which the importance of Nrf2 to VSMCs calcification was demon-
strated. There are numerous endogenous, natural, and pharmacological activators of
Nrf2. Studies have shown that many different Nrf2 inducers, including hydrogen sulfide,
rosmarinic acid, dimethyl fumarate, and resveratrol inhibit high P-induced VSMC calcifi-
cation [20,49–52]. The activation of the Nrf2 signaling pathway prevents high P-induced
calcification by inducing autophagy and limiting ROS production [22,53]. Additionally,
the mitochondria-targeted anti-oxidant mitoquinone attenuates vascular calcification by
suppressing oxidative stress and reducing the apoptosis of VSMCs through Nrf2 activa-
tion [54].

Here we demonstrated that Nrf2-regulated HO-1, the inducible enzyme responsible for
heme degradation, is highly upregulated in heme-treated VICs. Because of the protective
nature of heme degradation products, we studied whether HO-1 enzyme activity was
necessary for the inhibitory action of heme. We observed that heme lost its anti-calcification
effects in the presence of the HO-1 inhibitors ZnPP and SnPP (Figure 4). A similar effect
was observed on osteoblast mineralization, where heme inhibited the maturation and
mineralization of osteoblasts, while a blockade of HO-1 activity by ZnPP antagonized
the inhibitory action of heme [55]. Heme degradation by HO-1 yields CO, free iron,
and biliverdin, the latter of which is converted promptly to bilirubin by biliverdin reductase.
CO is an important signaling molecule, mainly due to its propensity of binding to Fe2+
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centers in heme proteins [56,57]. The iron released during heme catabolism is a pro-oxidant,
but its harmful effect is controlled by the FT, and mainly the FTH, that is co-expressed
with HO-1 [58]. A slight elevation of bilirubin, the third product of heme catabolism,
is associated with cardiac and vascular protection, and it decreased all-cause mortality in
adults [59–61].

Here we demonstrated that all the three products of heme catabolism attenuated
calcium accumulation in the ECM of OM-induced VICs. Among them, bilirubin was the
most powerful inhibitor of VIC calcification (Figure 5). Additionally, bilirubin inhibited
the OM-induced upregulation of SOX9 and OPN to a similar extent as heme (Figure 5).
Previously, Zarjou et al. showed that heme inhibits VSMC calcification and identified iron
and FTH as the main regulators of this process [48]. Therefore, we also examined the role
of FT in VIC calcification, and found that FT was a powerful anti-calcification agent in
VICs, which mimics the inhibitory effects of heme and iron (Figure 6). The concentration
of extracellular FT in serum is below 500 ng/mL in healthy adults that far below the
FT concentration that we used in this study (1–1000 µg/mL). Extracellular FT is taken
up through specific receptors found on liver cells, human lymphocytes, erythroblasts,
adipocytes, and on various cell lines [62], but we lack information about FT uptake by VICs.
Further studies are needed to investigate whether VICs take up extracellular FT, and to
determine whether the inhibitory effect of FT is driven by the iron dissociated from it.

The phenotype switch of VSMCs and VICs into osteoblast-like cells is the underlying
cellular mechanism in vascular and valve calcification, respectively. This process shows
remarkable similarities to the differentiation of mesenchymal stem cells (MSCs) into os-
teoblasts. Growing evidence suggests that the activation of the Nrf2/HO-1 axis influences
osteogenesis. Interestingly, Yoon et al. found that proper Nrf2 signaling is required for
maintaining the stemness and self-renewal capability of MSCs, and that blocking the nu-
clear translocation of Nrf2 decreases the osteogenic differentiation potential of MSCs [63].
The overexpression of HO-1 was found to be associated with the increased osteogenic
and decreased adipogenic differentiation potential of MSCs [64]. Regarding the effect
of iron, Balogh et al. showed that excess iron inhibits the osteogenic differentiation of
MSCs through the induction of FT [65], and Zarjou et al. showed that high iron decreases
osteoblast activity and ECM calcification by increasing FTH expression and ferroxidase
activity [66].

5. Conclusions and Future Perspective

To conclude, the data reported in the present study suggest that the heme-mediated
activation of the Nrf2/HO-1 pathway inhibits the calcification of VICs. Heme triggers the
upregulation of HO-1 and, subsequently, FT in VICs. The anti-calcification effect of heme
is attributed to the end-products of HO-1-catalyzed heme degradation, and the FT that is
induced by the iron released during heme catabolism.

There are pharmacological options for the upregulation of HO-1. For example a
previous study demonstrated that the intravenous administration of heme arginate, a drug
used in the treatment of acute porphyrias, induces HO-1 in the human heart [67]. Fur-
ther studies are needed to investigate whether the pharmacological upregulation of the
Nrf2/HO-1 system or the therapeutic application of heme degradation products could
inhibit cardiovascular calcification in vivo.
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Abbreviations

ALP Alkaline phosphatase
AR Alizarin red
BMP2 Bone morphogenetic protein 2
BR Bilirubin
BVR Biliverdin reductase
CAVS Calcific aortic valve stenosis
CKD Chronic kidney disease
CO Carbon monoxide
CORM2 CO releasing molecule 2
DPBS Dulbecco’s Phosphate Buffered Saline
DMEM Dulbecco’s modified eagle medium
DMSO Dimethyl-sulfoxide
ECM Extracellular matrix
EDTA Ethylenediamine-tetraacetic acid
FT, FTH, FTL Ferritin, ferritin heavy chain, ferritin light chain
GM Growth medium
HBSS Hank’s Balanced Salt Solution
HPRT Hypoxanthine-guanine phosphoribosyltransferase
HO-1 Heme oxygenase-1
Keap1 Kelch-like ECH-associated protein 1
MSCs Mesenchymal stem cells
MTT 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide
Nrf2 Nuclear factor erythroid 2-related factor 2
NLRP3 Nucleotide-binding domain and leucine-rich repeat-containing family and

pyrin domain containing 3
OCN Osteocalcin
OD Optical density
OPN Osteopontin
OM Osteogenic medium
P Phosphate
PCR Polymerase chain reaction
ROS Reactive oxygen species
RUNX2 Runt-related transcription factor 2
SnPP Tin protoporphyrin IX
SOX9 Sry-related HMG box-9
VSMCs Vascular smooth muscle cells
VICs Valvular Interstitial Cells
ZnPP Zinc protoporphyrin IX
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For decades plaque neovascularization was considered as an innocent feature of advanced
atherosclerotic lesions, but nowadays growing evidence suggest that this process triggers
plaque progression and vulnerability. Neovascularization is induced mostly by hypoxia,
but the involvement of oxidative stress is also established. Because of inappropriate
angiogenesis, neovessels are leaky and prone to rupture, leading to the extravasation of
red blood cells (RBCs) within the plaque. RBCs, in the highly oxidative environment of
the atherosclerotic lesions, tend to lyse quickly. Both RBC membrane and the released
hemoglobin (Hb) possess atherogenic activities. Cholesterol content of RBC membrane
contributes to lipid deposition and lipid core expansion upon intraplaque hemorrhage.
Cell-free Hb is prone to oxidation, and the oxidation products possess pro-oxidant
and pro-inflammatory activities. Defense and adaptation mechanisms evolved to cope
with the deleterious effects of cell free Hb and heme. These rely on plasma proteins
haptoglobin (Hp) and hemopexin (Hx) with the ability to scavenge and eliminate free Hb
and heme form the circulation. The protective strategy is completed with the cellular heme
oxygenase-1/ferritin system that becomes activated when Hp and Hx fail to control free Hb
and heme-mediated stress. These protective molecules have pharmacological potential in
diverse pathologies including atherosclerosis.

Keywords: atherosclerosis, intraplaque hemorrhage, red blood cell lysis, hemoglobin oxidation, haptoglobin,

hemopexin, heme-oxygenase, ferritin

INTRODUCTION
Complications of cardiovascular disease, and in particularly lumi-
nal thrombosis triggered by rupture of atherosclerotic lesions,
are the leading cause of mortality and morbidity worldwide. Not
all the plaques are prone to rupture, only the vulnerable ones,
characterized by thin fibrous cap. Recently, plaque neovascular-
ization and intraplaque hemorrhage (IPH) have been linked to
plaque progression and vulnerability and these processes gained
substantial interest (reviewed in Moreno et al., 2012).

In this review we briefly summarize what is known regarding
the triggers of neovascularization and IPH. We overview the fate
of red blood cells (RBCs) in the highly oxidative environment of
the atherosclerotic plaque, and discuss the defense and adaptation
mechanisms which have evolved to control the deleterious effects
of cell free Hb.

NEOVASCULARIZATION IN ATHEROSCLEROTIC LESIONS
Oxygen and nutrients are diffused from the vessel lumen into
the intimal and medial cells of healthy vessels, while the outer
layers of media and the adventitia are nurtured by the cap-
illary network of vasa vasorum (Moreno et al., 2006, 2012).
Neovascularization, that is the growth of capillary-like microves-
sels into the thickened media and intima, has long been consid-
ered as a prominent feature of late-stage atherosclerotic plaques

(O’Brien et al., 1994). Nowadays growing evidence support that in
fact neovascularization is present in early atherosclerotic lesions
(Jeziorska and Woolley, 1999) particularly when the thickness of
the tunica intima exceeds the maximum oxygen diffusion distance
that is ∼200–250 μm (Geiringer, 1951; Torres Filho et al., 1994;
Moulton et al., 1999).

Hypoxia as a trigger of plaque neovascularization
Hypoxia, a condition when oxygen tension drop below its normal
level in the particular tissue (20–100 mmHg), is a long-recognized
stimulus for angiogenesis (Knighton et al., 1983). Using oxygen
microelectrodes or specific hypoxia markers, hypoxia of the mid-
region of the atherosclerotic plaques was demonstrated in various
animal models (Jurrus and Weiss, 1977; Zemplenyi et al., 1989;
Crawford and Blankenhorn, 1991; Bjornheden et al., 1999). In
humans, the presence of hypoxic milieu in advanced atheroscle-
rotic lesions of carotid arteries was also shown (Sluimer et al.,
2008). As a consequence of hypoxia, switch from aerobic to anaer-
obic metabolism, characterized by glucose and ATP depletion and
lactate accumulation, occurs in both human and experimental
atheroma (Levin et al., 2003; Leppanen et al., 2006). Recently
it has been shown that both sustained and intermittent hypoxia
accelerates the progression of atherosclerosis in apolipoprotein E
(apoE) deficient mice (Nakano et al., 2005; Jun et al., 2010).
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Hypoxia-inducible factor-1 (HIF-1) pathway is the major
mediator of the biological effects of hypoxia (Wang and Semenza,
1995). HIF-1 is active exclusively as a heterodimer of HIF-1α

and HIF-1β subunits. While HIF-1β is stable, the level of HIF-
1α is regulated by oxygen (Wang et al., 1995). Under normoxia,
HIF-1α subunits are hydroxylated by the Fe2+-dependent prolyl
hydroxylases (PHD) followed by ubiquitination and subsequent
degradation by the proteasome (Maxwell et al., 1999; Ivan et al.,
2001). In contrast, under hypoxia PHDs are inactive and HIF-
1α subunits are no longer degraded. This allows the formation
of the active HIF-1 heterodimer, which then translocate into the
nucleus, binds to the hypoxic response elements and initiates
transcription of target genes (Wenger et al., 2005). These genes
are involved in the adaptation of the organism to hypoxic condi-
tion, such as vascular endothelial growth factor (VEGF) that has
a pivotal role in angiogenesis (Forsythe et al., 1996).

Expression of HIF-1α is increased in deep and less-
vascularized layers of human carotid and femoral endarterectomy
specimens (Vink et al., 2007; Higashida et al., 2008). Increased
HIF-1 alpha expression is associated with elevated level of VEGF
suggesting that HIF-1 pathway is active and most probably play a
role in neoangiogenesis in these hypoxic regions of the atheroscle-
rotic plaques (Vink et al., 2007; Higashida et al., 2008; Gao et al.,
2012).

Inflammation and ROS as triggers of plaque neovascularization
Although hypoxia is by far the most studied angiogenic factor,
recent discoveries highlighted the role of reactive oxygen species
(ROS) that are implicated in both physiological and patholog-
ical angiogenesis under normoxic conditions (reviewed in Kim
and Byzova, 2014). ROS activates the HIF-1/VEGF pathway that
serves as the major underlying mechanism of ROS-mediated
angiogenesis. Additionally, recent discoveries highlighted the
role of toll-like receptors (TLR) behind angiogenic activity of
ROS. The activation of various TLR receptors (TLR2, TLR3,
TLR4, TLR2/6) can lead to angiogenesis in both HIF-1/VEGF-
dependent and HIF-1/VEGF-independent manners (Leibovich
et al., 2002; Pollet et al., 2003; Grote et al., 2010; Paone et al.,
2010; Spirig et al., 2010) (reviewed in Bordon, 2010). For exam-
ple activation of TLR4 by lipopolysaccharide activates the HIF-1
pathway (Vink et al., 2007), whereas activation of TLR2 by its
novel endogenous ligand, ω-(2-carboxyethyl) pyrrole, leads to an
angiogenic response that is independent of VEGF (West et al.,
2010).

Besides its direct angiogenic potential, ROS have been impli-
cated in the generation of lipid oxidation products with proangio-
genic activities, such as oxidized phospholipids that can be found
in large amounts in atherosclerotic lesions (Bochkov et al., 2006;
West et al., 2010; Hutter et al., 2013).

Physiological and pathological angiogenesis
Angiogenesis in general is fundamental for development and
repair. It was proposed that physiologic angiogenesis can serve
as a defense mechanism in atherosclerosis to compensate tis-
sue hypoxia and restore homeostasis in the vessel wall (Moreno
et al., 2006). Theoretically neovessels could provide channels for
immune cells and bone marrow-derived progenitors to resolve

inflammation and facilitate repair of the diseased vessel, respec-
tively. It was also postulated that physiological angiogenesis con-
tributes to the elimination of accumulated lipids from the intima
(Moreno et al., 2006). Regardless of these potential beneficial
effects, growing body of evidence suggest that plaque neovascu-
larization correlates with the progression of atherosclerosis and
neovessel density was found to be an independent risk factor for
aortic plaque rupture (McCarthy et al., 1999; Moreno et al., 2004).
Many studies revealed that inhibition of angiogenesis with dif-
ferent approaches reduces plaque growth (Moulton et al., 1999,
2003; Luttun et al., 2002; Petrovan et al., 2007; Drinane et al.,
2009; Bot et al., 2011), whereas stimulation of angiogenesis with
VEGF or nicotine results in elevated lesion progression in exper-
imental atherosclerosis (Celletti et al., 2001; Heeschen et al.,
2001). The observed disadvantageous effects of plaque neovascu-
larization might be explained by pathological angiogenesis that
proceeds in an uncontrolled manner, and results the formation of
an abnormal neovessel structure.

Neovessles can originate from three sources. Sprouting of the
adventitial vasa vasorum in response to angoigenic stimuli is the
most widely accepted mechanism of neovessel formation. Besides
vasa vasorum, luminal endothelial cells, or recruitment and dif-
ferentiation of vascular progenitor cells inside the plaque can be
involved in the formation of neovessels (reviewed in Galis and
Lessner, 2009). Regardless of their origin, plaque neovessels differ
both anatomically and in their response to different stimuli from
the normal vessels (Ritman and Lerman, 2007). Neovessels are
dysmorphic and characterized by discontinuous basement mem-
brane and a relatively low number of tight junctions between
endothelial cells (Heistad et al., 1981; Dunmore et al., 2007;
Sluimer et al., 2009). Moreover these premature vessels are rel-
atively poor in smooth muscle cells or pericytes (Kolodgie et al.,
2003). Consequently, neovessels are leaky and unable to control
intraluminal pressure therefore they are prone to rupture (Zhang
et al., 1993; Sluimer et al., 2009).

INTRAPLAQUE HEMORRHAGE
Continuous leakage or rupture of immature neovessels leads to
extravasation of RBCs within plaques which process is defined as
IPH. IPH is present in about 40% of high-risk plaques (Kockx
et al., 2003). Recently IPH has been linked to plaque progression
and vulnerability and nowadays is considered as a critical event
in triggering atherosclerosis-associated acute clinical symptoms
(Michel et al., 2011). Different theories evolved about the molec-
ular mechanisms via which IPH contribute to plaque progression.

RBC membrane-derived cholesterol as a trigger for lipid core
expansion and inflammation
The casual relationship between elevated cholesterol level and
atherosclerosis is known for more than 60 years. Early atheroscle-
rotic lesions are characterized by subendothelial accumulation of
cholesterol-laden macrophages called foam-cells. During plaque
progression foam cells dye and release free cholesterol that
deposits inside the plaque forming the necrotic core a char-
acteristic feature of more advanced lesions (Lusis, 2000). For
decades low-density lipoprotein (LDL) was considered as the
main source of atherosclerotic plaque lipid content, and lowering
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circulating LDL-cholesterol level is still a major approach for
anti-atherosclerotic therapies (Sahebkar and Watts, 2013).

Recently it has been shown that in human atherosclerotic
lesions cholesterol crystals are co-localized with glyophorin A, a
characteristic protein of RBC membrane, suggesting that choles-
terol content of RBC membrane contributes to lipid deposi-
tion and lipid core expansion upon IPH (Kolodgie et al., 2003,
2007). In fact, RBC membrane is particularly abundant in choles-
terol (Yeagle, 1985). RBCs are not able to synthetize lipids, but
there is an active exchange between RBC membrane lipids and
plasma lipoproteins. Therefore lipid composition of RBC mem-
brane reflects plasma lipoprotein levels. For example it has been
shown that familial hypercholesterolemia is associated with ele-
vated RBC membrane-associated cholesterol (Koter et al., 2002)
and that high-fat diet increase membrane lipid content of RBCs in
experimental animal models (Bhandaru et al., 1982; Ivanov et al.,
1991; Tziakas et al., 2013). Accordingly, lipid lowering strategies
such as statin treatment and life-style changes have been shown
to positively modulate RBC lipid composition which might con-
tribute to the atheroprotective effects of these approaches (Tynan
et al., 1995; Koter et al., 2002; Caspar-Bauguil et al., 2010; Tziakas
et al., 2013).

The direct evidence that RBC contribute to lesion progres-
sion is provided by the experiment of Kolodgie et al. in which
they injected packed RBCs directly into quiescent atherosclerotic
lesions in rabbit aortas. RBC injection triggered the enlargement
of necrotic core and formation of free cholesterol crystals along
with excessive macrophage infiltration (Kolodgie et al., 2003).

Inflammation has a fundamental role in mediating all stages
of atherosclerosis (Libby, 2002). Discoveries of the last 20 years
made us to understand that besides pathogen-associated molec-
ular patterns (PAMPs) several endogenous molecules, called
danger- or damage-associated molecular patterns (DAMPs) can
activate cellular receptors leading to downstream inflammation
(Matzinger, 1994, 2002). Rajamaki et al. showed that choles-
terol crystals serve as DAMPs and cause the activation of the
NLRP3 [nucleotide-binding domain leucine-rich repeat contain-
ing (NLR) family, pyrin domain containing 3] inflammasome
in macrophages (Rajamaki et al., 2010). Activation of NLRP3
inflammasome by cholesterol crystals leads to the activation of
cytoplasmic caspase-1 that promotes maturation and secretion
of the proinflammatory cytokine IL-1β (Rajamaki et al., 2010)
and thus link altered cholesterol metabolism and inflammation
in atherosclerotic lesions.

RBC lysis, Hb release and Hb oxidation upon IPH
While compartmentalized in RBCs oxidation of Hb is controlled
by a highly effective antioxidant defense system including enzy-
matic (Cu/Zn superoxide dismutase, catalase, glutathione per-
oxidase, and peroxiredoxins) and non-enzymatic (glutathione)
scavengers (Siems et al., 2000; Jeney et al., 2013). Upon IPH RBCs
enter to the highly oxidative milieu of atherosclerotic lesion, the
“death zone” that contains cytotoxic products of lipid peroxida-
tion such as lipid hydroperoxides, aldehydes, and carbonyls (Li
et al., 2006). The high occurrence of IPH prompted us to study
the interaction of RBC and atheroma lipids. We revealed that
these reactive lipids, extracted from human atheroma trigger the

lysis of RBCs (Figure 1) (Nagy et al., 2010). Oxidized LDL and
cumene hydroperoxide mimic the effect of plaque lipid extract on
RBC lysis (Nagy et al., 2010). Moreover, enzymatic conversion of
lipid-hydroperoxides to lipid-alcohols by glutathione/glutathione
peroxidase causes significant inhibition of RBC lysis triggered
by oxLDL and plaque lipids highlighting the critical role of
lipid-hydroperoxides in RBC lysis (Nagy et al., 2010).

Hb once outside the protective environment of RBC is prone
to oxidation (Figure 1). Auto-oxidation of Hb occurs resulting
in metHb generation meanwhile superoxide anions are formed
(Table 1, equation 1). Peroxides, such as H2O2 can trigger a
two-electron oxidation of Hb leading to the formation of ferryl
(Fe4+ = O−

2 ) Hb (Table 1, equation 2), whereas the reaction of
metHb with H2O2 yields ferrylHb radical (Hb·+(Fe4+ = O−

2 )) in
which the unpaired electron is associated with the globin or the
porphyrin ring (Table 1, equation 3) (Harel and Kanner, 1988;
Patel et al., 1996; Alayash et al., 2001; Jia et al., 2007).

The generated high-valence iron compounds are highly reac-
tive intermediates that can decay by several routes (Reeder et al.,
2008). FerrylHb can trigger further production of globin radicals
via an intramolecular electron transfer between the ferryl iron
and specific amino acid residues such as αTyr-24, αTyr-42, αHis-
20, βTyr-35, βTyr-130, and βCys-93 of the globin chains resulting
the formation of metHb globin radical (Table 1, equation 4)
(Ramirez et al., 2003; Deterding et al., 2004; Jeney et al., 2013).
Termination reactions of globin- and porphyrin-centered radicals
lead to the formation of globin-globin (Table 1, equation 5) or
porphyrin-globin crosslinks. The common feature of these struc-
turally heterogeneous molecules is the modification of the globin
chain. The nomenclature of these molecules is not concise in these
days. Nevertheless, along this review in order to distinguish from
metHb and ferrylHb—in which only the oxidation state of heme
iron is altered but no globin modification is present—we will
refer to those globin-modified molecules as oxidatively modified
Hb (oxHb).

Studying the interaction of Hb and atheroma lipids, we
observed a severe oxidation of Hb leading to the generation
of metHb and oxHb (Figure 1). Moreover, we revealed signif-
icant accumulation of metHb and oxHb within human com-
plicated atherosclerotic lesions—covalently cross-linked globin-
globin multimers, and dityrosine formation occurs upon IPH—
suggesting that the above-mentioned reactions take place in such
lesions (Nagy et al., 2010; Jeney et al., 2013). We suggested that
oxidation of Hb in the atherosclerotic plaque might be triggered
by reactive lipid mediators (Figure 1). Besides atheroma lipids
oxLDL was also shown to cause oxidation of cell-free Hb, pro-
ducing metHb as well as ferrylHb and oxHb (Tynan et al., 1995;
Nagy et al., 2005; Potor et al., 2013). Oxidation of Hb provoked
by reactive lipid mediators can be inhibited by the heme scaveng-
ing Hx and by the elimination of lipid hydroperoxides, suggesting
that interactions between the heme moiety and the hydroperoxide
group drive the oxidation (Jeney et al., 2013).

Extracellular Hb, oxidized Hb species and heme as triggers of lipid
peroxidation and endothelial damage
Oxidative modification of LDL and endothelial damage are key
elements of atherogenesis. More than 20 years ago Balla et al.
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FIGURE 1 | Deleterious effects and defense mechanisms triggered by

extracellular hemoglobin and its oxidation products upon intraplaque

hemorrhage. Interactions between RBCs and plaque lipids lead to lysis of
erythrocytes and release of Hb. Extracellular Hb by reacting with plaque lipids
undergo rapid oxidation to metHb and oxHb. MetHb and oxHb release their
heme moieties that possess pro-oxidant and pro-inflammatory properties.
OxHb is a strong pro-inflammatory agonist which effect is independent of
heme release. As an atheroprotective mechanism in response to Hb stress
Mhem macrophages polarization occurs. Hp binding Hb but not oxHb
attenuates Hb oxidation and their uptake by Mhem macrophages results in

heme catabolism. Heme liberated from MetHb and oxHb can be captured by
hemopexin (Hx). Hx inhibits catalytic activity of heme, and after internalization
of Hx:heme complex heme is catabolized. Induction of heme oxygenase-1
(HO-1) and ferritin in vascular cells in response to such and insult (Hb, oxHb,
heme, lipid oxidation) provides inhibition of oxidant damage and
inflammation. HO-1 degrades heme into biliverdin, CO and iron which is
sequestered by ferritin. Products of HO-1 mediated heme degradation: CO
and biliverdin—that is readily converted to bilirubin—possess different
antioxidant and anti-inflammatory properties. Additionally, ferritin inhibits
vascular calcification.

showed that heme, the prosthetic group of Hb, is a very efficient
trigger of LDL oxidation in vitro and suggested that it might be
a physiological mediator of LDL oxidation in vivo (Balla et al.,
1991a). We also showed that heme greatly amplifies oxidant-
mediated endothelial damage (Balla et al., 1990, 1991b). Several
lines of evidence support, that these heme-triggered events have
etiopathogenic roles in diverse vascular pathologies, including
atherosclerosis (Balla et al., 2007). Deficiency of the heme-
catabolizing enzyme, heme oxygenase-1 (HO-1), in humans was
found to be associated with elevated plasma heme levels, exten-
sive LDL oxidation, severe endothelial damage and accelerated
atherosclerosis (Yachie et al., 1999; Jeney et al., 2002; Kawashima
et al., 2002; Radhakrishnan et al., 2011). The role of HO-1 in
atherogenesis was also examined in animal models. It has been
shown that overexpression of HO-1 in apoE deficient mice inhibit
lesion formation (Juan et al., 2001), whereas HO-1 deficiency is
associated with accelerated atherosclerosis in apoE deficient mice
(Yet et al., 2003). In heme-mediated LDL oxidation a unique
oxidation product, 5-hydroxy-2-amino valeric acid (HAVA) is
formed (Julius and Pietzsch, 2005). HAVA is a hallmark of heme-
mediated LDL oxidation, because other known triggers of LDL
oxidation, such as HOCl, H2O2 alone or in combination with
Cu2+ or Fe2+ induce no or minor HAVA formation (Julius and
Pietzsch, 2005). HAVA levels in LDL was found to be elevated
in patients with impaired glucose tolerance and with diabetes

mellitus suggesting that heme-mediated LDL oxidation occurs in
these patients (Julius and Pietzsch, 2005).

Not only free heme, but metHb and oxHb trigger LDL oxi-
dation and sensitize endothelial cells to oxidant-mediated killing
(Balla et al., 1993; Paone et al., 2010; Potor et al., 2013). These
Hb species readily release heme moiety (Bunn and Jandl, 1968),
which step is of crucial importance in mediating their effect
(Figure 1). This notion is supported by the observation that
restriction of heme release using different approaches, such as
binding of Hb to Hp or strengthening the globin-heme binding,
inhibits the deleterious effects of these Hb species (Balla et al.,
1993; Jeney et al., 2002; Nagy et al., 2010; Potor et al., 2013).

Extracellular Hb, oxidized Hb species and heme as modulators of
inflammation
Inflammation is an important etiopathogenic component of
atherogenesis, and several evidence suggest that cell free Hb,
oxidized Hb species and heme possess specific immunomodula-
tory activities (Figure 1). Hemolytic or hemorrhagic episodes are
often associated with inflammation even in the absence of infec-
tious agents (Arruda et al., 2005; Gram et al., 2013). Vascular
endothelium, that provides a barrier between blood and tis-
sue has a critical role in the inflammatory response mainly by
inducing the leukocyte adhesion cascade to facilitate transmi-
gration of inflammatory cells to the inflamed tissue. Endothelial

Frontiers in Physiology | Oxidant Physiology October 2014 | Volume 5 | Article 379 | 4

dc_1976_21

Powered by TCPDF (www.tcpdf.org)

http://www.frontiersin.org/Oxidant_Physiology
http://www.frontiersin.org/Oxidant_Physiology
http://www.frontiersin.org/Oxidant_Physiology/archive


Jeney et al. Atherogenic activity of extracellular hemoglobin

Table 1 | Routes of hemoglobin oxidation.

Formed species

Hb(Fe2+)O2 → Hb(Fe3+) + O•−
2 Methemoglobin

Hb(Fe2+)O2 + H2O2→ Hb(Fe4+ = O−
2 ) +

H2O + O2

Ferrylhemoglobin

Hb(Fe3+) + H2O2 → Hb•+(Fe4+ = O−
2 ) +

H2O
Ferrylhemoglobin globin
radical

Hb(Fe4+ = O−
2 ) + 2H+ → Hb•+(Fe3+) +

H2O
Methemoglobin globin radical

Hb•+(Fe3+) + Hb•+(Fe3+) → (Fe3+)
+Hb-Hb+(Fe3+)

Covalently cross-linked
methemoglobin multimer

Auto-oxidation of Hb generates metHb and superoxide anions (equation 1).

H2O2 triggers a two-electron oxidation of Hb leading to the formation of ferryl

(Fe4+ = O−
2 ) Hb (equation 2). The reaction of metHb with H2O2 yields ferrylHb

radical (Hb·+(Fe4+ = O−
2 )) in which the unpaired electron is associated with the

globin or the porphyrin ring (equation 3). FerrylHb can trigger further produc-

tion of globin radicals via an intramolecular electron transfer between the ferryl

iron and specific amino acid residues of the globin chains resulting the forma-

tion of metHb globin radical (equation 4). Termination reactions of globin- and

porphyrin-centered radicals lead to the formation of globin-globin (equation 5)

crosslinks.

cells when exposed to heme or oxHb up-regulate the expres-
sion of adhesion molecules: intracellular adhesion molecule-1
(Icam-1), vascular cell adhesion molecule-1 (Vcam-1) and E
selectin (Wagener et al., 1997; Silva et al., 2009). Comparing
to heme, oxHb is a more robust inducer of this inflamma-
tory response, as one-tenth of oxHb provoke the same response
as heme. Also, the mechanism of oxHb-triggered inflammatory
response seems to be different from the one that heme ini-
tiates. OxHb mediated inflammatory response is independent
of heme release, which notion is supported by the observa-
tion that metHb that can release heme moiety similarly to
oxHb has no pro-inflammatory properties (Figure 1) (Silva et al.,
2009). Additionally, endothelial cells exposed to oxHb show
rearrangement of the actin cytoskeleton leading to disruption
of the endothelial cell monolayer, intercellular gap formation
and increased permeability of the monolayer, which did not
occur upon heme exposure (Silva et al., 2009). Both heme and
oxHb have been shown to induce inflammation in mice, with
the notion that oxHb seems to be a 10-times more potent
agonist than heme (Wagener et al., 2001; Silva et al., 2009).
Both heme and oxHb are chemotactic for neutrophils when
injected into the peritoneal cavity of mice, but again, oxHb is
a much stronger chemotactic agent compared to heme (Porto
et al., 2007; Silva et al., 2009). Importantly, heme and oxHb-
mediated inflammatory responses do not share a common sig-
naling pathway, as heme mediated response has been shown to be
TLR4-depenedent (Figueiredo et al., 2007; Belcher et al., 2014),
whereas oxHb acts on a TLR4-independent manner (Silva et al.,
2009).

Macrophages are considered to be the major immune cell
type involved in atherogenesis. These macrophages originate from

blood monocytes which are attracted to the subendothelial space.
The plaque microenvironment dictates the differentiation of these
cells functionally diverse phenotypes. Besides the most extensively
studied M1 and M2 subtypes, several other macrophage popula-
tions have been identified in atherosclerotic plaques (reviewed in
Leitinger and Schulman, 2013; Vinchi et al., 2014). Boyle et al.
recently identified a novel hemorrhage-associated macrophage
phenotype (Mhem, HA-mac) in human hemorrhaged atheroscle-
rotic plaques (Boyle et al., 2009). It has been demonstrated that
polarization of these Mhem macrophages is driven by Hb bound
to its endogenous scavenger Hp (Boyle et al., 2009; Finn et al.,
2012). The major function of Mhem macrophages is the safe elim-
ination of cell free Hb from the plaque, therefore they highly
express CD163, the receptor for uptake of Hb:Hp complex and
HO-1, the rate limiting enzyme of heme catabolism (Boyle et al.,
2009, 2012). Moreover, Mhem differentiation prevents foam cell
formation via decreased lipid uptake and increased cholesterol
efflux (Finn et al., 2012). All of these properties can contribute
to the atheroprotective nature of these Mhem macrophages
(Figure 1).

DEFENSE AND ADAPTATION MECHANISMS
Extracellular Hb and heme are harmful therefore efficient mecha-
nisms have evolved to control their deleterious effects (Figure 1).
The plasma acute phase proteins Hp and Hx are in the first line of
defense upon intravascular hemolysis. The protective strategy is
completed with the HO-1/ferritin system that could serve as the
last line of defense and become activated when the Hp and Hx
cannot control free Hb and heme mediated stress (Figure 1). The
pharmacological potential of these molecules emerged recently
to neutralize the adverse effects of Hb and heme in diverse
pathologies (Durante, 2010; Schaer et al., 2013a).

Control of free Hb by Hp
Hp is present in plasma in high amounts (0.41–1.65 mg/ml)
with the exclusive recognized function of capturing and chap-
eroning cell free Hb to macrophages for degradation (Figure 1)
(reviewed in Alayash, 2011). Hp binding accelerates the elimina-
tion of circulating Hb through the CD163 macrophage scavenger
receptor-mediated endocytosis (Kristiansen et al., 2001). The
Hp:Hb complex is highly stable and protects Hb from H2O2-
induced oxidation (Miller et al., 1997; Buehler et al., 2009;
Pimenova et al., 2010; Banerjee et al., 2012; Potor et al., 2013;
Schaer et al., 2013b). Recent resolution of the crystal structure
of the porcine Hp:Hb complex revealed that Hb residues known
to be prone to oxidative modifications are buried in the Hp:Hb
interface thereby explaining the protective effect of Hp against
H2O2-induced oxidation (Andersen et al., 2012). Hp binding not
just provide structural stabilization of Hb but also inhibits heme
transfer from Hb toward LDL or vascular endothelial cells (Balla
et al., 1993; Nagy et al., 2010; Schaer et al., 2013b).

In humans there are two alleles for the Hp gene resulting
3 different genotypes Hp1-1, Hp2-1 and Hp2-2 (reviewed in
Goldenstein et al., 2012) accompanied by structurally differ-
ent proteins. This molecular heterogeneity of Hp was found
to be associated with cardiovascular diseases. Many clinical
observations revealed that the Hp2-2 genotype is a risk factor
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for cardiovascular complications in diverse patient populations
(reviewed in Costacou and Levy, 2012), however the attempt
to understand the underlying mechanisms lead to controversial
results. It has been demonstrated that Hp1-1 is more efficient
in blocking heme transfer from Hb to LDL or endothelial cells
than Hp2-2 (Melamed-Frank et al., 2001; Bamm et al., 2004)
but recently it was reported that the two proteins are equally
efficient (Lipiski et al., 2013). Furthermore, Hp2-2:Hb complex
was found to be associated with higher functional affinity for the
macrophage scavenger receptor CD163 than the Hp1-1:Hb com-
plex (Kristiansen et al., 2001), though other group observed the
opposite (Asleh et al., 2003).

Nevertheless, the protective effect and the therapeutic poten-
tial of Hp in various hemolytic models has been reported
(reviewed in Schaer et al., 2013a), but whether Hb scavenging by
Hp acts in an atheroprotective manner remained to be elucidated.

Control of free hem by Hx
Upon excessive hemolysis Hp is consumed, causing accumula-
tion and oxidation of cell-free Hb that eventually lead to the
release of heme. Hx is an acute-phase plasma protein that binds
heme with the highest affinity of any known heme-binding pro-
teins (Hrkal et al., 1974). Hx-heme complexes are internalized
via the scavenger receptor LDL receptor-related protein 1/CD91
(Hvidberg et al., 2005) mainly by hepatocytes and macrophages
(Figure 1) (Herz and Strickland, 2001). Following endocytosis
heme is degraded by HO-1 and iron is stored by ferritin (Alam
and Smith, 1989). Although it is well-established that Hx bind-
ing inhibits the catalytic activity of heme in oxidative reactions
including LDL oxidation (Figure 1) (Gutteridge and Smith, 1988;
Vincent et al., 1988; Balla et al., 1991a), its role in atherogenesis
remained to be elucidated.

Larsen et al. showed that Hx can be used therapeutically
to attenuate heme-mediated tissue damage upon severe sepsis
in mice (Larsen et al., 2010). Following this study the protec-
tive nature of Hx has been shown in different hemolytic mice
models, in which administration of Hx improved cardiac func-
tion of those mice (Vinchi et al., 2013). These studies raise
the possibility of Hx-based therapeutics in the treatment of
diverse pathologies in which heme-mediated tissue damage play
an etiopathogenetic role.

The HO-1 ferritin system
Cells exposed to free heme or heme-releasing Hb species, i.e.,
metHb and oxHb up-regulate HO-1 and ferritin (Figure 1) (Balla
et al., 1992a,b; Nath et al., 1992; Potor et al., 2013). These pro-
teins provide cellular and tissue protection in diverse pathologies.
The mechanism of cytoprotection by HO-1 was recently reviewed
(Gozzelino et al., 2010), and it relies on the ability of HO-1 to
degrade heme into biliverdin—that is promptly converted into
biliverdin—carbon-monoxide (CO) and iron (Tenhunen et al.,
1968). The subsequent upregulation of ferritin is essential to
obtain the protective effect, as it can store the released iron in a
catalitically inactive form (Balla et al., 1992b). Additionally, the
side-products of heme degradation—bilirubin and CO—exert
various antioxidant and anti-inflammatory properties (Gozzelino
et al., 2010).

Many lines of evidences support the atheroprotective nature of
HO-1 in humans and in experimental atherosclerosis (reviewed
in Vinchi et al., 2014). Recently it has been shown that HO-
1 not simply slow down, but reverse plaque progression from
a vulnerable plaque to a more stable phenotype (Cheng et al.,
2009).

Autopsy examinations of human atherosclerotic lesions
revealed that HO-1 expression correlates with plaque instabil-
ity and the level of pro-inflammatory markers. This might be
explained by the stress responsive nature of HO-1. Initial induc-
tion of HO-1 expression may act as a compensatory atheroprotec-
tive mechanism, whereas at later stages HO-1 expression reflects
oxidative stress, inflammation and tissue damage.

Upregulation of HO-1 in atherosclerotic lesions generally
appears to coincide with ferritin induction in vitro (Juckett et al.,
1995; Pang et al., 1996). The increased expression of ferritin
also reflects cellular response to heme or heme-iron generated
lipid peroxidation products (Agarwal et al., 1996; Hill-Kapturczak
et al., 2003). Such induction correlates with the oxidative insult
imposed by reactive oxygen and iron. The mechanism by which
ferritin provides cytoprotection relies on the ferroxidase activity
of H-ferritin subunit (Balla et al., 1992b). Beyond cytoprotection,
ferritin serves as a regulator for cell proliferation, inflammation
and vascular calcification (Figure 1) (reviewed in Crawford and
Blankenhorn, 1991; Zarjou et al., 2009).

Impaired defense mechanisms in the atherosclerotic lesion
The elimination of cell-free Hb and heme by Hp and Hx is well
characterized in hemolytic pathologies where Hb is released into
the circulation. But our knowledge is quite limited when Hb is
released from RBC outside of the circulatory system. Hp and Hx
are plasma proteins and their penetration into the deeper com-
partments of atherosclerosic plaque might be limited. This could
be particularly true for Hp2-2 that is a large molecule thereby
its restricted diffusion may explain the apparent association of
the Hp2-2 genotype with more severe symptoms in different
pathologies.

Following IPH oxidation of Hb occurs, leading to the for-
mation of structurally altered (e.g., covalently cross-linked) Hb
species. It was hypothesized that these structural changes might
be associated with the impairment of the endogenous scaveng-
ing pathways. Recent studies have revealed that elimination of
oxidized Hb species via both high-affinity and low-affinity path-
ways are severely compromised (Schaer et al., 2006; Vallelian et al.,
2008).

Impaired defense mechanisms following IPH might limit the
clearance of extracellular Hb and heme from the atheroscle-
rotic plaque thereby this could be a new etiopathogenic factor to
address in details in the future.

Control of free heme in extravascular sites by α-1 microglobulin
(A1M)
A1M is a small glycoprotein that is found ubiquitously in all
tissues. Recently it has been demonstrated that A1M can bind
small molecules in its hydrophobic pocket, scavenge free radi-
cals and possesses reductase activity. Based on these features A1M
plays a crucial role in tissue housekeeping (reviewed in Akerstrom
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and Gram, 2014). Importantly, heme is a major ligand for A1M
that can bind heme with high affinity and degrade it (Allhorn
et al., 2002). The protective effect of A1M against Hb/heme-
mediated oxidative stress has been shown in different in vitro
models (Olsson et al., 2008, 2011). Moreover, recently it was
demonstrated that A1M infusion attenuates Hb-induced kidney
damage in rats (Sverrisson et al., 2014). Based on these proper-
ties, we can assume that A1M plays a beneficial role upon IPH by
neutralizing and eliminating radicals, oxidants and free heme, but
this hypothesis and the potential therapeutic potential of A1M
needs to be tested in the future.

CONCLUSIONS
In the last decade, our understanding of atherosclerotic plaque
progression and vulnerability underwent a fundamental revision,
and neovascularization accompanied by IPH shifted from being
an innocent bystander to a pathogenic event that plays a critical
role in atherogenesis.

Extravasation of RBCs into the plaque is of crucial importance
in triggering IPH-associated reactions. RBC membrane lipids
contribute to plaque expansion, whereas cell-free Hb and its oxi-
dation products are strong pro-oxidants and pro-inflammatory
agonists targeting cell types with major roles in atherogenesis,
such as vascular endothelial cells and macrophages. Systemic and
cellular defense strategies to cope with extracellular Hb and its
oxidation products might not be efficient or sufficient enough to
control the deleterious effects of these molecules deep inside the
atherosclerotic plaque, the “death zone.”

Comprehensive understanding the role of neovascularization,
IPH and Hb release and oxidation on atherogenesis may lead to
the development of novel therapeutics intended to interrupt these
pathological events.
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Iron accumulates in human atherosclerotic lesions but whether it is a cause or simply
a downstream consequence of the atheroma formation has been an open question for
decades. According to the so called “iron hypothesis,” iron is believed to be detrimental for
the cardiovascular system, thus promoting atherosclerosis development and progression.
Iron, in its catalytically active form, can participate in the generation of reactive oxygen
species and induce lipid-peroxidation, triggering endothelial activation, smooth muscle
cell proliferation and macrophage activation; all of these processes are considered
to be proatherogenic. On the other hand, the observation that hemochromatotic
patients, affected by life-long iron overload, do not show any increased incidence
of atherosclerosis is perceived as the most convincing evidence against the “iron
hypothesis.” Epidemiological studies and data from animal models provided conflicting
evidences about the role of iron in atherogenesis. Therefore, more careful studies
are needed in which issues like the source and the compartmentalization of iron will
be addressed. This review article summarizes what we have learnt about iron and
atherosclerosis from epidemiological studies, animal models and cellular systems and
highlights the rather contributory than innocent role of iron in atherogenesis.

Keywords: atherosclerosis, iron, hemoglobin, heme, intraplaque hemorrhage, LDL, oxidative stress, macrophages

INTRODUCTION
A ROLE FOR IRON IN ATHEROSCLEROSIS: THE “IRON HYPOTHESIS”
The correlation between iron and heart disease was initially pro-
posed by Sullivan in 1981. According to his “iron hypothesis,” iron
overload promotes cardiovascular disease, while on the contrary,
sustained iron depletion/deficiency exerts a primary protective
effect against ischemic heart disease. This theory, continually
debated for more than 30 years, was based on the observation
that male gender is associated with higher risk of cardiovascu-
lar disease, but that the protective effect in women is diminished
after menopause (Sullivan, 1981, 1989). Based on results from the
Framingham study (Kannel et al., 1976), Sullivan first hypoth-
esized that the regular menstrual loss of iron, rather than the
effect of estrogen, protects women against coronary heart disease
(CHD). The failure of postmenopausal estrogen replacement to
prevent coronary events further supported the iron hypothesis
and its link to gender differences in atherosclerosis (Hulley et al.,
1998).

The presence of redox-active iron, as well as high expres-
sion levels of H- and L-ferritin in human atherosclerotic lesions
provided indirect support for the iron hypothesis (Smith et al.,
1992; Pang et al., 1996). L-ferritin levels are increased in coro-
nary arteries from patients with coronary artery disease (CAD),
indicating that iron accumulates in atherosclerotic plaques (You
et al., 2003). Additionally, cholesterol levels in lesions correlate
with iron deposits (Stadler et al., 2004). Within the plaque, iron

deposition and ferritin induction may be observed in endothelial
cells and macrophages in early human lesions, and additionally in
vascular smooth muscle cells (VSMCs) in late lesions.

Iron accumulates in human atherosclerotic lesions (Sullivan,
2009) via different mechanisms. Under normal conditions iron
circulates in the bloodstream bound to its carrier protein trans-
ferrin (Tf). However, non-transferrin bound iron (NTBI) may be
generated during chronic iron overload disorders such as sickle
cell disease, thalassemia and transfusional iron overload (Brissot
et al., 2012). NTBI is thought to be easily accessible to many cell
types within the plaque, likely accumulating in endothelial cells,
macrophages, and VSMCs (Figure 1).

Iron can enter into the atherosclerotic lesion in the form of free
hemoglobin (Hb), that is released upon intravascular hemolysis
or intraplaque hemorrhage (Kolodgie et al., 2003). Intraplaque
hemorrhage originates from leaky neovessels invading the intima
from the vasa vasorum as the intima thicken, and contributes
significantly to the enlargement of the necrotic core (Sakakura
et al., 2013). Increasing evidence indicates that plaque neovascu-
larization and vasa vasorum density accompanied by intraplaque
hemorrhage is a strong marker for plaque vulnerability (Moreno
et al., 2004; Carlier et al., 2005; Virmani et al., 2005; Michel et al.,
2011; Sakakura et al., 2013). Following intraplaque hemorrhage,
red cells can be taken up by macrophages or they burst extracellu-
larly releasing free Hb. Hb is prone to oxidation, especially in the
highly oxidative milieu of the atheroma leading to the formation
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FIGURE 1 | A role for iron in atherosclerotic lesions. Iron accumulates in
the plaque either as inorganic or hemoglobin-bound iron. Inorganic iron in part
derives from circulating transferrin (Tf)-bound iron and non-transferrin-bound
iron (NTBI). NTBI is generated in chronic iron overload conditions, such as in
iron-loading anemia, hereditary hemochromatosis or secondary
hemochromatosis due to blood transfusions. Circulating NTBI is accessible to
many cell types in the atherosclerotic plaque: endothelial cells,
monocytes/macrophages, and vascular smooth muscle cells (VSMCs).

Hemoglobin- and heme-derived iron can access the plaque upon intravascular
hemolysis and intraplaque hemorrhage, affecting endothelial cells and
macrophages. Hemoglobin (Hb), heme and iron promote endothelial
activation, by enhancing adhesion molecule expression. As a consequence,
monocyte recruitment is expected to be increased. Circulating iron and Hb
oxidize LDLs, thus enhancing subendothelial LDL retention and macrophage
progression to foam cells. Iron also affects VSMC proliferation and migration
into the lesion, favoring plaque progression.

of metHb and higher oxidation states such as ferrylHb, which
can release heme (Figure 1). Altogether, Hb oxidation products,
heme and iron exert pro-oxidant and pro-inflammatory effects
targeting different cellular (i.e., endothelial cells, smooth muscle
cells, macrophages) and acellular components (i.e., low-density
lipoprotein, LDL) of the atherosclerotic vessel wall (Figure 1).

The finding that human atherosclerotic plaques contain redox-
active iron, that could promote free radical formation and lipid
peroxidation, further suggested a role for iron in atherosclero-
sis that may be eventually responsible for progressive oxidative
damage in atherosclerotic lesions. This review article summarizes
our current knowledge about the role of Hb, heme, and iron in
atherosclerosis by discussing the results of epidemiological stud-
ies, and observations in animal models and cellular experiments.

ALTERED IRON HOMEOSTASIS AND ATHEROSCLEROSIS:
EPIDEMIOLOGICAL STUDIES, HUMAN CASES
CORRELATION BETWEEN MARKERS OF IRON STORES AND
DEVELOPMENT OF CAD
To evaluate whether iron accumulation in the atherosclerotic
plaque is a cause, rather than a consequence, of cardiovascu-
lar disease, several epidemiological and perspective studies were
conducted since the nineties and many are still ongoing.

The results of several human studies strongly suggested a rela-
tionship between body iron levels and atherosclerosis. According
to these epidemiological studies, high systemic iron levels, moni-
tored by serum ferritin levels or transferrin saturation, positively
correlated with increased risk of myocardial infarction (Salonen
et al., 1992; Morrison et al., 1994; Tuomainen et al., 1998;
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Holay et al., 2012) cardiovascular disease (Rajapurkar et al.,
2011), peripheral arterial disease (PAD) (Menke et al., 2009), and
mortality rates (Lauffer, 1990). This association was stronger in
men with high serum LDL levels, suggesting a synergistic role of
high iron and high LDL levels (Salonen et al., 1992; Morrison
et al., 1994). Finally, a clear proatherogenic role for iron was sug-
gested by the observation that a 10 mg/L increase in serum ferritin
level raised the probability of having at least two atherosclerotic
plaques by 3% (Ahluwalia et al., 2010).

Body iron stores correlated with asymptomatic carotid
atherosclerosis in healthy men (Syrovatka et al., 2011), an associ-
ation becomes even more evident in symptomatic atherosclerosis.
Plaques from symptomatic patients showed higher iron concen-
trations, signs of cap rupture and increased cap macrophage
activity compared with asymptomatic plaques (Gustafsson et al.,
2013). This suggests that the presence of iron in carotid plaques
positively correlates with plaque vulnerability for rupture.

Additionally, the description of serum ferritin levels as a risk
indicator of carotid lesion progression highlights a clear associa-
tion between atherosclerosis progression and iron stores (Kiechl
et al., 1997).

In agreement with this, serum iron levels directly correlate
with cardiovascular disease severity. Serum iron levels were sig-
nificantly higher in patients with severe atherosclerosis compared
to those showing normal, mild, and moderate sings of CADs,
thus further strengthening the hypothesis that high iron lev-
els could affect atherosclerosis severity (Bagheri et al., 2013).
Collectively, these epidemiological studies clearly identified high
body iron levels as a risk factor for atherosclerosis and cardiovas-
cular diseases.

Serum ferritin levels are frequently used to assess body
iron status but increasing evidence suggests that this parame-
ter additionally serves as a more general marker of inflamma-
tion (Kalantar-Zadeh et al., 2004; Manousou et al., 2011). Thus,
some studies evaluated the relationships between serum ferritin,
inflammatory cytokines and cardiovascular disease (Haidari et al.,
2001; Depalma et al., 2010). Ferritin levels positively correlated
with IL-6 and C-reactive protein (hsCRP) levels and were higher
in patients that died of acute myocardial infarction vs. survivors,
further supporting a rationale for measurement of ferritin levels
in patients with atherosclerosis.

BLOOD DONATION AND THE RISK OF CAD
The incidence of atherosclerosis in premenopausal women was
less than half of that observed in men of the same age (Kiechl
and Willeit, 1999). The sex difference disappeared within 5
years after menopause, likely due to increased body iron stores.
According to these observations, in 1991 Sullivan proposed that
blood donation could prevent cardiovascular disease (Sullivan,
1991). Several studies confirmed the cardiovascular protective
effect of blood donation. Blood donation was positively associ-
ated with a reduced risk of cardiovascular disease, in particu-
lar in non-smoking men with high serum LDL levels (Meyers
et al., 1997, 2002; Tuomainen et al., 1997; Salonen et al., 1998).
This result was in agreement with the iron hypothesis, accord-
ing to which the protective effect of blood donation would
be more pronounced in men that have a higher body iron

load than women. A first randomized clinical trial (FeAST)
showed that phlebotomy resulted in clinical benefits and reduc-
tion of death in young patients affected by PAD (Sullivan
and Katz, 2007; Zacharski et al., 2007). High-frequency blood
donation was associated with reduced body iron stores and
improved vascular function and blood pressure, reduced oxida-
tive stress, improved markers of cardiovascular risk in blood
donors (Zheng et al., 2005; Houschyar et al., 2012). These find-
ings are complemented by the observation that endothelial dys-
function is attenuated by iron chelation in patient with CAD
(Duffy et al., 2001). Altogether these findings suggest that iron
depletion, by blood donation or iron chelation, significantly low-
ers the risk of cardiovascular disease, thus supporting the iron
hypothesis.

ASSOCIATION OF IRON OVERLOAD AND CAD IN HEMOCHROMATOSIS
If the iron hypothesis is correct, individuals with iron overload
would be expected to show an increased risk and incidence of car-
diovascular diseases, thus being optimal study model to test the
validity of the hypothesis.

An interesting observation comes from the study of American
blacks that compared to American whites and Hispanics are well
known for higher ferritin levels throughout their entire life, likely
explained by nutritional and genetic factors rather than increased
iron intake (Zacharski et al., 2000). Interestingly, the incidence
of CHD is higher in African–American than in white men and
women (Gillum et al., 1997; Sacco et al., 1998), suggesting an
association between body iron and cardiovascular disease.

Hereditary hemochromatosis (HH) is a genetic disorder asso-
ciated with progressive iron overload, resulting in oxidative stress
and organ failure. HH is more common among individuals of
Northern European descent and is caused by inherited muta-
tions in proteins implicated in iron transport and regulation, such
as the upstream regulators of hepcidin, the human hemochro-
matosis protein (HFE), hemojuvelin, transferrin receptor (TfR)-
2, as well as hepcidin and ferroportin (FPN) (Hentze et al.,
2010).

Hemochromatotic patients show vascular dysfunction and
increased expression of adhesion molecules that positively cor-
relates to iron overload and NTBI levels (Gaenzer et al., 2002;
Kartikasari et al., 2006; Van Tits et al., 2007). These patients fur-
ther show functional and structural alterations in midsize muscle
arteries. In particular, arterial wall thickness is increased before
the onset of cardiovascular complications, suggesting that this
is an early abnormality in HH. This alteration is reverted by
phlebotomy-induced iron depletion, which can also improve the
endothelium-dependent vasodilation and the initial radial artery
wall stiffening associated with HH (Failla et al., 2000; Gaenzer
et al., 2002).

Different cohort studies reported a significantly greater risk
of myocardial infarction, cerebrovascular mortality and cardio-
vascular mortality in carriers of the HFE mutation (Cys282Tyr)
(Roest et al., 1999; Tuomainen et al., 1999; Rasmussen et al.,
2001). Additionally, patients with genetic hemochromatosis have
significant eccentric hypertrophy of the radial artery, although
not showing arterial hypertension or evidence of cardiovascular
disease.
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In contrast to the above reported studies, others failed to
find an association between hemochromatosis and the pres-
ence or frequency of atherosclerosis and did not succeed in
establishing a link between body iron stores and cardiovascu-
lar diseases in human populations (Miller and Hutchins, 1994;
Sullivan and Zacharski, 2001; Munoz-Bravo et al., 2013). The
disagreement among epidemiological studies may result from
variations in the validity and reliability of the indicators of iron
status. Additionally, the magnitude of the relative risk associated
with iron overload might be small, thus the association being
obscured by stronger risk factors. Further prospective and experi-
mental studies are needed to confirm the association between the
iron status and atherosclerosis.

THE “REFINED IRON HYPOTHESIS”: A PROTECTIVE ROLE FOR
IRON-DEPLETED MACROPHAGES IN ATHEROSCLEROSIS
Controversial results from epidemiological studies investigating
different types of atherosclerotic events and using various mark-
ers for body iron levels present a confusing picture regard-
ing the iron hypothesis. In addition, several studies failed
to observe an increased risk or incidence of cardiovascu-
lar events in hemochromatotic patients, thus further increas-
ing the confusion concerning an eventual association between
iron overload and atherosclerosis (reviewed in Munoz-Bravo
et al., 2013). Finally, the description of a potentially protective
effect of hemochromatosis against atherosclerosis and cardio-
vascular diseases was perceived as a “paradox” and considered
as clear evidence against the iron hypothesis (Miller and
Hutchins, 1994; Sullivan and Zacharski, 2001; Munoz-Bravo et al.,
2013). On the basis of these observations Sullivan presented
a refinement of his “iron hypothesis” (Sullivan and Zacharski,
2001).

Since then the peptide hormone hepcidin has been identified
as the master regulator of iron homeostasis. Hepcidin inhibits
iron export by binding to FPN and promoting its degrada-
tion. By inhibiting FPN, hepcidin prevents iron release from
enterocytes into the bloodstream and decreasing iron release
from macrophages, thereby reducing the amount of iron sys-
temically available. HH is hallmarked by low levels of hep-
cidin and/or increased expression of the iron exporter FPN.
Therefore, in hemochromatotic patients the FPN-hepcidin cir-
cuitry is impaired, leading to increased duodenal iron absorp-
tion and reduced iron retention in macrophages (Hentze et al.,
2010; Ganz and Nemeth, 2011). Considering the key role of the
macrophages in atherogenesis, the selective iron depletion in this
cell type was proposed as a mechanism of protection against foam
cell formation and atherosclerotic lesion progression (Figure 2).
According to this view, the hypothesis postulated by Sullivan that
iron depletion protects against atherosclerosis may apply even to
hemochromatotic individuals.

According to this view, hepcidin levels may act as a poten-
tial iron-dependent risk factor for atherosclerosis by regulat-
ing macrophage iron accumulation and atherosclerotic plaque
progression (Figure 2). Recently, hepcidin was suggested as a
predictor of carotid atherosclerosis. Serum ferritin was found
to associate with vascular damage, common carotid thickness
and presence of carotid plaques in all patients but not those

showing a reduction in hepcidin levels due to heterozygous HFE
mutations (Valenti et al., 2011b). Additionally, hepcidin levels
and macrophage iron positively correlate with the release of
IL-6 and macrophage chemoattractant protein 1 (MCP-1), and
vascular damage in high-risk individuals (Valenti et al., 2011a).
Collectively, these findings suggest an involvement of iron-loaded
macrophages in inflammation and vascular alterations. On the
other hand, monocytes from hemochromatotic patients showed
reduced ability to accumulate iron and reduced upregulation of
MCP-1 and IL-6 (Valenti et al., 2011a). The anti-inflammatory
properties of iron-depleted macrophages may help to explain the
lack of increased incidence of atherosclerosis in hemochromatotic
patients.

Anyway, a direct and definitive demonstration of the refined
iron hypothesis in human is still lacking and further studies are
needed to fully elucidate the impact of macrophage-stored iron,
as well as circulating iron and tissue-stored iron on human lesion
formation and progression.

THALASSEMIAS AND SICKLE CELL ANEMIA
β-thalassemia and sickle cell anemia are hereditary blood disor-
ders characterized by anomalies in the synthesis of the β-globin
chains of Hb. β-thalassemic and sickle patients show increased
plasma iron turnover, iron absorption and tissue iron deposition.
Additionally, they have frequent hemolytic events that lead to the
release of Hb and heme into the circulation, further increasing
the amount of redox-active iron available for the production of
reactive oxygen species and lipid peroxidation (Livrea et al., 1998;
Brizzi et al., 2002). The release of Hb upon hemolytic events
and the enhanced absorption of iron, to support inappropriate
erythropoiesis, contribute to the pathogenesis of vasculopathy,
a well-known predisposing factor for cardiovascular diseases.
Moreover, these patients, usually presenting with severe anemia,
require regular red blood cell transfusions (Vichinsky, 2005), fur-
ther exacerbating iron overload and iron-driven oxidative stress
(McLeod et al., 2009).

Iron-dependent peroxidative tissue injury results in arterial
stiffness and dysfunction, frequently occurring in thalassemic
patients (Kremastinos et al., 1999; Hahalis et al., 2008). Iron over-
load in patients with beta-thalassemia major lead to alterations
in the arterial structures and in the thickness of the carotid arter-
ies (Cheung et al., 2002; Tantawy et al., 2009). Moreover, carotid
thickness positively correlated with age, Hb, ferritin and choles-
terol levels in these patients (Cheung et al., 2006; Tantawy et al.,
2009). As a result, CAD is a quite common cardiovascular com-
plication in thalassemia (Ramakrishna et al., 2003; Ferrara and
Taylor, 2005; Aessopos et al., 2007). Patients on a regular transfu-
sion regimen progressively develop clinical manifestations of iron
overload associated with heart dysfunction and left ventricular
failure (Borgna-Pignatti et al., 2004). Interestingly, iron chelation
therapy in thalassemia patients improves arterial function and
stiffness (Cheung et al., 2008).

Ischemic complications are the major causes of morbidity and
mortality in patients with sickle cell disease (Platt et al., 1994;
Switzer et al., 2006). Ischemic events in these patients have been
attributed to the effects of Hb polymerization, resulting in sickled
cells trapped in the microcirculation (Francis and Johnson, 1991).
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FIGURE 2 | Schematic overview of the “refined iron hypothesis”:

a role for macrophage-retained iron in atherosclerosis. Iron can
accumulate in macrophages as inorganic iron and Hb-iron, upon
erytrophagocytosis or hemolysis. Once stored in the cell, iron can
be made available to the bloodstream via FPN-mediated export.
According to the refined iron hypothesis, high hepcidin levels are

considered a risk factor for plaque progression and destabilization.
Hepcidin is known to bind to FPN, thus promoting its degradation
and blocking iron export. This increases intracellular ROS levels and
decreases cholesterol efflux. As a result, the oxidative status alters
and LDL accumulation occurs, promoting foam cell formation,
inflammation and eventually plaque instability.

Nevertheless, different factors other than red blood cell sickling,
could contribute to these events, atherosclerosis being one of this.

SCD is an uncommon risk factor for atherosclerosis. However,
in the last decades, together with the increased life expectancy of
SCD patients, the risk to develop atherosclerosis is significantly
increasing. Endothelial dysfunction, hyperhomocysteinemia and
activation of platelets are the most likely mechanisms for the
development of atherosclerosis in SCD patients (Elsharawy et al.,
2009). The presence of excessive circulating Hb, heme, and iron
in SCD could have in principle a crucial role in atherosclerosis
development, even though a clear experimental proof of this is
still missing. Conversely, a paradoxical protective effect of SCD on
atherosclerosis and thrombosis was observed in ApoE-null mice
transplanted with bone marrow from mice carrying the sickle
cell mutation. This effect was abolished by inhibition of HO-
1, suggesting that this protection relies on the activity of this
enzyme, whose induction is sustained in SCD, due to the high
circulating Hb and heme levels (Wang et al., 2013). These obser-
vations have the limit that mice were analyzed after 23–28 weeks
from bone marrow transplantation, giving an idea of the onset of
atherosclerosis but not of the late phases of the disease, in which
HO-1 activity could be eventually overwhelmed, thus promoting
atherosclerosis progression.

The most common sites of atherosclerosis in these patients
are represented by large cerebral arteries (Rothman et al., 1986).

Approximately 75% of strokes in sickle cell disease are the result of
occlusion of cerebral vessels (Moran et al., 1998). Also pulmonary
and splenic arteries are common sites of atherosclerosis in sickle
cell disease. One-third of the sickle patients had histological evi-
dence of medial hypertrophy and intimal proliferation in these
arteries (de Chadarevian et al., 2001; Graham et al., 2007).

Therefore, thalassemia and sickle cell anemia patients are con-
sidered at high atherogenic risk in view of the perturbation of
the Hb/heme/iron metabolism that predisposes these patients to
oxidative status alterations (Belcher et al., 1999; Switzer et al.,
2006).

HAPTOGLOBIN POLYMORPHISM AND CAD
Extracellular Hb may exert proatherogenic effects via differ-
ent mechanisms. Free Hb scavenges nitric oxide, an impor-
tant vasodilator and signaling molecule (reviewed in Rother
et al., 2005). Moreover, oxidized Hb species trigger pro-oxidant
(reviewed in Balla et al., 2005) and pro-inflammatory effects
on vascular endothelium (Silva et al., 2009), and cause lipid-
peroxidation (Jeney et al., 2002; Potor et al., 2013).

Efficient mechanisms have evolved to remove extracellular Hb
from the circulation to limit its deleterious effects. Haptoglobin
(Hp) is an acute-phase plasma protein with the primary func-
tion to capture cell-free Hb and chaperon it to macrophages for
degradation (reviewed in Alayash, 2011). Hp binding facilitates

www.frontiersin.org May 2014 | Volume 5 | Article 94 | 5

dc_1976_21

Powered by TCPDF (www.tcpdf.org)

http://www.frontiersin.org
http://www.frontiersin.org/Drug_Metabolism_and_Transport/archive


Vinchi et al. Atherogenesis and iron

the removal of Hb from circulation via endocytosis through the
CD163 macrophage scavenger receptor (Kristiansen et al., 2001).

The Hp gene is polymorphic in humans, whereby the two
functional alleles (hp1 and hp2) can form three genotypes: Hp1-
1, Hp2-1, and Hp2-2 with heterogeneous protein structure and
functional differences (reviewed in Goldenstein et al., 2012).
Differences between antioxidant properties of Hp1-1 and Hp2-2
were examined. An early study showed that Hp1-1 protein is more
potent in inhibiting the oxidative actions of extracorpuscular
Hb (Melamed-Frank et al., 2001). Contradictory, a recent study
described no differences between the two phenotypes in protect-
ing against Hb-driven toxicity (Lipiski et al., 2013). When applied
in vivo following Hb injection both Hp1-1 and Hp2-2 attenuate
Hb-induced blood pressure response with equal efficacy, restrict
trans-endothelial diffusion of extracellular Hb equally, and pre-
vent Hb redistribution and renal iron deposition in the same way
(Lipiski et al., 2013). Both phenotypes show similar abilities to
stabilize the ferryl Hb state, to restrict heme release from the com-
plex, and to prevent Hb-driven LDL oxidation in vitro (Lipiski
et al., 2013). Immunomodulatory effects of the two phenotypes
were compared as well. The Hp1-1-Hb complex induces more
robust anti-inflammatory macrophage signaling, leading to the
secretion of anti-inflammatory cytokines than that of Hp2-2-Hb
complex (Philippidis et al., 2004; Landis et al., 2013).

The Hp polymorphism was investigated as a possible genetic
determinant in cardiovascular disease. These epidemiologic stud-
ies revealed that the Hp2-2 genotype is a risk factor for car-
diovascular complications in both type I and type II diabetic
patients (reviewed in Costacou and Levy, 2012). In particular, the
Hp2-2 genotype is associated with elevated amounts of iron in
atherosclerotic carotid plaques, accompanied by increased levels
of oxidation-specific epitopes, increased macrophage infiltration
and decreased VSMCs, all events promoting plaque instabil-
ity (Lioupis et al., 2011, 2012; Purushothaman et al., 2012).
In addition, the Hp2-2 genotype is associated with increased
circulating oxLDL levels when compared to Hp1-1 or Hp2-1
genotypes (Brouwers et al., 2004). A correlation between the Hp2-
2 genotype, carotid plaque instability and increased risk of major
cardiovascular diseases was recently described (Ijas et al., 2013).

Collectively, these findings suggest that detoxification of extra-
cellular Hb by Hp acts in an atheroprotective manner. In addition,
the Hp2-2 genotype represents a non-modifiable risk factor for
cardiovascular diseases. Because Hp1-1 and Hp2-2 inhibit the
oxidative actions of extracorpuscular Hb equally, therefore dis-
ease association is most probably explained by other functions or
properties of the Hp molecule.

HEME OXYGENASE-1 (HO-1) AND CARDIOVASCULAR DISEASE
Heme oxygenases catabolize heme to equimolar amounts of
biliverdin, carbon monoxide, and free iron, followed by the
conversion of biliverdin into bilirubin by biliverdin reductase
(Singleton and Laster, 1965; Tenhunen et al., 1968). HO-1 is
a stress-inducible isoform of heme oxygenases, encoded by the
hmox-1 gene which possesses antioxidant, anti-apoptotic and
anti-inflammatory properties (reviewed in Gozzelino et al., 2010;
Durante, 2011). These protective mechanisms partially rely on
the ability of HO-1 to extract iron from heme. The released

iron induces the expression of ferritin, the 24-subunit complex
of heavy (H) and light (L) chains, with enormous iron-storage
capacity (Eisenstein et al., 1991; Harrison and Arosio, 1996).
In addition, both bilirubin and CO, the other two end prod-
ucts of heme degradation exhibit direct anti-oxidant and anti-
inflammatory activities (Gozzelino et al., 2010).

An important, but somewhat neglected function of HO-
1 is its role in iron recycling (Poss and Tonegawa, 1997).
Erythrophagocytosis, subsequent HO-1-mediated heme degrada-
tion and iron release from macrophages is a major mechanism
in iron recycling, accounting for about 90% of total body iron
turnover (reviewed in Hentze et al., 2010).

Accumulating evidences suggest the protective role of HO-
1 in atherosclerotic vascular disease (reviewed in Chan et al.,
2011). Both the antioxidant bilirubin and the vasodilator CO
may contribute to this atheroprotective effect (Siow et al., 1999;
Mayer, 2000; Parfenova et al., 2012; Erkan et al., 2013). Low
bilirubin levels are associated with endothelial dysfunction and
increased intima-media thickness (Erdogan et al., 2006), whereas
high plasma bilirubin concentrations are linked to low incidence
of cardiovascular disease (Schwertner et al., 1994) and stroke
(Kimm et al., 2009). Differences in plasma bilirubin levels may
arise from the variation of HO-1 activity in humans.

In the human hmox-1 promoter a GT repeat microsatellite
polymorphism exists, leading to higher hmox-1 transcriptional
activity and subsequently higher HO-1 expression in individu-
als having shorter GT repeats compared to subjects with longer
GT repeats. A number of studies investigated the relationship
between this gene polymorphism and the risk of cardiovascu-
lar disease, with conflicting results. Some studies revealed that
shorter GT repeats in the hmox-1 promoter region are associated
with lower incidence and/or progression of CAD (Kaneda et al.,
2002; Liang et al., 2013), whereas others argue against a relevant
role of this polymorphism in cardiovascular diseases (Lublinghoff
et al., 2009).

Progressive atherosclerotic lesion destabilization with subse-
quent plaque rupture is a key event predisposing to acute throm-
bus formation and coronary artery occlusion (Schwartz et al.,
2007). Autopsy studies reveal that the risk of plaque rupture
mainly depends on the composition of the plaque rather than
its size (Kolodgie et al., 2004). Severe macrophage infiltration,
a necrotic core and a thin fibrous cap are the main character-
istics of vulnerable plaques (Kolodgie et al., 2004). In humans,
HO-1 expression is increased in atherosclerotic lesions and closely
correlates with plaque instability and pro-inflammatory markers.
The observation that HO-1 induction reverses plaque progres-
sion from a vulnerable plaque to a more stable phenotype suggests
that HO-1 expression may act as a compensatory atheroprotective
mechanism (Cheng et al., 2009).

By contrast, HO-1 deficiency in humans leads to severe vas-
cular pathologies (Yachie et al., 1999). A 6-year old boy with
inactivating mutations of the HO-1 gene presented with severe
intravascular hemolysis associated with persistent endothelial
damage. Autopsy examination revealed the presence of aortic
fatty streaks and fibrous plaques at this young age, highlight-
ing the atheroprotective function of HO-1 (Yachie et al., 1999).
More recently, another case of HO-1 deficiency in a young girl
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was reported, with evidence of severe endothelial damage, as
suggested by raised inflammatory markers, von Willebrand fac-
tor and coagulopathy (Radhakrishnan et al., 2011). Since free
circulating heme promotes endothelial damage, the lack of func-
tional HO-1 likely results in a form of vasculitis or endothelial
injury syndrome. This may therefore increase their susceptibility
to develop atherosclerosis.

Taken together, these findings prove a crucial role for HO-1
in the maintenance of vascular homeostasis and counteraction of
atherosclerosis.

ALTERED IRON HOMEOSTASIS AND ATHEROSCLEROSIS:
ANIMAL MODELS
IRON OVERLOAD AND IRON DEFICIENCY IN ATHEROSCLEROSIS
The effect of iron in atherogenesis was tested using different
hypercholesterolemic animal models. In an initial study that
intramuscular administration of iron dextrane augmented the
formation of atherosclerotic lesions in hypercholesterolemic rab-
bits (Araujo et al., 1995). In contrast, another group using the
same rabbit model described that iron dextrane injection sig-
nificantly decreased lesion formation by about 50% by reduc-
ing plasma cholesterol levels (Dabbagh et al., 1997). Kirk et al.
observed a reduction (about 50%) in plaque area in apoE defi-
cient mice fed with a 2% carbonyl iron containing standard diet
in spite of that dietary iron overload caused a modest (30%) rise
in plasma triglyceride and cholesterol levels (Kirk et al., 2001).

Other studies took the opposite approach and examined
the effect of iron restriction on atherogenesis. In this regard,
atherosclerotic lesions in mice fed a low-iron diet were signifi-
cantly smaller than those found in control littermates (Lee et al.,
1999). Reduced plaque size in the low-iron group was associ-
ated with lower levels of circulating autoantibodies to oxLDL,
and the diminished occurrence of thiobarbituric acid reactive epi-
topes in the lesions (Lee et al., 1999). This was explained by the
observation that dietary iron restriction increases plaque stabil-
ity via elevated collagen and reduces matrix metalloproteinase-9
expressions in the lesion (Lee et al., 2003). Consistently, iron
chelation by DFO lowers the iron content of the lesions and
inhibits atherosclerotic lesion development in cholesterol-fed rab-
bit (Minqin et al., 2005) as well as in apoE deficient mice
(Zhang et al., 2010). Other than an effect on atherosclerosis, sev-
eral studies showed that iron depletion by chelation significantly
reduces endothelial activation and vascular dysfunction in ani-
mal models (Ishizaka et al., 2005). Recently, a combined therapy
of iron chelator and antioxidant was observed to restore iron-
induced brain vascular dysfunction in rats (Sripetchwandee et al.,
2014), supporting the idea that iron promotes earlier steps in
atherogenesis.

HEMOCHROMATOSIS MODELS
Although there is support for the idea that iron is detrimental for
atherosclerosis, the validity of the original iron hypothesis has not
been tested in models of genetic iron overload, such as hemochro-
matotic mice. To date, several mouse models of hemochromato-
sis are available, such as HFE-null, Hamp-null, HJV-null, and
BMP6-null mice (Fleming et al., 2011) but atherosclerosis pro-
gression has not been assessed in any of them. Future studies will

have to dissect the contribution of systemic iron overload and
macrophage iron deficiency in hemochromatotic mouse models
for atherosclerosis in order to better understand the outcome of
the epidemiological studies.

ANIMAL MODELS TO ASSESS THE IMPACT OF MACROPHAGE IRON ON
ATHEROSCLEROSIS
The key role of macrophages in atherosclerosis was exten-
sively studied in animal models. Lipid-laden foam cells are
macrophages derived from circulating monocytes that migrate
into the vessel wall. Inhibition of monocyte migration, by disrupt-
ing a variety of chemokine/chemokine receptor interactions, was
shown to inhibit atherosclerosis development. The osteopetrotic
(op) mouse, spontaneously deficient in macrophage-colony stim-
ulating factor (M-CSF), displayed a reduction of 86% in plaque
volume, demonstrating the essential role of macrophages in
atherogenesis (Smith et al., 1995). Quite recently, a CD11b–
diphtheria toxin receptor transgenic mouse line was generated,
whereby diphtheria toxin administration conditionally ablates
monocytes/macrophages (Stoneman et al., 2007). In atherogen-
esis experiments, diphtheria toxin markedly decreased monocyte
numbers by 50% and altered plaque development and compo-
sition, reducing collagen content and necrotic core formation,
thus demonstrating that monocytes/macrophages are critical for
atherogenesis.

The crucial role of macrophages in atherosclerosis raised the
possibility of selective intraplaque macrophage depletion achiev-
able as a specific therapeutic intervention to counteract plaque
progression. This approach now gains increasing attention in car-
diovascular medicine. Several successful strategies have recently
been reported to induce macrophage cell death in atherosclerotic
plaques (Martinet and De Meyer, 2007). Its feasibility is currently
debated and object of several studies, aimed at locally deleting
macrophages, without affecting this cell type in other tissue com-
partments. However, local therapies can be administered only for
a relatively short time, with the limitation that macrophages may
reinfiltrate the plaque after treatment.

Assessment of the impact of macrophage-associated iron
on atherosclerosis could eventually provide additional mecha-
nisms/pathways that could be targeted in macrophages to pre-
vent/reduce atherosclerosis. Animal studies were initiated to
evaluate the role of iron in macrophages, thus revisiting the
iron hypothesis. Although not tested in hemochromatotic mice,
atherosclerosis was studied in mice with macrophage iron deple-
tion triggered by drug administration. The pharmacological sup-
pression of hepcidin in mice decreased macrophage iron content,
and increased cholesterol efflux, thus resulting in reduced foam
cell formation (Saeed et al., 2012). In particular, the reduction
of macrophage-associated iron levels lowered the formation of
ROS and increased the expression of cholesterol transporters,
namely ABCA1 and ABCG1. This leads to improved lipid efflux
by macrophages, correlating with reduced foam cell formation
and atherosclerosis (Figure 2). This approach is limited by the use
of a BMP signaling pathway inhibitor to achieve hepcidin sup-
pression. BMP signaling inhibitors are in fact expected to effect
on many other biological processes involved in the formation of
the atherosclerotic plaque, other than those directly dependent on
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hepcidin reduction. Future studies that apply drugs that directly
and specifically reduce hepcidin expression or that counteract its
activity are needed to examine whether hepcidin suppression by
itself affects progression of atherosclerosis.

In agreement with these findings, hepcidin recently emerged
as a positive regulator of atherosclerotic plaque destabilization,
via regulating macrophage iron homeostasis (Li et al., 2012).
Hepcidin production in the carotid artery was achieved by ade-
noviral infection in a mouse model of accelerated atherosclerosis.
Although a change in plaque size was not observed, hepcidin
overexpression significantly affected plaque composition, increas-
ing intraplaque macrophages and decreasing VSMCs and col-
lagen amounts. Additionally, hepcidin overexpression increased
trapped iron as well as oxidized-LDL levels in intraplaque
macrophages. This correlated with increased oxidative stress and
expression of pro-inflammatory cytokines by macrophages and
enhanced plaque vulnerability, suggesting that hepcidin plays a
critical role in plaque destabilization.

Collectively, these findings indicate that the interactions of
hepcidin, trapped iron, and accumulated lipids are critical for
proatherosclerotic activation of macrophages leading to plaque
destabilization (Figure 2). The suppression of hepcidin by spe-
cific shRNA exerts effects opposite to those reported above.
These studies described a unique role for hepcidin in promoting
atherosclerosis progression and plaque instability and provided
evidence of a protective function of the iron-spared macrophage,
at least partially clarifying the paradoxical issues observed in
hemochromatosis.

A complementary approach to test the effect of iron-loaded
macrophages on atherosclerosis was recently pursued (Kautz
et al., 2013). Atherosclerosis was studied in the flatiron (ffe)
mouse (Zohn et al., 2007), a model that specifically accumu-
lates iron in macrophages. Contrary to the refined iron hypoth-
esis, atherosclerosis was not increased in mice with elevated
macrophage iron. In addition, increased macrophage iron levels
triggered by parenteral iron administration also failed to pro-
mote atherosclerosis. These findings dispute that macrophage
iron loading could be an aggravating factor in the pathogenesis
of atherosclerosis.

EFFECTS OF HO-1 IN ANIMAL MODELS OF ATHEROSCLEROSIS
The role of HO-1 in atherosclerotic lesion formation was
first investigated in apoE deficient mice, overexpressing HO-1.
Overexpression of HO-1 in the vasculature was achieved by direct
injection of an adenovirus expressing HO-1 (Adv-HO-1) into
the left ventricles of anesthetized animals. HO-1 overexpression
inhibits lesion formation and reduces iron overload in apoE defi-
cient mice (Juan et al., 2001). Reduced iron deposition in aortic
tissues of Adv-HO-1-treated mice might be explained by the
observation that HO-1 overexpression augments iron recycling
from cells (Ferris et al., 1999). To further examine the role of
HO-1 in atherogenesis, mice deficient in both HO-1 and apoE
were generated. When compared to apoE deficient mice these
double knock-out mice exhibited accelerated and more advanced
lesion formation in response to a cholesterol rich diet (Yet et al.,
2003). Interestingly, aged HO-1 knock-out mice exhibit severe
aortitis and coronary arteritis with mononuclear cell infiltration

accompanied by fatty streak formation, even on a standard chow
diet (Ishikawa et al., 2012).

Expression of HO-1 is strongly regulated by its substrate heme,
in a Bach1-mediated manner. Bach1 is a transcriptional repressor
of the hmox-1 gene that becomes inactive and undergoes ubiqiti-
nation and degradation upon heme binding (Zenke-Kawasaki
et al., 2007). Consequently, deletion of the bach1 gene leads to
sustained HO-1 expression in various tissues. The effect of bach1
deletion in atherosclerosis was studied in Bach1 apoE double defi-
cient mice (Watari et al., 2008). In these mice HO-1 was upreg-
ulated in the vasculature, mainly in the vascular endothelium
(Watari et al., 2008). Elevated HO-1 expression was accompa-
nied by reduced plaque area compared with that in apoE deficient
mice, supporting the anti-atherogenic nature of HO-1 (Watari
et al., 2008). Overexpression of HO-1 inhibited lesion progres-
sion into vulnerable plaques, whereas inhibition of HO-1 activity
augmented plaque vulnerability (Cheng et al., 2009).

Biological effects of a wide variety of molecules depend on
the upregulation of HO-1 by these compounds (Bach, 2005).
Accordingly, there are several anti-atherosclerotic compounds
that exert their protective effects via the induction of HO-1. For
example the anti-oxidant probucol, has been shown to protect
from atherosclerosis by a HO-1 pathway that is independent of
radical scavenging in various models of vascular diseases (Wu
et al., 2006). Recently, HO-1 was found to be the molecular tar-
get of Tanshinone IIA, a lipophilic bioactive compound extracted
from Salvia miltiorrhiza Bunge that exert anti-atherogenic effect
via suppressing cholesterol accumulation in macrophages (Liu
et al., 2014). In addition, the polyphenolic compound quercetin
as well attenuates endothelial dysfunction and atherosclerosis in
apoE deficient mice in a HO-1 dependent manner (Shen et al.,
2013).

Taken together, these results support a protective function for
HO-1 in atherosclerotic lesion formation and progression.

EFFECT OF IRON ON MAIN PLAYERS IN ATHEROGENESIS
LIPID METABOLISM AND LDL OXIDATION
Elevated iron stores reflected by increased plasma ferritin levels
are positively correlated with the prevalence of certain diseases
such as metabolic syndrome, diabetes and obesity (Jehn et al.,
2004, 2007; Lecube et al., 2008; Sun et al., 2008). All of these
diseases are associated with abnormal lipid metabolism, but until
recently there were few studies addressing whether elevated iron
levels and lipid metabolism are directly correlated. A first study
showed that HH associated with primary hypertriglyceridemia
(Solanas-Barca et al., 2009), which can be improved by periodic
therapeutic phlebotomy (Casanova-Esteban et al., 2011). In rats
with dietary iron overload a significant increase in triglycerides,
free cholesterol, cholesteryl ester, and high-density lipoprotein-
cholesterol levels was observed (Brunet et al., 1999). By con-
trast, intraperitoneal injection of iron-dextrane enhanced serum
triglyceride levels but not serum cholesterol levels in an inde-
pendent study (Silva et al., 2008). Excess iron directly modulates
activities of several key enzymes for cholesterol and triglyc-
eride homeostasis—e.g., 3-hydroxy-3-methylglutaryl coenzyme
A reductase, cholesterol 7alpha-hydroxylase, acyl-CoA: choles-
terol acyltransferase and lipoprotein lipase - which might explain
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perturbations of lipid metabolism in conditions of iron overload
(Brunet et al., 1999).

Other than affecting lipid metabolism, iron mediates the
oxidative modification of LDL, a clear contributing factor to
the pathogenesis of atherosclerosis (Heinecke et al., 1984). The
molecular mechanism of iron-catalyzed LDL oxidation was
extensively studied. Redox active iron that undergoes oxidation
and reduction is an absolute necessity to catalyze lipid peroxida-
tion (Lynch and Frei, 1993; Miller et al., 1993). Iron-mediated
oxidation of LDL is dependent on superoxide anion (O−•

2 ) that
acts as a Fe3+ reducing agent, but requires neither H2O2 nor pro-
duction of hydroxyl radical (OH•) by the Fenton reaction (Lynch
and Frei, 1993).

The unlikely existence of iron in free catalytically active form
in normal body fluids initiated the search for physiologically more
relevant iron compounds with the ability to oxidize LDL. In fact
most of the iron in the human body is found in heme that serves
as a prosthetic group in Hb and other heme proteins. This ubiq-
uitous iron compound is a very efficient catalyst of LDL oxidation
(Balla et al., 1991a). Studies revealed that initiation and prop-
agation of heme-induced lipid-peroxidation is independent of
Fenton chemistry similarly to that of iron-mediated LDL oxida-
tion. The initial interaction between heme and H2O2 might lead
to the formation of ferryl and perferryl radicals, those can be
responsible for initiating lipid peroxidation (Klouche et al., 2004).
During heme-mediated LDL oxidation, oxidative scission of the
heme ring occurs and iron is released (Balla et al., 1991a). Both
heme degradation and LDL oxidation are effectively inhibited by
lipid soluble antioxidants and iron chelators (Balla et al., 1991a;
Pocsi et al., 2008).

Several lines of evidence suggest that heme-mediated oxi-
dation of LDL occurs in vivo. High amount of heme in the
plasma of the HO-1 deficient boy was correlated with exten-
sive LDL oxidation (Jeney et al., 2002). During heme-mediated
LDL oxidation heme reacts with proline and arginine residues in
apolipoprotein B-100 and a unique oxidation product, gamma-
glutamyl semialdehyde is formed, that is subsequently reduced
to 5-hydroxy-2-aminovaleric acid (HAVA). HAVA is a hallmark
of heme-mediated LDL oxidation, as other agents known to trig-
ger LDL oxidation, such as HOCl, H2O2 alone or in combination
with Cu2+ or Fe2+ induce only minor HAVA formation (Julius
and Pietzsch, 2005). Elevated concentrations of HAVA were found
in LDL of patients with impaired glucose tolerance and with
diabetes mellitus suggesting that heme-mediated LDL oxidation
occurs in these patients (Julius and Pietzsch, 2005).

Cell-free Hb when oxidized releases heme and induces oxida-
tive modification of LDL (Jeney et al., 2002). This effect was
abolished by the heme-scavenging protein Hx and by Hp or
cyanide, agents that either bind free heme or strengthen the
heme-globin bond, highlighting the role of heme release in this
process (Miller et al., 1996; Jeney et al., 2002). Recently a feed-
forward process in atheromatous lesions with the interactions of
atheroma lipids and cell free Hb was described. This vicious cycle
includes lipid-hydroperoxide mediated oxidation of Hb, sponta-
neous heme release, oxidative heme scission, iron release, and
further lipid peroxidation (Nagy et al., 2010; Jeney et al., 2013;
Potor et al., 2013).

Collectively, these results confirm that excess iron, heme, and
cell-free Hb act in an atherogenic manner.

ENDOTHELIAL CELL ACTIVATION AND DYSFUNCTION
Upon steady-state condition, endothelial cells provide an
antithrombotic and antiadhesive surface in the vasculature. Low-
grade inflammation is a characteristic of the atherosclerotic
lesions in which endothelial cell activation occurs, triggering
vasoconstriction, thrombosis as well as leukocyte adhesion, and
transmigration (Libby, 2002). This pro-inflammatory response
relies on the upregulation of a variety of genes encoding vaso-
constrictive, pro-thrombic, pro-inflammatory, chemotactic, and
adhesive molecules (reviewed in Pober and Sessa, 2007). Redox-
sensitive mechanisms involving the activation of redox-regulated
transcription factor nuclear factor-kB (NF-kB) have been impli-
cated in the expression of these vascular inflammatory molecules
(Marui et al., 1993; Kunsch and Medford, 1999).

Accumulating evidences suggest the critical role of redox active
iron in mediating the pro-inflammatory response in endothe-
lial cells. Chelation of iron by DFO leads to decreased induction
of E-selectin, vascular cell adhesion molecule-1 (VCAM-1), and
intercellular adhesion molecule-1 (ICAM-1) in endothelial cells
stimulated by tumor necrosis factor alpha (TNF alpha) (Zhang
and Frei, 2003). Switching to in vivo models, iron chelation
inhibits the lipopolysaccharide-mediated induction of soluble
cellular adhesion molecules, monocyte chemoattractant protein-
1 (MCP-1) and activation of NF-kB in mice (Zhang et al.,
2010). In humans, iron chelation by DFO improves nitric oxide-
mediated endothelium-dependent vasodilation in patients with
CAD, highlighting a role for iron in impaired nitric oxide action
in atherosclerosis (Duffy et al., 2001).

The direct association between excess iron and endothelial dys-
function has been established upon physiological and patholog-
ical conditions. Administration of iron into healthy individuals
provoked endothelial dysfunction accompanied by increased gen-
eration of superoxide radical in whole blood (Rooyakkers et al.,
2002). Hemodialysis (HD) patients who receive intravascular iron
along with erythropoiesis-stimulating agents to treat functional
iron deficiency and subsequent anemia, as well as iron-overload
patients, provide a unique opportunity to study the effect of iron
on vascular function. There are conflicting data regarding the
effect of iron on vascular function, cardiovascular risk and over-
all mortality in HD patients. Serum ferritin was reported as a
marker of mortality in HD patients, but whether ferritin levels
were regulated by iron in these patients is not clear (Kalantar-
Zadeh et al., 2001). High serum ferritin level in HD patients
(>600 μg/L) is associated with increased overall 4-year mortal-
ity even in the absence of infection (Kletzmayr and Horl, 2002).
A cohort study concluded that iron supplementation at a dose of
1000 mg or less over 6 month does not have any adverse effect,
whereas iron supplementation at higher doses is associated with
elevated morbidity (Feldman et al., 2004).

Recently, more mechanistic studies were performed to show
the involvement of endothelial dysfunction in iron-triggered car-
diovascular complications. Intravenous administration of iron
increased the levels of circulating soluble adhesion molecules
in HD patients which was associated with higher risks for
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cardiovascular events (Kuo et al., 2012). Consistently, endothe-
lial cells treated with iron sucrose, a widely used iron drug,
changed their morphology and showed an increased ability to
recruit monocyte (Kamanna et al., 2012). Iron sucrose treatment
causes marked reduction in acetylcholine-mediated relaxation in
rat aorta rings, thus further confirming the detrimental effect of
iron on endothelial function (Kamanna et al., 2012). Iron over-
load diseases are associated with the presence of NTBI in the
serum. In serum from hemochromatosis patients, NTBI levels
were found to be positively correlated with the expressions of
adhesion molecules, ICAM-1, VCAM-1, and E-selectin but not
to the inflammatory marker CRP (Kartikasari et al., 2006).

Hemolytic diseases are also associated with endothelial dys-
function, therefore several studies addressed whether cell free Hb
or heme can harm endothelial cells directly in these pathologies.
Heme strongly sensitizes endothelial cells to oxidant-mediated
killing and its plasma scavenger, Hx, completely inhibits this
effect (Balla et al., 1991b). Hb when oxidized to metHb can
transfer heme to the endothelium and exert the same sensitizing
effect as free heme (Balla et al., 1993). More recently globin-
globin cross-linked Hb multimers were identified in complicated
atherosclerotic lesions (Nagy et al., 2010). The formation of
these species can be triggered by inorganic and organic perox-
ides and involves the generation of ferrylHb and globin radicals
(reviewed in Jeney et al., 2013). Interestingly, these globin-globin
cross-linked Hb multimers are the exclusive species inducing
pro-inflammatory response in endothelial cells in vitro. As a
pro-inflammatory agonist, globin-globin cross-linked Hb mul-
timers trigger the formation of intercellular gaps disrupting the
integrity of the endothelial cell monolayer, induce the expression
of adhesion molecules, E-selectin, ICAM-1, and VCAM-1 leading
to increased monocyte adhesion (Silva et al., 2009; Potor et al.,
2013).

Recently, the study of mouse models of hemolytic diseases
(β-thalassemia and sickle cell disease mice) proved that heme
largely contributes to endothelial activation and dysfunction and
cardiovascular alterations (Tolosano et al., 2010; Vinchi and
Tolosano, 2013). These effects can be strongly counteracted by
the administration of an Hx-based therapy (Vinchi et al., 2008,
2013). Most of these effects have been described to rely on heme
ability to activate TLR4 in endothelial cells. Heme-mediated TLR4
activation leads to Weibel-Palade body (WPB) mobilization and
degranulation, thus promoting the expression of P-selectin and
VWF, and NF-κB activation in endothelial cells in vitro and ves-
sel wall surfaces in vivo (Belcher et al., 2014). By activating TLR4
pathway, heme triggers vascular stasis and occlusion, common
complications associated with hemolytic disorders such as sickle
cell disease. TLR4-null mice transplanted with sickle bone mar-
row do not exhibit heme-induced vaso-occlusion and activation
of WPB/NF-κB. The ability of Hb and heme to induce stasis is
abolished by the administration of the Hb and heme scavengers,
Hp and Hx in a mouse model of SCD (Belcher et al., 2014). In
addition heme has been recently described as a trigger of the acute
chest syndrome, one of the major complications associated with
SCD. In a sickle mouse model, respiratory failure due to ACS
was avoided by treatment with recombinant Hx. The activation
of TLR4 by heme in vascular tissues was likely responsible for

this lethal type of acute lung injury. Pharmacologic inhibition
of TLR4 protected sickle mice from heme-induced ACS (Ghosh
et al., 2013).

These recent findings highlight a crucial role for the TLR4-
activated signaling pathway in Hb/heme-mediated activation of
endothelial cells and macrophages. From the point of view of
atherosclerosis, a role for TLR4 in the initiation and progression
of the disease is widely recognized. TLR4 is expressed on the cell
surface of the main cell types involved in atherosclerosis, endothe-
lial cells, platelets and macrophages. Its activation is required
to enhance the expression of adhesion molecules and cytokines
(e.g., MCP1), thus promoting the recruitment of monocytes and
initiating the inflammatory response. The enhanced cytokine
and chemokine release by TLR4 activation could stimulate EC
and VSMC migration and proliferation, thus accelerating plaque
progression (Pasterkamp et al., 2004). Additionally, oxLDL up-
regulate TLR4 expression and induce cytokine expression at
least partially via TLR4 activation (Pasterkamp et al., 2004; den
Dekker et al., 2010). Also platelets participate in atherogenesis
and show clear signs of increased activity in individuals with
established cardiovascular and thrombotic disease. Increased acti-
vation of platelets via TLR4 binding could increase the risk of
atherosclerosis and thrombosis (Jayachandran et al., 2010) and
heme could potentially promote this event. Some mouse models
and human studies also support a role of TLR4 in the pro-
gression of atherosclerotic disease. Individuals with TLR4 defi-
ciency may be at increased risk for infection but at lower risk
for cardiovascular disease (Jayachandran et al., 2010). Besides
heme scavenging by Hp and Hx, targeting TLR4 as a sig-
naling receptor downstream of heme could be an alternative
therapeutic approach to reduce heme-driven pro-atherogenic
effects.

Heme and oxidized Hb species can also threaten vascular
endothelial cell integrity indirectly by their ability to mediate the
oxidative modification of LDL (reviewed in Balla et al., 2005).
Lipid hydroperoxides are transiently formed during LDL oxi-
dation and responsible mostly for oxLDL-mediated endothelial
damage and for initiation of redox signaling (Nagy et al., 2005,
reviewed in Chapple et al., 2013).

Altogether these finding indicate that excess iron, extracel-
lular Hb and heme have detrimental effects on the vascular
endothelium leading to endothelial dysfunction.

THE EFFECT OF IRON ON MACROPHAGE POLARIZATION AND
FUNCTION
During atherogenesis, blood monocytes are recruited to the vas-
cular endothelium and attracted to the subendothelial space
where the deposition of LDL occurs. These monocytes are later
differentiated into macrophages and foam cells. Atherosclerosis
macrophages are one of the most important cell populations, as
they contribute to the progression of the lesions.

Macrophages are innate immune system cells therefore they
exhibit great plasticity. Different stimuli and environments can
lead to diverse phenotypes. Their functions comprise inflamma-
tory responses, antimicrobial activity, tissue remodeling and iron
recycling (Khallou-Laschet et al., 2010; Leitinger and Schulman,
2013).
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Macrophages are key players in the regulation of iron home-
ostasis as they recycle 20–25 mg of iron per day from senescent
erythrocytes. Macrophages engulf aged or damaged erythrocytes
and catabolize heme via HO-1 activity. Heme-derived iron is
then exported from phagocytic vesicles by the natural resistance-
associated macrophage protein 1 (NRAMP1) and divalent metal
transporter 1 (DMT1) expressed within phagolysosomal mem-
branes. Iron is either stored coupled to ferritin or exported as
ferrous iron via FPN, the only known iron exporter (Hentze
et al., 2010). Interestingly, several studies demonstrated that much
of the iron within plaques is associated with macrophages and
foam cells. The exact source of iron still needs to be elucidated.
However, it is well known that an important contribution is made
by Hb-contained iron that is released from microhemorrhage
within the plaque (Boyle et al., 2009; Saeed et al., 2012).

The identification of different macrophage subtypes that
polarize in response to a specific microenvironment (Leitinger
and Schulman, 2013), in both human and murine atheroscle-
rotic lesions, raised the possibility that iron itself could affect
macrophage plasticity. A putative involvement of iron in the
polarization of some macrophage subtypes has been recently
demonstrated in atherosclerosis (Figure 3).

Two major subtypes of macrophages have been exten-
sively studied and described: the classical activation (M1) and
the alternative activation (M2) macrophages (Figure 3). M1
macrophages are polarized after exposure to IFNγ and/or micro-
bial products such as LPS. These macrophages are characterized
by a strong pro-inflammatory activity with the production
of several inflammatory cytokines: IL-1β, IL-6, IL-8, IL-12,
and TNFα (Butcher and Galkina, 2012). In terms of iron
metabolism, M1 macrophages are prone to a low turn-over
of iron with low expression of CD163, HO-1, FPN and high
expression of ferritin, suggesting an iron retention phenotype
with decreased iron recycling and export capacity (Recalcati
et al., 2010). In chronic venous leg ulcers and wound heal-
ing models, macrophage iron overload induces an unrestrained
pro-inflammatory M1 phenotype, via enhanced production of
TNFα and hydroxyl radicals, suggesting that iron accumula-
tion in macrophages contributes to a pro-inflammatory pheno-
type (Sindrilaru et al., 2011). Similarly, macrophage exposure
to heme could lead to a pro-inflammatory activation of these
cells. In fact, heme has been described as an extracellular signal-
ing molecule able to affect the innate immune response thanks
to its ability to bind and activate TLR4. By activating TLR4
heme, induces the secretion of (TNF-alpha) by macrophages
(Figueiredo et al., 2007), suggesting that heme retains the abil-
ity to polarize macrophages toward an M1 rather an M2 phe-
notype. Whether plaque-associated macrophages are polarized
toward the M1 or M2 phenotype in hemolytic sickle animal
models or patients still needs to be investigated to address this
point.

In atherosclerosis M1 macrophages were detected in both
human and mouse lesions, in the lipid core of the plaque.
M1 macrophages were the prevalent macrophage subtype in
advanced lesions (Khallou-Laschet et al., 2010). It is postulated
that M1 macrophages might contribute to the formation of the
necrotic core, since inflammatory macrophages are prone to

FIGURE 3 | High macrophage plasticity in atherosclerosis. In the
atherosclerotic plaque, macrophages differentiate into different
phenotypes. The two extreme phenotypes are represented by M1 and M2
macrophages. M1 macrophages show strong pro-inflammatory properties,
thus potentially being involved in lesion progression. M1 macrophages
show high expression levels of iNOS, MHCII, and inflammatory cytokines,
such as IL-6 and TNF-a. M2 macrophages are considered anti-inflammatory
and are involved in tissue repair and remodeling. M2 specific markers are
Arginase 1, Ym1, and IL-10. The M2 phenotype is reported as
anti-atherogenic. In addition, several other macrophage phenotypes are
observed in the atherosclerotic plaque. Mhem macrophages originate as a
consequence of intraplaque hemorrhage and are endowed with high Hb
handling ability. These anti-atherogenic macrophages express high levels of
the heme-degrading enzyme HO-1 and the Hp-Hb scavenger receptor
CD163. Additionally, Mheme macrophages express the cholesterol
exporters ABCA1 and ABCG1, thus efficiently activating reverse cholesterol
efflux. Mox macrophages are generated upon oxidized phospholipid
stimulation. They show anti-oxidant properties, as they express genes
involved in the anti-oxidant responses such as HO-1, Txnrd1, and Srxn1.
Their potentially athero-protective effect still needs to be demonstrated. M4
macrophages differentiate in response to the chemo-attractant CXCL4, thus
showing pro-inflammatory and pro-atherogenic effects. These
macrophages express low levels of CD163 and high levels of MHCII and
CD86. M1 and M4 macrophages promote, while M2 and Mhem
macrophages counteract foam cell formation, thus having opposite effect
on atherosclerosis progression.

evolve in foam cells, eventually leading to apoptosis and cell
content release. Moreover, the release of TNFα, IL-1β, IL-6 and
other inflammatory cytokines by M1 macrophages in the lesion
environment may contribute to the activation of endothelial cells
(increasing the expression of LFA-1, VCAM-1, ICAM-1, CCL2,
CD62P, and CD62E) and smooth muscle cells (increasing the
expression of CCL2, CCL9, CX3CL1, CXCL10, CXCL16, and
VCAM-1) and an overall increase in oxidative stress by the pro-
duction of reactive oxygen and nitrogen species. In addition,
M1 macrophages are associated with the response of Th1 lym-
phocytes, which is in accordance to an increased inflammatory
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response (Butcher and Galkina, 2012). All these events are
expected to promote atherosclerotic plaque progression.

The alternative M2 macrophages are polarized after expo-
sure to IL-4 or IL-13 and display an anti-inflammatory phe-
notype. M2-like macrophages have been described in wound
healing as well as in association with tumors and with human
carotid atherosclerotic plaques (Bouhlel et al., 2007). This subtype
of macrophages has enhanced capacity for phagocytosis, tissue
remodeling and matrix metalloproteases production (Martinez
et al., 2006; Mosser and Edwards, 2008). In contrast to M1, M2
macrophages have higher expression of CD163, HO-1 and FPN
and low expression of ferritin, suggesting that these macrophages
have an iron release phenotype with increased iron uptake, recy-
cling and export but low iron retention (Recalcati et al., 2010;
Cairo et al., 2011). In atherosclerosis, M2 macrophages are mainly
found in early lesions and are characterized by the expression
of CD68 and mannose receptor (Chinetti-Gbaguidi et al., 2011).
They preferentially localize in the area of the plaque overlying the
lipid core (Khallou-Laschet et al., 2010). M2 macrophages are less
susceptible to become foam cells and they also display a lower
ability to handle lipids and to export cholesterol, due to the down-
regulation of the cholesterol exporter ABCA1 and the LDL carrier
apoE. Also upregulation of genes involved in phagocytosis sug-
gests that M2 macrophages in atherosclerosis have an enhanced
phagocytic activity by clearing up cellular debris and dead cells
(Chinetti-Gbaguidi et al., 2011). M2 macrophages are associated
with a Th2 type response (Butcher and Galkina, 2012). These
macrophages do not contribute to the activation of endothelial
cells or smooth muscle cells since they have anti-inflammatory
properties (Kleemann et al., 2008). Altogether—less suscepti-
bility to become foam cells, high phagocytic activity and anti-
inflammatory properties—place these macrophages as protective
for the atherosclerotic lesion development.

Recently, new subtypes of macrophages have been described in
the context of atherosclerosis, supporting the idea of an increasing
diversity of macrophage subsets within the lesions.

The platelet-derived chemokine CXCL4 promotes the dif-
ferentiation of monocytes to macrophages toward an M4
macrophage subtype (Gleissner et al., 2010b) (Figure 3). There
is no doubt that CXCL4 is important for atherosclerosis since the
deletion of the PF4 gene that encodes CXCL4 reduces atheroscle-
rotic lesions in apoE deficient mice (Sachais et al., 2007). M4
macrophages display a distinct transcriptome when compared
to M1 and M2 macrophages. The major characteristic of this
subtype relies on the downregulation of CD163, the Hp-Hb scav-
enger receptor, which indicates that M4 macrophages are not able
to clear Hb after plaque hemorrhage (Gleissner et al., 2010a,b).
The incapacity of Hb uptake is consistent with the absence of
HO-1 upregulation which has a protective and anti-inflammatory
effect in atherosclerotic lesion (Gleissner, 2012). This also might
have some implication for iron handling but further studies are
necessary to characterize this macrophage subtype regarding iron
turnover. In addition M4 macrophages showed reduced expres-
sion of cholesterol scavenger receptors, leading to a decreased
ability to clear modified LDL. Immunohistochemistry of human
post-mortem coronary arteries revealed the presence of CD68+
CD163+ as well as CD68+ CD163− macrophages, showing

a correlation in the expression levels of CD163 and CXCL4
(Gleissner et al., 2010a). Whether this macrophage subtype pro-
motes or protects against atherosclerotic plaque progression still
needs to be addressed. On the basis of their reduced Hb clearance
ability, a detrimental role of M4 macrophages in atherosclerosis
could be speculated. Future research will be required to estab-
lish whether M4 macrophages represent a promising therapeutic
target in human atherosclerosis.

Atherosclerotic lesions are characterized by the accumulation
of oxidized phospholipids that also play a role in macrophage
polarization. A novel macrophage phenotype denominated Mox
macrophages was identified in the lesions of mice deficient for
the LDL receptor (Kadl et al., 2010) (Figure 3). Mox macrophages
were identified in atherosclerotic plaques in mice and accounted
for 30% of all CD11b+/F4/80+ cells in established lesions. In
vitro treatment of bone marrow-derived macrophages (BMDMs)
with oxidized phospholipids reproduced differentiation toward
this macrophage subtype that is distinct from both M1 and M2
subtypes. Considering the pro-oxidant action of iron, increased
iron levels would be expected to enhance lipid oxidation, thus
promoting Mox polarization. Whether this occurs in conditions
of body iron overload has not been demonstrated.

Mox macrophages show a characteristic expression profile,
including the upregulation of HO-1, thioredoxin reductase1 and
sufiredoxin-1, whose expression is dependent on the redox-
sensitive transcription factor Nrf2 (Kadl et al., 2010; Butcher
and Galkina, 2012). These Mox-specific genes may have impor-
tant functions in controlling oxidative status in an oxidizing
environment and protecting cells from dying in oxidatively dam-
aged tissue. It was demonstrated that failure of Nrf2 expression
leads to various diseases related to oxidative stress, inflammation,
and xenobiotic metabolism in mice. Based on these findings, a
protective role of Nrf2-driven Mox macrophages in atherogene-
sis would be expected. Surprisingly, a recent study showed that
Nrf2-null mice were protected against diet-induced atherosclero-
sis. Whether these Nrf2-driven Mox macrophages contribute to
the initiation or progression of atherosclerotic lesion formation
remains to be investigated.

Intraplaque hemorrhage is one of the key events in advanced
atherosclerotic lesions leading to iron accumulation and increased
oxidative stress, thus contributing to lesion development.
Erythrophagocytosis is an important source of iron in plaque-
associated macrophages and increased ferritin correlates with
macrophage infiltration in human atheroma (Yuan et al., 1996).
The recent description of hemorrhage-associated macrophages
in atherosclerotic lesions further confirmed that hemorrhage-
derived Hb is a source of iron for intraplaque macrophages and
directs their polarization into a specialized phenotype, able to
handle high Hb/iron amount (Boyle et al., 2009; Finn et al., 2012).
These macrophages show high Hb handling capacity and anti-
atherogenic properties and were named Hemorrhage-associated
macrophages (HA-mac), Hb-stimulated macrophages, M(Hb) or
heme-directed macrophages (M-hem) (Figure 3).

Macrophages associated with hemorrhage areas were charac-
terized as CD163 high and HLA-DRlow (Boyle et al., 2011b).
Moreover, as a consequence of enhanced Hb clearance, HA-mac
macrophages have increased HO-1 and FPN expression, leading
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to facilitated heme catabolism and reduced intracellular free iron.
Thus, they show antioxidative characteristics, increased expres-
sion of cholesterol exporters and resist foam cell formation both
in vivo and in response to cholesterol loading. The reduction
in intracellular free iron available for ROS formation causes
increased expression of cholesterol exporters, via the activation of
the LXRs (liver X receptors) pathways. HA-mac macrophages are
distinct from the macrophages found in the lipid core and seem
to play an atheroprotective role. In vitro stimulation of monocytes
with Hb-Hp complexes showed a differentiation toward an HA-
mac phenotype, suggesting that Hb released upon hemorrhage
might model monocytes recruited to the lesion toward a specific
HA-mac subtype (Boyle et al., 2011b). After treatment of human
blood monocytes with heme HO-1and CD163 are upregulated, a
process depending onNrf2 and the activating transcription factor
1 (Boyle et al., 2011a). Altogether, these findings suggest that iron-
spared macrophages may have a protective role, as postulated
by Sullivan, and that the pharmacological manipulation of iron
homeostasis may be a promising target to increase macrophage
reverse cholesterol transport, thus limiting atherosclerosis.

Mhem macrophages exemplify how iron can affect
macrophage differentiation and function, in such a way that they
can handle large amounts of Hb and iron, thus limiting iron-
mediated oxidative effects and preventing lesion progression.

In atherosclerosis, macrophage activity and iron metabolism
might be intrinsically connected. It is interesting to note that
macrophage polarization is driven according to the specific
microenvironment of the atherosclerotic lesion. The description
of the different macrophage subtypes reported above suggests that
also iron, in the form of Hb or via LDL oxidation, can differen-
tially affect macrophage polarization. How broad is the range of
macrophage subtypes generated in response to iron and how these
subtypes contribute to atherosclerosis progression is not clear yet.
Further studies are required to estimate the contribution of dif-
ferent iron sources to macrophage polarization and their impact
on the atherosclerosis process.

THE EFFECT OF IRON ON VSMC PHENOTYPE SWITCH
VSMC are the predominant cell type of the medial layer of
the vessel wall. Under physiological conditions, VSMC show
high contractility and a low proliferation rate. These proper-
ties are essential for VSMC to perform its primary function,
contraction and dilatation of vessels to regulate blood pres-
sure and flow. However, VSMC are not terminally differentiated
cells but show the capacity to switch to synthetic, inflamma-
tory, osteochondrogenic or macrophage-like, phenotypes upon
certain stimuli. The synthetic phenotype is characterized by loss
of contractility, increased motility and high proliferation rate
(Campbell and Campbell, 1985). Synthetic VSMC are involved
in fibrous cap formation during atherogenesis. Inflammatory
VSMC phenotype is defined by cytokine secretion (e.g., IL-8,
IL-6) and cell adhesion molecule expression (e.g., VCAM-1),
that can regulate monocyte/macrophage adhesion and recruit-
ment (Orr et al., 2010). Under certain pathological condi-
tion, VSMCs can undergo phenotypic transition into osteoblast-
like cells, whereby they synthesize excessive extracellular matrix
with parallel loss of their original function (Jono et al., 2000;

Giachelli et al., 2001; Giachelli, 2003), reviewed in Sallam
et al. (2013). Osteoblast specific markers are present in calcified
atherosclerotic lesions, highlighting the relevance of these events
in atherosclerosis (Dhore et al., 2001; Engelse et al., 2001). Finally,
VSMC can differentiate into macrophage-like cells. These cells are
enlarged and characterized by lipid inclusions in the cytoplasm
with immunoreactivity to α-smooth muscle actin and vimentin,
specific markers of VSMC. These cells are present in human
atherosclerotic lesions (Vukovic et al., 2006)

Some effort was made to study the effect of iron on the pheno-
type switching of VSMC. Iron chelation by desferoxamine (DFO)
significantly inhibited VSMC proliferation, a hallmark of the
synthetic phenotype in vitro (Porreca et al., 1994; Wong et al.,
2012), although opposing results show that iron decrease VSMC
growth (Mueller et al., 2006). Iron chelation inhibits the patho-
logical vascular remodeling response induced by balloon injury
and pulmonary hypertension (Porreca et al., 1994; Wong et al.,
2012). Accumulating evidence indicates that heme, and in par-
ticular, products of heme catabolism by HO-1 regulate VSMC
growth (reviewed in Durante, 2003). Carbon monoxide directly
inhibits VSMC proliferation by arresting cells in the G0/G1 phase
of the cell cycle, whereas biliverdin and bilirubin induce VSMC
apoptosis (Morita et al., 1997; Liu et al., 2002; Peyton et al., 2002).

Recently, by studying the effect of iron on osteochondro-
genic differentiation of VSMC, iron was reported to inhibit
inorganic phosphate (Pi)-mediated osteoblastic transition and
subsequent mineralization of VSMCs in vitro (Zarjou et al.,
2009). Importantly, iron inhibited the Pi-mediated increase in the
expression of core binding factor-1 (Cbfa-1), the key osteoblast-
specific transcription factor orchestrating the production of
osteoblast-specific proteins, such as alkaline phosphatase and
osteocalcin (Zarjou et al., 2009). Ferritin was identified as the
major protective molecule behind iron-mediated inhibition of
mineralization. The inhibitory effect of ferritin is strictly depen-
dent on its ferroxidase activity but not on its iron-storage ability
(Zarjou et al., 2009). Although a direct evidence of a role for iron
in calcification in vivo is lacking, recently it has been described
that iron and calcium show a highly significant spatial inverse
correlation within the atherosclerotic lesions (Rajendran et al.,
2012).

Although increasing evidence suggests the critical role of
VSMC phenotype switch in atherogenesis, the role of iron in
these mechanisms still remains to be elucidated. Further in vitro
and in vivo studies are essential to clarify the particular role of
iron in differentiation of VSMC into synthetic, inflammatory,
osteochondrogenic, or macrophage-like phenotypes.

CONCLUSIVE REMARKS
Over the last 30 years, several studies in animals and humans
assessed the effect of increased body iron levels on atheroscle-
rosis, yielding conflicting results. In the last decade, our
understanding of Hb and iron biology underwent a radical
revision. This significantly helped in understanding the athero-
genic effects of iron and iron-containing molecules. Numerous
experiments support the idea that oxidized Hb, Heme, and
iron—by interacting with plaque lipids, promoting endothe-
lial dysfunction, dictating macrophage polarization, modulating
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VSMC phenotype and proliferation—may affect the atherogenic
process. Complex systems have evolved to control and dispose
cell-free Hb, heme, and iron but these systems may be eventu-
ally overwhelmed upon excessive hemorrhage or hemolysis and
upon pathological iron overload. However, to date, the impact
of iron on atherosclerosis is still debated. Future studies are
required to clearly address whether iron overload is a risk fac-
tor for atherosclerosis and what iron source - systemic, tissue
or macrophage iron—mainly affects the atherosclerotic process.
Comprehensive understanding the role of iron on atherogene-
sis may lead to the development of improved diagnostics and
therapeutics meant to interrupt the pathologic actions of excess
iron.
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Damage associated molecular patterns (DAMPs) are endogenous molecules originate

from damaged cells and tissues with the ability to trigger and/or modify innate immune

responses. Upon hemolysis hemoglobin (Hb) is released from red blood cells (RBCs)

to the circulation and give a rise to the production of different Hb redox states and

heme which can act as DAMPs. Heme is the best characterized Hb-derived DAMP that

targets different immune and non-immune cells. Heme is a chemoattractant, activates

the complement system, modulates host defense mechanisms through the activation

of innate immune receptors and the heme oxygenase-1/ferritin system, and induces

innate immune memory. The contribution of oxidized Hb forms is much less studied,

but some evidence show that these species might play distinct roles in intravascular

hemolysis-associated pathologies independently of heme release. This review aims to

summarize our current knowledge about the formation and pro-inflammatory actions of

heme and other Hb-derived DAMPs.

Keywords: hemoglobin, heme, TLR4 (toll-like receptor 4), NLRP3, DAMP, hemolysis (red blood cells)

INTRODUCTION

Red blood cells (RBCs)—the most abundant cell type of the human body—deliver oxygen to the
tissues during their lifespan of about 120 days. Under homeostasis, destruction of aged RBCs is
usually an unrecognized event that takes place in macrophages of splenic and hepatic sinusoids
(1). After RBC phagocytosis macrophages efficiently handle the high hemoglobin (Hb) load, break
down heme, and redistribute iron for further use, or store it in a catalytically inactive form in ferritin
(FT) (1). Some RBCs lyse intravascularly even under physiological conditions releasing Hb and
heme to the circulation. To prevent the deleterious effects of extracellular Hb and heme they are
scavenged by the acute phase plasma proteins haptoglobin (Hp) and hemopexin (Hx), respectively,
and removed from the circulation rapidly (2). On the other hand, oversaturation of this defense
system leads to the accumulation of different redox forms of Hb and heme in the circulation.

Heme is a well-known pro-oxidant that feature relies—at least in part—on the ability of heme
iron to catalize the generation of hydroxyl-radicals in the Fenton reaction, due to its capability of
acting as both an electron donor and an acceptor (3). Another important source of radical species
that could mediate heme-induced toxicity is the conversion of organic hydroperoxides (ROOH)
into highly reactive alkoxyl (RO r) and peroxyl (ROO r) radicals (4, 5). These radicals trigger lipid
peroxidation forming alkyl radicals that in the presence of O2 will generate more peroxyl radicals,
thus amplifying free radical reactions (6). Finally, heme can also promote reactive oxygen species
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(ROS) generation through enzymatic reactions mediated by
NADPH oxidases (7–11) and by the mitochondria (11).

Besides being a pro-oxidant, three lines of evidence indicated
that heme is an inflammatory molecule with unique properties:
(i) sterile intra or extra vascular hemolysis cause inflammation,
that is controlled by Hx and heme oxygenase-1 (HO-1) (12);
(ii) injection of heme in experimental animals triggers local
and systemic inflammation (11–14); (iii) heme activates innate
immune cells in vitro acting as a chemoatractant, inducing
cytokine production, ROS generation, and cell death (7, 8,
11, 15, 16). The observations that heme causes macrophage
activation dependently of the innate immune receptors TLR4 and
NLRP3 were important to a paradigm shift, defining heme as a
prototipical damage-associated molecular pattern (DAMP) (11,
16–18). The requirement of TLR4 or NLRP3 to the pathological
consequences of experimental sterile hemolysis suggest that
heme-induced activation of these pathways contributes to the
pathology (11, 12, 19, 20). Importantly, the tissue damage
triggered by the actions of labile heme also critically contributes
to the pathogenesis of severe infections such as malaria (21–24)
and sepsis (14, 25). Growing evidence shows that the complement
system can be activated by heme which mechanism play a role
in the pathomechanism of certain hemolytic diseases (20, 26–
28). On the other hand heme can activate defense mechanisms
to establish tolerance and to foster survival of the host in diverse
pathological conditions via the induction of the HO-1/FT system
(17, 23, 29, 30). Recent investigation showed that heme can
induce innate immune memory as well (31).

Growing evidence suggest that besides labile heme other
Hb-related DAMPs e.g., metHb, ferrylHb as well as covalently
crosslinked Hb multimers can be considered as alarmins
(32–34). These species might play distinct, heme-independent
roles in intravascular hemolysis-associated pathologies. The
multiple mechanisms by which Hb-derived DAMPs modulate
cell activation and inflammation, contributing to pathology, are
object of intense research. In this review we aim to give an
overview of the most recent development of this dynamically
evolving field.

Abbreviations:ALIS, aggresome-like induced structures; AP: alternative pathway;

ATP, adenosine triphosphate; CNS, central nervous system; CO, carbon

monoxide; DAMPs, damage-associated molecular patterns; EC, endothelial

cell; ferrylHb, ferryl hemoglobin; FT, ferritin; FTH, ferritin heavy chain;

GPXs, glutathione peroxidases; Hb, hemoglobin; HO, heme oxygenase; H2O2,

hydrogen-peroxide; Hp, haptoglobin; Hsp, heat shock protein; Hx, hemopexin;

H3K9ac, histone 3 acetylation at lysine-9; H3K27ac, histone 3 acetylation

at lysine-27; ICAM-1, intracellular adhesion molecule-1; ICH, intracerebral

hemorrhage; IgG, immunoglobulin G; IL, interleukin; LPS, lipopolysaccharide;

MAC, membrane attack complex; metHb, met(ferric) hemoglobin; MyD88,

myeloid differentiation primary response gene 88; NADPH, nicotinamide adenine

dinucleotide phosphate; NET, neutrophil extracellular trap; NLR, NOD-like

receptor; NLRP3, NLR family pyrin domain containing 3; NO, nitric oxide; NOD,

nucleotide-binding oligomerization domain; NOX, NADPH oxidase; PAMPs,

pathogen-associated molecular patterns; PMNs, polymorphonuclear cells; PPARγ,

Peroxisome proliferator-activated receptor γ; PRR, pattern recognition receptor;

PRXs, peroxiredoxins; RBC, red blood cell; ROS, reactive oxygen species; SAH,

subarachnoid hemorrhage; SOD, superoxide dismutase; Syk, spleen tyrosine

kinase; TLR, toll-like receptor; TNF-α, tumor necrosis factor-alpha; TRIF,

TIR-domain-containing adapter-inducing interferon-β; VCAM-1, vascular cell

adhesion molecule-1.

Hb INSIDE OF THE RBCs

Hb, the major oxygen-transport protein consist of 2 different
subunits, α and β, that compose a α2β2 tetrahedron. Each of the
four subunits contains a heme prosthetic group with a central
Fe2+ (ferrous) ion. Heme iron is critically involved in O2 binding.
Each ml of human blood contains ∼0.3 g of Hb, most of it is
compartmentalized within RBCs.

Circulating RBCs are continuously exposed to high levels of
ROS of both endogenous and exogenous origin [reviewed in
(35)]. When Hb binds O2, Hb auto-oxidation frequently occurs
in which the central heme Fe2+ is oxidized into Fe3+ (ferric,
metHb) with the concomitant reduction of O2 into superoxide
anion (O•−

2 ) (Figure 1). This reaction is a major source of
endogenous ROS inside the RBCs. Cytochrome-b5 reductase,
an NADH-dependent enzyme present in RBCs convert metHb
to Hb, therefore metHb content in intact RBC generally stays
below 1%.

A highly effective antioxidant defense system protects RBCs
from the continuously produced ROS. This system consists of
enzymes, such as Cu/Zn superoxide dismutase that converts
superoxide anion to hydrogen-peroxide (H2O2), catalase,
glutathione peroxidase, and peroxiredoxins which decompose
H2O2 to H2O [reviewed in (35–37)] and non-enzymatic low
molecular weight scavengers, such as glutathione, ascorbic acid,
and vitamin E (Figure 1). When ROS production exceeds the
capability of ROS neutralization, RBC membrane damage occurs
which impairs oxygen delivery.

During their lifespan in the circulation RBCs lose about
20% of their initial Hb content via vesiculation (38). This
process is considered an efficient mechanism to remove damaged
membrane patches, senescent cell antigens and intracellular
inclusion bodies (Heinz bodies) from the otherwise healthy
RBCs, therefore they can stay longer in the circulation (39).
Approximately after 120 days in the circulation RBCs are
completely worn out, and they are cleaned from the circulation
by hemophagocyticmacrophages, mainly in the spleen, via a non-
inflammatory process which allows efficient and safe recycling of
the RBC components, particularly the heme iron (40–42).

Hb OUTSIDE OF THE RBCs

Diverse inherited or acquired conditions can trigger uncontrolled
destruction of RBCs in the vasculature or in the extravascular
space. Upon RBC lysis a large amounts of Hb is released into the
circulation, or into the surrounding tissues.

Elimination of Cell Free Hb and Limitations
of the Clearance System
Following RBC lysis extracellular Hb is promptly removed from
the circulation. Hp, an acute phase plasma protein is in the
first line of defense [reviewed in (43)]. Hp binds extracellular
Hb avidly, protects Hb from oxidation (44–48), and facilitates
its clearance from the circulation through endocytosis via the
CD163 macrophage scavenger receptor (49). Although abundant
in the plasma (0.41–1.65 mg/ml), the amount of Hp allows
the clearance of ∼3 g of Hb, <1% of the Hb amount in the
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FIGURE 1 | Pro-oxidant and antioxidant mechanisms is RBCs. O2 binding to Hb initiates Hb auto-oxidation in which process metHb (Fe3+) and superoxide anion

(O•−

2 ) are formed. MetHb is reduced by metHb reductase, while O•−

2 is converted to H2O2 by superoxide dismutase (SOD). In the presence of transition metals such

as Fe2+ or Cu+ a reaction between O•−

2 and H2O2 occurs yielding hydroxyl radical (OH•) (Haber Weiss reaction). Catalase, glutathione peroxidases (GPx), and

peroxiredoxins (PRXs) decompose H2O2. The antioxidant system is completed with non-enzymatic low molecular weight scavengers, such as glutathione, ascorbic

acid, and vitamin E. SOD, superoxide dismutase; GPx, glutathione peroxidase; PRXs, peroxiredoxins; GSH, reduced glutathione; GSSG, glutathione disulfide; GSR,

glutathione-disulfide reductase; NADP+, nicotinamide adenine dinucleotide phosphate; NADPH, reduced NADP; G6PDH, glucose-6-phosphate dehydrogenase;

Trx(r), reduced thioredoxin; Trx(ox), oxidized thioredoxin; TrxR, thioredoxin reductase.

circulation. Therefore, massive hemolysis with more than 1%
of RBC lysis, Hp is depleted from the plasma and cell-free Hb
is eliminated from the circulation via alternative mechanisms.
These include (i) a low-affinity pathway through CD163 by
macrophages (50) and (ii) renal excretion which is accompanied
by profound oxidative stress and organ damage (51, 52).

Failure of Hb Clearance: Nitric Oxide
Depletion, Hb Oxidation, and Heme
Release
Once the capacity of the Hp/CD163 system is overwhelmed,
cell free Hb accumulates in the plasma. Hb exhibits a high
affinity for nitric oxide (NO), the important endogenously
produced gas that plays a major role in the regulation of vascular
tone [reviewed in (53, 54)]. Scavenging of NO by Hb triggers
vasoconstriction that contributes to clinical complications in
diverse forms of hereditary or acquired hemolytic anemias (55).
Furthermore, non-compartmentalized Hb cannot benefit from
the highly efficient antioxidant defense system present in intact
RBCs, and Hb tends to oxidize. One-electron oxidation of
Hb occurs when Hb reacts with NO resulting metHb. Also
auto-oxidation of oxyHb triggers metHb generation with the
concomitant production of superoxide anions (Figure 2A). Two-
electron oxidation of Hb occurs when Hb reacts with peroxides,
such as H2O2 or lipid hydroperoxides leading to the formation of

ferryl (Fe4+ = O 2−) Hb (Figure 2B). When metHb reacts with
peroxides ferrylHb radical is formed [Hb•+(Fe4+ = O 2−)] in
which the unpaired electron is located at either the globin chain
or at the porphyrin ring (56–59). The ferryl oxidation state of
iron is very unstable, therefore these high-valence Hb forms are
short-lived intermediates that decay quickly (60).

Ferryl iron can oxidize the neighboring oxidation-prone
amino acid residues of the globin chains (i.e., αTyr-24,
αTyr-42, αHis-20, βTyr-35, βTyr-130, and βCys-93) with
the concomitant reduction of Fe4+ into Fe3+ (37, 61, 62).
This intramolecular electron transfer between the ferryl iron
and the amino acids yields metHb globin radicals in which
the unpaired electrons are located on the oxidized amino
acid residues (37, 61, 62). Reactions between globin radicals
or between globin and porphyrin-centered radicals lead to
the formation of globin-globin and porphyrin-globin adducts,
respectively (Figure 2C). These structurally altered Hb forms
are less efficiently removed from the circulation because both
high-affinity (Hb-Hp/CD163) and low-affinity (Hb/CD163)
endocytosis pathways are compromised (50, 63).

The prosthetic heme group is tightly bound in Hb, while
this bound is weakened in oxidized Hb forms. Both metHb and
ferrylHb releases heme moiety (Figure 2) which is captured by
the acute phase plasma protein Hx (64). Hx-heme complexes
are taken up mainly by macrophages and hepatocytes through
the scavenger receptor LDL receptor-related protein 1/CD91 (65,
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FIGURE 2 | Formation of oxidized Hb forms and labile heme upon hemolysis. Hb tetramers (HbFe2+α2β2) is released from RBCs following intra- or extravascular

hemolysis. (A) Hb outside of RBCs dimerize and can undergo spontaneous auto-oxidation (reaction I) to metHb (HbFe3+αβ). (B) Two-electron oxidation (reactions II) of

Hb and metHb by H2O2 or lipid hydroperoxides (L-OOH) lead to the formation of ferrylHb (HbFe4+αβ) or ferrylHb radicals, respectively. (C) FerrylHb get stabilized via

intramolecular electron transfer (reaction III) between iron and the globin chain forming globin radicals. Globin radicals get stabilized via covalent crosslinking (reaction

IV) producing covalently crosslinked Hb multimers. Oxidized Hb forms (metHb, ferrylHb, covalently crosslinked Hb) release their heme prosthetic group (reactions V).

66). Similarly to Hp, Hx is also depleted from the plasma upon
massive intravascular hemolysis, leading to the appearance of
labile heme, that is, a redox active form of heme which is loosely
bound tomolecules, other than hemoproteins including albumin,
α1-microglobulin and lipoproteins such as LDL and HDL.

Recycling of heme iron is a critical component of systemic
iron metabolism. Iron is released from the heme molecule
via the action of heme oxygenases (HOs), mainly HO-1, the
inducible isoenzyme that catabolizes free heme into equimolar
amounts of Fe2+, carbon monoxide (CO), and biliverdin
(67). HO-1 induction and heme degradation products exhibit
various cytoprotective mechanisms (29). Heme-mediated HO-1
induction and iron release is associated with the upregulation
of ferritin, the major intracellular iron storage protein, assuring
that iron is stored in a catalytically inactive still bioavailable form
inside the cells (68).

ACTIVATION OF THE INNATE IMMUNE
SYSTEM BY LABILE HEME AND OXIDIZED
Hb FORMS

Hemolytic and hemorrhagic episodes are often accompanied
by inflammation even in the absence of pathogens (17, 69).
Accumulating evidence suggest that upon hemolysis RBCs
release large amounts of DAMPs including RBC microvesicles,

heme, ATP, heat shock protein 70, interleukin-33 that induce
pro-inflammatory responses in different cells (70, 71). Here we
will focus on the contribution of Hb-derived DAMPs to the
hemolysis-induced sterile inflammatory responses (Figure 3).

Endothelial Cells (ECs) as First Line
Targets of Hb-Derived DAMPs
A monolayer of ECs cover the entire vasculature and the
lymphatic system providing a semi-permeable barrier between
blood and tissue, and lymph and tissue, respectively. Under
physiological conditions, ECs are involved in many processes
including the regulation of metabolic homeostasis, vascular
hemodynamics, vascular permeability, coagulation, and cell
trafficking [reviewed in (72)]. Besides of these numerous
functions, ECs are one of the first cell types to detect pathogen-
associated molecular patterns (PAMPs) and DAMPs in the
bloodstream, therefore ECs have important immunological
functions in the early innate immune system activation as
danger signal sensors [reviewed in (72)]. ECs are equipped with
a series of pathogen-associated pattern recognition receptors
(PRRs) including toll-like receptors (TLRs) and nucleotide-
binding oligomerization domain (NOD)-like receptors
(NLRs), as well as diverse chemokine receptors [reviewed
in (73)]. Growing evidence shows that ECs respond to various
Hb-derived DAMPs.
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FIGURE 3 | Targets of Hb-derived DAMPs. (I) Labile heme and ferrylHb induces endothelial cell activation characterized by NF-κB activation, elevated ROS

production, and increased expression of adhesion molecules and pro-inflammatory cytokines. (II) Heme activates neutrophils characterized by elevated ROS

production through the activation of NOX, increased production of IL-8 and NET formation. (III) Heme and ferrylHb induces monocyte and neutrophil chemotaxis. (IV)

Labile heme and ferrylHb induces ROS production, NLRP3 activation, and pro-inflammatory cytokine production in LPS-primed macrophages. (V) Heme induces

innate immune training through triggering epigenetic changes, such as acetylation of H3 at lysine-27 in monocytes and macrophages in a Syk-dependent manner. (VI)

Heme induces complement activation leading to the formation of C3a and C5a activation fragments and the assembly of MAC. NF-κB, nuclear factor kappa B; ROS,

reactive oxygen species; NOX, NADPH oxidase; NET, neutrophil extracellular trap; TLR4, toll-like receptor 4, NLRP3, NLR family pyrin domain containing 3; LPS,

lipopolysaccharide; Syk, Spleen tyrosine kinase; H3, histone 3, MAC, membrane attack complex.

Heme-Mediated TLR4-Dependent EC Activation

(Adhesion Molecules and Barrier Function)
ECs respond to a variety of inflammatory stimuli e.g., IL-
1, tumor necrosis factor α (TNF-α), lipopolysaccharid (LPS)
by upregulating the expression of cellular adhesion molecules
including intracellular adhesion molecule-1 (ICAM-1), vascular
cell adhesion molecule-1 (VCAM-1), and E selectin (74, 75).
These adhesion molecules anchor leukocytes to the endothelial
surface and facilitate their transmigration into the inflamed
tissue. Interestingly heme, similarly to that of IL-1, TNF-α, or
LPS upregulates the expressions of adhesion molecules (76) in a
TLR4-dependent manner (19, 20).

This heme-mediated TLR4-dependent mechanism has been
connected to vaso-occlusive crisis in sickle cell disease (Figure 3)
(19). Recent evidence shows that TLR4-dependent upregulation
of endothelial P-selectin triggers an unconventional route of
complement activation by non-covalent binding of C3 activation
fragments on the surface of ECs, whichmechanism contributes to
liver injury in hemolytic diseases such as sickle cell disease (20).

Besides increased expression of cell surface adhesion
molecules, increased endothelial permeability contributes
to inflammatory cell extravasation upon hemolysis. Many
attempts were made to identify the molecular mechanism of this
phenomenon which revealed that ferrylHb and free heme trigger

the loss of endothelial integrity (33, 77–80). Heme-induced loss
of endothelial barrier function is dependent on the activation of
the p38/heat shock protein 27 pathway (79) and associated with
TLR4-dependent production of ROS and necroptosis (77).

FerrylHb-Mediated TLR4-Independent EC Activation

(Adhesion Molecules and Barrier Function)
Besides heme, ferrylHb but not Hb or metHb induces up-
regulation of adhesion molecules ICAM-1, VCAM-1, and E-
selectin, and increase endothelial cell monolayer permeability
in human ECs (Figure 3) (33). Interestingly, ferrylHb-mediated
responses are dependent on the activation of nuclear factor
kappaB (NF-κB), requires actin polymerization, involves the
activation of the c-Jun N-terminal kinase and the p38 mitogen-
activated protein kinase signal transduction pathways but not
dependent on TLR4 activation (33). The facts that (i) ferrylHb
and heme trigger endothelial activation with the use different
signaling mechanisms and that (ii) metHb – that can release
heme more avidly than ferrylHb – does not induce EC activation
suggest that ferrylHb-mediated EC activation cannot be simply
considered as a consequence of heme release from ferrylHb.
The putative receptors associated with ferrylHb-induced EC
activation are currently unknown.
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Induction of Cytokine Production by Hb-Derived

DAMPs in ECs
Growing evidence suggest that endothelial cells are not only
sentinels of the activation of the innate immune system but
actively participate in cytokine production upon hemolysis.
Recently heme and ferrylHb were identified as activators of the
NLRP3 inflammasome leading to processing and secretion of
active IL-1β in LPS-primed macrophages (11, 34). Previously
it has been shown that ECs respond to classical DAMPs such
as extracellular ATP and high mobility group box 1 protein
(HMGB1) by the activation of NLRP3 inflammasome and
the subsequent production of IL-1β (81, 82). Based on these
information we investigated whether heme and the different Hb
redox forms induce NLRP3 inflammasome activation in ECs
(32). We showed that heme but not the different Hb redox forms
induced NLRP3 inflammasome activation and IL-1β production
ECs (Figure 3). Heme-induced inflammasome activation in ECs
requires LPS priming, structural integrity of the heme molecule,
and ROS production (32). Recent data suggest that globin-
derived peptides formed during Hb oxidation are also capable to
induce NLRP3 inflammasome activation and IL-1β production
in ECs (83). Besides IL-1β production, Hb-derived DAMPs,
namely metHb but not Hb has been implicated in IL-6 and IL-8
production in ECs (84). In the same experimental setting heme
did not induce IL-6 and IL-8 production in ECs, so we can
assume that metHb-induced EC response was independent of
heme release.

Hb-Derived Molecules as
Chemoattractants
Heme is chemoatractant in vivo, which notion is supported
by the finding that peritoneal injection of heme causes the
recruitment of neutrophils and intravenous administration of
heme causes leukocyte infiltration in various organs (7, 11, 15,
85). Heme-induced neutrophil recruitment is independent of
TLR4 activation (16), but depends on the endogenous production
of leukotriene B4 by macrophages (86) and the activation of the
NLRP3 inflammasome (11).

Recent studies showed that besides heme, ferrylHb, but not
Hb and metHb triggers peritoneal infiltration of monocytes and
neutrophils (33, 34). The chemotactic effect of ferrylHb is less
likely to be dependent on heme release exclusively, which is
supported by two facts; first, ferrylHb is a more powerful inducer
of leukocyte infiltration than heme and second, metHb that has
the ability to release heme at the same or even higher rate as
ferrylHb (87) fails to trigger leukocyte recruitment (34).

Actions on Neutrophils
Neutrophil granulocytes play a fundamental role in innate and
adaptive immunity. Upon infection or inflammation, neutrophils
are the first leukocytes migrating from the blood into the
affected tissues. Neutrophils are equipped with sensors of PAMPs
and DAMPs, they kill and phagocytose pathogens and clear
cellular debris (88). In the recent years, it has become evident
that neutrophils not only sense PAMPs but can recognize and
respond to endogenous DAMPs as well. As it was mentioned
before, heme and ferrylHb are potent triggers of neutrophil

infiltration (7, 15, 33, 85). Moreover, heme has been shown to
activate neutrophils characterized by elevated ROS production
and increased expression of the pro-inflammatory cytokine
IL-8 (Figure 3) (7, 15). Heme is a potent chemoattractant
of neutrophils in vitro in a mechanism characteristic of a
G protein-coupled receptor activation (7, 15). Heme-induced
neutrophil chemotaxis and ROS production are independent of
the coordinated iron present in heme, while requires the vinyl
groups in the porphyrin ring (15, 89).

Upon activation neutrophils release extracellular traps—
meshes composed of chromatin and neutrophil granular
proteins—which plays a critical role in immobilization of
invading pathogens (90). Recently heme has been identified
as a potent inducer of neutrophil extracellular trap (NET)
formation in TNF-α-primed neutrophils in vitro and in vivo
(91). Accumulating evidence show that heme-mediated NET
formation plays a pathogenic role in vaso-occlusion crises in
sickle cell disease, in transfusion-related acute lung injury, in
systemic inflammation in paroxysmal nocturnal hemoglobinuria
as well as in malaria (91–94). Interestingly, heme-induced NET
formation requires the coordinated heme iron, is dependent on
NADPH oxidase and ROS formation but occurs independently
of TLR4 (95). These results suggest that at least two different
signaling pathways are activated by heme on neutrophils. One
that triggers chemotaxis and is independent of the heme iron
while requires the vinyl groups, and one that triggers the
NET release, requires the iron but not the vinyl groups of the
porphyrin ring. The putative receptors associated with these
activities are currently unknown.

Activation of Macrophages by Hb-Derived
DAMPs
Macrophages are effector cells of the innate immune system,
which respond to a variety of PAMPs and DAMPs. Macrophages
are present in all vertebrate tissues and have highly heterogeneous
phenotypes depending on the environmental cues encountered.

TLR4 Activation by Heme in Macrophages
Heme profoundly affect macrophage physiology through
multiple pathways (17, 18). The requirement of TLR4 to the
induction of TNF production by heme on macrophages was the
first demonstration of a receptor-mediated effect of heme (16).
The coordinated iron and the vinyl groups are essential for heme
to induce TLR4-dependent TNF production. The effect of heme
on macrophages through TLR4 is exquisitely different from the
effect of LPS, the canonical agonist of TLR4. While LPS triggers
the activation of the Myeloid differentiation primary response
88 (MyD88) and the TIR-domain-containing adapter-inducing
interferon-β (TRIF) pathways (96) on macrophages and DCs,
heme activates only the MYD-88 pathway and is unable to
induce the expression of type I interferon or co-stimulatory
molecules (16).

Heme-Induced Macrophage Necroptosis
High amounts of free heme due to hemolysis is involved with
the loss of macrophages, specially in the absence of HO-1
(97). Heme induces macrophage necroptotic cell death in a
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mechanism that requires TNF, ROS, and the kinases RIPK1
and RIPK3 (98). Although required to heme-induced TNF
production, TLR4 is not essential for the necroptosis induced
by heme in the presence of exogenous TNF. An important
study demonstrated that heme triggers tissue macrophage
differentiation by inducing the transcriptional factor Spic in
monocytes through a mechanism dependent on the degradation
of the transcriptional repressor Bach1 (99). During pathological
hemolysis, the axis formed by heme, Bach1, and Spic is critically
involved in the homeostatic response to the macrophage loss.
Another compensatory response to hemolysis and heme is
the formation of aggresome-like induced structures (ALIS) on
macrophages, p62/SQTM1 aggregates containing ubiquitinated
proteins (100, 101). The heme-induced ALIS formation on
macrophages requires mitochondrial ROS, NRF2 and HO-1,
while is independent of TLR4. Moreover, iron from heme is
necessary, while both Fe2+ and Fe3+ are sufficient to trigger ALIS
formation (100). The physiopathological role of heme-iduced
ALIS formation is currently unknown.

NLRP3 Activation by Heme in Macrophages
Heme has a synergistic effect with microbial molecules
on macrophages, increasing the production of inflammatory
cytokines in a mechanism dependent of ROS and spleen
tyrosine kinase (Syk) (13). Moreover, heme induces NLRP3
inflammasome activation leading to processing and secretion of
active IL-1β in LPS-primed macrophages (11). Heme-mediated
NLRP3 inflammasome activation is found to be dependent on
the coordinated heme iron, and also involves activation of Syk,
elevated ROS production by NOX2 and the mitochondria and
K(+) efflux, contributing to intravascular hemolysis-induced
lethality (11). An interesting study demonstrated that heme
reduces the host resistance to bacterial infection (102). Treatment
of macrophages with heme, but not with Hb, free iron, or
the heme analogs protoporphyrin IX and tin-protoporphyrin
IX, causes a dose-dependent inhibition of E. coli phagocytosis
by macrophages (102). This inhibitory effect of heme on
macrophage phagocytosis and chemotaxis occurs through the
activation of the GTP-binding Rho family protein Cdc42 by
DOCK8, a guanine nucleotide exchange factor, disrupting actin
cytoskeletal dynamics (102). Together, these results indicate
possible signaling pathways for therapeutic intervention during
hemolytic infectious conditions.

NLRP3 Activation by ferrylHb in Macrophages
Besides heme, the involvement of different Hb redox forms
was investigated in hemolysis-associated NLRP3 inflammasome
activation in macrophages. That study revealed that ferrylHb but
not Hb or metHb induce active IL-1β production in LPS-primed
macrophages in an NLRP3-dependent manner (34). Based on
the fact that metHb cannot induce IL-1β production in LPS-
primed macrophages it is unlikely that heme release plays a
critical role in the ferrylHb-triggered response. FerrylHb-induced
NLRP3 activation is associated with elevated ROS production
but the detailed molecular mechanism needs to be further
explored (34).

Hemorrhage-Associated Macrophage Subsets
Besides the two extreme canonical macrophage phenotypes, the
pro-inflammatory M1 and the anti-inflammatory M2, many
other specific and distinct macrophage subsets exist (103).
Both extracellular Hb and heme are implicated in macrophage
polarization triggering the formation of hemorrhage-associated
M(Hb) and M(heme) subsets, respectively (103–106). These
hemorrhage-associated macrophage subsets were first identified
in advanced human atherosclerotic lesions with intraplaque
hemorrhage (103–106). M(Hb) macrophages represent a
subpopulation of CD68+ macrophages and their characteristic
markers are the macrophage mannose receptor 1 and the
CD163 receptor through which macrophages recognize and
endocytose Hp-Hb complexes (103–105). Additionally, due to
their role in Hb clearance, M(Hb) macrophages exhibit increased
HO-1 and ferroportin expressions thereby facilitating heme
catabolism and cellular efflux of excess iron (105). Reduced
labile iron content in M(Hb) macrophages is associated with
less ROS production which is linked to increased activity of
the transcription factor liver X receptor-α and the induction of
cholesterol efflux (105). Because of this, M(Hb) macrophages
are protected from lipid accumulation and produce anti-
inflammatory factors, such as IL-10 (105). M(heme) macrophage
polarization is driven by extracellular heme, and similarly to that
of M(Hb) this subset is protected from oxidative stress and lipid
accumulation (107).

Activation of Microglia by Hb-Derived
DAMPs
Microglia are the primary innate immune effector cells of
the central nervous system (CNS) with a similar function
to macrophages. Intracerebral and subarachnoid hemorrhages
(ICH and SAH, respectively) are associated with activation of
microglia and growing evidence suggest that inflammation is
the key contributor of secondary brain injury induced by ICH
or SAH (108, 109). Microglia have an important function in
hematoma resolution by phagocytosing RBCs which process
is mediated by the class B scavenger receptor CD36 (110,
111). CD36 expression is regulated by peroxisome proliferator-
activated receptor γ (PPARγ), and activation of PPARγ has
been shown to promote hematoma resolution and decrease
neuronal damage following ICH (111). Incomplete removal
of RBCs leads to hemolysis and the production of oxidized
Hb forms and free heme (112, 113). Microglia plays a
critical role in removing these toxic Hb derivatives from the
central nervous system through CD163-Hp-Hb and CD91-
Hx-heme scavenging mechanisms and heme degradation by
HO enzymes (114–117). These mechanisms can attenuate
bleeding-associated neuronal damage, though we have to
note that upon significant intrathecal hemolysis the Hb-heme
elimination system is largely overwhelmed leading to the
accumulation of oxidized Hb forms and free heme in the
CNS (112–114).

These Hb-derived DAMPs trigger neuroinflammation
following ICH and SAH. In line of this notion it has been shown
that heme induces TLR4-mediated inflammatory injury via the
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activation of MyD88/TRIF pathways in microglia following
ICH (118). Importantly, mice deficient of Tlr4 or anti-TLR4
treatment reduce heme-induced neurologic deficit, brain edema,
and inflammation. Not only heme, but also metHb has been
identified as a TLR4 agonist that triggers the secretion of
TNF-α by the microglia (119). A number of studies support
the notion that TLR4 contributes to the brain injury due to
ICH (120–123). Additionally, heme induces the release of IL-1α
but not IL-1β in primary mixed glia (124). Targeting these
inflammatory pathways with anti-TLR4 antibody or with IL-1
receptor antagonist attenuate intrathecal hemorrhage-associated
inflammatory injury (118, 124). A recent study showed
that besides heme and metHb, large amounts of covalently
crosslinked Hb multimers (dimers and tetramers) accumulate in
the cerebrospinal fluid of preterm infants following IVH (112).
Further work needed to address whether these Hb multimers
are implicated in the inflammatory microglia activation
following IVH.

Induction of Innate Immune Memory by
Heme
Trained immunity or innate immune memory is the ability
of the innate immune system to adapt its function after
previous encounters with pathogens or their products (125).
This mechanism not only provides protection against reinfection
but also contributes cross-protection between infections with
different pathogens (125, 126). The major cell types in which
trained immunity occurs are myeloid cells, natural killer cells,
and innate lymphoid cells. Trained immunity is activated by
PAMPs such as LPS or β-glucan via PRR signaling, resulting
changes in transcription programs through epigenetic regulation
that can persist for up to several weeks (125, 126). Epigenetic
reprogramming – driven by histone acetylation, for example at
lysine-9 (H3K9ac) and lysine-27 (H3K27ac) of H3 histones that
almost exclusively determines transcriptional capability – is a
critical determinant of trained immunity (127).

Recently it was reported that heme is a potent inducer of
trained immunity in monocytes and macrophages both in vitro
and in vivo (31). Heme pretreatment increased pro-inflammatory
cytokine (TNF-α, IL-6, IL-8) release from macrophages upon
secondary challenge by LPS (Figure 3) (31). Such effect of
heme was independent on the pro-oxidant nature of heme,
which notion is supported by the fact that (i) trained immunity
is induced by protoporphyrin IX, lacking iron and (ii) it is
not prevented by the glutathione precursor N-acetyl cysteine
(31). Heme pretreatment triggered epigenetic changes, such as
acetylation of H3k27. Comparing heme and β-glucan-induced
training in monocytes revealed overlapping as well as distinct
epigenetic and transcriptional responses between the two triggers
(31). Common pathways, regulated by both heme and β-glucan
included lysosome maturation and metabolism. Genes only
induced by heme are mainly involved in inflammatory pathways,
and as expected heme/iron related metabolism (31). Another
remarkable difference between heme- and β-glucan-induced
training is that heme-mediated training relies on the activation
of Syk and c-Jun n-terminal kinase, but independent on the

activation of the Mammalian Target of Rapamycin which is
largely involved in β-glucan training (31). This finding reinforces
the critical role of Syk signaling on heme-induced macrophage
activation (11, 13). At present, the mechanism by which heme
triggers Syk phosphorylation is unknown (17). Interestingly,
heme seems to be a Janus-faced training molecule in vivo
resulting that the outcome of heme pretreatment largely depends
on the experimental conditions (31).

Complement Activation and the
Thromboinflammatory Loop
Originally the complement system has been considered
as a simple mechanism to induce bacterial lysis. Recently
it became evident that complement has diverse functions
in both physiologic and pathologic conditions (128). The
complement system senses PAMPs and DAMPs and translate
the danger information into an adequate cellular innate or
adaptive immune response (129). The complement system is
a cascade of more than 40 proteins, which can be initiated
by different ways. There are three known distinct ways for
complement activation: the classical, the lectin-mediated, and
the alternative pathway (AP) (130). Activation of each of
the three pathways leads to a common terminal pathway in
which the inactive C3 protein is cleaved into the functional
fragments C3a and C3b, and the membrane attack complex
(MAC) is formed (130). These products of complement
activation mediate a diverse inflammatory response that includes
opsonization and phagocytosis, bacterial killing, immune
cell recruitment, endothelial and epithelial cell activation,
platelet activation and interaction with the adaptive immune
system (128).

It has long been known that hemolytic disorders, such
as sickle-cell disease, beta-thalassemia major, thrombotic
thrombocytopenic purpura, and paroxysmal nocturnal
hemoglobinuria are associated with complement over-activation
(131–136). Recent evidence suggest that heme has a direct role in
hemolysis-associated complement activation (Figure 3). In line
of this notion heme has been shown to activate the complement
AP and trigger the deposition of C3 activation fragments on the
surface of RBCs (28). A detailed work showed that C3a, C5a, and
sC5b9 activation fragments are formed during heme-mediated
activation of the complement AP in normal human serum
(Figure 3) (26). Additionally, heme-exposed ECs also activate
the AP resulting in cell-bound C3 and MAC, which mechanism
contributes to endothelial damage and thrombosis in atypical
hemolytic uremic syndrome (26). Drug-induced intravascular
hemolysis or injection of heme trigger C3 deposition in the
kidneys and subsequent renal damage which can be attenuated
by the heme scavenger Hx. Also, deficiency of C3 attenuates
hemolysis-induced kidney injury in mice, suggesting that
heme-mediated complement activation and C3 deposition
play a fundamental role in renal damage upon intravascular
hemolysis (27).

Clinical and epidemiological studies revealed that RBC
abnormalities such as abnormal hematocrit, sickle cell disease,
thalassemia, hemolytic anemias, and malaria are associated with
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increased incidence of both arterial and venous thrombosis
(137). Recently it has been shown that heme activates the tissue
factor (TF)-dependent extrinsic coagulation pathway both in
vitro and in vivo which can be attenuated by an anti-TF antibody
(138, 139). Importantly, inhibition of TF-induced coagulation
activation reduces microvascular stasis and lung vaso-occlusion
in sickle mice (140). By activating both inflammatory
and hemostatic pathways extracellular heme can trigger a
thromboinflammatory vicious cycle that can contribute to the
pathogenesis of hemolytic diseases. Recently the heme-induced
thrombogenecity was studied in an ex vivo human whole blood
model. Heme-induced thromboinflammation was attenuated by
the inhibition of the complement component C5 and the TLR
coreceptor CD14 (141). Inhibition of the thromboinflammatory
loop can be a meaningful therapeutic target in hemolytic
diseases (141).

Modulation of Host Defense Mechanism by
Labile Heme
High concentrations of labile heme are observed in infectious
conditions, such as malaria and sepsis, both in humans and
experimental animals (14, 17, 21, 29). As in sterile hemolytic
conditions, the axis Hp/Hx and HO-1/FT heavy chain (FTH)
also provides critical host protection against free heme on
infectious disease with increased hemolysis (14, 21–25, 29).
Two complementary mechanisms comprise the host response
to infection. Resistance, a primarily attribute of the immune
system, is associated with the reduction or elimination of
infectious agents, while tolerance is the capacity of limiting
the pathological consequences of an infection (142, 143). Heme
can affect the host responses in multiple ways, modulating
both the disease tolerance and the resistance to infection.
In a series of important studies, it has been demonstrated
that heme contributes to the pathogenesis of malaria by
increasing tissue damage, while HO-1 and FTH contributes
to disease tolerance irrespective of changes on pathogen loads
(21–24). A recent study indicates that sickle cell trait with
low grade hemolysis is beneficial in malaria infection due
to an increased in disease tolerance associated with higher
HO-1 expression (23). CO, generated by the catabolism of
heme by HO-1, binds to heme inhibiting its release from
the Hb during malaria, thus preventing pathology (21).
Moreover, the antioxidant effects of HO-1 inhibits the hepatocyte
apoptosis induced by the synergistic effects of heme and TNF,
preventing hepatic failure, and death in a mouse model of
malaria (144).

In a mouse model of endotoxemia heme enhances the plasma
concentrations of TNF and IL-6, drastically increasing the
lethality induced by LPS (13). This increased lethality in mice is
observed even when the challenge with LPS occurs after 6 days
of treatment with heme and correlates with increased numbers
of tissue macrophages (31). Heme reduces blood glucose levels
dependently of TLR4, contributing to the severity of sepsis,
while FTH reverts this effect contributing to glucose and tissue
homeostasis (25). In mouse models of severe bacterial infection,
heme increases multi organ failure, and lethality irrespective to

a change on pathogen load (14). An interesting study has shown
that heme reduces resistance to Gram-negative infection in mice
predisposing to pathogen dissemination through the suppression
of phagocytic function and independently of bacterial growth
due to nutritional advantage (102). These results suggest that
upon acute bacterial infection heme can be deleterious due to an
increase on tissue damage and bacterial loads.

Heme can also modify immunoglobulin-mediated immune
responses. This activity relies on the ability of heme to bind
to immunoglobulins of different isotypes (IgG, IgA and IgM)
leading to the formation of heme-immunoglobulin complexes
that exhibit increased reactivities toward various self and
bacterial antigens (145). Besides that, it has been shown that
heme-IgG complex can interact with previously unrecognized
bacterial antigens and intact bacteria through binding to an
enlarged panel of structurally unrelated epitopes (146). Heme-
induced expansion of the antibody repertoire may represent
an inducible innate-type host defense mechanism against
infections (146).

CONCLUSIONS

Upon hemolysis a large amount of Hb is released from RBCs that
is oxidized in the extracellular milieu. Cell free Hb, its oxidation
products and heme that is released from oxidized Hb forms
are potential DAMPs. Among these numerous Hb oxidation
products heme is the most widely studied molecule, and its
contribution as a DAMP in hemolysis-associated pathologies
has been confirmed. Because of structural alterations oxidized
Hb forms (metHb and ferrylHb) bind heme less avidly than
Hb, therefore pro-inflammatory actions of oxidized Hb forms
was thought to be attributed to their ability to release the heme
prosthetic group. This idea is challenged by recent studies
suggesting that oxidized Hb forms, in particular ferrylHb exhibit
pro-inflammatory actions independently of heme release. A
lot of work needs to be done to further explore the colorful
picture of Hb-derived DAMPs, their targeted cells and the
mechanisms of their actions. Comprehensive understanding
of hemolysis/hemorrhage-associated inflammation could
contribute to the development of novel therapeutics intended to
interrupt these pathological events.
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Abstract: Vascular calcification is the deposition of hydroxyapatite crystals in the medial or intimal
layers of arteries that is usually associated with other pathological conditions including but not limited
to chronic kidney disease, atherosclerosis and diabetes. Calcification is an active, cell-regulated
process involving the phenotype transition of vascular smooth muscle cells (VSMCs) from contractile
to osteoblast/chondrocyte-like cells. Diverse triggers and signal transduction pathways have been
identified behind vascular calcification. In this review, we focus on the role of reactive oxygen
species (ROS) in the osteochondrogenic phenotype switch of VSMCs and subsequent calcification.
Vascular calcification is associated with elevated ROS production. Excessive ROS contribute to
the activation of certain osteochondrogenic signal transduction pathways, thereby accelerating
osteochondrogenic transdifferentiation of VSMCs. Inhibition of ROS production and ROS scavengers
and activation of endogenous protective mechanisms are promising therapeutic approaches in the
prevention of osteochondrogenic transdifferentiation of VSMCs and subsequent vascular calcification.
The present review discusses the formation and actions of excess ROS in different experimental
models of calcification, and the potential of ROS-lowering strategies in the prevention of this
deleterious condition.

Keywords: vascular calcification; reactive oxygen species (ROS); vascular smooth muscle cells (VSMCs);
osteochondrogenic transdifferentiation; Runx2

1. Introduction

Ectopic calcification is the deposition of calcium (Ca) and phosphate (PO4
3−, P)-containing

hydroxyapatite crystals in any soft tissue. The most frequent type of soft tissue calcification is vascular
calcification when Ca and P accumulate in the medial or intimal layers of the arteries [1]. For decades,
vascular calcification was considered as a degenerative passive process related to aging and increased
concentrations of P and Ca, a notion which was supported by the observation that elderly people
and chronic kidney disease (CKD) patients are the most affected ones [2]. Vascular calcification
is also frequently associated with various pathological conditions, such as diabetes, hypertension,
atherosclerosis, osteoporosis, and rheumatoid arthritis [3,4].

The “passive” theory was challenged, and nowadays, it is widely accepted that vascular
calcification is a cell-mediated highly regulated process that resembles, in many aspects,
bone formation [5]. Vascular smooth muscle cells (VSMCs) present in the media layer of vessels
play a central role in vascular calcification. VSMCs exhibit remarkable plasticity and respond
to a variety of stimuli by changing their regular phenotype [6–8]. During vascular calcification,
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VSMCs undergo a phenotype switch, resulting in a cell type resembling osteoblasts or chondrocytes [9].
This phenotype switch is referred as osteochondrogenic transdifferentiation. The firstly described and
the most-studied inducer of osteochondrogenic transdifferentiation of VSMCs is inorganic phosphate
(Pi). The contribution of elevated Pi to CKD-associated vascular calcification has been confirmed
undoubtedly [10,11]. Besides Pi, numerous triggers and inhibitors of such phenotype switching have
been identified, and alterations in the balance of these pro- and anti-calcific stimuli are considered to
eventually lead to ectopic mineral deposition [12].

Reactive oxygen species (ROS) are byproducts of aerobic metabolism. Physiological levels of ROS
play a central role in redox signaling, whereas excessive ROS production causes oxidative stress, which is
implicated in the initiation and progression of numerous diseases [13,14]. Accumulating evidence
suggests that (i) vascular calcification is associated with elevated ROS production, and (ii) excess ROS
play a pathophysiological role in the process of vascular calcification. In this review, we aim
to summarize our current knowledge about the involvement of ROS in the development of
vascular calcification.

2. Vascular Calcification

Vascular calcification is characterized by the accumulation of hydroxyapatite in the wall of large
elastic arteries and coronary arteries. Vascular calcification has been related to increased risk of
cardiovascular morbidities and complications [15], such as atherosclerotic plaque burden [16–18],
myocardial infarction [19–21], coronary artery disease [22,23], ischemic stroke [21,24], postangioplasty
dissection [25], and increased ischemic episodes in peripheral vascular disease [26]. Studies also
indicate that coronary calcification may be predictive of or associated with sudden cardiac death [27,28].
Indeed, coronary calcification score has been shown to have a prognostic value for cardiovascular
events comparable to that of the Framingham risk index [28].

Vascular calcification follows two distinct patterns, affecting both the intimal and medial layers
of the arteries. Intimal calcification associates with atherosclerotic vascular disease, and is usually
observed as spotty calcifications of the atherosclerotic plaques (reviewed in [29]). Recent investigations
showed that while microcalcification is a key feature of unstable plaques, macrocalcification rather
confers plaque stability, suggesting that the relationship of plaque calcification to plaque instability is
very complex and not fully understood [30].

In contrast to intimal calcification, medial calcification, also known as Monckeberg sclerosis, is
characterized by diffuse calcification of the media, particularly at the level of the internal elastic lamina.
Media calcification is not necessarily accompanied by atherosclerosis but occurs predominantly in
association with CKD and diabetes, and is linked to vessel stiffness, systolic hypertension, and increased
pulse wave velocity, leading to increased diastolic dysfunction and eventually heart failure (reviewed
in [29,31]).

CKD is associated with perturbations of phosphorous homeostasis. Accumulation of P starts
relatively early in kidney disease, and positive phosphate balance occurs in the later stages (4 and 5)
of CKD [32]. Observational studies revealed that hyperphosphatemia contributes to the high risk of
death due to cardiovascular events observed in CKD [33,34]. Plenty of evidence supports that high
serum P level predisposes CKD patients to metastatic calcification, the mechanism which is responsible
for hyperphosphatemia-associated excess risk of cardiovascular disease in CKD [35,36].

Whilst originally thought to be a passive process, today, vascular calcification is considered
as an active and tightly regulated mechanism that resembles, in many aspects, physiologic bone
mineralization [1,9,31,37,38]. Several resident and circulating cell types can undergo osteogenic
differentiation/transdifferentiation upon osteogenic stimulation and, therefore, can be involved in
vascular calcification. These cells include vascular smooth muscle cells (VSMCs), smooth muscle-
and endothelial cell progenitors, pericytes, and adventitial cells, as well as circulating mesenchymal
and hematopoietic stem cells [39]. In this review, we will focus on osteogenic/osteochondrogenic
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transdifferentiation of VSMCs because this is the most extensively studied mechanism and the most
widely accepted theory to explain vascular calcification.

3. Osteochondrogenic Transdifferentiation of VSMCs

3.1. Inducers and Inhibitors of Osteochondrogenic Transdifferentiation of VSMCs

Osteochondrogenic transdifferentiation of VSMCs is the underlying cellular mechanism of vascular
calcification that occurs when the balance between calcification inducers and inhibitors is impaired
and the activity of inducers overwhelms the potential of inhibitors (Figure 1). One of the most potent
inducers of osteochondrogenic transdifferentiation of VSMCs is elevated Pi, which is considered to
be the most important pathophysiological trigger of media calcification in CKD [40–42]. Elevation
of extracellular Ca levels has a synergistic effect on Pi-induced calcification [41], and a recent study
found that dietary Ca correlates with vascular calcification and arterial stiffness [43]. Besides Pi and
Ca, several inducers of VSMCs’ phenotype switch have been identified. Bone morphogenetic proteins
(BMPs), members of the group of transforming growth factor beta (TGF-β) family, are multifunctional
regulators of development and tissue homeostasis, and they were initially characterized as inducers
of bone regeneration [44]. Among them, BMP2, BMP4, and BMP6 have been detected in calcified
atherosclerotic lesions and they are thought to play a role in mineralization [45]. BMP2, in particular,
has been shown to induce Pi uptake, phenotypic transition, and calcification of VSMCs [46]. Diabetes is
associated with an increased prevalence of atherosclerotic vascular disease and cardiovascular mortality,
and medial calcification appears to be a strong independent predictor of cardiovascular mortality in
diabetic patients [47]. Correspondingly, elevated glucose and advanced glycation end products (AGEs)
enhance the calcification of VSMCs [48,49]. Sterol-like molecules, such as dexamethasone, estradiol,
and vitamin D3, are also implicated in the induction of vascular calcification [50–52]. Inflammation
in general is associated with vascular calcification, in which the roles of several pro-inflammatory
cytokines, including tumor necrosis factor alpha (TNF-α), oncostatin M, interleukin-1 beta (IL-1β),
and IL-6, have been proposed [53–58]. Besides these inducers, local factors can also contribute to
calcification (Figure 1). For example, oxidized low-density lipoprotein (oxLDL) that accumulates in the
atherosclerotic lesion contributes to intimal calcification [59,60]. Additionally, recent studies showed that
hypoxia, a condition where oxygen tension drops below its normal level in a particular tissue, triggers
osteochondrogenic transdifferentiation of VSMCs and accelerates Pi-induced calcification [61,62].

Under homeostasis, the cardiovascular system is protected from elevated concentrations of serum
Ca and Pi by a number of inhibitors that protect against abnormal hydroxyapatite deposition in soft
tissues (Figure 1). These inhibitors include extracellular Ca-regulatory proteins such as matrix gla
protein and fetuin-A [63,64]. Another group of inhibitors includes pyrophosphate (PPi) and extracellular
nucleotides, as well as ATP and uridine triphosphate, which can serve as a source of pyrophosphate
through ecto-nucleotide pyrophosphatase/phosphodiesterase-catalyzed cleavage [65,66]. Divalent cations,
such as magnesium and iron, have also been shown to counteract with vascular calcification [67,68].
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is considered as a key feature in the pathology of vascular calcification. Unless repressed by 
calcification inhibitors, circulating and local triggers induce a transdifferentiation process of VSMCs, 
resulting in a phenotype switch of VSMCs from a contractile to an osteochondrogenic phenotype. The 
key mechanisms associated with vascular calcification include inflammation, unfettered reactive 
oxygen species (ROS) production, apoptosis, matrix vesicle release, and ER stress. Abbreviations: 
VSMCs: vascular smooth muscle cells, AGE: advanced glycation end-products, LDL: low-density 
lipoprotein, ER: endoplasmic reticulum. 

3.2. Transcriptional regulation of VSMCs osteochondrogenic transdifferentiation 

Osteochondrogenic transdifferentiation of VSMCs shares common signaling pathways with 
osteogenic differentiation of mesenchymal stem cells. Osteoblastogenesis is regulated by different 
secreted factors, including BMP-2, TGF-β, and members of the wingless/mouse mammary tumor 
virus integration site (Wnt) family. BMP-2 activates Smad signaling, whereas Wnts activate the 
canonical Wnt/β-catenin pathway through interaction with their receptor of the Frizzled family [69–
71]. Activation of these signaling pathways leads to the upregulation and activation of certain 
osteoblast- or chondrocyte-specific transcription factors, such as Runx2, Sry-related HMG box-9 
(Sox9), muscle segment homeobox homolog (Msx) 1 and 2, as well as osterix [69,71]. Among them, 
Runx2 seems to play a critical role in VSMC osteochondrogenic transdifferentiation, a notion which 
is supported by the finding that smooth muscle cell-specific Runx2 deficiency inhibits vascular 
calcification [72].  

Upregulation of osteochondrogenic transcription factors leads to the expression of bone-specific 
proteins, including osteocalcin (OCN), osteopontin, and alkaline phosphatase (ALP) [50,73–75]. This 
phenotypic switch is completed by downregulation of VSMC lineage markers, such as smooth 
muscle α-actin (α-SMA) and SM-22α [50,73–75]. Similar phenotypic changes have also been observed 
in vivo in human calcified specimens, as well as in animal models of vascular calcification [76]. 

4. The Involvement of ROS in Vascular Calcification 

Figure 1. Mechanism of vascular calcification. Imbalance between calcification inhibitors and inducers
is considered as a key feature in the pathology of vascular calcification. Unless repressed by calcification
inhibitors, circulating and local triggers induce a transdifferentiation process of VSMCs, resulting
in a phenotype switch of VSMCs from a contractile to an osteochondrogenic phenotype. The key
mechanisms associated with vascular calcification include inflammation, unfettered reactive oxygen
species (ROS) production, apoptosis, matrix vesicle release, and ER stress. Abbreviations: VSMCs:
vascular smooth muscle cells, AGE: advanced glycation end-products, LDL: low-density lipoprotein,
ER: endoplasmic reticulum.

3.2. Transcriptional Regulation of VSMCs Osteochondrogenic Transdifferentiation

Osteochondrogenic transdifferentiation of VSMCs shares common signaling pathways with
osteogenic differentiation of mesenchymal stem cells. Osteoblastogenesis is regulated by different secreted
factors, including BMP-2, TGF-β, and members of the wingless/mouse mammary tumor virus integration
site (Wnt) family. BMP-2 activates Smad signaling, whereas Wnts activate the canonical Wnt/β-catenin
pathway through interaction with their receptor of the Frizzled family [69–71]. Activation of these
signaling pathways leads to the upregulation and activation of certain osteoblast- or chondrocyte-specific
transcription factors, such as Runx2, Sry-related HMG box-9 (Sox9), muscle segment homeobox homolog
(Msx) 1 and 2, as well as osterix [69,71]. Among them, Runx2 seems to play a critical role in VSMC
osteochondrogenic transdifferentiation, a notion which is supported by the finding that smooth muscle
cell-specific Runx2 deficiency inhibits vascular calcification [72].

Upregulation of osteochondrogenic transcription factors leads to the expression of bone-specific
proteins, including osteocalcin (OCN), osteopontin, and alkaline phosphatase (ALP) [50,73–75].
This phenotypic switch is completed by downregulation of VSMC lineage markers, such as smooth
muscle α-actin (α-SMA) and SM-22α [50,73–75]. Similar phenotypic changes have also been observed
in vivo in human calcified specimens, as well as in animal models of vascular calcification [76].

4. The Involvement of ROS in Vascular Calcification

4.1. Induction of Vascular Degeneration, Calcification and Osteochondrogenic Transdifferentiation by Excess
Levels of ROS

Oxidative stress and excessive production of ROS are important mediators of the osteochondrogenic
transdifferentiation of VSMCs and have been associated with increased prevalence of vascular calcification.
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To prove the direct effect of ROS on vascular calcification, a novel laser-based method was established
to generate focal ROS production in the aorta of rats [77]. The study revealed that local excessive ROS
formation induces vascular degeneration and calcification [77]. Additionally, recent results showed
that hypoxia, a local factor present in both intimal and medial calcification, induces osteochondrogenic
transdifferentiation of VSMCs in a clearly ROS-dependent way [62].

4.2. ROS Production and Elimination in the Vasculature

There is a complex mechanism of production and elimination of ROS in the vasculature [78].
Vascular ROS are produced mainly by endothelial cells and VSMCs and are generated mostly
by nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (Nox). Nox enzymes are
multi-subunit enzymes that catalyze the production of superoxide anion (O2

•−) via one-electron
reduction of oxygen, using NADPH as the electron donor. The Nox family comprises seven isoforms,
Nox1-5, Duox1, and Duox2, from which Nox-1, Nox-2, Nox-4, and Nox-5 have functions in the
vasculature [79]. In contrast to phagocytic Nox, which produce O2

•− in a burst-like manner upon
activation, vascular oxidases continuously generate O2

•− in a slow and sustained fashion [79].
The produced O2

−• acts as an intracellular signaling molecule and regulates various vascular functions.
Besides the vascular Nox enzymes, xanthine oxidase, the mitochondria, and uncoupling of

endothelial NO synthase (eNOS) can produce O2
•− in the vasculature (Figure 2). Following its

formation, O2
•− is converted to hydrogen peroxide (H2O2) by superoxide dismutase (SOD) enzymes.

Transition metals, such as copper and iron ions (Cu+ and Fe2+), catalyze the conversion of H2O2 to
hydroxyl radical (OH•) through the Haber–Weiss reaction. Once formed, OH• can damage any cellular
compartments due to its high reactivity. Antioxidant enzymes, such as catalase, glutathione peroxidase
(Gpx), and peroxiredoxin (Prdx), convert H2O2 to water (Figure 2).
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Weiss reaction). Catalase, glutathione peroxidases (Gpx), and peroxiredoxins (Prdxs) eliminate H2O2. 
Abbreviations: SOD: superoxide dismutase, Gpx: glutathione peroxidase, Prdxs: peroxiredoxins, 
GSH: reduced glutathione, GSSG: glutathione disulfide, GSR: glutathione-disulfide reductase, 
NADPH: reduced nicotinamide adenine dinucleotide phosphate, Trx(r): reduced thioredoxin, 
Trx(ox): oxidized thioredoxin, TrxR: thioredoxin reductase. 

4.3. Unfettered ROS production in vascular calcification 

Imbalanced ROS homeostasis and excessive ROS formation is associated with different vascular 
pathologies, including vascular calcification [80]. In line with this notion, elevated ROS production 
was detected in vivo in the calcifying aorta of CKD rats fed with a diet rich in Pi, Ca, and vitamin D 
[81], as well as around calcifying foci in the aortic valve of rabbits fed with a diet rich in cholesterol 
and vitamin D [82]. A growing body of evidence suggests that augmented ROS production enhances 
osteochondrogenic transdifferentiation of VSMCs. For example, hydrogen peroxide (H2O2) a cell-
permeable ROS, and xanthine/xanthine oxidase that generates superoxide anion, have been shown 
to enhance osteochondrogenic transdifferentiation of VSMCs in vitro [83,84]. Enhanced calcification 
in the presence of H2O2 was associated with increased expression of osteogenic markers, including 
Runx2, OCN, and ALP, and decreased expression of the contractile VSMCs phenotype markers SM-
22α and α-SMA [84]. Further study showed that homoarginine that induces oxidative stress in 
VSMCs also enhances high Pi-induced osteochondrogenic transdifferentiation of VSMCs and 
enhances vascular calcification in different mouse models [85]. Additionally, lipid oxidation products 
present in oxidized low-density lipoprotein also enhance ALP activity and calcification in calcifying 
vascular cells, a mechanism which might contribute to atherosclerosis-associated intimal calcification 
[59].  

Figure 2. Mechanisms of ROS production and elimination in the vasculature. There are different
mechanisms of ROS formation and elimination in the vasculature. NADPH oxidases, xanthine
oxidases, mitochondria, or uncoupled endothelial NO synthase (eNOS) can be the source of superoxide
anion (O2

•−). Superoxide anion is converted to H2O2 by SOD. Transition metals, such as Fe2+ or
Cu+ catalyze the reaction between O2

•− and H2O2 that yields hydroxyl radical (OH•) (Haber–Weiss
reaction). Catalase, glutathione peroxidases (Gpx), and peroxiredoxins (Prdxs) eliminate H2O2.
Abbreviations: SOD: superoxide dismutase, Gpx: glutathione peroxidase, Prdxs: peroxiredoxins, GSH:
reduced glutathione, GSSG: glutathione disulfide, GSR: glutathione-disulfide reductase, NADPH:
reduced nicotinamide adenine dinucleotide phosphate, Trx(r): reduced thioredoxin, Trx(ox): oxidized
thioredoxin, TrxR: thioredoxin reductase.
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4.3. Unfettered ROS Production in Vascular Calcification

Imbalanced ROS homeostasis and excessive ROS formation is associated with different vascular
pathologies, including vascular calcification [80]. In line with this notion, elevated ROS production was
detected in vivo in the calcifying aorta of CKD rats fed with a diet rich in Pi, Ca, and vitamin
D [81], as well as around calcifying foci in the aortic valve of rabbits fed with a diet rich in
cholesterol and vitamin D [82]. A growing body of evidence suggests that augmented ROS production
enhances osteochondrogenic transdifferentiation of VSMCs. For example, hydrogen peroxide (H2O2) a
cell-permeable ROS, and xanthine/xanthine oxidase that generates superoxide anion, have been shown
to enhance osteochondrogenic transdifferentiation of VSMCs in vitro [83,84]. Enhanced calcification
in the presence of H2O2 was associated with increased expression of osteogenic markers, including
Runx2, OCN, and ALP, and decreased expression of the contractile VSMCs phenotype markers
SM-22α and α-SMA [84]. Further study showed that homoarginine that induces oxidative stress in
VSMCs also enhances high Pi-induced osteochondrogenic transdifferentiation of VSMCs and enhances
vascular calcification in different mouse models [85]. Additionally, lipid oxidation products present in
oxidized low-density lipoprotein also enhance ALP activity and calcification in calcifying vascular
cells, a mechanism which might contribute to atherosclerosis-associated intimal calcification [59].

There are different sources of enhanced ROS production in the vasculature. Among them, Nox-
and mitochondria-derived ROS have been associated with calcification. Agharazii et al. found increased
expression of the Nox subunits p22(phox) and p47(phox) and decreased levels of the antioxidant
enzymes SOD1, SOD2, Gpx1, and Prdx1 in the aorta of rats with CKD [81]. These alterations
in ROS production and elimination lead to imbalanced ROS homeostasis and unfettered ROS
formation. Several inducers of ROS production have been identified by in vitro studies under
enhanced calcification conditions. For example, it has been shown that AGEs induce the expression of
Nox-1, Nox-4, and p22(phox) and increase ROS production in VSMCs [86]. Silencing of Nox-4 and
p22(phox) attenuated AGE-induced calcification, suggesting a causative role of Nox-4 in AGE-induced
osteochondrogenic transdifferentiation of VSMCs [86]. The role of AGEs, receptor for AGEs (RAGE),
and oxidative stress in inducing vascular calcification was further confirmed in vivo in a diabetic
rat calcification model [87]. Direct activation of RAGE by the pro-inflammatory cytokine S100A12
augments CKD-triggered vascular calcification [88].

Liberman et al. showed that BMP-2 induces osteochondrogenic differentiation of VSMCs through
increased Nox activity and enhanced ROS production [89]. Matrix vesicles derived from calcifying
VSMCs also induce Nox-1 expression and calcification in VSMCs [90]. Matrix vesicles are extracellular
vesicles with a high Ca2+ content which play a role in vascular calcification [91]. Recently, the role of
Nox-5 has been uncovered in Ca2+ and matrix vesicle-induced vascular calcification [92]. In response
to high extracellular Ca2+, VSMCs undergo a phenotype switch from a contractile to a synthetic
phenotype, which is associated with increased ROS production and increased Nox-5 activity [92].
Modulation of Nox-5 expression itself regulates phenotypic marker expression of VSMCs; namely,
Nox-5 overexpression decreases the levels of contractile markers, while decreased Nox-5 expression is
associated with higher expression of contractile markers and reduced calcification potential [92].

Mitochondria can also serve as a source of excess ROS production in the vasculature, and elevation
of mitochondria-derived ROS has been implicated in the pathomechanism of vascular calcification. Pi,
the most relevant inducer of vascular calcification in CKD, has been shown to induce mitochondrial
dysfunction, characterized by decreased mitochondrial membrane potential, mitochondrial fission,
reduced ATP production, and increased generation of mitochondrial respiratory chain-derived
ROS [93,94]. Accumulating evidence suggests a link between hypoxia and accelerated calcification.
For example, arterial calcification is increased in patients suffering from asthma, chronic obstructive
pulmonary disease, and obstructive sleep apnea [95–97]. Hypoxia partially inhibits the mitochondrial
electron transport chain, leading to increased mitochondrial ROS production [98–102]. Recent evidence
from Balogh et al. showed that hypoxia induces osteochondrogenic transdifferentiation of VSMCs,
and highlighted the role of mitochondrial ROS in this hypoxia-induced response [62].
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Overall, these results suggest the possibility that enhanced ROS production could be the common
denominator that drives different signals towards the induction of osteochondrogenic differentiation
of VSMCs [80].

5. Redox Regulation of Osteochondrogenic Signal Transduction Pathways

A growing body of evidence suggests the contribution of ROS in osteochondrogenic
signal transduction pathways, and the involvement of redox signaling in osteochondrogenic
transdifferentiation of VSMCs (Figure 3).Antioxidants 2020, 9, x FOR PEER REVIEW 8 of 25 
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Figure 3. Signal transduction pathways implicated in ROS-induced osteochondrogenic phenotype
switch of VSMCs. Various signal transduction pathways are involved in osteochondrogenic
transdifferentiation of VSMCs. Some of these pathways are regulated by ROS or produce ROS
upon activation. Activation of these pathways leads to nuclear translocation of transcription factors,
such as β-catenin, Msx2, hypoxia inducible factor alpha subunit (HIF-1α), nuclear factor kappa B
(NF-κB), activating transcription factor 4 (ATF4), and CCAAT-enhancer-binding protein homologous
protein (CHOP). These transcription factors are involved in the transcriptional regulation of the VSMC
phenotype transition from a contractile to an osteochondrogenic type.

5.1. BMP-2/Msx2/Wnt Signaling and Oxidative Stress

BMPs, named for their osteoinductive functions, are members of the transforming growth factor-β
(TGF-β) family. BMP signaling plays a key role in embryonic skeletal development and postnatal bone
homeostasis. BMPs transduce their signals via a tetrameric transmembrane receptor complex to both the
canonical Smad-dependent, and the non-canonical, Smad-independent signaling pathways to regulate
osteogenic commitment and differentiation of mesenchymal stem cells [103]. Besides its function
in bone formation and bone homeostasis, BMP signaling has been implicated in various vascular
pathologies, including vascular calcification [45,104]. Studies showed increased expression of BMP-2,
BMP-4, and BMP-6 in areas of vascular calcification in atherosclerotic plaques [105,106]. Among them,
the role of BMP-2 is the best studied in vascular calcification. BMP-2 induces the expression of
osteogenic transcription factors Msx2 and Runx2, increases phosphate uptake, and enhances Pi-induced
calcification in VSMCs [46,107].

There is a complex interplay between elevated ROS production and increased BMP-2 expression
in triggering osteochondrogenic transdifferentiation of VSMCs. Dalfino et al. compared levels of
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BMP-2 and 8-Oxo-7,8-dihydro-2’-deoxyguanosine (8-OHdG), a marker of oxidative stress, in the serum
of CKD patients (K-DOQI stage II or higher) and controls [108]. They found that both BMP-2 and
8-OHdG levels were higher in the CKD group than in the control, and BMP-2 levels directly correlated
with 8-OHdG serum concentrations in the CKD patients [108]. Studies showed that H2O2 increases
BMP-2 expression in endothelial cells, and that H2O2 enhances BMP-2-induced upregulation of ALP
in VSMCs [108,109]. Moreover, Mandal et al. showed that BMP-2 induces a rapid generation of ROS
through the activation of Nox-4 in pre-osteoblasts, and that BMP-2-induced ROS generation is essential
for osteoblast differentiation [110].

Msx2 is a key factor involved in transcriptional programming of osteoblastic lineage development,
and appears to also be a critical transcription factor driving BMP-2-mediated vascular calcification [111].
Shao et al. showed that Msx2 promotes vascular calcification through the activation of Wnt/β-catenin
signaling [112].

Wnt signaling is indispensable for embryonic development through regulating axis patterning,
cell fate decisions, cell proliferation, and organized cell migration [113]. Wnt signaling is highly complex
due to the large number of ligands and receptors involved in the Wnt signal transduction and the variety
of intracellular responses provoked by the receptor–ligand interactions [113]. Activation of the canonical
Wnt pathway is initiated by the binding of classical Wnt proteins to the Frizzled/LDL receptor-related
protein (Fzd/LRP) receptor and results in cytosolic accumulation and nuclear translocation of β-catenin.
Inside the nucleus, β-catenin interacts with T cell transcription factor (TCF) and lymphoid enhancer
factor (LEF) and induces transcription of β-catenin target genes [113]. The noncanonical (Wnt/Ca2+)
pathway is activated by the binding of a Wnt-protein ligand to a Fzd family receptor, leading to
activation of heterotrimeric G protein and regulation of intracellular Ca level [114].

During skeletal bone formation, paracrine epithelial–mesenchymal and endothelial–mesenchymal
interactions control the osteochondrogenic differentiation of multipotent mesenchymal stem cells.
The paracrine signals are mediated by proteins belonging to the BMP and Wnt superfamilies.
Growing evidence suggests that this paracrine mechanism is involved in the osteochondrogenic
reprogramming of arterial cells during vascular and valve calcification [112]. Shao et al. showed that
overexpression of Msx2 in mesenchymal cells upregulated Wnt3a and Wnt7a but downregulated
expression of Dickkopf-related protein 1 (Dkk1) that serves as an inhibitor of the canonical Wnt signal
transduction pathway [112].

Canonical Wnt signaling leads to nuclear translocation of β-catenin and transcriptional activation
of certain genes. Promoter reporter and chromatin immunoprecipitation assays showed that
β-catenin-induced activation of Pit1, a type III sodium-dependent phosphate cotransporter, is involved
in high Pi-induced calcification of VSMCs [115]. Furthermore, the contribution of the canonical Wnt
signal transduction pathway in Pi-induced calcification was proven in vivo with the use of a rat model
of CKD with reduced β-catenin expression [115]. Cai et al. showed that WNT/β-catenin signaling
triggers osteogenic transdifferentiation and calcification of VSMCs via directly modulating Runx2 gene
expression [116]. In this in vitro study, the authors showed that a high Pi level triggers the formation of
two forms of active β-catenin, dephosphorylated on Ser37/Thr41 and phosphorylated on Ser675 sites,
and activation of β-catenin was associated with increased Runx2 expression [116]. On the other hand,
blockade of WNT/β-catenin signaling with an inhibitor or Dkk1 protein inhibited Runx2 induction
by high Pi levels [116]. Deng et al. showed that inhibition of the WNT/β-catenin signal transduction
pathway by secreted Frizzled-related protein 5 decreases high Pi-induced calcification in VSMCs [117].
Growing evidence suggests that the Wnt/β-catenin pathway is regulated at least in part by Nox-derived
ROS, but further studies are needed to establish the role of ROS-induced Wnt signaling in vascular
calcification [118].

5.2. Hypoxia/HIF-1 Signaling and Oxidative Stress

Oxygen is a fuel for cellular respiration and many other vital functions in most organisms, therefore
adaptive mechanisms are required to maintain oxygen homeostasis. All nucleated cells are able to
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sense and respond to hypoxia through the activation of hypoxia inducible factors (HIFs) [119–121].
The HIF-1 pathway is the master regulator of cellular and systemic homeostatic responses to hypoxia.

HIF-1 is a heterodimeric basic helix-loop-helix-PAS domain transcription factor, composed of an
oxygen-sensitive alpha subunit (HIF-1α) and a stable beta subunit [122]. Under normoxia, HIF-1α
is constantly synthesized, hydroxylated on two conserved proline residues by prolyl hydroxylase
enzymes (PHDs), ubiquitinated by the von Hippel–Lindau E3 ubiquitin ligase, and targeted for 26 S
proteasomal degradation. Under hypoxia, oxygen-dependent PHDs are inactive, leading to HIF-1α
stabilization and dimerization with the beta subunit [123]. The heterodimer translocates into the
nucleus, binds to cis-acting hypoxia response elements (HREs) in HIF-1 target genes, recruits coactivator
molecules, i.e., p300 and cyclic adenosine monophosphate (cAMP) response element-binding protein
and the complex activates the transcription of over 100 downstream genes [123].

HIF-1-induced signaling triggers adaptation mechanisms, including, but not limited to,
angiogenesis, vascular reactivity and remodeling, and metabolic alterations, such as upregulation of
glucose uptake and glycolysis, to foster survival in a hypoxic condition [124]. As part of the hypoxic
response, cells reduce the oxygen consumption of mitochondria through upregulation of pyruvate
dehydrogenase kinase 1 that leads to inactivation of pyruvate dehydrogenase, which prevents the
conversion of pyruvate to acetyl-CoA and thus attenuates the entry of pyruvate to the mitochondrial
Krebs cycle [125].

Intracellular ROS production also changes during hypoxia, but the direction of this change
and the origin of the ROS (mitochondrial or NADPH oxidase) remain controversial [126]. Based on
the assumption that ROS production requires oxygen, several studies supported the idea that ROS
production is decreased under hypoxic conditions [126]. Other studies showed the opposite and
provided evidence that hypoxia elevates mitochondrial ROS production through partial inhibition
of the mitochondrial electron transport chain [98–102]. Recent evidence suggests that upon hypoxia,
mitochondria-derived elevated ROS production stabilizes HIF-1α, and therefore, elevated ROS
production plays a critical role in hypoxia-driven cellular responses [101,102,127].

Growing evidence suggests a link between hypoxia and vascular calcification. In line with this
notion, accelerated vascular calcification was observed in patients with asthma, chronic obstructive
pulmonary disease, and obstructive sleep apnea, conditions which are accompanied by hypoxia [95–97].
Hypoxia is also present in both characteristic types of vascular calcification affecting medial and intimal
layers of the vasculature.

Medial arterial calcification is common in CKD and is associated with poor clinical outcomes.
Recent studies revealed that renal tissue hypoxia is present in CKD, and hypoxia is the driving force of
the pathogenesis of CKD, triggering renal fibrosis and contributing to the development of anemia,
inflammation, and aberrant angiogenesis [128–130]. CKD-associated hypoxia is not strictly localized
to the renal tissue, but is also present in the vasculature [61].

Intimal calcification is associated with atherosclerosis, a pathology characterized by sub-endothelial
lipid accumulation, inflammation, and fibrosis. Hypoxia of the mid-region of the atherosclerotic
plaques was demonstrated in various animal models, as well as in human carotid lesions [131–135].
Because of hypoxia, neovascularization—growth of capillary-like microvessels into the thickened
media and intima—occurs, which was considered as a prominent feature of advanced atherosclerotic
plaques [136]. Recent evidence suggests that in fact, hypoxia and subsequent neovascularization are
present in early atherosclerotic lesions [137], particularly when the thickness of the tunica intima exceeds
the maximum diffusion distance of oxygen, which is about 200–250 µm [138–140]. Animal studies
revealed that hypoxia accelerates the progression of atherosclerosis [141,142]. Plaque hypoxia has been
implicated in plaque neovascularization, altered metabolism, increased lipid accumulation, enhanced
inflammation, and augmented proteolysis [143].

Some studies showed an association between the levels of HIF-1α and vascular calcification.
For example, a correlation between plasma HIF-1α levels and coronary artery calcification has been
shown in patients with type 2 diabetes [144]. Another study revealed that HIF-1α co-localizes with
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areas of calcification in stenotic valves [145]. Additionally, calcification-promoting factors were detected
in patients with pulmonary arterial hypertension, a disease characterized by intense proliferation of
pulmonary artery smooth muscle cells, pulmonary vascular remodeling, elevated pulmonary arterial
pressure, vascular resistance, and hypoxia [146].

The fact that hypoxia and calcification coincide does not necessarily mean that hypoxia has a
causative role in vascular calcification. This question was addressed in a few recent publications.
Ruffenach et al. showed that pulmonary arterial hypertension is associated with increased pulmonary
arterial calcification and elevated expression of Runx2 in the lungs of patients with pulmonary arterial
hypertension [146]. Moreover, using in vitro gain- and loss-of-function approaches, they demonstrated
that sustained Runx2 expression activates HIF-1α, which eventually leads to the transdifferentiation
of pulmonary smooth muscle cells into osteoblast-like cells [146]. Mokas et al. investigated the
effect of hypoxia on high Pi-induced osteogenic differentiation and calcification of VSMCs [61].
They showed that hypoxia largely intensified Pi-induced osteogenic transdifferentiation and calcification
of VSMCs, a mechanism which could be relevant in mineral imbalance-induced calcification in patients
with CKD [61]. Recently, Balogh et al. provided evidence that hypoxia is a bona fide trigger of
VSMC calcification [62]. They showed that exposure of VSMCs to sustained hypoxia induces
osteochondrogenic reprogramming characterized by increased expression of the osteochondrogenic
master transcription factors Runx2 and Sox9 [62]. Interestingly, long-term exposure of VSMCs to
hypoxia triggered mineralization of the extracellular matrix of VSMCs as well [62]. They provided
evidence that unfettered production of ROS by the mitochondria plays a critical role in hypoxia-induced
VSMC phenotype switching and calcification [62].

5.3. PERK/eIF2α/ATF4/CHOP Pathway

The endoplasmic reticulum (ER) is the first organelle of the secretory pathway where folding,
posttranslational modification, and assembly of secreted and transmembrane proteins occur.
Perturbations of ER functions cause ER stress, characterized by the accumulation of misfolded
proteins in the ER [147]. To cope with the deleterious effects of ER stress and proteotoxicity, cells have
evolved a protective strategy, referred to as the unfolded protein response (UPR). The UPR is
a concerted and complex pro-survival response with the role of reducing the accumulation of
misfolded proteins and restoring the normal ER function [148]. However, chronically persisting ER
stress or failure of the adaptive response activate a terminal UPR program leads to apoptotic cell
death [148]. Genetic mutations, environmental factors, and aging can trigger chronic ER stress and
malfunction of UPR signaling, which are emerging as important contributors of the pathomechanism
of various diseases, such as diabetes, inflammation, cancer, and neurodegenerative and cardiovascular
disorders [149].

Increased load of unfolded proteins in the ER is sensed by three ER transmembrane receptors:
pancreatic ER kinase (PKR)-like ER kinase (PERK), activating transcription factor 6 (ATF6),
and inositol-requiring enzyme 1 (IRE1), defining the three branches of the UPR [148]. Under ER
homeostasis, the ER stress sensors are kept in an inactive state through their association with the
ER chaperone Grp78 [148]. Accumulation of unfolded proteins in the ER triggers dissociation
of Grp78 from the ER stress receptors, allowing their activation [148]. Activation of PERK leads
to phosphorylation of eukaryotic initiation factor 2α (eIF2α) and subsequent blockade of protein
expression [148]. Furthermore, eIF2αphosphorylation induces the expression of activating transcription
factor 4 (ATF4), which translocates to the nucleus and induces transcription of genes involved in
restoration of normal ER function [148]. Activation of ATF6 induces the expression of ER chaperones
and X box-binding protein 1 (XBP1), another transcription factor [148]. For the production of active
XBP1 protein, XBP1 mRNA must be sliced, which is carried out by IRE1 [148]. Active XBP1 translocates
to the nucleus and controls the transcription of further chaperones and genes involved in protein
degradation [148].
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ER stress and the UPR are known to play a role in cardiovascular pathologies and growing
evidence suggests the critical involvement of the PERK/eIF2α/ATF4 branch of the UPR signaling
pathway in vascular calcification [150]. In line with this notion, Duan et al. showed that nicotine-
and vitamin D-induced vascular calcification was associated with increased expression of the ER
stress markers Grp78 and Grp94 in the aorta of rats. Additionally, markers of ER stress-induced
apoptosis, such as CCAAT-enhancer-binding protein homologous protein (CHOP) and caspase 12,
were also elevated, suggesting that the terminal UPR program has been activated in the calcifying
aorta [151]. A subsequent study proved a critical role of ATF4 as the mediator of ER stress-induced
osteochondrogenic differentiation of VSMCs in vitro, and nicotine- and vitamin D-induced aorta
calcification in vivo [152]. Furthermore, Masuda et al. showed the activation and the critical
contribution of the PERK/eIF2α/ATF4/CHOP pathway in diverse in vitro and in vivo models of
vascular calcification [153,154].

Protein folding is a redox-dependent process, and growing evidence suggests that oxidative
stress and ER stress are intimately interrelated [155,156]. Studies showed that the association between
oxidative stress and ER stress is not only coincidental, but that excessive ROS production during ER
stress is an integral component of the UPR and can be involved in the propagation of both pro-survival
and pro-apoptotic ER stress responses [157,158]. The major mechanism of ROS production in the ER is
the formation of protein disulfide bonds, a process which is catalyzed by ER oxidoreductin 1 (Ero1)
and its thiol redox partner protein disulfide isomerase. These thiol–disulfide exchange reactions are
coupled to electron transfer from reduced Ero1 to oxygen, thus generating hydrogen peroxide [159].
Besides this, ER is involved in the assembly of Noxs that—besides the mitochondria—serve as major
sources of ROS [160].

5.4. Nuclear Factor Kappa B (NF-κB) Pathway

The transcriptional response in innate and adaptive immunity is dependent on the activation of
various transcription factors, including NF-κB. Since its discovery [161], the NF-κB signal transduction
pathway has been a subject of extensive research, and many excellent reviews have been published
on it [162–164]. NF-κB is the general name for a family of transcription factors which has five
members: NF-κB1 (also named p50), NF-κB2 (also named p52), RelA (also named p65), RelB, and c-Rel,
which mediate transcription of target genes by binding to a specific DNA element [162–164]. In resting
situation, the NF-κB dimer is inactive by an inhibitory protein, the inhibitor of κB (IκB). Activation of
NF-κB involves two major signaling pathways—the canonical and the noncanonical pathways [165].

The canonical NF-κB pathway responds to diverse stimuli, including ligands of various cytokine
receptors, pattern recognition receptors, and TNF receptor superfamily members, as well as T-cell
receptor and B-cell receptor. The primary mechanism for canonical NF-κB activation is the proteosomal
degradation of IκBα via its site-specific phosphorylation by a multi-subunit IκB kinase (IKK) complex
that is composed of two catalytic subunits, IKKα and IKKβ, and a regulatory subunit named NF-κB
essential modulator, or IKKγ [162–164]. Once IκBα is degraded, the p65/p50 heterodimer translocates
into the nucleus. IKK1 has been also shown to be involved in a noncanonical NF-κB pathway [162–164].
This pathway regulates the ubiquitin-mediated processing of p100, which modulates the levels of
p52/relB heterodimers.

In contrast to the classical p65/p50 dimers, p52/relB dimers do not associate with IκB proteins,
but they are located in the cytoplasm as a p100/relB dimer. The processing of p100 to p52 in
this alternative NF-κB pathway is dependent on IKK1, and the resulting p52/relB complex can
translocate into the nucleus where it regulates the transcription of NF-κB-dependent genes [162–164].
Several signals have been shown to activate the noncanonical pathway, such as lymphotoxin-β,
B cell–activating factor, CD40 ligand, lipopolysaccharide (LPS), and receptor activator of NF-κB.

Activation of the NF-κB signal transduction pathway has been associated with vascular pathologies.
Intensive research has focused on the role of NF-κB in the regulation of endothelial cell activation and
inflammatory cell responses, particularly in the pathogenesis of atherosclerosis [166]. Besides that,
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recent studies showed the importance of the NF-κB signal transduction pathway in regulating VSMC
functions, such as response to injury, pro-inflammatory activation, and remodeling [167]. Besides
these effects, it has been proven that activation of the NF-κB pathway plays a critical role in high
Pi-induced osteochondrogenic transdifferentiation of VSMCs and vascular calcification [168]. It has
been previously shown that unfettered production of ROS can activate the NF-κB pathway. Having
established that high Pi induces excessive ROS formation and osteochondrogenic transdifferentiation
of VSMCs, Zhao et al. investigated the role of the NF-κB pathway in this context [93]. They showed
that high Pi increases mitochondrial ROS production in VSMCs and induces IKKβ phosphorylation
and IκBα degradation, leading, eventually, to the translocation of p65 to the nucleus [93]. Knockdown
of the endogenous p65 level or overexpression of IκBα greatly reduces high Pi-induced extracellular
matrix calcification of VSMCs, indicating that NF-κB signaling is involved in this process [93].
Later, Zhao et al. showed that activation of the NF-κB pathway inhibits the expression of ankylosis
protein homolog, a transmembrane protein that controls pyrophosphate efflux of VSMCs. Because
pyrophosphate is a potent inhibitor of calcification, this mechanism can contribute to enhanced
calcification upon NF-κB activation [93]. Importantly, smooth muscle cell-targeted inhibition of NF-κB
decreases Pi-induced calcification in mice with CKD [169]. Activation of NF-κB promotes VSMC
calcification, in part, by inducing Msx2 expression and up-regulation of Runx2 and its target, ALP [170].

Besides Pi, several other inducers of vascular calcification act through the NF-κB signal transduction
pathway. For example, AGEs promote calcification of VSMCs via activation of NF-κB, which was
evidenced by an experiment in which knockdown of p65 suppressed the AGE-induced increase in
calcification [171]. Another example is oxLDL that induces calcification of VSMCs in a toll-like receptor
4- and NF-κB-dependent manner [172]. Additionally, a recent work of Voelkl et al. revealed that
NF-κB plays a critical role in serum- and glucocorticoid-inducible kinase 1-induced calcification of
VSMCs [173].

5.5. Mitogen-Activated Protein Kinase (MAPK) and the PI3K/Akt Pathways

Both MAPK and PI3K/Akt pathways are activated by various external stimuli, including growth
factors, hormones, and stress. MAPKs are classified into several subfamilies, including extracellular
signal-regulated kinases 1 and 2, p38 MAPK, c-Jun NH2-terminal kinase/stress activated protein
kinase, ERK3/4, and ERK5. Activation of MAPKs leads to phosphorylation of downstream cytosolic
regulatory proteins and many nuclear transcription factors, such as c-Jun, ATF2, ETS Like-1 protein,
CHOP, cAMP response element-binding protein, and myocyte enhancer factor-2. The phosphorylation
of intracellular proteins and transcription factors by MAPKs and PI3K/Akt leads to activation of
several genes involved in growth, survival, and differentiation. Additionally, the MAPK and PI3K/Akt
pathways are regulated by ROS and interconnected with other signal transduction pathways, such as
NF-κB or HIF-1 signaling [174].

Radcliff et al. first showed the involvement of MAPK and PI3K/Akt pathways in insulin-like
growth factor-induced osteochondrogenic transdifferentiation of VSMCs [175]. Moreover, evidence
shows that elevated Pi induces both MAPK and PI3K/Akt pathways in diverse human cells [176].
Further triggers of vascular calcification, such as oxLDL, high glucose, and H2O2, have been shown
to induce osteochondrogenic transdifferentiation of VSMCs via the activation of both MAPK and
PI3K/Akt signaling pathways [84,177–179].

6. Controlling ROS Production as a Therapeutic Approach to Prevent Vascular Calcification

In recent years, the involvement of excess ROS production in the regulation of phenotype
switching of VSMCs from contractile to osteogenic became more and more evident. This raised the
possibility of the use of ROS scavengers/antioxidants as therapeutic interventions to prevent and/or
cure vascular calcification.

Exposure of VSMCs to calcification inducers, such as high Pi, oxLDL, or hypoxia, increases ROS
production. Inhibition of mitochondrial ROS production has been shown to inhibit high Pi-, oxLDL-,
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or hypoxia-induced osteochondrogenic transdifferentiation of VSMCs and vascular calcification in
experimental systems [62,93,180]. Additionally, selective inhibition of Noxs also attenuates vascular
calcification [90,181,182]. These results suggest that mitochondria- as well as Nox-derived ROS play a
significant role in the phenotype switch of VSMCs and in the process of vascular calcification.

Numerous natural and synthetic ROS scavengers have been tested in experimental settings
as to whether they inhibit osteochondrogenic transdifferentiation of VSMCs and attenuate vascular
calcification. A detailed review on this topic has been published recently [183]. Some naturally occurring
plant compounds, such as quercetin, puerarin, apocynin, and rosmarinic acid, have been reported
to possess anti-calcification properties through ROS scavenging [94,184–187]. Multiple medicines,
such as simvastatin, a drug used to lower LDL cholesterol, and metformin, the first-line medication for
the treatment of type 2 diabetes, also exhibit antioxidant properties and are effective against vascular
calcification in experimental settings [188,189]. Synthetic antioxidants, such as N-acetyl cysteine or
Tempol, have been shown to inhibit osteochondrogenic transdifferentiation of VSMCs and attenuate
vascular calcification [62,190].

Mammalian cells have evolved endogenous protective mechanisms that counteract ROS generation.
Nuclear factor erythroid 2-related factor 2 (Nrf2), is a key regulator of such protective responses,
and recent evidence suggests that activation of Nrf2 may be beneficial in attenuating vascular
calcification [191]. In the canonical Nrf2 pathway under normal conditions, Nrf2 is suppressed
by Kelch-like ECH-associated protein 1 (Keap1), which leads to ubiquitylation and proteasomal
degradation of Nrf2 [192]. Changes in the intracellular redox balance trigger inactivation of Keap1,
leading to dissociation and nuclear translocation of Nrf2. In the nucleus, Nrf2 binds to antioxidant
response elements (ARE) and increases transcription of various antioxidant and anti-inflammatory
genes [193]. Different agents, such as dimethyl fumarate, resveratrol, rosmarinic acid, or hydrogen
sulfide, have been shown to inhibit vascular calcification through stimulation of Nrf2 activity [185,
194–196]. Yao et al. showed that overexpression of Nrf2 protects VSMCs from high Pi-induced
calcification [197]. This effect is attributed to the activation of the Nrf2-ARE signaling pathway, leading
to the induction of autophagy in VSMCs [197]. Additionally, Wei et al. found that silencing of Nrf2
increases VSMC calcification through elevated ROS production [198].

7. Conclusions

Coronary artery calcium score, a measurable indicator of vascular calcification, is an independent
predictor of major adverse cardiac events in both the general population and in patients with coronary
artery disease. Additionally, calcification of heart valves is the major cause of valve insufficiency.

Far from being a passive process, vascular calcification is an active and regulated process with
remarkable complexity that involves numerous mechanisms that resemble bone formation. The key
event in vascular calcification is the phenotype switch of vascular smooth muscle cells from a contractile
to an osteochondrogenic phenotype. Numerous inducers of this osteochondrogenic phenotype switch
trigger excess ROS production, and ROS have a causative role in the transdifferentiation process
through their interactions with some major osteochondrogenic signal transduction pathways.

So far, no therapeutic intervention exists that would specifically target vascular calcification.
To develop an effective and specific anti-calcification therapy, we need further understanding of
the molecular mechanism of the phenotype shift of VSMCs. Re-balancing the oxidative state of the
vasculature may be beneficial in preventing osteochondrogenic transdifferentiation of VSMCs and
subsequent vascular calcification in patients at high risk.
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Abbreviations

AGE advanced glycation end product
ALP alkaline phosphatase
ARE antioxidant response elements
α-SMA smooth muscle α-actin
ATF activating transcription factor
BMPs bone morphogenetic proteins
CHOP CCAAT-enhancer-binding protein homologous protein
CKD chronic kidney disease
COPD chronic obstructive pulmonary disease
eIF2α eukaryotic initiation factor 2α
eNOS endothelial NO synthase
ER endoplasmic reticulum
Ero1 ER oxidoreductin 1
Fzd Frizzled
Gpx glutathione peroxidase
HIF hypoxia inducible factor
HIF-1α hypoxia inducible factor alpha subunit
HREs hypoxia response elements
IκB inhibitor of κB
IKK IκB kinase
IL-1β interleukin-1 beta
Keap1 Kelch-like ECH-associated protein 1
LEF lymphoid enhancer factor
LPS lipopolysaccharide
MAPK mitogen-activated protein kinase
Msx muscle segment homeobox homolog
Nox NADPH oxidase
Nrf2 Nuclear factor erythroid 2-related factor 2
NF-κB nuclear factor kappa B
OCN osteocalcin
8-OHdG 8-Oxo-7,8-dihydro-2’-deoxyguanosine
oxLDL oxidized low-density lipoprotein
P phosphate
PERK pancreatic ER kinase (PKR)-like ER kinase
PHDs prolyl hydroxylase enzymes
Pi inorganic phosphate
Pit1 type III sodium-dependent phosphate cotransporter 1
PPi pyrophosphate
Prdx peroxiredoxin
RAGE receptor for AGEs
ROS reactive oxygen species
SOD superoxide dismutase
Sox9 Sry-related HMG box-9
TCF T cell transcription factor
TGF-β transforming growth factor beta
TNF-α tumor necrosis factor alpha
UPR unfolded protein response
VSMCs vascular smooth muscle cells
Wnt wingless/mouse mammary tumor virus integration site
XBP1 X box-binding protein 1
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