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2. OMOWIENIE PUBLIKACJI WCHODZACYCH W SKEAD ROZPRAWY

Cukrzyca typu 2 nierozerwalnie zwigzana jest z co najmniej wysokim ryzykiem sercowo-
naczyniowym. Nalezy zauwazy¢, ze zapadalno$¢ na cukrzyce przyjeta juz w ubieglym wieku
range epidemii, a choroby sercowo-naczyniowe stanowig obecnie kluczowg przyczyng Smier-
telnosci os6b w krajach rozwinietych. Z tego wzgledu poznawanie patomechanizmow inicju-
jacych powiktania cukrzycy na poziomie molekularnym, we wczesnych stadiach jej zaawan-
sowania, jest niezmierne istotne ze wzglgdu na mozliwo$¢ wdrozenia dziatan profilaktycz-
nych, niwelujacych zaréwno $miertelno$¢ sercowo-naczyniowa, jak i op6zniajacych wysta-

pienie klinicznie jawnych powiktan, stanowigcych istotng przyczyng niepetnosprawnosci.

Dysfunkcja srodbtonka naczyniowego od dziesiecioleci pozostaje uznawana za jeden z
najistotniejszych etapdéw inicjujacych oraz propagujacych aterogeneze we wczesnych jej sta-
diach, jeszcze przed pojawieniem si¢ nieodwracalnych zmian strukturalnych w $cianie naczy-
nia, a jej rozwdj w konsekwencji zespotu metabolicznego jest zjawiskiem powszechnie wia-
domym. Tym niemniej mechanizmy prowadzace do zaburzenia funkcji $rodbtonka, w tym
prowadzace do spadku biodostepnosci tlenku azotu (I1) (NO), pozostaja nadal przedmiotem
badan i dyskusji. Gtéwnym zrodlem tlenku azotu w naczyniach jest syntaza tlenku azotu
(NOS). W uktadzie sercowo-naczyniowym, wystepuje ona w izoformie $rodbtonkowe;j
(eNOS) oraz indukowalnej (iNOS) i odpowiada za przeksztalcenie L-argininy w tlenek azotu
oraz L-cytruling. Stres oksydacyjny, powstajacy m.in. wskutek reakcji zapalnej i wtornie nasi-
lonej peroksydacji lipidow, stanowi istotny element patogenezy molekularnej powiktan cu-
krzycy i moze prowadzi¢ do nasilonej degradacji tlenku azotu (NO). Towarzyszaca reakcja
zapalna prowadzi do zaktocenia optymalnego przebiegu fosforylacji oksydacyjnej w mito-
chondriach 1 utleniania czgsteczek LDL do oksydowanych LDL (oxLDL). Rozprzezenie tan-
cucha oddechowego (obejmujace m.in. zmiane funkcji katalitycznej oksydaz ksantynowej
(XOD) i NADPH (NOX)), poza destabilizacjg metabolizmu energetycznego komorek $rod-
btonka, skutkuje takze stresem fosforylacyjnym. Prowadzi on do modyfikacji post-
translacyjnych wielu biatek enzymatycznych i strukturalnych (fosforylacja), wskutek czego
zmianie ulega ich funkcja (katalityczna, strukturalna lub czynnosciowa) badZz podatnos¢ na
proteolizg. Lezy to u podstawy patogenezy wielu schorzen uktadu sercowo-naczyniowego na
poziomie molekularnym, jak cho¢by dysfunkcji skurczowej migs$nia sercowego w odpowiedzi
na zmiany tkankowego potencjalu redox w przebiegu uszkodzenia niedokrwienno-

reperfuzyjnego lub hipoksji-reoksygenacji. OxLDL sg z kolei bezposrednim zrodtem aniono-



rodnikow ponadtlenkowych, nasilajagcych dalsze zmiatanie tlenku azotu, z nast¢pcza synteza
nadtlenoazotynow (ONOO), powodujac z jednej strony spadek jego biodostepnosci w $rod-
btonku i dysfunkcj¢ wazodylatacyjng, z drugiej za$ eskaluje stres nitrozacyjny. Skutkuje to
modyfikacjami post-translacyjnymi wielu biatek (nitrowanie i S-nitrozylacja), prowadzac w
efekcie do dalszego powaznego zachwiania homeostazy uktadu sercowo-naczyniowego. Co
istotne, nadtlenoazotyny aktywuja dodatkowo jadrowy czynnik transkrypcyjny «B (NF-xB),
promujac w efekcie dalsza ekspresje biatek zwigzanych z reakcja zapalna, w tym takze indu-
kowalnej syntazy tlenku azotu (iNOS), ktora charakteryzuje si¢ szybszg kinetyka Kkatalizy, co
wigze si¢ z dalszym wzrostem wytwarzania reaktywnych form tlenu i promocja stresu nitro-
zacyjnego. Skutkiem tego jest utlenianie tetrahydrobiopteryny (kofaktora dla syntazy tlenku
azotu) oraz czynno$ciowy niedobor L-argininy prowadzace w efekcie do ,,rozprzggania” pod-
jednostek NOS. Kaskada opisanych zdarzen przeksztalca zatem najwazniejszy czynnik wazo-
dylatacyjny w toksyczne pochodne, ktére nie petnig funkceji regulatora przeptywu mikrona-

czyniowego, a jednocze$nie uszkadzajg srodbtonek i nasilajg powiktania naczyniowe.

Co istotne, zwickszona synteza kompetycyjnych inhibitorow syntazy tlenku azotu, moze
takze prowadzi¢ do wystapienia dysfunkcji §rodbtonka i promowaé rozwdj powiktan serco-
wo-naczyniowych. Wiadomym jest, ze do najistotniejszych inhibitorow NOS zaliczamy asy-
metryczng dimetyloargining (ADMA), za§ wspottworzony z nig ,,symetryczny” enancjomer
SDMA (symetryczna dimetyloarginina) cechuje si¢ znacznie nizszg zdolnoscig inhibicji
eNOS. Czasteczki te powstaja migdzy innymi wskutek nasilonej proteolizy biatek bogatych w
metylowe pochodne argininy (m.in. histonow) w reakcji katalizowanej przez metylotransfera-
z¢ argininowa (PRMT). Taki mechanizm zostal wykazany jako sprawczy w zakresie rozwoju
dysfunkcji §rodbtonka u 0sob ze schorzeniami limfo- i mieloproliferacyjnymi, gdzie nasilona
liza komorek jest zrodtem zaréwno kwasu moczowego, jak i ADMA. Wplyw na wewnatrz-
komorkowe stezenie ADMA, SDMA oraz L-argininy majg rowniez biatka transportowe blony
komorkowej, ktore regulujg gradient ich stezen pomiedzy kompartmentami separowanymi
przez btong komoérkowa. Wérod nich najistotniejsze z perspektywy omawianych zjawisk sg
kationowe transportery aminokwasow (CATs). Poprzez regulowanie przezblonowych roznic
stezen aminokwasow, wptywaja one na procesy metaboliczne przebiegajace z ich wykorzy-
staniem, a nasilenie ekspresji biatek transportowych w btonie komoérkowej zmienia si¢ w od-

powiedzi na zapotrzebowanie na poszczegdlne aminokwasy.

Badania dotyczace osi biotransformacji tlenku azotu przez wiele lat skupione byty niemal

wylacznie na kompartmencie osoczowym, ktory pozostaje w bezposredniej tacznosci z biat-



kami efektorowymi komoérek $rodbtonka i migsni gladkich $ciany naczyniowej. Niewiele do-
niesien naukowych traktuje natomiast o roli erytrocytow w metabolizmie tlenku azotu. Nalezy
zauwazy¢, ze erytrocyty stanowig okoto 40% objetosci krwi krazacej i sa najliczniejszymi
elementami morfotycznymi. Z tego powodu mogg one by¢ niedocenianym, aczkolwiek nie-
pomijalnym elementem omawianych procesow biochemicznych. Przez wiele lat uwazane
byly one za bezjadrzaste komorki o zmniejszonym metabolizmie, ktorym atrybuowano rolg
wylacznie transportera gazow oddechowych. Doniesienia ostatnich lat znaczaco zmieniajg ten
paradygmat myslenia wskazujac, ze ich rola w utrzymaniu homeostazy naczyniowej jest o
wiele bardziej ztozona. Dzigki temu, Ze otacza je pOlprzepuszczalna blona komédrkowa moga
stanowi¢ one $rodowisko procesow (pato)fizjologicznych, podobnych do tych zachodzacych
w 0soczu, podlegajacym jednak wickszej regulacji. Tworza one posrednio takze uktad bufo-
rowy i transportujacy wiele biologicznie aktywnych mikroczasteczek, w tym L-argininy.
Wprawdzie istniejg juz doniesienia potwierdzajace ich znaczenie w parakrynnej regulacji
funkcji $rodbtonka, jednak ich rola w aspekcie regulacji biodostgpnosci tlenku azotu na po-
ziomie interakcji ze §rodblonkiem w warunkach (pato)fizjologicznych pozostaje w duzej mie-

rze nieodkryta.

Z powodéw wspomnianych powyzej, zaburzenia metabolizmu tlenku azotu w erytrocy-
tach spowodowane cukrzycag mogg by¢ niezmiernie ciekawym zagadnieniem badawczym z
molekularnego punktu widzenia. Nasilona zaawansowana glikacja biatek, stres oksydacyjny i
reakcja zapalna z towarzyszacym zwigkszonym obrotem komorek, moga w istotny sposob
wpltywac na wyzej wskazane procesy regulacji homeostazy uktadu sercowo-naczyniowego.
Ich znajomo$¢ ma ogromne znacznie w ujeciu praktycznym, gdyz ingerencja w ich przebieg
moze w znaczacy sposob przyczyni¢ si¢ do modulacji tempa rozwoju powiktan, a zatem 1
ryzyka sercowo-naczyniowego w przebiegu schorzen stanowigcych, z epidemiologicznego
punktu widzenia, jedno z najwigkszych wyzwan wspotczesnej medycyny. Jak powszechnie
wiadomo powiktania mikronaczyniowe w cukrzycy stanowig istotny problem kliniczny. War-
to zauwazy¢, ze to wlasnie obszar naczyn matego kalibru, gdzie wazoreaktywnos¢ jest klu-
czowa dla perfuzji, stanowi najwazniejsze miejsce oddziatywania tlenku azotu. Z tego powo-
du zaburzenia relaksacji naczyniowej, szczegdlnie U pacjentow z cukrzyca, nierozerwalnie
wigza si¢ ze spadkiem przeptywu i w konsekwencji redukcja dostgpnosci tlenu w dystalnych
obszarach tkankowych, prowadzac do wzrostu ryzyka wystgpienia lokalnej kwasicy mlecza-
nowej. Podkresla to, jak bardzo istotnym celem terapeutycznym moga by¢ erytrocyty patrzac

z perspektywy mozliwosci zapobiegania i leczenia powiktan mikronaczyniowych cukrzycy. Z



tej przyczyny poznanie patomechanizmow regulacji metabolizmu tlenku azotu w tych wiasnie

elementach morfotycznych krwi wydaje si¢ by¢ w pelni zasadne.

Dlatego tez nadrzednym celem niniejszej pracy jest poszukiwanie osi biotranformacji
tlenku azotu i ocena poszczegdlnych jej elementow wewnatrz erytrocytow u pacjentow, ktod-
rzy rozwineli cukrzyce typu 2, ale jeszcze bez istotnych klinicznie powiktan mikro- i makro-
naczyniowych. Dodatkowym celem jest powiazanie powyzszych proceséw z wybranymi
aspektami funkcji §rodblonka naczyniowego oraz przedstawienie roli erytrocytow w regulacji
biodostepnosci tlenku azotu. Ponadto w przedstawionej dysertacji oméwiono funkcje krwinek
czerwonych jako regulatorow przeptywu w mikrokrazeniu, zwlaszcza w obszarach zmniej-

szonej dostepnosci tlenu, ze szczegdlnym uwzglednieniem roli tlenku azotu (NO).
) ep golny gle

Dotychczas niewiele prac opisywalo znaczenie metabolizmu tlenku azotu w erytrocytach.
Wiedza dotyczaca mechanizmow jego regulacji jest niepetna, brak jest rdwniez publikacji
systematyzujacej dotychczas przeprowadzone badania w tym zakresie. Z tego powodu w pra-
cy przegladowej zatytutowanej ,,Role of Erythrocytes in Nitric Oxide Metabolism and Para-
crine Regulation of Endothelial Function”, dokonalem podsumowania aktualnej wiedzy do-
tyczacej metabolizmu tlenku azotu w krwinkach czerwonych oraz ich znaczenia w regulacji

przeplywu naczyniowego.

Poprzednie publikacje potwierdzily, ze erytrocyty zdolne sg do transportu aminokwasow
ktore z fatwoscig uwalniane sg w miejscach zwigkszonego ich zapotrzebowania. Udokumen-
towano takze wewnatrzkomorkowa ekspresje aktywnej srodbtonkowej izoformy syntazy tlen-
ku azotu (eNOS) oraz wystepowanie kationowych transporteréw aminokwasow w btonie ko-
morkowej. W krwinkach czerwonych potwierdzono obecnos¢ CATI1, CAT2a oraz CAT2b,

stwierdzajgc jednoczesnie, ze CAT1 wykazuje najwyzsze powinowactwo do L-argininy.

Regulacja transportu przezbtonowego w erytrocytach odbywa si¢ migdzy innymi na po-
ziomie po-transkrypcyjnym poprzez interakcje mMRNAcat z microRNA (miR-122) bedacym
negatywnym regulatorem translacji. Dodatkowo na ekspresj¢ CATs wptywaja takze zmiany
potencjatu btony komorkowej oraz stres oksydacyjny. CATs w krwinkach czerwonych wyka-
zuja rowniez powinowactwo do ADMA i SDMA, co wskazuje na ich wielokierunkowy
wplyw na metabolizm tlenku azotu oraz definiuje je jako potencjalnie interesujacy cel tera-

peutyczny w leczeniu chorob uktadu sercowo-naczyniowego.

Badania wykazaty, ze z uwagi na niewielki metabolizm peptydéw w dojrzatych erytrocy-

tach, transportujg one przede wszystkim ADMA pobrane z osocza. Jednakze potwierdzono,



ze krwinki czerwone zdolne sg do syntezy ADMA z biatek nie-hemowych, z wykorzystaniem
proteasomu oraz proteaz, co moze mie¢ szczegblne znaczenie, zwazywszy na fakt, ze liza
jadra komorkowego (bogatego w histony) jest integralnym elementem procesu erytropoezy.
Ponadto dowiedziono, ze degradacja bialek i zwigzana z tym zwigkszona synteza ADMA,
nasilana jest przez aktywacj¢ proteasomu w wyniku stresu oksydacyjnego. Potwierdzono tak-
ze, ze erytrocyty wykazuja ekspresj¢ dimetyloarginino-dimetyloamino-hydrolazy (DDAH),
ktora jest zdolna do wewnatrzerytrocytarnej degradacji ADMA do dimetyloaminy i L-

cytruliny, wptywajac tym samym na relacj¢ inhibitor kompetycyjny-substrat dla NOS.

L-arginina trafiajgca do wnetrza erytrocytu stanowi substrat dla jednego z dwoch konku-
rujacych szlakéw przemian. Jest ona przeksztatcana przez NOS do tlenku azotu lub przez
arginaze do L-ornityny i mocznika, bowiem ekspresj¢ biatek katalitycznych cyklu moczniko-
wego wykazano takze w erytrocytach. Jak juz wspomniano wczesniej, W wyniku stresu ok-
sydacyjnego dochodzi do ,,rozprzggania” syntazy tlenku azotu oraz wzrostu stezenia nadtle-
noazotynow (ONOQ’). Znaczenie tego procesu u pacjentdow z cukrzyca zostato udowodnione
przez inkubacje pobranych od nich erytrocytow ze zwigzkami redukujagcymi ONOO", co skut-
kowato przywroceniem uposledzonej wezesniej funkcji srodbtonka naczyniowego. Dodatko-
wo, oddziatywanie nadtlenoazotynami na erytrocyty pobrane od zdrowych osob wigzato si¢
ze wzrostem aktywnoS$ci arginazy 1 zwigzanym z tym prawdopodobienstwem wystgpienia
wazodylatacyjnej dysfunkcji srodblonka. W efekcie - mimo, ze erytrocyty posiadaja sprawne
systemy antyoksydacyjne - staja si¢ one niewystarczajace u pacjentow z chorobami uktadu
Sercowo-naczyniowego zwigzanymi z nadmierng produkcja reaktywnych form tlenu. Wyka-
zano, ze zmniejszenie aktywnosci arginazy (z rownoczesng aktywacja szlaku eNOS) ma zna-
czenie kardioprotekcyjne w reperfuzyjnym uszkodzeniu mig$nia sercowego, a takze wykazuje
pozytywny efekt u pacjentéw z nadcisnieniem tg¢tniczym oraz miazdzyca naczyn. Powszech-
nie uznany ochronny efekt zenskich hormonow ptciowych moze takze by¢ czgsciowo zalezny

od tlenku azotu, jako ze dowiedziono zwigkszenia jego syntezy pod wplywem estrogenow.

Tlenek azotu powstajacy w erytrocytach W przeciggu milisekund reaguje z utlenowang
forma hemoglobiny, tworzac methemoglobing oraz azotany. Doniesienia ostatnich lat po-
twierdzaja jednak, Ze hemoglobina, poza mozliwo$cig zmiatania tlenku azotu, wykazuje takze
zdolno$¢ do jego wigzania 1 tworzenia stabilnych zwigzkdéw przejsciowych zawierajacych
inkorporowany azot. Sg one nastepnie uwalniane w obszarach hipoksji lub zmniejszonego
przeplywu krwi. Proces ten zalezny jest od konformacji allosterycznej hemoglobiny, ktora

reguluje jej powinowactwo do tlenku azotu. W krazeniu ptucnym hemoglobina przytacza 2-3



atomy tlenu 1 zmienia swoja konformacje ze struktury T do R. Umozliwia to szybsze przyla-
czenie NO i uformowanie czasowego potaczenia Hb(II)NO. NO jest nastepnie przekazywany
na reszte cysteinowg w pozycji 93, czego skutkiem jest wytworzenie S-nitrozohemoglobiny,
ktora wykazuje wigekszg stabilnos¢. Powinowactwo tioli do tlenku azotu zmienia si¢ wraz ze
zmiang konformacji hemoglobiny, do ktérego dochodzi w mikrokrazeniu tkankowym. W ob-
Szarze 0 zmniejszonym cisnieniu parcjalnym tlenu dochodzi do zmiany struktury czasteczki -

przejécia w forme T oraz uwolnienia tlenku azotu do osocza.

Ponadto wykazano, ze hemoglobina moze dostarcza¢ tlenku azotu takze poprzez swoje
wiasciwosci redukcyjne. W obszarze hipoksji methemoglobina zdolna jest do przeksztatcania
azotanoéw (I11) i odtwarzania puli tlenku azotu. Biorac pod uwage fakt, ze erytrocyty sa naj-
wigkszym wewnatrznaczyniowym magazynem azotanoéw (III), mechanizm ich redukcji moze

wykazywac¢ wigksze znaczenie niz przemiany nitrozotioli.

Tlenek azotu moze dodatkowo powstawaé dzieki erytrocytarnej oksydoreduktazie ksanty-
nowej (XOR), dla ktorej substratem sg azotany. Wykazano, ze jej znaczenie pozostaje nie-
wielkie w warunkach fizjologicznych, natomiast ilos¢ syntezowanego tym szlakiem tlenku
azotu istotnie wzrasta w przypadku kwasicy. Poza spadkiem preznosei tlenu innymi stymu-
lantami wywotujacymi wydzielanie tlenku azotu z erytrocytow do mikrokrazenia sa sity $ci-
najace dzialajace na erytrocyty podczas przeplywania przez zwezone naczynia krwionosne.
Aktywacja mechanoreceptorow skutkuje wydzielaniem NO oraz aktywacja syntazy tlenku
azotu. Potwierdzono, Ze tlenek azotu poprzez oddziatywanie na cytoszkielet krwinki czerwo-
nej reguluje jej zdolno$¢ do odksztatcania, co zapobiega rozpadowi erytrocytow podczas ich

przeptywania przez zw¢zone naczynia krwionosne.

Mechanizm wydzielania tlenku azotu przez btone erytrocytarng nie jest do konca pozna-
ny. Niektore prace wskazuja, ze krwinki czerwone posiadaja domeny btonowe, ktore utatwia-
ja jego transport do osocza. Zawieraja one biatko prazka 3 przenoszace aniony, ktére reaguje
z hemoglobing podczas zmiany jej konformacji i ulatwia przekazanie tlenku azotu na btong
komorkows. Dodatkowo W tym obszarze zakotwiczone sg biatka ulatwiajgce przezblonowy
transport NO, a strefa ta ,,otoczona” jest przez methemoglobing, ktora zapobiega jego utlenie-
niu. Inne badania donosza, ze tlenek azotu transportowany jest do osocza w formie swoich
stabilnych metabolitow. Wskazuje si¢ tutaj na S-nitrozoglutation, S-nitrozo-L-cysteing lub

nitrozylowang pochodng izomerazy disulfidowej biatek.

Erytrocyty wplywaja takze na funkcje §rédbtonka poprzez wydzielanie do osocza ATP,
ktore reaguje z receptorami btonowymi (P2Y) komoérek migéni gladkich, prowadzac do ich
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relaksacji. Jest to mozliwe dzieki blonowej paneksynie 1, ktora wydziela ATP w odpowiedzi
na hipoksje, sity $cinajace czy depolaryzacje, poprzez formowanie kanatéw btonowych. Wy-
kazano takze, ze tikagrelor stosowany jako lek przeciwptytkowy, odpowiada za zwigkszenie
wydzielania ATP z erytrocytdw, co moze wyjasnia¢ jego skuteczniejsze dziatanie w porow-
naniu do innych lekéw z tej samej grupy, bedacych pochodnymi tienopirydyny. Ponadto w
badaniach eksperymentalnych wykazano wplyw erytrocytarnego tlenku azotu na regulacj¢
systemowego ci$nienia te¢tniczego oraz potwierdzono, ze zaburzenia reologii erytrocytarnej

mogg stanowi¢ przyczyne¢ dtawicy mikronaczyniowe;.

Praca zatytulowana “A Cross-Talk between the Erythrocyte L-Arginine/ADMA/Nitric
Oxide Metabolic Pathway and the Endothelial Function in Subjects with Type 2 Diabetes
Mellitus” jest pierwszym oryginalnym doniesieniem, w ktéorym dokonano kompleksowej
oceny funkcji srodbtonka naczyniowego i metabolitow szlaku przemian tlenku azotu w ery-
trocytach oraz 0soczu osob z cukrzyca typu 2, we wczesnej fazie choroby. Do badania zostato
wstepnie zakwalifikowanych 100 0sob. Sposrod nich wytoniono ostatecznie 35-osobowg gru-
p¢ badana, ktorg stanowily osoby w wieku 35-80 lat ze $wiezo rozpoznang cukrzyca typu 2, u
ktorych nie wystgpowaly powiktania naczyniowe. Grup¢ kontrolng utworzyto 45 zdrowych
ochotnikow, ktorzy zostali dopasowani demograficznie do grupy badanej, po wczesniejszym

wykluczeniu u nich zaburzen metabolizmu glukozy.

W obu grupach przeprowadzono oznaczenia parametréw 0si biotransformacji tlenku azotu
w osoczu oraz w izolowanych erytrocytach. Wyliczono stosunki stezen poszczegdlnych me-
tabolitow wzgledem siebie oraz pomi¢dzy kompartymentem osoczowym i erytrocytarnym, CO
umozliwilo doktadniejsza ocene kierunku przemian metabolicznych oraz transportu przezbto-
nowego. Otrzymane wyniki poréwnano z parametrami odpowiedzi naczyniowej na zastoso-
wanie bodzca termicznego i niedokrwiennego podczas badan srodbtonka metodami Laser
Doppler i EndoPAT.

Poza nizszym stezeniem L-Cytruliny nie stwierdzono innych istotnych statystycznie roznic
w stezeniach metabolitow W kompartmencie erytrocytarnym migdzy grupa badana, a kontrol-
ng. Wskazuje to, ze erytrocyty pozostaja buforem, ktoéry zachowuje wzglednie prawidlowy
metabolizm tlenku azotu w poczatkowej fazie cukrzycy typu 2. Globalna biodostepnos¢ tlen-
ku azotu zostala poréwnana mi¢dzy kompartmentem osoczowym i erytrocytarnym, przy uzy-
ciu stosunku L-arginina/ADMA. Wykazano istotnie wigkszg biodostgpnosé NO w komparty-
mencie erytrocytarnym, co dodatkowo podkresla istotnos¢ tych komoérek w utrzymaniu funk-

cji srodbtonka naczyniowego u 0sob z cukrzyca.
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Istotne réznice w stezeniach metabolitdow osi biotransformacji NO zostaly natomiast
stwierdzone w kompartmencie osoczowym. Wykazano znaczaco nizsze stezenie L-argininy,
ktora wiaczana jest do szlaku przemian arginazy, na co wskazuje zwickszony stosunek L-
ornityny do L-argininy w osoczu. Jak juz wczeéniej wspomniano ma to zwigzek ze zwiekszo-
nym stresem oksydacyjnym oraz rozprz¢ganiem NOS, co zostalo juz uprzednio potwierdzone,
jako jeden z patomechanizméw prowadzacych do dysfunkcji srédblonka u pacjentow z cu-
krzyca. Porownujac stezenia argininy pomiedzy kompartmentami, potwierdzono takze nasilo-
ny transport L-argininy do wngtrza erytrocytow, co stanowi¢ moze mechanizm adaptacyjny,
majacy utrzymaé odpowiedni poziom syntezy tlenku azotu, pomimo nasilonego stresu oksy-

dacyjnego.

Co wigcej, stwierdzono znacznie obnizony 0soczowy stosunek argininy do ADMA w
grupie badanej, co wskazuje na zmniejszong aktywnos¢ NOS. Biorac pod uwage rownoczesne
porownywalne stezenia ADMA oraz podwyzszone st¢zenie dimetyloargininy (DMA-produkt
rozpadu ADMA), nalezy stwierdzi¢, ze w grupie badanej nasilony jest proces 0SOCZOWej
przemiany metyloamin. Oznaczenia metabolitow 0si biotransformacji tlenku azotu nie wska-
zywaly posrednio na upos$ledzona funkcj¢ DDAH w grupie badanej, co mozna wyjasni¢
wczesnym etapem cukrzycy. Pozostaje to w zgodzie z badaniami, w ktorych stwierdzono, ze
spadek aktywnosci DDAH, a co za tym idzie wzrost stezenia ADMA u cukrzykéw, koreluje z

powiktaniami makro-naczyniowymi, ktorych nie stwierdzaliSmy w naszej grupie badane;.

Ocena funkcji srodbtonka naczyniowego u 0sob z cukrzyca o krotkim czasie trwania wy-
kazata spadek reaktywnos$ci mikrokrazenia w odpowiedzi na bodziec cieplny, czego nie zaob-
serwowano w odpowiedzi na niedokrwienie. Roznica ta spowodowana jest odmiennymi szla-
kami przekaznikowymi aktywowanymi w zalezno$ci od rodzaju dziatajacego bodzca. Po-
twierdzono, ze odpowiedz termiczna jest w wiekszym stopniu zalezna od tlenku azotu, dlate-
go metody oparte 0 ten mechanizm szybciej wykazuja nieprawidtlowosci w funkcji srodbton-
ka. Zwiekszony wskaznik wzmocnienia (Al — augmentation index) w tej grupie potwierdza
natomiast zwiekszong sztywno$¢ naczyn, ktora pojawia si¢ u 0sob z cukrzycg juz w poczat-

kowej fazie choroby.

Podsumowujac, wykazano znaczne rdznice w stg¢zeniach metabolitéw osi przemian tlenku
azotu, dotyczace gtownie kompartmentu osoczowego. Jednocze$nie metabolizm tlenku azotu
pozostaje w duzej mierze nienaruszony w erytrocytach pacjentow z cukrzyca typu 2. Co za
tym idzie, biodostepno$¢ NO jest istotniec wyzsza wewnatrz krwinek czerwonych. Badania

przedstawione w niniejszej rozprawie moga translacyjnie nies¢ za soba dos¢ istotne implika-
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cje kliniczne, bowiem poznanie doktadnych molekularnych aspektow przemian tlenku azotu
w erytrocytach moze pozwoli¢ na opracowanie inhibitoréw arginazy, lekow przeciwdziataja-
cych rozprzgganiu NOS lub redukujacych stres oksydacyjny. Dodatkowo zastosowanie prze-
ptywomierza laserowego Wraz z oceng odpowiedzi na bodziec termiczny moze by¢ istotnym
narz¢dziem w ocenie wczesnych powiktan cukrzycy, pozwalajac na pelniejszg stratyfikacje
ryzyka i formutowanie racjonalnych, spersonalizowanych przestanek do eskalacji terapii w
grupie 0sob bez jawnych klinicznie powiktan narzadowych, lecz z duzym ryzykiem ich szyb-

kiego wystapienia.
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Abstract: Emerging studies provide new data shedding some light on the complex and pivotal role
of red blood cells (RBCs) in nitric oxide (NO) metabolism and paracrine regulation of endothelial
function. NO is involved in the regulation of vasodilatation, platelet aggregation, inflammation,
hypoxic adaptation, and oxidative stress. Even though tremendous knowledge about NO metabolism
has been collected, the exact RBCs’ status still requires evaluation. This paper summarizes the actual
knowledge regarding the role of erythrocytes as a mobile depot of amino acids necessary for NO
biotransformation. Moreover, the complex regulation of RBCs’ translocases is presented with a
particular focus on cationic amino acid transporters (CATs) responsible for the NO substrates and
derivatives transport. The main part demonstrates the intraerythrocytic metabolism of L-arginine
with its regulation by reactive oxygen species and arginase activity. Additionally, the process of
nitrite and nitrate turnover was demonstrated to be another stable source of NO, with its reduction
by xanthine oxidoreductase or hemoglobin. Additional function of hemoglobin in NO synthesis
and its subsequent stabilization in steady intermediates is also discussed. Furthermore, RBCs
regulate the vascular tone by releasing ATP, inducing smooth muscle cell relaxation, and decreasing
platelet aggregation. Erythrocytes and intraerythrocytic NO metabolism are also responsible for the
maintenance of normotension. Hence, RBCs became a promising new therapeutic target in restoring
NO homeostasis in cardiovascular disorders.

Keywords: red blood cells; nitric oxide; nitrates; nitrites; hemoglobin; endothelium; nitrosylation

1. Human Erythrocytes as the Storage Pool of Amino Acids

Erythrocytes (red blood cells, RBCs) are the most numerous formed elements in human
blood. Over the last several decades they have been considered to be responsible for gas
exchange, as they transport oxygen and partly carbon dioxide. Even though RBCs are
enucleated and lack numerous organelles, they consist of up to 2650 proteins, with at least
41 membrane transporters [1]. Hence, recently, a more complex function of RBCs has
been postulated. It was demonstrated that RBCs play an important role in the transport
of amino acids. In a vast majority of cases, amino acids’ concentrations in RBCs and
plasma are relatively equal. Nevertheless, cationic amino acids, including L-citrulline,
L-lysine, L-histidine and L-arginine (L-Arg), dominate in plasma, whereas L-ornithine—in
the erythrocyte compartment [2].

Studies by Thorn et al. [3] confirmed that RBCs are capable of exchanging up to 15-17%
of the total erythrocyte pool of amino acids with plasma, without subsequent alteration
of the cellular osmotic balance. Moreover, in some in vitro studies, extended incubation
of RBCs in plasma did not result in further intercompartmental exchange. It suggests
that RBCs are the storage that could easily supply amino acids to deficient tissues as they
circulate through capillaries and act as an inter-organ transporter.
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2. RBC—The Importance of Transmembrane Translocases

So far, seven different amino acid transmembrane transport systems have been identi-
fied in erythrocytes. Four of them are based on facilitated diffusion (y+, y+L, L, T), and
three constitute secondary active transporters (ASC, Gly, N) [3]. Interestingly, none of these
systems have been found to transport threonine or methionine. The first characterized
in RBCs was the y+L transport system, which binds cationic and neutral amino acids
(leucine, lysine) and exhibits Na*-dependence. L transport is sodium-independent and
transfers neutral amino acids, while the T transport system binds to tryptophan. Since
not all of them are pivotal for regulating NO metabolism, in this review, only the main
ones are discussed. As far as the literature is concerned, the most-studied systems in
human erythrocytes are cationic amino acid transporters (CATs), presenting high structural
homology to the classical amino acid transport system y+. CATs maintain the Na*- and
pH-independent transport of cationic amino acids (CAAs), determined by transmembrane
amino acids’ gradient. They are sensitive to trans-stimulation and saturable with amino
acids plasma concentration. CATs are relatively selective for CAAs, including L-arginine,
L-lysine, and L-ornithine. The family of CATs includes CAT1, CAT2a, CAT 2b, CAT3, and
CAT4, where the first three have been demonstrated to transport CAAs through the erythro-
cyte membrane. CAT1 is characterized by the highest quantitative L-arginine transport [4].
CATs regulate the transmembrane CAAs arrangement, thereby controlling the intracellular
metabolic processes. It has been proven that CATs undergo adaptive regulation based on
the molecules’ availability. As the depletion of amino acids occurs, the protein membrane
density increases in order to supply the CAAs more efficiently (adaptive de-repression). On
the contrary, along with CAAs abundance, CATs express adaptive repression [5-7]. So far,
this mechanism has been demonstrated in numerous human and animal cells. However,
its exact role in erythrocyte transmembrane transport requires further confirmation.

Noteworthy, microRNAs (miRNAs) seem to be another CAT-1-regulating factor. The
small noncoding RNAs consist of 21-25 nucleotides and act at the post-transcriptional level
as negative regulators of mRNA expression. miRNAs bind to the target mRNA and cause
translational repression or cleave mRNA sequences. Bhattacharyya et al. [8] reported that
CAT-1 mRNA is regulated with miR-122. It is consistent with a recent study, which has
demonstrated higher expression of miR-122 with subsequent decreased expression of CAT-1
among patients with hypertension and endothelial dysfunction [9]. Additionally, miR-122
level was proven to be positively correlated with markers of myocardial damage [10].
Furthermore, the use of miR-122 inhibitors seems to be a promising therapeutic target, as
they reverse endothelial dysfunction [11]. Interestingly, miRNA-dependent CAT-1 down-
regulation is revised in case of amino acid starvation [8,12]. Contrary, the activity of CAT-1
is increased in cell stress, however, the pathomechanism is poorly understood [8,13,14].

Additionally, transmembrane polarization modulates CAT activity—hyperpolarization
induces L-arginine cellular influx and increases erythrocyte L-arginine concentration.

3. Transport of the Selected Nitric Oxide Metabolic Pathway Intermediates between
Erythrocytes and Plasma

The CATs-dependent concentration of L-Arginine regulates nitric oxide (NO) syn-
thesis, as erythrocytes have been shown to express the two subtypes of nitric oxide
synthase—endothelial and inducible (eNOS and iNOS, respectively) [15]. Furthermore,
CATs also influence NO synthase by transporting L-arginine derivates, including asym-
metric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA). ADMA is
a competitive inhibitor of nitric oxide synthase, and simultaneously with its enantiomer,
is formed from methylarginine-rich proteins, such as histones during their degradation.
Strobel et al. [4] pointed out that CAT1 manages intracellular ADMA influx at physiological
concentrations. Although both molecules compete for CATs at physiological concentration,
L-arginine is characterized by greater affinity to the translocases. Hence, the influx of L-Arg
to RBCs is accompanied by simultaneous inhibition of ADMA and SDMA influx [4].
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The literature is inconsistent in terms of generation and storage of ADMA in RBCs.
Davids et al. [16] demonstrated that RBCs transport ADMA, which had been previously
incorporated from plasma. ADMA concentration stays in equilibrium between the intra-
and extracellular compartments and is rapidly interchangeable. Studies with protease and
the proteasome inhibitors have proven that RBCs are able to produce ADMA by enzy-
matic proteolysis of methylated proteins by the 20S proteasome [17]. The 20S proteasome
generates peptides consisting of seven to nine amino acids in length, which might be
subsequently cleaved by proteases. Mature RBCs are characterized by minimal turnover of
proteins, and oxidative damage persistently leads to proteasome activation and increased
ADMA generation. Even though hemoglobin is the major protein source, some studies
indicate the low degradation rate of hemoglobin due to lower susceptibility to enzymatic
degradation [16,18]. Nevertheless, other proteins were proven to be the targets for 20S
proteasome and to become a source of intra-RBCs ADMA.

No consensus has been made regarding the ADMA degradation pathway. David et al. [16]
postulate that ADMA is subsequently transferred out of RBCs, since no degradation of
ADMA in RBCs has been observed. As a result, dimethylarginine dimethylaminohydrolase
(DDAH) may not be present in RBCs. Contrary to that, Yokoro et al. [19] confirmed that
DDAH-1 and protein-arginine ethyl transferase (PMRT) are expressed in red blood cells.
Similarly, Kang et al. [20] demonstrated the expression of DDAH and its activity in RBCs.
Therefore, RBCs seem to transport free ADMA taken mostly from plasma. Nevertheless,
the lysis of RBCs during oxidative stress makes RBCs the potential ADMA generators.

CAT-dependent L-Arg transport is complex and is also regulated by hormones. Pro-
gesterone was found to inhibit transmembrane transfer via both phosphorylated protein
kinase Cx (PKCex) and extracellular signal-regulated kinases (ERK1/2). On the contrary,
estrogens were proven to increase L-Arg influx by modulating the constitutive ERK 1/2
signaling pathways and display protective properties [21].

Other studies reported that thyroid hormones cause upregulation of CATs, as they
participate in cardiovascular abnormalities observed in the course of thyroid disorders.
Thyroxine or triiodothyronine activate the membrane «v 33 integrin receptor and transduce
the signal through the stimulation of Phosphoinositide 3-kinase (PI3K), mitogen-activated
protein kinase (MAPKSs), and the intracellular calcium-dependent signaling pathways.
Finally, it leads to increased mRNA expression of L-arginine transporters [22]. Even
though RBCs contain abundant ERK1/2, the mentioned processes were presented in the
endothelium, and further studies are needed to prove their presence and importance
in erythrocytes.

4. Intraerythrocytic Metabolism of L-Arg and Its Regulation

Once L-arginine is moved to the erythrocyte compartment, it might be metabolized by
arginase 1 or nitric oxide synthase (NOS), leading to NO synthesis. The exact mechanism
regulating the proportion of entrance to one of these two competing metabolic pathways is
unknown. However, it was shown that there is a negative correlation between arginase
activity and NO synthesis. Arginase is supposed to be an important NOS regulator.

Emerging data reveal that peroxynitrite (ONOO™) might be a key player in modu-
lating NO™ bioavailability, as it enhances arginase activity in red blood cells. Enhanced
arginase activity causes inadequate substrate availability and leads to NOS uncoupling [23].
NOS loses its ability to convert L-arginine to L-citrulline. Nevertheless, NOS remains capa-
ble of transferring an electron from NADH and donating it to oxygen, leading to superoxide
(O*7) production. NO can react with superoxide, forming peroxynitrite [24]. ONOO™ itself
can also directly lead to NOS uncoupling by dissolving dimeric NOS conformation [25].
Excessive reactive oxygen species’ (ROS) formation decreases NO bioavailability in dif-
ferent ways. First of all, ROS decrease NO production by an increase in arginase activity,
leading to a lack of L-Arg, while NOS uncoupling reduces the reaction rate. Secondly,
ROS enhance NO degradation, by a reaction with ROS, resulting in peroxynitrite. In line
with these studies, the role of ONOO™ in endothelial dysfunction in diabetes mellitus
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patients was investigated. It was demonstrated that incubation of RBCs obtained from
diabetic subjects with peroxynitrite scavenger (FeTTPS) completely reverses RBCs-induced
endothelial dysfunction [26,27]. Additionally, RBCs from healthy subjects were treated
with peroxynitrite, leading to increased arginase activity.

Even though RBCs possess antioxidative and redox systems able to maintain intracel-
lular homeostasis and to prevent oxidative damage, these mechanisms may be insufficient
in patients with cardiovascular diseases and extensive ROS production [28]. Peroxynitrate
and arginase activity may have great importance in myocardial ischemia-reperfusion injury,
since arginase inhibition might exert a cardioprotective effect [29]. Moreover, some studies
show that arginase plays an important role in pathogenesis of endothelial dysfunction in
hypertension, atherosclerosis, obesity, and in the course of ageing [24,30].

The exact mechanisms underlying the regulation of arginase with ONOO™ in RBCs re-
main unclear. However, Rho-kinase-dependent increase of argininase expression by ONOO™
seems to be essential [31,32]. Alternative modifications of arginase like S-nitrosylation, glycosy-
lation, or phosphorylation may play an important role, but this hypothesis requires further
investigation [33]. Kim et al. [34] proved that alternative splicing may also have an impact
on arginase activity. Addition of 24 nucleotides in gene exon 3 cause incorporation of eight
amino acids (Val-Thr—GIn-Asn-Phe-Leu-Ile-Leu) in a hydrophobic-polar-hydrophobic
sequence, leading to structural changes and reducing enzymatic activity up to 50% [32,34].

Interestingly, estrogens were found to increase NO production in RBCs by inducing
eNOS phosphorylation via interaction with estrogen receptors (ERs) and activation of the
PI-3 kinase /AKT pathway. The distribution and function of ERs (estrogen receptor ERoxand
ERp) are different in premenopausal women and men. In premenopausal women, ERx are
mostly localized on the RBCs membrane, which is related with increased PI-3 kinase/AKT-
dependent eNOS phosphorylation. On the contrary, in men, ERx are mainly identified
in the cytoplasm. It might be indicative of the role of red blood cells in NO-mediated,
sex-dependent differences in cardiovascular risk [35,36].

5. RBCs as a Source of NO. Mechanisms Underlying Homeostasis of Its Bioavailability

As NO is a highly reactive molecule with an intravascular half-life of two millisec-
onds [37], for a long time it was considered to exert only an autocrine, local effect. NO
reacts extremely fast (6-8 x 108 M~!s~!) with oxyhemoglobin (oxyHb), forming methe-
moglobin (metHb) and nitrate (NO3 ~)-metabolic end products [38]. The oxidation of NO
to NO; ™ is protective against respiratory poisoning and nitrosative stress, although in
pathological conditions, this mechanism reduces NO availability. For that reason, RBCs
were initially considered to be NO scavengers, rather than a NO source. However, several
studies revealed that RBCs are not only capable of producing NO but also able to store and
transport NO to distal parts of the cardiovascular system (Figure 1).

Hemoglobin does not scavenge NO so easily, as it is surrounded with the cellular
membrane, characterized by low permeability for endothelial NO [39]. Moreover, it was
demonstrated that a pressure gradient created by the blood flow pushes RBCs to the center
of the vascular lumen, forming a cell-free zone near the vascular wall [40]. In addition, it
protects NO from scavenging by the cell-free hemoglobin released during hemolysis and
makes downstream NO transport possible [39,41,42]. Furthermore, hemoglobin is a NO
scavenger under normoxic conditions, but otherwise it manifests reductase activity [43].

Stamler et al. [44] revealed that NO is capable of binding to hemoglobin (Hb). However,
this reaction depends on the Hb conformation and the magnitude of Hb oxygenation.
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Figure 1. Nitric oxide metabolism in erythrocytes under aerobic and hypoxic conditions. In aerobic
conditions, OxyHb reacts with NO, forming metHb and NO3 ~-metabolic end products. However,
in a hypoxic environment, RBCs become a NO producer. L-arginine is transported through the
RBCs membrane by y+ and yL. Subsequently, it is incorporated into NOS or the arginase pathway,
depending on the redox RBCs status. NO reacts with deoxyHb and further undergoes S-nitrosylation,
forming HbSNO. NO is finally transmitted to GSH, PD], or cysteine and, as a steady intermediate,
leaves the RBCs. Alternatively, NO, ™ is reduced by XOR or deoxyHb and turned into another NO
source. Abbreviations: GSH: glutathione; GS-NO: S-nitrosoglutathione; HbSNO: S-nitroso hemoglobin;
LAT 1: L-neutral amino acid transporter 1; L-SNC: S-nitroso-L-cysteine; SNO-PDI: S-nitrosylated protein
disulphide isomerase; PDI: protein disulphide isomerase; XOR: xanthine oxidoreductase.

Hemoglobin exists in two allosteric conformations, which regulate Hb’s affinity to
NO. The O,-dependent Hb quaternary conformation change is caused by allosteric anionic
effectors, such as chloride, 2,3-diphosphoglycerate (DPG), and inositol hexaphosphate
(IHP) [45]. While RBCs pass through pulmonary arteries, Hb binds two to three oxygen
molecules and favors the R structure (relaxed oxyhemoglobin) [44]. On the contrary, in
capillaries, it releases oxygen and changes the conformation to the T structure (tension-
deoxyhemoglobin). Stamler demonstrated that R-state Hb binds NO and forms iron nitrosyl
Hb (Hb (II)NO). The highest effectiveness of Hb reduction was observed with 50% Hb
saturation. The reaction of binding NO to Hb is 5.6 times faster in the R-state, while NO
releasing in the T-quaternary conformation increases 9.6-fold [46].

AsNO is poorly bound to Hb, it is subsequently bound by S-nitrosylation of hemoglobin
to the cysteine-93 residue, forming S-nitrosohemoglobin (HbSNO). This process is depen-
dent on Hb conformation. The thiol affinity for NO is high in the R structure and low in
the T structure [47]. This hypothesis was supported by demonstrating different HbSNO
concentrations in venous and arterial RBCs [47].

As it results from other studies, nitrite seems to be another stable source of NO.
Plasma is abundant with nitrite originating from dietary intake, endogenous synthesis, and
inhalation of NO from the polluted air [48]. Once nitrite (NO; ™) reaches the intra-RBCs
compartment, it might be oxidized or reduced depending on the dominant oxygenation
level and presumably the redox state. In well-oxygenated arterial blood, nitrite (NO, ™)
reacts with oxygen, forming nitrate (NO3 ™). It was shown that under hypoxic conditions,
nitrites are reduced by deoxyhemoglobin, leading to NO regeneration. Subsequently, NO
reacts with deoxy-Hb once more, as well as with other molecules, or is alternatively released
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to the plasma [49]. Concurrently, an alternative storage pool of NO becomes bioavailable,
which might be easily mobilized when needed [50].

Contrary to the Stamler studies, Nagababu et al. [43] revealed that during the reduction
of nitrates to nitrosohemoglobin, Hb(I[)NO, the intermediate molecule is Hb(II[)NO, which
stays in equilibrium with Hb(II)NO. This discovery was of a great importance as it identified
the pool of labile Hb(III)NO trapped in a hem pocket, which is not scavenged and can easily
release NO under reductive conditions. To support this thesis, the authors demonstrated a
relatively increased Hb(III)NO level in venous blood when compared to that of the arterial
one. It may be considered as an indicator of increased nitrite reduction in capillaries,
where hemoglobin becomes partially deoxygenated [43]. Keeping that in mind, nitrites
(NO; ™) might serve as a more important source of NO than S-nithrosothiols, especially in
erythrocytes, being the major intravascular storage sites of nitrite in blood [51].

Other studies raise the different mechanism of nitrite conversion by xanthine oxidore-
ductase (XOR), located in the outer membrane of RBCs. In the study by Rathod et al. [52],
the RBCs were incubated under acidic conditions with nitrate, xanthine, and a XOR or NOS
inhibitor (allopurinol and L-NG-Nitro arginine methyl ester-L-NAME, respectively). It
was demonstrated that NO generation was enhanced by ~43% in the presence of xanthine,
pointing thus at the major role of XOR in NO synthesis in severe acidosis. Simultaneously,
no difference was noted when the pH was in a normal range.

Another study with XOR inhibitor allopurinol demonstrated that although XOR
activity is low under normal physiological conditions, it becomes important in pathological
conditions, especially when pH drops to 6.8. In those conditions, XOR activity is responsible
for ~2/3 of nitrite-derived NO production [53].

Dejam et al. [54] presented some other aspects of the role of XOR in regulating NO
bioavailability. They showed concurrent nitrite reduction in normal physiology. The
authors suggested that XOR inhibition increases NO bioavailability by reducing the ROS
pool, produced by XOR in hypoxic conditions, finally leading to NO scavenging.

Other researchers provided some evidence that RBCs subjected to shear stress pro-
duce NO, which may have great importance while passing through vasoconstricted or
stenotic vessels with a local response in NO secretion [55]. It was shown that RBCs are
able to activate NOS after being exposed to shear stress [56]. Studies with eNOS in-
hibitors and extracellular EDTA calcium chelation show that intracellular calcium efflux
through mechanosensitive RBC membrane channels provokes the binding of the calcium-
calmodulin complex to the eNOS protein and its subsequent activation [57,58]. Further
studies confirmed that this process is L-arginine-dependent and is highly limited in the
presence of L-NAME [59].

The passage of erythrocytes through stenotic vessels and narrow capillaries in the
microcirculation depends on RBCs deformability, which is also regulated by NO. One
study, using eNOS inhibitors, demonstrated significant impairment of RBC deformability,
which was reversed by exposure to exogenous NO donors [60]. The deformability is at least
partially mediated by soluble guanylate cyclase (sGC) activation. Cortese-Krott et al. [61] re-
vealed the existence of an sGC/PDE5/PKG-dependent signaling pathway, fully responsive
to NO. The exact mechanism of regulation of the shape of RBCs by PKG is not well-studied,
but K—CI cotransport (COT) may be involved. It was proven that COT participates in the
recovery of cell volume by modulating the cytoskeleton. As cell volume sensors detect
deformation, they activate COT and induce regulatory volume decrease (RVD) [62]. NO
is also involved in the regulation of eryptosis. This process may be triggered by different
stimuli, leading to the opening of cation channels either directly or by protein kinase C with
Ca®*. Erythrocyte shrinkage may be also induced by ceramide formation or by activation
of some proteases [63]. NO displays a protective effect by stimulating cGMP-dependent
protein kinase, resulting in a CAZ?* influx decrease [64,65]. Additionally, NO is involved
in the regulation of eryptosis via nitrosylation of eryptotic enzymes with NO to prevent
RBCs lysis [65]. So far, the mechanism of NO migration from RBCs leading to induced
smooth muscle cell relaxation, in order to restore blood flow and increase oxygen supply,
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remains unknown. Chen et al. [66] in an experimental study showed that the amount of
NO transported from erythrocytes through free diffusion appears to be insufficient. It was
demonstrated that in such an experimental setting, NO concentration would be below the
half maximum effective concentration (EC50) for sGC and would not induce vasorelaxation.
The question arises on how RBCs can supply enough NO to evoke the response of smooth
muscle cells (SMCs). Another mathematic analysis discovered that the transport of inactive
NO intermediates could be more effective and lead to a subsequent release of greater NO
amounts. [66] Alternatively, facilitated NO transfer with membrane-bound proteins would
also maintain RBC-dependent SMCs reaction [66].

Some authors suggest that Hb undergoes transnitrosylation again and that NO is
transferred to glutathione (GSH), forming S-nitrosoglutathione (GSNO). GSNO may sub-
sequently escape from RBCs via a transporter, release NO outside the erythrocytes, thus
inducing vasorelaxation [50].

Opposite results were presented by Sandmann et al. [67], who claim that L-amino
acids inhibit intracellular GSNO formation and postulate that it should not be considered
as a vasoactive molecule. The authors suggest that S-nitrosocysteine might be a trans-
fer molecule of NO out of RBC by the L-amino acids transporter system. Furthermore,
Pawloski et al. [68] presented an alternative way of releasing NO from HbSNO. RBCs are
postulated to form the cell lipid rafts that contain enzymes necessary in NO metabolism.
The major component is the anion exchange protein 1 (AE1 or band 3 protein), which was
proven to be an oxygen-sensitive molecular switch, that controls RBCs properties [69]. The
quaternary conformation of Hb (R/T-structure) regulates the band 3 affinity to HbSNO.
Along with decreased oxygen tension, N terminus of Band-3 associates reversibly with de-
oxyHb and the cytoplasmic domain of band 3 drives the transition from the R- to the T-state.
It is accompanied with simultaneous NO transfer to the RBC membrane and facilitates the
export of NO through membrane channels. The development of this hypothesis provided
the study by Gladwin [70], according to which the erythrocytes contain the membrane rafts
with complete “metabolome complex”(MCx) that facilitates NO effusion. MCx, besides the
AE1/band 3, includes carbonic anhydrase, Rh, and aquaporin channels, and mixed hybrids
of deoxyhemoglobin, methemoglobin, and carboxyhemoglobin that could catalytically
amplify nitrite reduction. Additionally, local production of metHb in lipid rafts protects
NO from scavenging by oxyHb [15,70]. Interestingly, emerging studies confirmed other in-
teresting Band-3 properties. Its pivotal role was demonstrated in regulating RBCs’ glucose
metabolism, cellular membrane stability, and ATP release [71]. In a hypoxic environment it
promotes glycolysis over the pentose phosphate pathway, ATP-dependent vasodilatation,
and increase RBCs’ deformability [69]. Band-3 was also found to transfer nitrate (NO3),
nitrite (NO;), and peroxynitrite (OONO™) [72].

Alternatively, Dosier et al. [73] proved the significance of the L-neutral amino acid
transporter 1 (LAT 1) in transferring S-nitroso-L-cysteine (SNC) out of the RBCs. LAT 1
is a high-affinity transport system for both cationic and neutral amino acids and exports
cationic amino acids into the blood in exchange for large neutral amino acids [74]. It was
confirmed that LAT 1 is expressed in the healthy RBC membrane, and LAT1 mRNA was
identified in human reticulocytes. While using the LAT1-specific inhibitor (JPH-203), it was
demonstrated that the blockage of LAT1 is connected with reduction in SNC efflux [73].
This mechanism could underlie the export of NO from RBCs, but its importance needs
further investigation.

Another interesting theory was suggested by Kallakunta et al. [75] while analyzing
the role of the protein disulphide isomerase (PDI) in NO transmembrane transport. PDI
was detected in the membrane and in the cytosolic fraction of RBCs. The studies showed
that RBCs acquire soluble PDI, which is released into the blood by various cells (hep-
atocytes, endothelial cells, leukocytes, platelet, pancreas). This protein is subsequently
S-nityrosylated from SNO-HD in cytosol and forms S-nitrosylated protein disulphide iso-
merase (SNO-PDI) [76]. Under normoxic conditions, SNO-PDI is transferred back through
the membrane and stays attached to the external surface of RBCs. When RBCs reach a
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hypoxic environment, PDI is secreted in soluble form and interacts with the endothelium,
triggering NO-dependent hypoxic vasodilation [75].

6. Erythrocyte-Dependent Paracrine Regulation of the Vascular NO Bioavailability

It is well-established that RBCs release adenosine triphosphate (ATP) and contain
glycolytic enzymes required for its production [77,78]. It was proved that RBCs contain
the gap junction protein pannexin 1 (Panx-1), which acts as an ATP-releasing channel
in response to hypoxia, shear stress, or depolarization by forming transient channels
between the intracellular compartment and the extracellular milieu [79,80]. Released
ATP binds to P2Y receptors on erythrocytes and endothelium cells. P2Y receptors on
RBCs mediate ATP-induced ATP release and lead to further increase in plasmatic ATP
concentration [81]. Emerging data demonstrate that the P2Y12 inhibitor ticagrelor also
induces ATP release from RBCs. The exact mechanism underlying ATP efflux from RBCs
in response to that agent is not clear. However, it might be based on membrane channels
(chloride channel or Panx-1), as ATP efflux decreases in the presence of some anion channel
blockers [82]. The described pathway may explain the more potent anti-aggregative effect
of ticagrelor in comparison to that of other antiplatelet agents, taking into consideration
that increased extracellular level of adenosine (from ATP degradation) inhibits platelet
aggregation additionally by A2A receptors [83].

Interestingly, when ATP reaches P2Y receptors and Panx-1 on endothelial cells, it
evokes a calcium wave that propagates along the endothelium [84]. It leads to eNOS
activation with associated a NO-dependent vasodilatory response, probably mediated by
Ca%*-activated C1~ channels and AMP-activated protein kinase (AMPK) [77,85-87]. Studies
with Panx-1 inhibitors, such as carbenoxolone or probenecid, confirmed that ATP release is
mostly mediated by Panx-1. Nevertheless, the inhibition was incomplete, suggesting the
impact of other unknown mechanisms [88,89].

ATP released to the blood stream may also exert action by activating another subtype
of purinergic receptors—P2X. In opposition to the P2Y receptors that protrude on the
endothelium, P2X receptors are found on vascular smooth muscle cells (VSMCs). The direct
stimulation of P2X with ATP may lead to local vasospasm [77].

Other transmembrane proteins participating in ATP transfer are the voltage dependent
anion channels (VDACs). It was demonstrated that they are expressed on the RBCs’
membrane and create a complex with translocator protein 2 (TSPO2), the adenine nucleotide
transporter (ANT) [90]. As activating ligands bind to the complex, they provoke calcium
infusion and enhance cAMP-dependent signaling. Ca?* and cAMP activate protein kinases
C and A, respectively, which results in VDACs phosphorylation and polymerization,
leading finally to ATP release through the complex [91]. Noteworthy, Sridharan et al. [89]
pointed out that VDAC:s are also responsible for ATP release in response to prostacyclin
analogues or 3-adrenergic stimulation.

Numerous papers demonstrate that RBCs adjust the blood flow by a decrease in
platelet aggregation. Srihirun et al. [92] reported that RBCs are mandatory for inhibiting
ADP or collagen-induced platelet aggregation by releasing NO from nitrite. Nitrite alone
has no effect on platelets, while reduction in platelet aggregation was observed in the
presence of RBCs. The result was limited by adding a NO scavenger (C-PTIO) which
confirmed the NO-dependent characteristics of this reaction. Additionally, the antiplatelet
outcome was enhanced under hypoxic conditions, demonstrating thus the presence of
reductase activity of deoxygenated hemoglobin.

Furthermore, it is well-documented that endothelial eNOS, via NO synthesis, af-
fects systemic blood pressure (BP). Leo et al. [93] shed some light on the role of RBCs in
preserving normotension in an eNOS-knockout mice model.

One of the reasons leading to a higher BP profile might be CAT-1 alteration, which
is a risk factor for the development of hypertension. Yang et al. [94] studied the poly-
morphism in the 3'UTR region of CAT-1 chromosome 13q12-q14, which leads to altered
L-arginine metabolism with hypertensive presentation. CAT-1 was also proven to be at
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least partially responsible for cardiovascular toxicity, with increased BP induced by cy-
closporine. It was presented that cyclosporine significantly attenuates L-arginine transport
and induces protein nitration, leading to the development of hypertension and accelerated
atherosclerosis [95].

NO, released by RBCs to the blood stream, also becomes an autocrine agent that
increases RBCs” deformability. It is essential when RBCs pass through narrow capillaries in
microcirculation. The exact way of this regulation is uncertain, however, NO may act by
regulating guanylate cyclase, ion transport across the RBC membrane, or S-nitrosylation
of cytoskeleton spectrins [96,97]. Oxidative stress also reduces RBCs deformability, which
aggravates blood flow in the microvascular bed. In line with that, the abnormalities of
hemorheological properties of RBCs were demonstrated to play a pivotal role in patho-
genesis of microvascular angina (MVA). Furthermore, patients with MVA demonstrate
an increased oxidated-to-reduced glutathione ratio (the GSSG/GSH index), suggesting a
central role of oxidative stress in MVA development [98].

7. Future Perspectives

Over the past few years, significant progress regarding the knowledge on the role
of erythrocytes in nitric oxide metabolism has been made. From simple gas transporters,
through nitric oxide scavengers, RBCs have become important players in nitric oxide syn-
thesis and in the maintenance of appropriate vascular tone. Erythrocytes seem to be a
promising novel therapeutic target in management of endothelial dysfunction. Develop-
ment of specific arginase inhibitors (AI) may bring benefits in patients with coronary artery
disease, diabetes mellitus, heart failure, hypertension, and erectile dysfunction [99-102].
Studies on animal models demonstrated that increased activity of arginase has fundamen-
tal importance in myocardial ischemia-reperfusion injury and that its inhibition mediates
cardiac protection via increased NO production [103-105]. Despite many in vitro studies,
further clinical trials should be conducted to provide some more evidence on the usefulness
of Al in cardiovascular risk reduction. Up to date, a promising trial with an arginase
inhibitor (Nw-hydroxy-nor-L-arginine) was conducted, with restoration of endothelial
function in patients with type 2 diabetes [106]. Similar results were obtained in endothelial
dysfunction caused by ischemia-reperfusion in patients with CAD [107]. e-NOS uncoupling
and prevention of oxidative stress seem to be other interesting future therapeutic targets.
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Abstract: (1) Background: Type-2-diabetes-mellitus (DM) is one the most important cardiovascular-
risk-factors. Among many molecules regulating vascular tone, nitric oxide appears to be the most
pivotal. Although micro- and macrovascular-abnormalities are extensively studied, the alterations in
the nitric-oxide-metabolic-pathway require further investigations. Additionally, the role of erythro-
cytes in the vascular tone regulation has not been extensively explored. The aim of this study was to
evaluate the endothelial-function and the nitric-oxide-metabolic-pathway in erythrocytes and plasma
of diabetic individuals. (2) Methods: A total of 80 subjects were enrolled in this cross-sectional study,
including 35 patients with DM and 45 healthy individuals. The endothelial-function was evaluated
in response to different stimuli. (3) Results: In the DM group, decreased Arginine and citrulline
concentrations in the plasma compartment with reduced Arginine/ ADMA and ADMA /DMA-ratios
were observed. Preserved nitric-oxide-metabolism in erythrocytes with reduced citrulline level
and significantly higher NO-bioavailability were noted. Significant endothelial dysfunction in DM
individuals was proved in response to the heat-stimulus. (4) Conclusions: DM patients at an early
stage of disease show significant differences in the nitric-oxide-metabolic-pathway, which are more
pronounced in the plasma compartment. Erythrocytes constitute a buffer with a higher nitric-oxide-
bioavailability, less affected by the DM-related deviations. Patients at an early-stage of DM reveal
endothelial—dysfunction, which could be diagnosed earlier using the laser—Doppler—ﬂowmetry.

Keywords: erythrocyte; nitric oxide; ADMA; type 2 diabetes mellitus; endothelial dysfunction

1. Introduction

Type 2 diabetes mellitus (DM) is one of the most important health emergencies in the
21st century. The population suffering from DM is estimated for 463 million worldwide
and is rapidly growing. Predictions say that the number may reach 578 million by 2030,
and 700 million by 2045 [1].

DM is associated with higher relative risk of cardiovascular disorders (CVD) which is
estimated between 1.6 and 2.6 and slightly higher in women [2]. Cardiovascular disease
in DM patients occurs approximately 15 years earlier than in healthy subjects. It is the
main cause of mortality in this group which is different based on sex-dependence. CVD
mortality in men with diabetes increases 1-3 times compared to diabetes-free individuals,
while the same coefficient estimated in women varies from 2 to 5 times [3]. It is not clear
what plays the major role in inducing the differences, but the most important factor seems
to be the attenuation of estrogens protective influence against cardiovascular complications
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in DM women. It was proved that DM impairs endothelial response in women to a greater
extent than among males [4]. DM diminishes antiproliferative effects of estrogen on the
vascular smooth muscle cells by modifying expression, activity, and balance between the
estrogen receptors (ER): ERx and ERf. Domination of ER(3 over ER« activity results in
increased inflammatory profile, excessive reactive oxygen species (ROS) formation, and
aggravated atherosclerotic plaque formation [5]. In that way, estrogens increase the nitric
oxide (NO) bioavailability reducing NO inactivation and additionally may directly increase
NO generation [6]. Furthermore, diabetic females are characterized by worse cardiovascular
profile, including higher average HbAlc, LDL cholesterol, and BMI levels [4]. Catalan
et al. proved that, despite the fact that men more often present carotid plaques in general,
in a subgroup of newly diagnosed diabetic women, carotid atherosclerosis was more
prevalent [7].

Cardiovascular risk in DM patients is highly dependent on endothelial dysfunction
as well as micro- and macrovascular complications coexisting in DM. Among numerous
factors, nitric oxide (NO) bioavailability and its metabolic pathway abnormalities seem to
be the most crucial. Asymmetric dimethylarginine (ADMA) is a pivotal element leading
to the NO synthesis disturbances by competitive inhibiting the nitric oxide synthase
(NOS). Significant evidence indicates that not only ADMA concentration per se decides on
endothelial function but also the decreased Arginine level and the Arginine/ ADMA ratio
seems to be additional and potentially more sensitive markers of endothelial dysfunction.
The Arginine/ ADMA ratio as an indicator of reduced global bioavailability of Arginine and
NO production was postulated to be an independent CVD risk factor and to correspond
with the severity of hypertension, congestive heart failure, and atherosclerosis [8,9].

Up to date, most of the studies have focused on the NO metabolism abnormalities
being seen in the plasma compartment of diabetic subjects. Hardly any of them aims
to evaluate the erythrocytes’ role in this process. As the red blood cells (RBC) remain in
constant contact with the endothelium and enable nitric oxide transport into distant hypoxic
areas, their role in regulating the nitric oxide bioavailability might be underestimated. For
many years erythrocytes have been considered to just eliminate the NO, which easily reacts
with hemoglobin. However, recent studies pointed out that erythrocytes contain NOS and
are able to produce NO. Subsequently they release it into the vasculature, regulating the
blood flow in distal hypoxic regions [10]. It demonstrates that the conventional theory
needs to be verified and the specific role of erythrocytes in the nitric oxide metabolism and
its influence on endothelial dysfunction requires detailed evaluation.

Hence, the main goal of this study was to evaluate the nitric oxide metabolism ab-
normalities in plasma and erythrocytes of diabetic subjects with a close assessment of
endothelial function using different tools. Additionally, it was intended to define which
of the nitric oxide metabolites reflects better endothelial dysfunction at the early stages of
diabetes mellitus.

2. Materials and Methods
2.1. Ethical Approval

All experiments were conducted and approved in accordance with the guidelines of the
Bioethics Committee at the Wroclaw Medical University (KB-155/2019) from 28 February 2019
and adhered to the principles of the Declaration of Helsinki (Seventh Revision, 64th World
Medical Association meeting, Fortaleza, 2013). All of the individuals agreed to participate
in the study by signing a written informed consent.

2.2. Patients

A total of 100 patients were investigated in the study. The inclusion criteria comprised
diabetes mellitus diagnosed according to the American and Polish Diabetes Associations
criteria, treated with oral metformin at age of 35-80 years. Subjects with the presence of
diabetic complications, including microangiopathy, macrovascular diseases, past history of
stroke, or myocardial infarction, as well as taking anticoagulant or antiplatelet treatment,
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were excluded from this study. In order to exclude the potential variables affecting the
differences between groups, we excluded subjects with concomitant hypertension. Finally,
a total of 80 consecutive subjects met properly the inclusion and exclusion criteria and were
enrolled to the study, including 35 patients with diabetes mellitus (female: 12, male: 23)
and 45 healthy individuals qualified to the control group, respectively.

The control group was recruited from outpatient clinics in pursuance of demographic
characteristics (age, sex, region), meeting the inclusion and exclusion criteria properly.
All of them had previously undergone the screening for the presence of the glucose
metabolism alterations, including diabetes, impaired fasting glycemia, impaired glucose
tolerance, and insulin resistance. Subjects with any of these disturbances were excluded
from the control group. All of the participants underwent a standard detailed physical
examination (Scheme 1).

N =50 DM subjects N =50 Healthy volunteers

N =15 subjects who met

exclusion criteria

N=35 N=45
DM subjects Control group
enrolled to the study demographically
matched to the DM
subjects

l

Physical examination and evaluation of
cardiovascular risk factors

!

Non-invasive endothelial function
assessment

!

Blood drawing for subsequent analyses

!

ascularnsk

accordingto the ESC guidelnes

i

E ion of selected p
involved in the nitric oxide bioavailability in
plasma and thrombocytes

Scheme 1. A flow chart presenting the study protocol.

2.3. Blood Sample Collection

Forty-four milliliters of peripheral blood was collected using the Sarstedt S-Monovette®
system (Sarstedt AG & Co., Niimbrecht, Germany). The sample (1.6 mg EDTA/mL blood)
tubes within 30 min after the collection, were centrifuged at 1000 x g for 15min at 4 °C and
stored at —80 °C until further analysis.
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2.4. Erythrocytes Preparation

The erythrocytes were removed from the plasma within the 10 min following blood
drowning. Erythrocytes samples were thawed on ice. Subsequently, a 10 uL of internal
standards solution and a 1200 uL of cold extraction solution containing methanol, acetoni-
trile, and water (5:3:2) were added and vortexed (for 15 min, 1200 rpm at 4 °C). Samples
were centrifuged (for 15 min, 22,000 rpm at 4 °C) and the supernatants were transferred
into new microtubes. Samples were then dried at 55 °C and afterwards dissolved in 100 uL
of water and vortexed (for 5 min, 1200 rpm at 25 °C). Subsequently, 50 uL of borate buffer
(0.025 M Na;,B40; x 10H,0, 1.77 mM NaOH, pH =9.2), 400 uL of acetonitrile, and 10 uL
of 10% benzoyl chloride (BCl) in acetonitrile were added and vortexed again (for 10 min,
1200 rpm, at 25 °C). After derivatization samples were dried at 55 °C using the Speed-
Vac evaporator. Dried samples were reconstituted in 50 uL of 3% of methanol in water
and centrifuged (for 10 min, 15,000 rpm, at 4 °C). Clear supernatant was transferred into
chromatographic polypropylene vial with attached 200 uL insert.

2.5. Plasma Preparation

Plasma concentrations of metabolites involved in nitric oxide (NO) synthesis were
measured according to method described by Fleszar et al. [11]. Briefly, a 100 uL of plasma,
50 uL of borate buffer, 10 uL of internal standard solution (100 tM D7-Arginine, 20 uM D7-
ADMA, 25 uM D6-DMA, 100 uM Dé6-ornithine, and 50 uM D4-citrulline) were transferred
into the 2 mL polypropylene tubes and mixed (for 1 min, 1200 rpm, at 25 °C). Then,
400 pL of acetonitrile and 10 uL of 10% BCl in acetonitrile were added and mixed (for
10 min, 1200 rpm, at 25 °C). Subsequently, samples were centrifuged (for 7 min, at 4 °C,
22,000 RCF) and 100 pL of clear supernatant was diluted four times with water, transferred
to chromatographic glass vials, and analyzed.

2.6. Plasma and Erythrocytes Samples Analysis

The LC-MS/MS analysis was performed using the Acquity UPLC system (Waters,
Milford, MA, USA) equipped with cooled autosampler. The sample temperature in an
autosampler was 6 °C and the injection volume was 2 uL. The Waters BEH Shield C18
column (1.7 um, 2.1 x 10 mm) was thermostatted in a column oven at 60 °C. The flow rate
was 0.350 mL/min, and a total run time was 8 min. Eluents: A: water with 0.1% formic
acid (FA), B: methanol with 0.1% FA. The following gradient was used: 0.0 min-3% B,
2.5 min-14% B, 4.6 min-60% B, 4.8 min-90% B, 6.1 min-3% B.

MS analysis was performed using the SYNAPT G2 Si mass spectrometer (Waters,
Milford, MA, USA) equipped with electrospray ionization source (ESI) in a positive ion-
ization mode. The spray voltage, source temperature and the de-solvation temperature
were set at 0.5kV, 140 °C, and 450 °C, respectively. Data acquisition was performed using
the MassLynx software (Waters) for the following ions (m/z): 150.0919, 156.1295, 237.1239,
243.1339, 263.1090, 267.1382, 279.1457, 286.1897, 307.1770, and 314.2209 for DMA, D6-DMA,
ornithine, Dé6-ornithine, citrulline, D4-cytrulline, Arginine, D7-Arginine, ADMA, symmet-
ric dimethylarginine (SDMA), and D7-ADMA, respectively. Standard calibration curves
were prepared using the following concentration ranges: 3 to 150 uM for ornithine, 5 to
250 uM for Arginine, 0.05 to 2.5 uM for ADMA and SDMA, 1 to 50 uM for citrulline, and
0.14 to 7 uM for DMA.

2.7. Laser Doppler

All the individuals underwent the laser Doppler flowmetry (LDF) measurements
using the Perimed PeriFlux System 5000, Sweden, with a PeriFlux heating unit, performed
strictly according to the manufacturer’s instructions. The protocol was adapted from our
previous study [12]. First, all the individuals were advised to rest for 15 min in horizontal
position in a quiet laboratory at the room temperature 22 °C.

Afterward, their forearm was fixed by a vacuum pillow and the laser probe was placed
on a skin, where no superficial veins were visible. The baseline flow and values were
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obtained within the first 10 min with a probe heated to 33 °C. It was subsequently heated to
43 °C by the PeriFlux heating unit for the next 30 min of protocol. According to the previous
studies [13-16], there are at least two independent mechanisms that are involved in the skin
microvascular vasodilatation in response to local heating. First—a peak observed in laser
Doppler flowmetry is caused by the fast-responding vasodilator axon reflex activated by
heat-sensitive receptors on afferent nerves mediated by antidromic release of a vasodilatory
neurotransmitters (calcitonin gene-related peptide (CGRP), substance P) [17]. After initial
brisk increase, the plateau phase is observed, which is followed (after 10-20 min) by
slowly responding vasodilator system based on nitric oxide production during prolonged
local heating. In order to evaluate the change in the cutaneous blood flow, the maximum
heating index (MHI) was counted. It is the ratio between areas under the curve of 10 min
blood flow during maximum heating (late NO-dependent phase) to 10 min baseline flow
(before heating). Using the MHI better reflects nitric-oxide dependent endothelial function,
reducing the overlap influence of autonomic system.

2.8. EndoPAT

The profile of endothelial function was assessed using the EndoPAT 2000 device
(Itamar Medical, Caesarea, Israel). The EndoPAT detects plethysmographic pressure
changes in the fingertips, caused by the arterial pulse, where special sensors are placed
and translates it to a peripheral arterial tone (PAT). After 6 min of basal register, the
occlusion by sphygmomanometer cuff inflated 40 mmHg over systolic pressure was made.
Occlusion measurement was done with additional 5 min of post occlusion measurement
(hyperaemic period). The PAT values obtained from contralateral limb serve as a control to
exclude the individual systemic changes in blood flow. The achieved data were calculated
using a computerized automated algorithm provided with the device. The results were
compared using the reactive hyperaemia index (RHI) and its logarithm (InRHI), which
corresponded with the endothelium-mediated changes in vascular tone after occlusion
and reflected the arterial endothelial function. Additionally, the augmentation index (AI)
was assessed by analyzing the two pressure peaks signals from ascending aorta generated
during the cardiac cycle. The first peak was derived from the pulse wave generated by the
left ventricle, where the second was the reflection from arterial walls which superimpose
to the first ventricular wave. Al is defined by the difference in these pressures, expressed
as a percentage of the measured pulse pressure [18]. Its value depends on the vascular
stiffness and aorta elasticity. Since it was shown that the augmentation index is heart
rate dependent, a more reliable indicator is the augmentation index normalized for a
heart rate of 75 bpm (AI-75) [19]. The whole protocol was conducted in pursuance of
the manufacturer’s instructions. According to the Bonetti et al. study, the RHI cut-off
value was set at RHI < 1,67 referring endothelial dysfunction [20]. All experiments were
performed in an air-conditioned, quiet room with a constant air temperature of 20 °C.

2.9. Statistical Analysis

The data are presented as the mean + SD. The differences between two continuous
parameters were assessed using a Mann-Whitney U-test or a Student’s t-test, following
the Shapiro-Wilk test and Levene’s test as appropriate. Additionally, Spearman’s rank
correlation coefficient was performed. All calculations were made with Statsoft® Statistica
13.3 software, Krakow, Poland and Graph Pad PRISM® 8.4 San Diego, CA, USA.

3. Results
3.1. Baseline Characteristics

The study diabetic subjects and healthy controls were matched with respect to the age
and sex distribution. There were, however, significant differences in the waist to hip ratio
(WHR), weight, body mass index, lipid and glucose metabolism (Table 1). Additionally,
higher levels of high-sensitive CRP and uric acid with decreased magnesium and sodium
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concentration were noted in the diabetic subjects. As compared to healthy individuals,
patients suffering from DM had significantly higher HOMA-IR and lower QUICKI indexes.

Table 1. Demographic and biochemical characteristics between studied groups including cardiovas-
cular risk stratification parameters. Results are presented as mean == SD.

Diabetes Groupn =35  Control Group n =45

Faraneter (Mean + SD ) (Mean = SD ) pvilaE
Age (year) 59.80 + 9.00 5542 4+ 10.75 NS
Women (%) 12 (34%) 19 (42%) NS
Weight (kg) 88.37 + 14.49 78.16 + 14.43 <0.05
WHR 0.96 + 0.08 091 +0.12 <0.05
BMI (kg/m?) 30.25 + 4.07 25.80 + 3.81 <0.05
WBC (k/uL) 712 £2.06 6.17 £ 1.46 NS
RBC (mlIn/uL) 471 +046 4.85+0.58 NS
Hemoglobin (g/dL) 1430 = 1.24 14.58 4= 1.47 NS
Hematocrit (%) 42.04 +3.53 43.35 +-4.68 NS
MCV (fL) 89.50 + 4.33 89.48 + 3.82 NS
MCH (pg) 30.47 + 1.87 30.12 £ 1.41 NS
MCHC (g/dL) 33.99 £+ 1.03 33.68 £+ 1.13 NS
Platelets (k/uL) 253.27 + 55.92 244.33 4+ 55.69 NS
Glucose (mg/dL) 116 & 39.11 93.30 + 13.47 <0.05
HbA1 ¢ (%) 6.14 4+ 0.57 5.60 £ 0.30 <0.05
Insulin (uU/mL) 9.17 £5.38 6.65 & 3.49 <0.05
Total cholesterol (mg/dL) 194.00 + 49.90 214.38 4+ 46.73 NS
LDL (mg/dL) 113.14 +42.24 130.57 + 37.74 NS
HDL (mg/dL) 49.83 £11.70 56.98 + 13.76 <0.05
Triglycerydes (mg/dL) 169.14 + 108.98 134.26 + 69.21 NS
Urea (mg/dL) 34.12 + 6.59 33.03 £ 8.25 NS
Creatinine (mg/dL) 0.92 £0.15 0.96 +0.17 NS
eGFR (mL/min/1.73 m(2)) 83.94 + 14.49 79.26 + 10.93 NS
Uric acid (mg/dL) 6.26 + 1.68 544 4+1.39 <0.05
Sodium (mmol/L) 139.41 +£1.78 140.36 +2.42 <0.05
Potassium (mmol /L) 4.31+0.28 422 4+0.35 NS
Magnesium (mg/dL) 1.93 +£0.23 2124+0.16 <0.05
Calcium (mmol/L) 9.70 + 0.37 9.58 + 0.38 NS
hsCRP (mg/L) 243 +242 1.94 + 4.67 <0.05
TSH (ulU/mL) 1.66 + 0.95 1.50 £ 0.67 NS
Alat (U/L) 27.53 £10.97 27.18 + 12.63 NS
hsTroponin I (pg/mL) 2.31 £2.56 1.32 +1.53 NS
BNP (pg/mL) 29.16 + 38.05 17.68 + 15.28 NS
HOMA-IR 2.65 +1.56 1.58 £+ 0.82 <0.05
HOMA beta 87.64 +119.41 90.17 + 49.21 NS
QUICKI 0.34 +0.03 0.36 +0.03 <0.05

Abbreviations: NS: result statistically non-significant; BMI: body mass index; WHR: waist-hip ratio; WBC: white
blood cells; RBC: red blood cells; MCV: mean (red blood) cell volume; MCH: mean corpuscular hemoglobin;
MCHC: mean corpuscular hemoglobin concentration; PDW: platelet distribution width; eGFR: estimated glomeru-
lar filtration rate; HDL: high-density lipoprotein; LDL: low-density lipoprotein; hsCRP: high-sensitivity C-reactive
protein; TSH: thyroid-stimulating hormone; BNP: brain natriuretic peptide.

3.2. Assessment of Endothelial Function

Assessment of endothelial function by EndoPAT 2000 indicated a significantly higher
augmentation index (Al) and the Al normalized for a heart rate of 75 beats/min in diabetic
patients. As compared to healthy individuals, diabetics had a decreased vascular response
observed in the laser Doppler flowmetry, as reflected by decreased maximum hyperaemia
index (MHI). The endothelial function assessment is shown in Table 2 and Figure 1.
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Table 2. Assessment of endothelial function by EndoPAT 2000 and the Laser Doppler Flowmetry.

Diabetes

Control

Farameter (Mean + SD) (Mean + SD) p Value
RHI 219 4+ 0.62 2.28 +0.59 NS
Al (%) 3297 +£22.50 17.76 £+ 19.00 <0.05
Al-75 (%) 25.86 + 21.18 10.45 £+ 20.15 <0.05

MHI 9.17 +£4.82 13.04 £ 7.44 <0.05

Abbreviations: NS: result statistically non-significant; RHI: reactive hyperaemia index (EndoPAT 2000);
Al: augmentation index (EndoPAT 2000), AI-75 (%): augmentation index normalized for a heart rate of
75 beats/min (EndoPAT 2000), MHI: maximum hyperaemia index (Laser Doppler Flowmetry).

Assessment of endothelial function

60— * " '
Wl Diabetes
1 Control
40
o
=]
s
20

*
=1 i
o= T T T

RHI Al [%] AI-75 [%] MHI
Endothelial parameter

Figure 1. Assessment of endothelial function by EndoPAT 2000 and Laser Doppler Flowme-
try. Abbreviations: RHI: reactive hyperaemia index (EndoPAT 2000); Al (%): augmentation in-
dex (EndoPAT 2000), AI-75 (%): augmentation index normalized for a heart rate of 75 beats/min
(EndoPAT 2000), MHIL: maximum hyperaemia index (Laser Doppler Flowmetry). Correlation of
endothelial function with NO and biochemical metabolites in DM patients. *- p < 0.05 vs. control.

3.3. Parameters of the Nitric Oxide Bioavailability in Erythrocytes and Plasma

Three of the six evaluated metabolites of the nitric oxide pathway were found to be
significantly different in the plasma compartment (Arginine, DMA, citrulline). One was
found to be altered in the erythrocytes (citrulline), when compared to the control group.
The citrulline level was decreased in both compartments among DM patients, which was
more noticeable in the erythrocytes. Simultaneously, the Arginine level was reduced in
plasma, with no differences in the erythrocyte levels between groups. On the contrary, the
dimethylamine (DMA) concentration was increased in plasma which was consecutively
not observed in red blood cells (RBCs). All of the alterated nitric oxide metabolites were
found at higher concentrations in plasma in both groups.

In order to define the involvement of particular pathways in the alterations of the nitric
oxide biotransformation the product to substrate ratios both, in the plasma and erythrocyte
compartment in particular reactions were assessed. The study revealed significantly
increased ornithine/Arginine and decreased ADMA /DMA ratio in the plasma of DM
subjects. Additionally, reduced Arginine/ ADMA ratio was noted in plasma with preserved
proportion in erythrocytes. By comparing these ratios, higher NO bioavailability in the RBC
of diabetic subjects was also identified. Futhermore, Arginine and citrulline compartmental
concentration ratio were proved to be statistically different between the groups (Table 3
and Figures 2—4).
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Figure 2. (a—f) Nitric oxide metabolites concentration in different compartments. *- p < 0.05 vs. control.
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Figure 4. Nitric oxide (NO) bioavailability ratio. *- p < 0.05 vs. control.

Table 3. The Nitric oxide pathway metabolites ratios.

DM Control DM Control DM Control
Plasma Group Group N Group Group Plasma/RBC Group Group
Ratios (Mean + (Mean + p Value RBC Ratios (Mean + (Mean + p Value Ratios (Mean + (Mean + p Value
SD) SD) SD) SD) SD) SD)
Citrulline
Arginine/ 94.6 + 1165 £ <0.05 Arginine/ 65.03 + 62.72 + NS RBC / 052+ 0.67 + <0.05
ADMA 40.3 50.4 o ADMA 40.97 34.66 o Citrulline 0.29 0.19 o
plasma
Arginine
037 + 047 + 0.06 + 0.07 + Rrec/ 012+ 0.10 +
ADMA/DMA "4 53 0.24 005  ADMA/DMA: 504 0.07 NS Arginine 0.04 0.04 =<0.05
plasma
Ornitine/ 1.69 + 118 = <0.05
Arginine 0.90 0.59 s

Abbreviations: RBC

: red blood cells.
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3.4. Assessment of the Relationship between Biochemical Results and Endothelial Function

The analysis of biochemical results and endothelial function revealed a moderate
correlation between Al and eGFR and BNP. A similar correlation was found between en-
dothelial function measured using EndoPAT and ADMA concentration, ADMA /Arginine
ratio, and NO bioavailability in the RBC compartment with no such dependence in the
plasma of DM patients (Figure 5).

Correlation of endothelial function with NO an biochemical metabolites
in DM patients

MAX AUC/B-AUC

eGFR [ml/min/1,73m2] 05
04
HbA1c [%]
03
BNP [pg/ml] 0.2
0.1
Arg plasma/ADMA plasma
0
Arg RBC/ADMA RBC 01
-0.2
NO bioavailability RBC/Plasma
-0.3
-0.4
-0.5

Figure 5. Correlation of endothelial function with NO and biochemical metabolites in DM pa-
tients. Abbreviations: RHI: reactive hyperaemia index (EndoPAT 2000); Al (%): augmentation
index (EndoPAT 2000), AI-75 (%): augmentation index normalized for a heart rate of 75 beats/min
(EndoPAT 2000), MHI: maximum hyperaemia index (Laser Doppler Flowmetry); RBC: red blood
cells; eGFR: estimated glomerular filtration rate; BNP: brain natriuretic peptide; ADMA: Asymmetric
dimethylarginine; Arg: L-Arginine.

4. Discussion

To our knowledge, this is the first research that evaluates the nitric oxide metabolic
pathway both, in erythrocyte and plasma compartments. Furthermore, the erythrocyte
nitric oxide metabolism and endothelial dysfunction in diabetic subjects were assessed.
Recent findings emphasize the key role of endothelial dysfunction in diabetic patients as
the first step leading to the development of vascular complications and organ damage.

Insulin resistance, a hallmark of metabolic syndrome, impairs vascular response and
increases cardiovascular risk. Involvement of insulin resistance and endothelial dysfunction
in pathological disorders contribute to impairment in the NO-dependent vasodilatation,
cellular glucose uptake, enhancement in oxidative stress, and inflammation, leading finally
to atherosclerosis. Strong association of insulin and endothelial signaling disturbances
contributes inflammation, disrupting the balance between vasodilating-vasoconstrictive
endothelial mechanisms as well as between the insulin-dependent PI3-K/Akt-MAPK/ERK
pathways [21].

For many years erythrocytes have been considered to be a natural sink for the NO
molecules because of hemoglobin abundance which easily scavenge NO. However, recent
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studies give more evidence that erythrocytes’ role is far more complex, and they appear
to be an important source of NO. In line with the studies that confirmed the activity of
NOS in erythrocytes, the research proved the existence of nitric oxide metabolites and
enzymatic inhibitors in RBCs. Besides citrulline concentration, no other alterations in
the nitric oxide metabolites in erythrocytes of diabetic patients were found. It indicates
that erythrocytes remain a buffer which is less affected by the deviations connected with
endothelial dysfunction and that the synthesis of nitric oxide in erythrocytes remain unal-
tered in early diabetic individuals. Nitric oxide bioavailability in different compartments
was also compared using the Arginine/asymmetric dimethylarginine ratio, which is a
well-established marker of global Arginine bioavailability and the NO production. The
analysis revealed its significantly higher values in the RBC which points out, even more
distinctly, the importance of erythrocytes in preserving NO production in DM (Figure 6).
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Figure 6. Nitric oxide metabolism alteration in different compartments. Abbreviations: ADMA: asymmetric dimethylargi-
nine; DMA: dimethylamine; NOS: nitric oxide synthase; NO: nitric oxide RBC: erythrocyte SDMA: symmetric dimethylargi-

nine. *- p < 0.05 vs. control.

Contrary to the RBC compartment, substantial abnormalities in the NO synthesis in
the plasma of DM patients were confirmed. First of all, a significantly reduced Arginine
concentration was shown. It may be caused by shunting the L-Arginine from the eNOS to
the arginase pathway with its enhanced arginase degradation, as an increased ornithine
to Arginine ratio in plasma was found [18,22,23]. It is noteworthy that the results are
in accordance with the studies by Shemyakin et al., proving that the downregulation
of arginase improves endothelial function among patients with DM and may become a
promising therapeutic target [24].

Additionally, enhanced Arginine transport from plasma to erythrocytes were found as
Arginine compartment ratios were significantly different. Increased transport via system
y+ in human erythrocytes had already been confirmed in different diseases affecting
nitric oxide transformation, such as renal failure and chronic heart diseases [25,26]. It
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may indicate that the same upregulation of y+ transport occurred in the DM group as a
compensatory response to maintain the NO production.

Furthermore, low level of Arginine leads to the NOS uncoupling and results in
excessive reactive oxygen species (ROS) formation, which also stems from NADPH oxidase
(NOX) and mitochondrial complexes reactions [27]. As a result, the NO bioavailability is
reduced in different ways—by decreased production because of substrate depletion and
increased elimination through reaction with reactive oxygen species.

Moreover, significantly reduced Arginine to ADMA ratio in the DM group was also
revealed, pointing at reduced NOS action and a subsequently diminished NO production.
As no difference in ADMA concentration per se was found nor an increased DMA level,
it collectively points at higher ADMA turnover in DM patients. Current literature is
inconclusive in the assessment of dimethylarginine.

Dimethylaminohydrolase (DDAH) activity in diabetics, which is related with ADMA
concentration. Numerous studies suggest that the high glucose level accompanied by in-
creased concentration of proinflammatory cytokines, such as tumour necrosis factor (TNF),
results in decreased DDAH activity and consequent increased ADMA level [28-32]. Our
study cohort was composed of early-stage diabetic patients treated with metformin without
the micro- and macrovascular complications. The low HbAlc levels reflect good glucose
control, which may progressively result in preserved DDAH activity. This observation is
consistent with the Xiong et al. study, proving the correlation of ADMA level with the
macroangiopathy occurrence but not with the disease duration [33]. Additionally, DM
patients were treated with metformin, which is a structural analog of ADMA reducing its
concentration, possibly in the DDAH-dependent manner [34-37]. Furthermore, metformin
reduces the advanced glycation end-products (AGEs) concentration what additionally
restores the NO bioavailability [38].

Significantly lower plasma values of the citrulline in DM patients resulting from
reduced eNOS activity caused by depletion of Arginine and increased inhibition were also
found. Additionally, the use of metformin reduces citrulline levels [39,40]. According to
Breier, M. et al. studies, short-term therapy with metformin reduces citrulline concentration
by mean of 24% which is in compliance with results of this study—a 26% depletion on
average of citrulline concentration between groups [39]. The mechanism of metformin-
dependent citrulline reduction is not clear. Some authors seek the mechanism in urea
cycle activity changes, inhibition of mitochondrial complex I, increased urinary excretion
by kidneys, or decreased gut absorption associated with gastrointestinal side effects of
metformin [39,41-43]. Reduced citrulline concentration in the erythrocyte compartment,
more pronounced in the DM group was also noted.

In this study, the endothelial function using the two independent methods was also
evaluated. First, the vascular response was assessed using the peripheral arterial tonometry
with a post-occlusive reactive hyperaemia (PORH) measured as a reactive hyperaemia
index (RHI). Second, with the laser Doppler flowmetry (LDF). A diminished endothelial
function was found only by using the second method.

The pathophysiology of the vascular relaxation in response to numerous stimuli
(heating or occlusion) is different and may explain to some extent, why only local thermal
hyperemia (LTH) indicates endothelial dysfunction in the diabetic subjects. The sensory
nerves response and endothelium-derived hyperpolarizing factors have been described
as the major points affecting both, the initial peak and the following increased blood flow
after occlusion. Putative elements affecting PORH include the cytochrome epoxygenase
metabolites and the large-conductance calcium-activated potassium channels (BKCa) in
the vascular smooth muscle cells and in sensory nerves [44-46]. Hence, compared to
other mechanisms regulating vascular response, the role of nitric oxide pathway in the
post-occlusion response turned out not to be so crucial [47,48].

On the contrary, in the LDF response to heating stimuli, nitric oxide is responsible for
vascular response in approximately 70% [49]. The first phase is mediated by a local sensory
nerve axon reflex and the plateau depends mostly on the NO [45,49]. The maximum
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hyperemia index (MHI) was used to eliminate the neuronal influence. It reflects the nitric
oxide-dependent plateau phase and expresses the endothelial function. Applying MHI
results in a higher sensitivity and explains the discrepancies between the LTH and PORH
outcomes. The results of this research are in line with Faisel and Heier studies, who
confirmed endothelial dysfunction in diabetes mellitus type 1 group using LDF with intact
vascular reaction in peripheral arterial tonometry [50,51].

The results showed that the augmentation index (AI) in diabetics was statistically
higher, strictly corresponding with the increased vascular stiffness and the reduced flexibil-
ity of the aorta among diabetic patients Additionally, the AI-75 positively correlated with
BNP concentration (r = 0.55) and negatively with the eGFR value (r = —0.43). It reflects
that arterial stiffness in DM patients appears at the early stage of the disease and induces
the organ-mediated complications from the beginning.

The nitric oxide metabolic pathway was also compared by correlating the products’
concentrations with the endothelial function results. The analysis confirmed that the
endothelial function in DM patients correlated with NO bioavailability and NOS activity
more in the RBC compartment than in plasma (7 = 0.38 and r = 0.46). Furthermore, similar
dependency was found within the erythrocyte ADMA concentration (r = —0.58) (Figure 2).
Hence, it may be postulated that erythrocytes play an important role in compensating
the endothelial dysfunction occurring in DM. Further studies are needed to evaluate their
specific position in the NO metabolism and to define novel therapeutic targets to prevent
the DM micro- and macrovascular complications.

5. Conclusions

Patients at an early stage of DM revealed endothelial dysfunction, which could be
diagnosed earlier using the laser Doppler flowmetry. This group of subjects showed
significant differences in the nitric oxide metabolism, which was more pronounced in
the plasma compartment. The research proved decreased NOS activity with aggravated
ADMA degradation and Arginine depletion. It indicated that erythrocytes remain a buffer
less affected by the DM deviations with higher NO bioavailability than in the plasma
compartment. Additionally, it was revealed that endothelial dysfunction correlates to a
greater extent with abnormalities of nitric oxide pathway noted in RBC than in plasma
compartment. The disclosed findings show the importance of the RBC as a NO-buffer.
Hence, the RBCs play a key-role in maintenance a healthy vascular status in those with
early diabetes mellitus. Additional studies in that field should be performed in order to
extend the knowledge regarding the RBC NO-buffer, which may be used in the prevention
or treatment of vascular complications in the diabetic group.

6. Limitations

Several limitations of this study should be addressed. The first limitation regards
the measured molecules. As NO easily reacts with hemoglobin it was not possible to
measure it directly and our results are mainly based on by-products which are more stable.
Furthermore, different permeability of erythrocyte membrane may affect compartment dis-
tribution and study outcomes. The separation process might affect the analytes equilibrium,
therefore additional experiments should be conducted to assess the potential significance
of that process. In this study, subjects with newly onset of diabetes, without concomitant
cardiovascular disorders, were investigated. Hence, the results of this study cannot be
simply extrapolated to the whole spectrum of diabetic population.
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Abbreviations

ADMA asymmetric dimethylarginine

AGEs advanced glycation end-products
Al augmentation index

AI-75[%] augmentation index normalized for a heart rate of 75 beats/min
Arg L-Arginine

BCl benzoyl chloride

BMI body mass index

BNP brain natriuretic peptide

CVD cardiovascular disorders

DDAH Dimethylaminohydrolase

DM Diabetes mellitus

DMA dimethylamine

eGFR estimated glomerular filtration rate
ER estrogen receptors

ESC European Society of Cardiology
HbAlc glycated hemoglobin

HDL high-density lipoprotein

hsCRP high-sensitivity C-reactive protein
LDF laser Doppler flowmetry

LDL low-density lipoprotein

InRHI reactive hyperaemia index logarithm
LTH local thermal hyperemia

MCH mean corpuscular hemoglobin
MCHC mean corpuscular hemoglobin concentration
MCV mean (red blood) cell volume
MHI maximum heating index

NO nitric oxide

NOS nitric oxide synthase

NOX NADPH oxidase

NS result statistically non-significant
PAT peripheral arterial tone

PDW platelet distribution width

PORH post-occlusive reactive hyperaemia
RBC red blood cells

RHI reactive hyperemia index

ROS reactive oxygen species

SDMA symmetric dimethylarginine

TNF tumour necrosis factor

TSH thyroid-stimulating hormone
WBC white blood cells

WHR waist-hip ratio
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6. STRESZCZENIE

Cukrzyca typu 2 nierozerwalnie zwigzana jest z co najmniej wysokim ryzykiem Sercowo-
naczyniowym. Sposrod wielu czasteczek regulujacych funkeje srodbtonka naczyniowego najwicksze
znaczenie wydaje si¢ mie¢ niezmiennie tlenek azotu (NO). Mimo, ze powiktania obejmujace mikro- i
makro-krazenie byly dotychczas przedmiotem licznych prac, wiedza na temat roli zaburzen osi bio-
transformacji tlenku azotu, w tym kontekscie pozostaje niepeina.

Przez wiele lat koncentrowano si¢ na przemianach tlenku azotu wytacznie w kompartmencie oso-
czowym. Potwierdzono jednak, ze szlaki biotranformacji NO wykazuja swoja ekspresje takze we wne-
trzu krwinek czerwonych. Majac na uwadze fakt, Zze erytrocyty stanowig okoto 40% objetosci krwi
krazacej i sa najliczniejszymi elementami morfotycznymi, moga one by¢ niedocenianym, a jednocze-
$nie niepomijalnym elementem regulatorowym ztozonych procesow biochemicznych. Szczegdlnie
istotna wydaje sie ich rola w zaleznej od tlenku azotu regulacji perfuzji na poziomie mikrokrazenia.

Z tego powodu nadrzednym celem niniejszej pracy jest poszukiwanie osi regulujacej biodostep-
nos¢ NO i ocena poszczegolnych jej elementow wewnatrz erytrocytow, u pacjentow, ktoérzy rozwingli
juz cukrzyce typu 2, ale nie obserwuje si¢ u nich jeszcze istotnych klinicznie powiktan narzadowych.
Ponadto powigzano otrzymane 0znaczenia biochemiczne z czynnosciowymi parametrami odpowiedzi
mikrokrazenia, ktore oceniono w badaniach EndoPAT i Laser Doppler wykorzystujac bodzce termicz-
ne i niedokrwienne.

Wykazano znaczaco nizsze stezenia L-argininy i L-cytruliny w kompartmencie osoczowym, z
roOwnoczesnym obnizeniem stosunkow L-arginina/ADMA oraz ADMA/DMA w grupie pacjentow z
cukrzyca. Stwierdzono takze zachowany metabolizm NO w krwinkach czerwonych z obnizonym ste-
zeniem L-cytruliny oraz znaczaco wyzsza biodostepnoscia tlenku azotu w tym kompartmencie. Ponad-
to obserwowano nieprawidtowa odpowiedz $rodblonka w reakcji na bodziec termiczny w grupie pa-
cjentdw z cukrzyca. Przedstawione wyniki wskazuja, ze cukrzyca wigze si¢ z istotnymi zaburzeniami
metabolizmu NO, co bardziej wyrazone jest w kompartmencie osoczowym. Erytrocyty moga nato-
miast pozostawa¢ buforem, ktéry zachowuje wzglednie prawidtowy metabolizm NO w poczatkowej
fazie cukrzycy typu 2.

Niniejsza dysertacja podkresla niezwykle wazng role erytrocytow w utrzymaniu odpowiedniej
funkcji srédblonka naczyniowego w 0sob z cukrzyca typu 2 i moze translacyjnie nie$¢ za sobg dos¢
istotne implikacje kliniczne, bowiem poznanie doktadnych molekularnych aspektow przemian tlenku
azotu w erytrocytach moze pozwoli¢ na opracowanie inhibitorow arginazy, lekow przeciwdziatajacych
rozprzeganiu NOS lub redukujacych stres oksydacyjny. Dodatkowo zastosowanie przeptywomierza
laserowego wraz z oceng odpowiedzi na bodziec termiczny moze by¢ istotnym narzedziem w ocenie
wczesnych powiktan cukrzycy, pozwalajac na pelniejsza stratyfikacje ryzyka i formulowanie racjonal-
nych, spersonalizowanych przestanek do eskalacji terapii w grupie osob bez jawnych klinicznie powi-

ktan narzadowych, lecz z duzym ryzykiem ich szybkiego wystgpienia.
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7. SUMMARY
Type 2 diabetes mellitus (DM) is inseparably associated with at least high cardiovascular risk.

Among numerous molecules regulating the vascular tone, the nitric oxide (NO) is considered to play a
pivotal role. Even though the micro- and macrovascular abnormalities are being extensively studied,
the alterations in the nitric oxide metabolic pathway still require further investigations. For many
years, the studies on the NO were mostly focused on the plasma compartment. However, emerging
data confirmed that nitric oxide metabolic pathway is present also in red blood cells. Taking into con-
sideration, that erythrocytes constitute about 40% of circulating blood, they can be an underappreciat-
ed, albeit indisputable part of complex biochemical processes. Their role in the nitric oxide-dependent
regulation of perfusion at the level of microcirculation seems to be of particular importance.

Therefore, the main scope of this dissertation was to evaluate the role of the erythrocytes’ ni-
tric oxide metabolism in preserving the appropriate vascular function, as well as to identify the altera-
tions that occur at the early stage of diabetes mellitus. Additionally, the biochemical results were com-
pared with the endothelial function parameters, obtained from EndoPAT and LaserDoppler flowmetry,
in response to the thermal and ischemic stimuli.

This study has demonstrated significantly decreased L-arginine and L-citrulline concentrations
in the plasma compartment with reduced Arginine/ADMA and ADMA/DMA-ratios in the diabetes
mellitus group. Preserved nitric oxide metabolism in erythrocytes with reduced L-citrulline level and
significantly higher NO-bioavailability have also been noted. What is more, an endothelial vasodilato-
ry dysfunction in microcirculation at the early stage of diabetes mellitus has been identified and, what
is noteworthy - was more pronounced in response to the thermal-stimulus.

The original paper is the first study to show that diabetes mellitus is associated with significant
differences in the expression of the nitric oxide metabolic pathway, which are more pronounced in the
plasma than in the erythrocyte compartment. Hence, the red blood cells could constitute a buffer with
a higher nitric oxide bioavailability, less affected by the diabetes mellitus-related abnormalities.

This dissertation points at the importance of erythrocytes in preserving the appropriate endo-
thelial function in subjects with diabetes mellitus. The identification of the mechanisms responsible
for limiting the nitric oxide bioavailability may lead to the discovery of novel drug targets, limiting the
burden of nitrosative-stress and in a consequence induced this way damage to microcirculation. It pro-
vides a rationale for personalized therapy aiming at minimizing the residual cardiovascular risk in
diabetic subjects without clinically relevant complications but being at high risk for their development.
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8. ZGODA KOMISJI BIOETYCZNE]
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KOMISJA BIOETYCZNA

przy

Uniwersytecie Medycznym

we Wroclawiu

ul. Pasteura 1; 50-367 WROCLAW

OPINIA KOMISJI BIOETYCZNEJ Nr KB - 155/2019

Komisja Bioetyczna przy Uniwersytecie Medycznym we Wroclawiu, powolana
zarzgdzeniem Rektora Uniwersytetu Medycznego we Wroclawiu nr 133/XV R/2017 z dnia 21
grudnia 2017 r. oraz dzialajgca w trybie przewidzianym rozporzadzeniem Ministra Zdrowia
i Opieki Spolecznej z dnia 11 maja 1999 r. (Dz.U. nr 47, poz. 480) na podstawie ustawy
0 zawodzie lekarza z dnia 5 grudnia 1996 r. (Dz.U. nr 28 z 1997 r. poz. 152 z pdzniejszymi
zmianami ) w skladzie:

dr hab. Jacek Daroszewski, prof. nadzw. (endokrynologia, diabetologia)
prof. dr hab. Krzysztof Grabowski (chirurgia)

dr Henryk Kaczkowski  (chirurgia szcz¢kowa, chirurgia stomatologiczna)
mgr Irena Knabel-Krzyszowska (farmacja)

prol. dr hab. Jerzy Liebhart (choroby wewnetrzne, alergologia)

ks. dr hab. Piotr Mrzyglod, prof. nadzw. (duchowny)

mgr Luiza Miller  (prawo)

dr hab. Stawomir Sidorowicz (psychiatria)

dr hab. Leszek Szenborn, prof. nadzw (pediatria, choroby zakazne)

Danuta Tarkowska (pielegniarstwo)

prol. dr hab. Anna Wiela-Hojenska (farmakologia kliniczna)

dr hab. Andrzej Wojnar, prof. nadzw. (histopatologia, dermatologia) przedstawiciel
Dolnoslgskiej Izby Lekarskiej)

dr hab. Jacek Zielinski (filozofia)

pod przewodnictwem
prof. dr hab. Jana Kornafela ( ginekologia i poloznictwo, onkologia)

Przestrzegajac w dzialalnosci zasad Good Clinical Practice oraz zasad Deklaracji Helsinskiej,

po zapoznaniu si¢ z projektem badawczym pt.

»Poszukiwanie mechanizméw regulacji biodostepnosci tlenku azotu w erytrocytach i ich
wplywu na funkeje srodblonka naczyniowego u 0sob z cukrzyca typu 2”



zgloszonym przez lek. Damiana Gajeckiego uczestnika studiéw doktoranckich w Katedrze
i Klinice Chordb Wewnetrznych, Zawodowych, Nadcisnienia Tgtniczego i Onkologii
Klinicznej Uniwersytetu Medycznego we Wroclawiu oraz zlozonymi wraz z wnioskiem
dokumentami, w tajnym glosowaniu postanowila wyrazi¢ zgodg na przeprowadzenie badania
w Klinice Choréb Wewnetrznych, Zawodowych, Nadcisnienia Tetniczego i Onkologii
Klinicznej Uniwersyteckiego Szpitala Klinicznego im. Jana Mikulicza-Radeckiego we
Wroclawiu pod nadzorem dr. hab. Adriana Doroszko i dr Anny Szymanskiej - Chabowskiej
— promotora pomocniczego pod warunkiem zachowania anonimowo$ci uzyskanych

danych.

Uwaga: Badanie to zostalo objgte ubezpieczeniem odpowiedzialnoéci cywilnej Uniwersytetu
Medycznego we Wroclawiu z tytulu prowadzone; dzialalnosci:

Pouczenie: W ciggu 14 dni od otrzymania decyzji wnioskodawcy przystuguje prawo
odwotania do Komisji Odwolawczej za posrednictwem Komisji Bioetycznej UM we
Wroctawiu

Opinia powyzsza dotyczy: projektu badawczego bedacego podstawg rozprawy doktorskiej

Uniwersytet Medyczny we "', stawiu

Wroclaw, dnia 'nglutego 2019 r.
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