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2. WYKAZ SKROTOW | SYMBOLLI

ADMA (asymmetric dimethylarginine) - asymetryczna dimetyloarginina

CPAP (continuous positive airway pressure) - stale dodatnie ci$nienie w drogach oddechowych —
metoda leczenia bezdechu protezg powietrzna

DDAH (dimethylarginine dimethylaminohydrolase) — dimetyloaminohydrolaza dimetyloargininy
-enzym rozktadajacy ADMA

ESM-1 (endothelial cell-specific molecule-1, Endocan) -specyficzna czasteczka 1 srédlonka
HIF-1a (hypoxia-inducible factor 1) czynnik indukowany niedotlenieniem 1 alfa

hsCRP (high-sensitivity CRP) badanie o wysokiej czutosci biatka C-reaktywnego

LDF (laser doppler flowmetry) laserowa przeptywometria dopplerowska

NO (nitric oxide) - tlenek azotu

NOS (nitric oxide synthase) - syntaza tlenku azotu

NF«B (nuclear factor kappa-light-chain-enhancer of activated B cells) - czynnik transkrypcyjny,
Czynnik jadrowy wzmacniany lekkimi tancuchami kappa aktywowanych limfocytow B

OBS - obturacyjny bezdech senny

OSA (obstructive sleep apnoea) - obturacyjny bezdech senny

TNFa (tumor necrosis factor a) - czynnik martwicy nowotwordw alfa

VEGF (vascular endothelial growth factor) - czynnik wzrostu $rodbtonka naczyniowego

VCAM-1 (vascular cell adhesion molecule 1) - czgsteczka adhezyjna-1 komorki naczyniowej



3. OMOWIENIE PUBLIKACJI

Dane epidemiologiczne z ostatnich lat jednoznacznie wskazuja, ze wystgpowanie
obturacyjnego bezdechu sennego (OBS) w populacji ogoélnej wykazuje tendencj¢ wzrostowg
I rozpoznanie to obecnie dotyka¢ moze okoto miliarda osob na catym swiecie. Wérod czynnikow
mogacych odpowiada¢ za powstawanie sercOwo-naczyniowych powiktan w przebiegu OBS
wymienia si¢ zwigkszong aktywacje uktadu wspotczulnego, wzrost stresu oksydacyjnego wtornie
do nawracajacych epizodow hipoksji-reoksygenacji, prowadzac do zwigkszenia ekspresji
czynnikéw prozapalnych oraz do rozwoju dysfunkcji $rodbtonka naczyniowego. Mechanizmy
patofizjologiczne sa jednak zlozone i moga by¢ rowniez zwigzane ze zmieniong funkcja
elementow morfotycznych krwi.

Tlenek azotu (NO) oraz regulacja jego biodostepnosci odgrywaja kluczowa role
w patogenezie chordéb ukladu sercowo-naczyniowego. NO jest jednym z najwazniejszych
czynnikow wazodylatacyjnych, a jego zmniejszona biodostepnos¢ prowadzi do pojawienia si¢
wazodylatacyjnej dysfunkcji $rodblonka. W wielu badaniach podkreslana jest szczegdlna rola
asymetrycznej dimetyloargininy (ADMA), kompetycyjnego inhibitora syntazy tlenku azotu
(NOS), ktorego zwiekszone stg¢zenie w osoczu jest wczesnym | niezaleznym wskaznikiem
wyzszego ryzyka wystgpienia incydentow sercowo-naczyniowych. Obecnos¢ ADMA stwierdzono
nie tylko w kompartmencie zewnatrzkomérkowym, ale takze wewnatrz komorek $rodblonka
naczyniowego. Poniewaz ADMA powstaje wskutek lizy biatek bogatych w metylowane reszty
argininy, zwlaszcza histonéw, Karioliza towarzyszaca megakario- i erytropoezie moze
powodowac, ze erytrocyty i ptytki krwi mogg stanowi¢ istotne zrodto ADMA. Ponadto, erytrocyty
— wskutek duzej objetoéci tworzonego przez nie kompartmentu w zakresie przestrzeni
wewnatrznaczyniowej — mogg stanowi¢ naturalny jej rezerwuar. Dodatkowo, tlenek azotu poprzez
modyfikacje potranslacyjne biatek szkieletu komorkowego moze wplywaé na elastyczno$é
erytrocytow i wlasciwosci reologiczne krwi. Jednakze mimo udowodnienia ekspresji syntazy
tlenku azotu (NOS) wewnatrz erytrocytow oraz obecnosci ADMA w cytozolu, ich parakrynna rola
w regulacji homeostazy srodbtonka naczyniowego nie zostata jeszcze doktadnie zbadana. Ocena
biodostepnosci NO poprzez analizg stezen intermediatow szlaku jego biotransformacji wewnatrz
erytrocytow oraz w 0soczu w grupie 0s6b z OBS byta przedmiotem prowadzonych przeze mnie
badan w ramach projektu doktorskiego.

Z uwagi na ztozono$¢ mechanizmoéw majacych wplyw na zwigkszenie ryzyka sercowo-
naczyniowego w bezdechu sennym, w pracy pogladowej pt. ,,Cardiovascular Disorders Triggered
by Obstructive Sleep Apnea—A Focus on Endothelium and Blood Components”, dokonano

przegladu i podsumowania aktualnego stanu wiedzy na ten temat, co dalo podstawy do nakreslenia



celow pracy doktorskiej i sformulowania hipotez zerowych. Praca ta opisuje szereg zmian
toczacych si¢ na poziomie komérkowym wywotanych przez nastgpujace po sobie okresy hipoksji
i reoksygenacji. Wzrost stresu oksydacyjnego przyczynia si¢ do powstawania reaktywnych form
tlenu powodujacych rozprzeganie syntazy tlenku azotu i produkcje nadtlenoazotynow,
powodujacych potranslacyjne modyfikacje biatek (nitrowanie, S-nitrozylacja) i w konsekwencji
zmiang ich funkcji.

Wozrost ekspresji czynnikoéw zapalnych wptywa, tacznie ze zmniejszong biodostgpnoscia
tlenku azotu, na zwigkszong adhezje¢ leukocytow do srodblonka naczyniowego i przyczynia si¢ do
rozwoju miazdzycy. Ekspresja specyficznej dla komoérek s$rodblonka czgsteczki-1 (ESM-1,
Endocan), czynnika wzrostu srodblonka naczyniowego (VEGF), czasteczki adhezyjnej komorek
naczyniowych 1 (VCAM-1) i czynnika indukowanego niedotlenieniem 1 alfa (HIF-1a) jest
zwigkszona w komorkach §rodblonka poddanych przerywanej hipoksji. HIF-1a aktywuje czynnik
transkrypcyjny NF«B, ktory z kolei reguluje ekspresje kilku gendw prozapalnych, w tym TNFa
oraz interleukiny (IL-8 i IL-6). ESM-1 wraz z innymi czynnikami zapalnymi odgrywa rolg w
zwigkszaniu adhezji miedzy monocytami a komorkami srédbtonka, chemotaksjg 1 promowang
polaryzacja makrofagdw w kierunku fenotypu prozapalnego.

W pracy tej usystematyzowano rowniez wplyw bezdechu sennego na wystapienie innych
manifestacji chorob uktadu sercowo-naczyniowego, jak nadci$nienie tetnicze, cukrzyca I w
konsekwencji miazdzyca, niewydolnos¢ serca czy migotanie przedsionkoéw. Ponadto podjeto
probe opisania zmian wywolanych terapia CPAP i podsumowano doniesienia haukowe na temat
wspomagajgcego wplywu jej stosowania W aspekcie ich leczenia. W wielu pracach nie wykazano
bezposredniego korzystnego efektu terapig CPAP na funkcj¢ s$rodblonka naczyniowego.
Potwierdzono jednak, Ze regularne stosowanie moze przynie$¢ inne korzysci, w tym zmniejszenie
ryzyka nawrotu migotania przedsionkdw (stabilizacja rytmu zatokowego u pacjentéw z napadowa
postacig tej tachyarytmii), zmniejszenie koncoworozkurczowej objetosci lewej komory czy
zmniejszenie insulinoopornosci.

W ostatnich rozdzialach omawianej pracy opisano takze zmiany funkcji ptytek krwi i
wilasciwosci erytrocytow w kontekscie obturacyjnego bezdechu sennego. OBS jest zwigzany ze
zwigkszong adhezja erytrocytow mierzong za pomoca protokotow optycznych.

Entuzjazm dotyczacy potencjalnej przydatnosci klinicznej terapii CPAP jest ostabiony
przez brak mocnych badan z randomizacja potwierdzajacych jej skutecznos¢ w redukcji ryzyka
sercowo-naczyniowego. Wprawdzie regularne i dlugotrwale stosowanie terapii CPAP (>4 h na
dobg) wydaje sie skutkowac nieznacznym zmniejszeniem czestosci wystepowania incydentow
sercowo-naczyniowych, co wykazano w kilku badaniach, jednakze rozbieznosci w wynikach

badan klinicznych oraz pewne trudnosci translacyjne w implementacji wynikéw badan



podstawowych na grunt kliniczny moga wynika¢ z rownoczesnej roli srodbtonka i sktadnikow
krwi w patofizjologii powiktan zakrzepowo-zatorowych zwigzanych z OBS oraz wskazuja na ich
wspllng role jako celu terapeutycznego stosujgc CPAP. Dokonujac przegladu literatury
dostrzezono brak badan z zakresu medycyny translacyjnej wigzacych patofizjologie OBS oraz
oceniajagcych wplyw terapii CPAP na poziomie molekularnym na wybrane aspekty ryzyka
sercowo-naczyniowego. Z tego wzgledu postanowitem przeprowadzi¢ badanie, ktorego celem
bylo podjgcie proby falsyfikacji nastepujacych hipotez zero dotyczacych braku roznic w zakresie
metabolizmu tlenku azotu w erytrocytach oraz osoczu u 0séb z OBS i bez takiego rozpoznania,
nastepnie braku roznic w zakresie funkcji wazodylatacyjnej srodblonka ocenionej metodg Laser
Doppler w grupie 0s6b z OBS i bez takiego rozpoznania, a takze braku wptywu terapii CPAP
na oceniane parametry biochemiczne szlaku biodostgpnosci tlenku azotu i funkcji
wazodylatacyjnej srodblonka. Efektem tego jest powstanie pracy oryginalnej z niniejszego cyklu
publikacji.

Druga praca wchodzaca w skfad niniejszej rozprawy doktorskiej nosi tytut ,, Effect of
Obstructive Sleep Apnea and CPAP Treatment on the Bioavailability of Erythrocyte and Plasma
Nitric Oxide” i jest to pierwsze oryginalne doniesienic naukowe opisujgce ekspresje osi
biotransformacji tlenku azotu w erytrocytach 0s6b z bezdechem sennym. Do badania
kwalifikowano osoby z podejrzeniem OBS w przedziale 30-70 lat. Chcac zbada¢ wptyw OBS jako
mozliwie izolowang patologi¢, z badania dyskwalifikowano osoby z cukrzyca, klinicznie
zaawansowang miazdzycg i opornym nadci$nieniem tetniczym. W zwiazku z tymi kryteriami
wlaczenia do badania z pierwotnie sporej liczby pacjentow branych pod uwage ostatecznie do
grupy badanej wlgczono ostatecznie zaledwie 46 0S0b, pozostawiajgc te z otyloScig
I nadcis$nieniem t¢tniczym I stopnia wg ESC/ESH/PTNT, z ktorymi obturacyjny bezdech senny
czesto jest nierozerwalnie zwigzany. Po przeprowadzeniu polisomnografii, pacjentéw podzielono
na podgrupy w zaleznos$ci od ciezkosci bezdechu. Od os6b zakwalifikowanych do udziatu w
projekcie, pobrano okoto 40 ml krwi zylnej celem analizy podstawowych parametrow
biochemicznych stuzacych do oceny ryzyka sercowo-naczyniowego. Cze$¢ materiatu
zabezpieczono do dalszych badan biochemicznych oceniajagcych osoczowe 1 wewnatrz-
erytrocytarne elementy osi biotransformacji NO. U kazdego pacjenta wykonywano nieinwazyjng
ocen¢ wazodylatacyjnej funkcji $rodblonka naczyniowego za pomoca przeptywomierza
laserowego (Laser-Doppler). U 0s6b ze $rednim i cigzkim bezdechem, u ktorych wdroZzono terapi¢
CPAP przeprowadzono ponowng prospektywng ewaluacje funkcji §rodbtonka - follow-up w 1-
rocznej obserwacji i oznaczono metabolity szlaku tlenku azotu po okolo roku od rozpoczgcia
regularnego stosowania terapii. Do ponownej oceny brani byli jedynie pacjenci, ktory stosowali

terapi¢ regularnie.



W badaniu wykazano brak istotnych réznic pomi¢dzy stezeniem metabolitow tlenku azotu
w kompartmencie wewnatrz-erytrocytarnym w zaleznosci od cigzkosci OBS. Erytrocyty miaty
srednio prawie dwukrotnie nizsze st¢zenie ADMA niz osocze, mogac stanowic
wysokoobjetosciowy bufor dla tego inhibitora syntazy tlenku azotu. Wsréd parametrow
osoczowych wykazano obnizone st¢zenie L-Cytruliny w grupie 0sob z ciezkim OBS. L-Cytrulina,
ktora jest tatwo konwertowana do L-Argininy, gidéwnego substratu dla syntazy tlenku azotu, moze
stanowi¢ pierwszy 0S0Czowy marker zmniejszonej biodostepnosci tlenku azotu.

Porownujac grupe sredniego i ciezkiego OBS z grupg z lekkim OBS i osobami zdrowymi
wykazano roznice w zakresie parametrow biochemicznych - wyzsze st¢zenie kwasu moczowego,
hsCRP oraz insuliny na czczo, wskazujac tym samym na profil wyzszego ryzyka kardio-
metabolicznego. Molekularne mechanizmy zwigkszonego stresu oksydacyjnego i wzrost
aktywnosci zapalnej w bezdechu sennym dajg teoretyczne przestanki do wytlumaczenia wiekszo$¢
z tych zmian. Nie wykazano istotnych roznic w zakresie metabolitow szlaku tlenku azotu
w erytrocytach i 0soczu u pacjentéw przed i po stosowaniu leczenia terapig CPAP. Stwierdzono,
jednakze tendencje do wyzszego stezenia L-Argininy w erytrocytach, przy zachowanym stosunku
substrat/inhibitor kompetycyjny (L-Arginina/ADMA). Cz¢éciowo moze by¢ to zwigzane z nizsza
aktywno$cig arginazy, ktora jest aktywowana w warunkach wzmozonego stresu oksydacyjnego,
glownie w warunkach silnych wahan potencjatu redox. Arginaza I, ktora konkuruje z syntaza
tlenku azotu o Argining, moze by¢ punktem uchwytu dla dziatania lekow, ktore poprzez
hamowanie jej aktywnos$ci mogtyby sie przyczyni¢ do poprawy funkcji srodbtonka naczyniowego.
Terapia OBS metodg CPAP nie wykazala istotnej statystycznie poprawy wszystkich parametrow
funkcji $rodblonka, jakkolwiek wigzata si¢ z tendencja do zwiekszonej odpowiedzi
wazodylatacyjnej na bodziec termiczny w badaniu Laser Doppler Flowmetry (LDF), a takze
spadkiem st¢zenia hsCRP w surowicy.

Podsumowujac, w toku realizacji projektu bedacego podstawa niniejszej pracy doktorskiej
wykazano, ze u 0sob ze Srednim i cigzkim OBS jeszcze bez rozwinigtych powiktan naczyniowych
roéznice w zakresie metabolitow tlenku azotu wewnatrz erytrocytow nie byly istotne statystycznie
w poréwnaniu do grupy 0s6b z lekkim OBS i osobami zdrowymi. Kardiometaboliczne wyktadniki
ryzyka sercowo-naczyniowego, jak podwyzszone st¢zenie kwasu moczowego, insuliny na czczo
i hsCRP w surowicy lepiej korelowaly ze stopniem cigzkosci OBS niz zmiany dotyczace
metabolitow biodostepnosci tlenku azotu. Uklady regulujace szlak wydzielania tlenku azotu
uo0sdb bez zaawansowanych zmian naczyniowych ulega¢ mogg zatem w duzej mierze
kompensacji. Ponadto, na stgzenie ADMA ma wplyw ekspresja i1 aktywnos$¢
dimetyloaminohydrolazy dimetyloargininy (DDAH), Kktdrej obecno$¢ roéwniez zostata

potwierdzona wewnatrz erytrocytow 1 stanowi glowny mechanizm degradacji ADMA. Na



pewnym etapie mechanizmy zmiatajagce wolne rodniki, kompensujace nadmierny stres
oksydacyjny moga réwniez mie¢ istotny wptyw przeciwdzialajacy rozprzeganiu syntazy tlenku
azotu zmniejszajac nasilenie stresu nitrozacyjnego. Przy ztozonosci mechanizméw regulujacych
biodostepnos¢ tlenku azotu konieczne sg dalsze szczegdlowe badania, w tym okreSlenie
wszystkich sktadnikéw bioracych udziat w regulacji aktywnosci NOS. Brak korelacji pomiedzy
0soczowym i wewnatrz-erytrocytarnym stgzeniem ADMA przemawia za czgSciowd
niezaleznoscig tych dwoch kompartmentow, a takze znacznej roli transportu przezblonowego
w regulacji stezen aminokwasow i innych molekut pomiedzy komoérkami srodblonka, osoczem

I erytrocytami.
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4. PRACANR 1:

Cardiovascular Disorders Triggered by Obstructive Sleep Apnea—A Focus
on Endothelium and Blood Components
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Abstract: Obstructive sleep apnea (OSA) is known to be an independent cardiovascular risk factor.
Among arousal from sleep, increased thoracic pressure and enhanced sympathetic activation, inter-
mittent hypoxia is now considered as one of the most important pathophysiological mechanisms
contributing to the development of endothelial dysfunction. Nevertheless, not much is known about
blood components, which justifies the current review. This review focuses on molecular mechanisms
triggered by sleep apnea. The recurrent periods of hypoxemia followed by reoxygenation promote
reactive oxygen species (ROS) overproduction and increase inflammatory response. In this review
paper we also intend to summarize the effect of treatment with continuous positive airway pressure
(CPAP) on changes in the profile of the endothelial function and its subsequent potential clinical
advantage in lowering cardiovascular risk in other comorbidities such as diabetes, atherosclerosis,
hypertension, atrial fibrillation. Moreover, this paper is aimed at explaining how the presence of OSA
may affect platelet function and exert effects on rheological activity of erythrocytes, which could also
be the key to explaining an increased risk of stroke.

Keywords: obstructive sleep apnea (OSA); endothelial dysfunction (ED); oxidative stress; nitric oxide
(NO); asymmetric dimethylarginine (ADMA)

1. Introduction

Obstructive sleep apnea (OSA) is characterized by recurrent obstruction of the upper
airway during sleep causing intermittent hypoxia (IH). The prevalence is increased by
advanced age, male sex, higher body mass index and ranges, according to some estimations,
from 9% to 38% in general population [1]. OSA is known to be an independent cardiovas-
cular risk factor. The incidence during three years observation of cardiovascular mortality,
myocardial infarction, stroke, and unplanned revascularization in patients undergoing
percutaneous coronary intervention was higher in the OSA group (18.9% versus 14.0% in
the non-OSA group) [2]. Numerous possible mechanisms contributing to the progression
of cardiovascular disorders remain in the focus of interest (Figure 1).

Among increased thoracic pressure and activation of the sympathetic system, inter-
mittent hypoxia (IH) is now being recognized as a potential major factor contributing to
the pathogenesis of OSA-related comorbidities. IH is characterized by cycles of hypoxemia
followed by reoxygenation that contribute to the development of the ischemia-reperfusion
injury [3]. The biochemical consequences of hypoxia comprise the inhibition of the Krebs
cycle and promotion of lactate synthesis. The impairment of mitochondrial oxidative phos-
phorylation in the course of hypoxia, followed by subsequent reoxygenation, induces the
production of reactive oxygen species (ROS). ROS generation involves the mitochondrial
respiratory chain and numerous enzyme complexes, including the NADPH oxidase, nitric
oxide (NO) synthase and the xanthine oxidase [4].

Int. J. Mol. Sci. 2021, 22, 5139. https:/ /doi.org/10.3390/1jms22105139
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Figure 1. Mechanisms contributing to the progression of cardiovascular disorders. Abbreviations:
ROS: reactive oxygen species; HIF-1a: hypoxia inducible factor 1o; MMPs: matrix metallopro-
teinases; ALI: acute lung injury; RAA: renin-angiotensin-aldosterone; NO: nitric oxide; 1: increased;
J: decreased.

Oxidative stress results from an imbalance between the pro-oxidants formation and
neutralization. Reactive oxygen species (ROS) are toxic highly reactive and unstable
compounds. Superoxide reacts with NO creating peroxynitrite (ONOO™) which is a very
potent entity, being ~1000x stronger as an oxidizing agent than is H;O,. The ONOO™
can influence posttranslational protein modifications altering their structure, activity and
function, leading in turn to impairment of signaling pathways. Markers of ONOO™
formation (such as nitrotyrosines or isoprostanes) can be found in many disease states
including brain injury [5], heart injury [6], preeclampsia [7], and inflammation [8].

Reactive oxygen species (ROS) can limit NO bioavailability by reacting with cofactors
of NO synthase (NOS). ROS cause depletion of tetrahydrobiopterin and alter the ratio of
oxidized to reduced glutathione inducing NOS S-glutathionylation [9]. Oxidative stress
is strongly attributed to endothelial NOS dysfunction (eNOS uncoupling). Converted
to a superoxide-producing enzyme, uncoupled eNOS not only leads to reduction of the
NO generation but also potentiates the preexisting oxidative stress. An understanding of
the biology of NO, O2~ and ONOO™ as well as the importance of the NOS uncoupling
in physiological and pathological setting are crucial for understanding the nitrosative
stress-related controversies. There is a critical balance between cellular concentrations of
NO, 027, and superoxide dismutase, which physiologically favors NO production but in
pathological conditions such as ischemia/reperfusion(I/R) results in ONOO™ generation.

The NO bioavailability can be also diminished in other possible mechanism involving
asymmetric dimethylarginine (ADMA) and monomethylated arginine (L-NMMA) which
are endogenous competitive inhibitors of the NOS. ADMA plays a role in the develop-
ment of endothelial dysfunction and is considered as a marker of oxidative stress. Most
importantly, OSA is associated with a decrease in the NO bioavailability and changes in
the platelet function and erythrocyte rheological disturbances [10].

2. Molecular Consequences of Hypoxia/Reoxygenation (H/R) on Endothelial Function
in OSA before CPAP Treatment

There are many mechanisms triggered by the hypoxia/reoxygenation injury. Most
of them are associated with ROS overproduction and cellular damage. The impact of hy-
poxemia causing endothelial dysfunction was examined in numerous animal and human
in vitro and in vivo models. Intermittent hypoxia in rats impaired endothelial function by
attenuating the integrity of endothelium and lowering the number of endothelial progeni-
tor cells (EPCs) in the blood [11]. Endothelial progenitor cells (EPCs) are circulating bone
marrow-derived precursors which are capable of excreting microvesicles (MVs) contain-
ing gene messages (MRNAs and miRNAs). MicroRNAs (miRNAs) are small non-coding
RNAs which play a role in several cellular processes. Not only progenitor cells, but also
activated endothelial cells and white blood cells are capable of producing the micropar-

13



Int. J. Mol. Sci. 2021, 22, 5139

30f19

ticles. MVs may have either beneficial or detrimental effects on endothelial cells. In the
medium containing tumor necrosis factor « (TNFa) they activate the caspase 3 which
leads to apoptosis. MVs transduce information associated with ROS production, inducing
angiogenesis and activation of the PI3K/eNOS/NO pathway [12]. MVs released during
hypoxia/reoxygenation injury are pro-apoptotic and pro-oxidative [13]. Another study con-
firms that circulating MVs cause increased permeability and disruption of tight junctions
along with increased adhesion molecule expression, reduce eNOS expression and promote
increased monocyte adherence. Comparing the influence of microvesicles isolated before
and after PAP therapy, the disturbances in endothelial cells function such as increased
permeability and disruption of tight junctions were attenuated with treatment [14].

Priou et al. found higher levels of microvesicles derived from granulocytes and
activated leukocytes (CD62L+) in patients with the oxyhemoglobin desaturation index
(ODI) > 10. MVs have increased expression of endothelial adhesion molecules (E-selectin,
ICAM-1, Integrin alpha-5) and cyclooxygenase 2.

MVs from desaturating patients injected into mice impaired the endothelium-dependent
relaxation of vascular smooth muscle cells (VSMCs) in aorta and the flow-mediated di-
lation (FMD) in small mesenteric arteries resulting from decreased NO production. The
endothelial NO synthesis negatively correlated with the number of active leukocytes and
the sleep apnea severity. In vitro, MVs from desaturating patients reduced endothelial NO
production by enhancing phosphorylation of eNOS at the site of inhibition and increasing
expression of caveolin-1. Caveolin-1 is a membrane protein which regulates endothelial
nitric oxide synthase (eNOS) activity and takes part in cellular insulin-signaling. In the
study by Sharma et al. chronic 3-day intermittent hypoxia (IH) exposure on human coro-
nary artery endothelial cells increased caveolin-1 and endothelin-1 expression resulting in
decreased NO bioavailability [15,16].

Skin biopsies obtained from OSA patients with severe nocturnal hypoxemia demon-
strate a significant upregulation of eNOS, TNFa-induced protein 3, hypoxia-inducible
factor 1 alpha (HIF-1«), vascular endothelial growth factor (VEGF) and vascular cell ad-
hesion molecule 1 (VCAM-1) [17]. The expression of endothelial-cell-specific molecule-1
(ESM-1, Endocan), VEGF and HIF-1x was also significantly increased in the human umbil-
ical vein endothelial cells (HUVEC) subjected to IH and in patients with OSA. ESM-1 is
upregulated by the HIF-1«/ VEGF pathway under IH in endothelial cells, playing a critical
role in enhancing adhesion between monocytes and endothelial cells [18]. IH increased
advanced glycation end products formation and activated NF-kB signaling in monocytes,
resulting in enhanced monocyte adhesion, chemotaxis, and promoted macrophage polar-
ization toward a pro-inflammatory phenotype [19]. Enhancing adhesion and infiltration
activity monocyte chemoattractant protein-1 (MCP-1) was also increased in monocytes
under IH [20]. Moreover increased macrophage population with pro-inflammatory expres-
sion of CD36 and Ly6c was confirmed in the aortic wall in a murine model of IH [21]. In
mice nocturnal intermittent hypoxia increased mRNA levels of 5-lipoxygenase and CysLT1
receptor, which was strongly associated with atherosclerosis lesion size. That confirms
cysteinyl-leukotrienes (CysLT) pathway activation as a potential mechanism responsible
for developing atherosclerosis connected with IH [22]. Another study trying to explain
OSA-dependent atherogenesis found an increased expression of toll-like receptors (TLRs)
and receptor for advanced glycation end-products (RAGE) in atherosclerotic plaques from
patients with severe OSA [23].

An in vitro model of OSA shows that endothelial cells originating from distinct vas-
cular beds respond differently to intermittent hypoxia. In human dermal microvascular
endothelial cells IH decreased the expression of eNOS and HIF-1«, while in coronary artery
endothelial cells HIF-1x expression was increased [17]. The HIF-1«x activates the NFkB,
a transcription factor which regulates several pro-inflammatory genes, including TNF«,
interleukin (IL)-8, and IL-6 [24]. IL-6, the epidermal growth factor family ligands, and
tyrosine kinase receptors induced by IH may be involved in the proliferation of vascular
smooth muscle cells [25]. Another study showed that a further vascular and cardiac dys-
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function in mice under IH can be triggered by trombospondin-1 though cardiac fibroblast
activation and increasing angiotensin II activity [26].

In conclusion, OSA may result in endothelial dysfunction by limiting the NO avail-
ability, promoting oxidative stress, up-regulating the expression of pro-inflammatory
cytokines. Microparticles and signaling factors lead to lower permeability of endothelial
cells, enhanced adhesion and increased apoptosis (Figure 2).

Hypoxia Reoxygenation
/ miRNA Micro
¥ mRNA v vesicles
HIF-1at VEGF?
ADMAROMA Y ICAM-1f > Integrity | Adhesion?
1TNFa, IL-6, IL-8 \
Apoptosis 1
glutathioned,
] / tetrahydrobiopterin |
A
/ . :
/ / mitochondri
/ respiratory chain
f -ROS1 NADPH oxidase
V xanthine oxidase
NO + 0{2) = OONO
superoxide peroxynitrite

\ nitric oxide /

Figure 2. Influence of hypoxia reoxygenation on endothelium. Abbreviations: HIF-1x: hypoxia inducible factor 1 alpha;
VEGEF: vascular endothelial growth factor; ICAM-1: intercellular adhesion molecule 1; NF- kB: nuclear factor kappa-light-
chain-enhancer of activated B cells; TNFa: tumor necrosis factor alpha; IL-6: interleukin 6; IL-8: interleukin 8; SDMA:
symmetric dimethylarginine; ADMA: asymmetric dimethylarginine; ROS: reactive oxygen species; eNOS: endothelial nitric
oxide synthase; NO: nitric oxide; 1: increased; |: decreased.

3. Endothelial Function after Treatment with CPAP

An appropriate CPAP therapy in randomized control trials conducted on OSA pa-
tients improved flow mediated dilation (FMD), suggesting its potentially beneficial role in
cardiovascular risk reduction [27,28]. A meta-analysis confirms that CPAP increases the
absolute FMD value by a mean of 3.87% [29]. Flow mediated dilation (FMD) measures the
change of the brachial artery diameter after a brief period of forearm ischemia. It helps
to assess endothelial function and its ability to dilate the vessel by producing NO and
prostacyclin. There are many other physical methods to assess endothelial function includ-
ing venous occlusion plethysmography, peripheral arterial tonometry (PAT) and optical
techniques using laser doppler flowmetry (LDF) that can be coupled with provocation tests
(post-ischemic hyperemia, local heating). However, more studies are needed in order to
validate their usefulness in assessing endothelial dysfunction.

As far as the literature is concerned, the effect of CPAP on inflammatory reaction is not
proven yet. Inflammatory markers such as IL-8, hs-CRP, and TNF-« did not significantly
change from baseline after 1 year CPAP therapy [30]. However, the use of CPAP for at least
5 h per night decreased TNF-« levels in women suffering from OSA [31]. Interestingly,
CPAP tends to lower TNF-a, which is initially increased in OSA patients [32]. These diverse
effects of CPAP treatment could be explained by a low adherence to the therapy and the
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fact that better effects are observed with the therapy duration of >3 months and more
adequate compliance (>4 h/night).

Another positive effect after 12 weeks of CPAP therapy was a decreased expression
of angiotensin receptors type-1 (AT-1R) measured in the gluteal subcutaneous tissue [33].
The AT-1R mediates the major cardiovascular effects of angiotensin II, including cardiac
hypertrophy, augmentation of peripheral noradrenergic activity and vascular smooth
muscle cells proliferation.

Three months of CPAP treatment significantly increased the level of sirtuin 1 (SIRT1)
and serum levels of NO derivative in the blood [34]. SIRT1 is a histone/ protein deacetylase
which regulates the eNOS, restores the NO availability and is involved in different aspects
of aging, metabolism, stress resistance and cardiovascular disease.

Patients with OSA showed a higher adventitial vasa vasorum density, correlating
with AHI [35]. This could be explained by increased VEGF activity induced by IH. One
meta-analysis confirmed that CPAP therapy improved endothelial function associated with
VEGF lowering [36]. On the contrary, short return of OSA using sham CPAP for 2 weeks
was not associated with changes in endocan, ET-1, resistin and VEGF. However, a significant
decrease in vasodilatory peptide adrenomedullin was found [37,38]. Adrenomedullin is
a protective endothelial product stimulated by IH, which could partially explain why
the CPAP therapy may deteriorate endothelial function or exert a neutral effect in the
short-term observational studies.

In the moderate to severe OSA, the 2-month CPAP treatment vs. sham did not
reduce the plasma concentrations oxidative stress-related markers [39]. In a study by
Borges comparing the 8-week CPAP therapy with aerobic training, no significant changes
regarding oxidative stress markers and cell-free DNA levels were detected [40]. Interesting
outcomes were shown in a mice model study, where the animals treated with a high-
fat diet revealed a positive effect of the low-frequency hypoxia. The serum levels of
the oxidative stress markers were increased in the mice treated with a high-frequency
intermittent hypoxia (60 hypoxic events/h) and decreased by treating with a low frequency
hypoxia (10 events/h) [41]. That could be partially explained by the activation of protective
mechanisms during IH.

Although there is substantial evidence that CPAP improves endothelial function
(Figure 3), the antioxidant capacity is not changed significantly. The median plasma nitrite
level and total antioxidant status did not show any significant difference between the OSA
and the control groups. Nevertheless, the oxidant-antioxidant balance was shifted toward
the oxidant side in OSA cases [42].

FMD 3.87% '

NO availability ]‘

AT-1 receptorsl

Figure 3. Endothelial function after treatment with CPAP. Abbreviations: VEGF: vascular endothelial
growth factor; NO: nitric oxide; FMD: flow mediated dilation; SIRT1: sirtuin 1; TNFa: tumor necrosis
factor alpha; AT-1 receptors: expression of angiotensin receptors type-1; 1: increased; |: decreased.
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4. Endothelial Function after Treatment with CPAP in Specific Subgroups

The molecular background of the tissue damage in the course of hypoxia and the
hypoxia followed by reoxygenation has already been studied at molecular and functional
level in numerous basic science-based studies. Since the presence of obstructive sleep apnea
might be easily mimicked by the episodes of recurrent tissue hypoxia in the long-term obser-
vation, its treatment with the CPAP, leading to the improvement of the oxygen supply does
not represent in fact easily a reoxygenation injury. Once the CPAP treatment begins, the
hypoxia episodes do not appear or are much less profound, which is accompanied by an op-
timal oxygen supply preventing from reoxygenation injury. Hence, the clinically observed
OSA followed the onset of its treatment mimics hypoxia-induced injury accompanied by
initial reoxygenation injury, but its treatment with CPAP reflects rather its prevention and
“wound healing” in the long-term outcome. Therefore, the use of CPAP cannot be simply
attributed to the reversal of all molecular changes observed in the studies on H-R injury,
and its effects may not inhibit or reverse simply all the changes observed in the chronically
reversible H-R conditions. The following sections comment on the clinical studies on
subjects with the OSA treatment aiming at the explanation of the molecular background of
the putative therapeutic effect of CPAP on the overall cardiovascular risk (Table 1).

4.1. Atherosclerosis

Patients with the apnea-hypopnea index >20 showed an increased risk for arterial
stiffness correlated with the arousal index and with mean O2 saturation compared to other
poststroke patients with similar age, sex, body mass index, hypertension and diabetes
mellitus status. However, no significant differences were seen in endothelial function
measured by Endo-PAT 2000 in patients suffering from sleep apnea [43]. Another study
including elderly subjects did not detect significant differences of pulse wave velocity
depending OSA severity [44].

In a metanalysis, the pulse wave velocity was more associated with age, systolic blood
pressure and diabetes than with the apnea parameters [45].

The coronary artery plaque burden was significantly associated with AHI and was
independent of other traditional cardiovascular risk factors. AHI index correlates better
with more advanced coronary atherosclerosis than the severity of arterial desaturation [46].
In another study moderate/severe OSA was associated with 10% lower hyperemia index
measured using the Endo-PAT device and 35% higher coronary artery calcium (CAC)
quantified by electron beam computed tomography, which did not reach the statistical
significance (p = 0.08 for both comparisons) [47]. Participants with moderate-to-severe OSA
were 1.6x more prone to have an ascending thoracic aorta calcification than those without
OSA, and the calcification was greater in patients with higher epicardial fat volume [48].
Additionally, the non-dipper profile of nocturnal hypertension makes the OSA patients
more prone to a high-risk atherosclerosis [49].

There were different studies results regarding carotid intima media complex. Carotid
IMT was not increased in adults with moderate to severe OSA versus controls and does
not change following 4 months of PAP treatment in one study [50]. On the contrary, in
the study of Catala, the carotid IMT decreased markedly in the CPAP group [51]. In
a metanalysis CPAP had no impact on carotid IMT in OSA patients, carotid IMT was
significantly decreased after CPAP treatment in more severe OSA patients and patients
with long CPAP usage [52].

4.2. Myocardial Infarction

Hypoxia-reoxygenation (H/R) injury is observed during an early phase of myocar-
dial infarction and at the beginning of reperfusion therapy as well as in the severe OSA
desaturations, which mimics asphyxia (hypoxia). The increased ONOO" formation in the
heart during H/R, may change several proteins which compose the contractile machinery
of the heart leading to systolic dysfunction and cardiac injury [53]. Peroxynitrites formed
during the injury may lead to the nitration of cardiac contractile proteins (including the
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myosin light chain 1 and 2, MLC1 and MLC2) leading to their increased susceptibility
to subsequent proteolysis by the matrix metalloproteinases (i.e., MMP-2) [54,55] Similar
changes were observed in an ex vivo model of myocardial infarction [56], pointing thus
at the same cardiotoxic pathophysiological mechanisms of the ischemia/reperfusion and
hypoxia/reoxygenation cardiac injury. In that studies, compensatory increase in the tis-
sue inhibitor of matrix metalloproteinases-4 (TIMP-4) expression was observed during
ischemia, but not reperfusion, which reflects its role in the ischemic preconditioning.

In clinical setting, the prevalence of moderate/severe OSA in patients with coronary
artery disease was associated with diminished plasma level of C1q/TNF-related protein-9
(CTRPY) [57]. CTRP9 is an adipokine that protects the heart against ischemic injury and
ameliorates cardiac remodeling, which in turn could explain the role of OSA in exacerbating
the coronary artery disease.

The role of OSA in increased incidence of myocardial infarction can be also considered
together with the progression of atherosclerosis and altered platelet function. The role of
CPAP effectiveness in reducing the myocardial infarction incidence is not proven yet. The
ISAACC study showed that among non-sleepy patients with acute coronary syndrome, the
presence of OSA was not associated with an increased prevalence of cardiovascular events
and treatment with CPAP did not significantly reduce this prevalence [58]. On the contrary,
RICCADSA trial confirmed that CPAP treatment may reduce this risk, if the device is used
at least 4 h/day [59].

4.3. Heart Function

Advanced and untreated sleep apnea, where the recurring prolonged periods of
hypoxia followed by reoxygenation mimic to some extend the pathophysiological cascade
observed in the course of asphyxia may deteriorate heart function.

Among men 40 to 70 years old, those with AHI > or = 30 were 68% more prone to
develop coronary artery disease than those with AHI < 5 [60]. Bakker et al. study showed
that the 3 months of CPAP therapy resulted in lowering the left ventricle (LV) end-diastolic
volume, as assessed by the magnetic resonance imaging (MRI) [61]. Conversely, in another
study no significant changes were noted in ventricular dimensions, systolic and diastolic
function, valvular function and coronary vasodilation to nitroglycerin after 3 months of
CPAP. The OSA patients display right ventricle dilatation and an increased wall thickening
(eccentric hypertrophy) [62].

The coronary flow reserve (CFR), which is decreased in patients with moderate to
severe OSA, improved after 3 months of CPAP [63]. CPAP treatment in subjects with
congestive heart failure may achieve symptomatic and functional improvements, but
exercise alone improved quality of life more than CPAP.

Interestingly, another type of positive pressure therapy (adaptive servo-ventilation
therapy) is contraindicated in patients with ejection fraction < 45%. Although the SERVE-
HF control trial showed increased mortality of any cause, there is no clear mechanism of
adverse effects of the therapy. There is a hypothesis that an increased ventilation could
cause alkalosis which may interfere with the ion transmembrane transport resulting in
proarrhythmic action.

4.4. Diabetes

The common synergism for glucose intolerance, insulin resistance, developing dia-
betes and OSA can multiply the negative effect of endothelial dysfunction and may increase
a cardiovascular risk significantly. Oxidative stress, protein glycation, impairment of the
NO bioavailability can be a link multiplying endothelial dysfunction in comorbidity of
OSA and diabetes. Molecular changes are partially reversible by the CPAP (Continuous
Positive Airway Pressure) therapy, lowering the BMI and lifestyle changes.

Diabetes can exacerbate endothelial dysfunction through ADMA generation stimu-
lated by glyceraldehyde-derived advanced glycation end products (glycer-AGEs). Dys-

18



Int. J. Mol. Sci. 2021, 22, 5139

80f 19

lipidemia works through oxidized LDL, which stimulates endothelial cell inflammation,
oxidative stress, and apoptosis.

Lifestyle intervention and successful weight reduction significantly improved AHI,
BMI, serum triglycerides and insulin resistance in mild OSA patients [64]. The CPAP effect
on improving endothelial function measured by the FMD is even greater in OSA patients
with coexisting diabetes [61]. The treatment efficiency in coexisting diabetes and OSA could
be explained by common mechanisms leading to endothelial dysfunction, which comprises
ROS overproduction. In diabetes, ROS are generated as an effect of increased expression of
NADPH oxidase, cyclooxygenase, lipoxygenase and impaired antioxidant defense. Similar
to OSA, the pathophysiological role of microparticles and increased inflammatory markers
are observed. The benefit of CPAP therapy on endothelial function may be explained by
similar mechanism in both diseases.

The treatment with CPAP after 12 or 24 weeks showed no effectiveness in changing
glycated hemoglobin (HbA1,) levels [65]. CPAP treatment significantly improved the
HOMA index, but no significant changes in fasting glucose were observed [66]. CPAP has
a favorable effect on insulin resistance, but it is not associated with any significant changes
in the total adiponectin levels [67]. Prospective studies showed that regular CPAP use was
associated with reduction of diabetes incidence from 3.41 to 1.61 per 100 person-years [68].

4.5. Hypertension

Sympathetic hyper-activation and alteration in the renin-angiotensin-aldosterone axis
may play a pathophysiological role in patients with obstructive sleep apnea. Increased renin
generation is induced by efferent renal sympathetic nerve activation and leads to activation
of the renin-angiotensin-aldosterone system (RAAS). OSA causes systemic inflammation
and oxidative stress, which results in increased endothelin-1 generation and decreased NO
production in endothelial cells.

Endothelin receptor antagonist, bosentan, suppressed the increase in SBP during a 5
min hypoxic challenge (143 + 5 mmHg vs. 127 &+ 3 mmHg), which confirms the role of
endothelin in response to acute hypoxia in patients with severely untreated OSA [69].

OGSA is related to an increased risk of resistant hypertension [70]. In patients with
resistant hypertension and OSA catheter-based renal sympathetic denervation after 6
months reduced the mean ambulatory blood pressure by 8.3/6.2 mmHg, with no significant
changes in the sleep apnea severity [71].

CPAP treatment may improve the hypertension and cardiovascular outcomes by
reducing aldosterone excess in resistant hypertensive individuals with OSA. There was a
borderline significant reduction in 24 h urine collection for aldosterone after 6 months of
follow-up [72].

Although it is well known that the treatment of sleep apnea lowers blood pressure,
the effectiveness of the therapy is not very high, but its effect translated into CV events
and mortality reduction over the long term, is not completely negligible. After 6 months,
the CPAP caused greater reduction of night-time systolic blood pressure at 4.7 mm Hg.
The CPAP was associated with significant reductions of the 24 h ambulatory systolic blood
pressure of 2.32 mm Hg and diastolic blood pressure of 1.98 mm [73,74]. A better effect of
CPAP was observed in the resistant hypertension subjects —5.40 mmHg and —3.86 mmHg
respectively [75]. In the subjects with severe oxygen desaturations (SpO2 < 77%) with
good CPAP adherence the reduction of systolic blood pressure was observed [76]. Severe
desaturations but not AHI were associated with better hypotensive response of CPAP. That
could be explained by reducing the ROS production during hypoxia/reoxygenation injury.
Indication for the therapy should comprise not only not only the frequency but also the
depth and duration of sleep-related upper airway obstructions. Another aspect is that
deeper hypoxia leads to stronger stimulation of the peripheral chemoreceptors, which
increase sympathetic system. Other study showed that a 2 week withdrawal of CPAP
leads to a relevant increase in morning blood pressure of nearly 10 mm Hg in the moderate
to severe sleep apnea patients [77]. Interestingly supplemental oxygen, which reduced
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intermittent hypoxia (IH) and had a minimal effect on AHI abolished the rise in morning
blood pressure during CPAP withdrawal [78]. Therefore, IH, and not recurrent arousals,
appears to be the dominant cause of daytime increases in blood pressure in OSA. There is a
need to better understand the effects of CPAP on BP since a better characteristic of patients
who benefit most might help to tailor therapy according to the expected benefit to reduce BP
and in general improve the patient’s cardiovascular risk profile. Interestingly, a systematic
review and meta-analysis of randomized controlled trials (RCTs) compared the effect of
CPAP on BP in particular subgroups of patients and aimed at defining the group with
the best response to treatment. The meta-analysis has defined younger age, uncontrolled
blood pressure and severe OSA-related oxygen desaturations as positive predictors of a
favorable blood pressure response to OSA treatment. Desaturation of less than 77% were
associated with a greater BP drop at follow-up in treated patients further supporting the
role of intermittent hypoxia in the pathogenesis of OSA- related hypertension [76]. This
observation points at oxidative stress as on the important therapeutic target.

4.6. Pulmonary Hypertension

The prevalence of pulmonary hypertension in OSA ranges from 17 to 53% [79]. Small
pulmonary arteries constrict in the presence of alveolar hypoxia. It helps to redirect
blood flow from poorly-ventilated lung regions to those which are well-ventilated. It is
also known as hypoxic pulmonary vasoconstriction (HPV) or the van Euler-Liljestrand
mechanism. During global alveolar hypoxia, HPV leads to pulmonary hypertension.
ROS originating during hypoxia/reoxygenation in OSA patients can interact with protein
kinases, phospholipases, and other ion channels modulating response of the pulmonary
arterial smooth muscle cells [80]. The patients suffering from OSA had increased serum
levels of C-reactive protein and 8-isoprostane, TNF, interleukin (IL)-1p and IL-6 in the
pulmonary tissue [81]. Another study revealed that limited NO bioavailability caused by
IH could be compensated by increased pulmonary vascular smooth muscles sensitivity to
NO and cGMP [82].

In one study the CPAP therapy was associated with a significant decrease in pul-
monary artery pressure in patients with isolated OSA and pulmonary hypertension [83].

4.7. Atrial Fibrillation and Other Arrhythmias

Chronic OSA induces sympathetic activation followed by a structural and electri-
cal remodeling of the atria contributing to the AF maintenance and recurrence of AF
paroxysms [84]. Higher AHI is a known factor associated with persistent or permanent
AF [85].

Reactive oxygen species and chronic inflammation decrease Na*/K* ATPase currents,
alter the Ca2* homeostasis and down-regulate some proteins, such as connexin-43 [86].
Changed ion currents contribute to increased proarrhythmic activity.

The effects of a 3-month CPAP therapy were observed in patients with arrhythmias
such as supraventricular and ventricular extrasystoles, atrial fibrillation, non-sustained
ventricular tachycardia (nsVT), and sinus pauses [87]. There was a significant decrease
in atrial and ventricular ectopy count in patients with AF [88]. Another study confirms
that CPAP therapy has an impact on reversing the atrial remodeling in patients with OSA.
Following the treatment, the atrial pressure, volume overload and serum BNP levels were
significantly reduced. These observations may suggest that the substrate predisposing
to AF may be reversible and measured by total atrial conduction time assessed by tissue
doppler imaging (PA-TDI interval) and BNP [89].

CPAP therapy resulted in a higher AF-free survival rate and an AF-free survival off
antiarrhythmic drugs or repeat ablation. AF recurrence rate of CPAP-treated patients was
similar to a group of patients without OSA and was significantly higher in CPAP nonuser
patients [90]. Patients with OSA are less likely to remain in sinus rhythm after catheter
ablation of AF. Concomitant OSA increased (HR 2.61) and usage of CPAP therapy decreased
(HR 0.41) the probability of AF recurrences in prospective study [91]. On the contrary,
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randomized controlled trial assessing the impact of treatment of OSA on recurrence of AF
after direct current cardioversion (DCCV) did not detect a difference between those treated
with PAP versus usual care [92].

Another study found that apnea/hypopnea duration is the main factor for heart
conduction disorders [93]. Cardiac activity pauses were correlated with the longest apnea,
as well as the AHI and oxygen desaturation index [87].

4.8. Pediatric Population—Effect of Tonsillectomy

Interesting studies showed that OSA in children can induce endothelial dysfunction.
The lowest FMD values were found in children with higher AHI [94]. The improvement
in FMD following adenotonsillectomy was found together with a decrease in oxidative
stress [95]. Hypermethylation of the core promoter region of eNOS gene in the OSA
children was related to decreased eNOS expression. Additionally, children with OSA had
increased expression of genes encoding pro-oxidant enzymes and decreased expression
of genes encoding anti-oxidant enzymes [96]. OSA in adolescents appears to increase
independently the risk of dyslipidemia, insulin resistance, and hypertension [97].

Table 1. Endothelial function after treatment in specific subgroups.

OSA Subpopulation

Demonstrated Molecular Pathomechanism Effect of OSA Treatment

Atherosclerosis

No effect on endothelium, did not reduced PWV [44]

endothelial dysfunction (2019, clinical trial, 101 patients)

Myocardial Infarction

The ISAACC—among non-sleepy patients with acute coronary

Increased peroxynitrite formation [53], syndrome, treatment with CPAP did not significantly reduce the
nitration of cardiac contractile proteins (MLC1 prevalence of acute coronary syndromes [58].
and MLC2) and their subsequent degradation (2020, randomized controlled trial, 1264 subjects)
(by MMP-2) protective role of TIMP-4 in On the contrary, RICCADSA trial confirmed that CPAP treatment
ischemic preconditioning [54-56] may reduce this risk, if the device is used at least 4 h/day [59]

(2016, randomized controlled trial, 244 subjects)

Heart Failure

No effect on endothelium, lowering the left ventricle
Increased peroxynitrite formation [53] end-diastolic volume [61]
(2020, randomized controlled trial, 141 patients)

improved HOMA index, no effect on adipokine level [67]

Diabetes impairment of the NO bioavailability, ROS (2015, meta-analysis)
. oo SBP—2.32 mm Hg [74]
Hypertension activation.of RAAS (2015, meta-analysis, 794 patients)
A : 7 5 decrease in pulmonary artery pressure [83]
s [8
Pulmonary Hypertension Increased inflammatory cytokines [81] (2010, metanalysis, 222patients)
[ ¥ . . § (HR 0.41) the probability of AF recurrences [91]
Axteial Fbrillation, down-regulation connexin-43 [56] (2012, prospective study, 153 patients)

Children decreased eNOS expression [96] FMD improvement after tonsillectomy [95]

(2015, clinical trial, 144 patients)

5. Platelet Function

OSA may change the platelet function and contribute to the pro-coagulative state.
Platelets play a great role in atherothrombosis and their reactivity appeared to be higher in
OSA patients (Table 2).

There were several studies observing that mean platelet volume (MPV) was inde-
pendently correlated with AHI. MPV was considered as a new marker associated with
atherothrombosis. An increased MPV previously was explained by new generated platelets,
which have higher volume and density. The new data suggest that there are different
platelets subpopulations originating from different megakaryocytes. The high-volume
platelets correlate with higher expression of adhesion molecules, increased aggregation,
enhanced release of thromboxane TXA2, whereas small and low-density platelets have an
enhanced intracellular Ca2* response to thrombin. MPV and platelet distribution width
(PDW) are higher in severe OSA compared to control group, but no significant differences
between controls and patients with mild and moderate OSA were observed. Mean platelet
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volume and red blood cell distribution width changed significantly after 3-month CPAP
treatment [98,99].

Arachidonic acid- and adenosine diphosphate (ADP)-induced aggregation in the
OSA group was significantly higher than in the non-OSA group [100]. In experimental
human and animal models induced hypoxia/reoxygenation contributed to enhanced TXA2
formation and increased activation of matrix metalloproteinase 2 (MMP-2) leading to
platelet activation and subsequent aggregation [101,102].

Moreover, patients with OSA were characterized by significantly lower inhibitory rate
of the ADP-dependent aggregation. OSA patients were more likely to have high residual
platelet reactivity after acetylsalicylic acid or clopidogrel therapy [98]. OSA-related inter-
mittent hypoxia and reoxygenation frequency contributed to platelet hyperaggregability
for ADP more than total hypoxic time during the sleep. Patients with one or more vas-
cular risk factors such as diabetes, hypertension, smoking, hyperlipidemia were prone to
platelet hyperaggregability for both ADP and collagen. After three months CPAP treatment
partially normalized the OSA-related ADP- and collagen-induced platelet hyperaggregabil-
ity [103]. The possible mechanisms underlying this phenomenon include normalized levels
of proinflammatory mediators and decreased activity of sympathetic nervous system after
treatment.

Another study showed that desaturating patients had lower GPIb fluorescence in
circulating platelets. The platelet surface P-selectin, platelet surface-activated GPIIb/Illa,
platelet-monocyte aggregation, platelet-neutrophil aggregation, CD62P and were not sig-
nificantly correlated with markers of OSA in one study [104]. Conversely, another study
found a progressive increase in the concentrations of soluble E-selectin, P-selectin and
L-selectin in OSA patients [105]. Even though the surface selectins remain unchanged, the
increased soluble forms may be considered as markers of inflammation of vascular wall
with prothrombic activity. Another study confirms that serum content of platelet P-selectin
and P-selectin glycoprotein ligand 1 are increased proportionally with OSA severity [106].
CPAP significantly decreased serum levels of sCD40L and sP-selectin in patients with
moderate to severe OSA [107,108].

Hypercoagulative State in OSA

Patients with moderate to severe OSA have elevated PT and INR compared with
healthy individuals [99]. This could be connected with increased activity of coagulation
factor VIL

OSA patients are characterized by elevated plasma fibrinogen levels which is induced
by chronic inflammation, exaggerated platelet activity, and reduced fibrinolytic capacity.
In hypertensive patients with OSA fibrin clot was characterized by more compact fibrin
structure, impaired fibrinolysis and faster clot formation, which was normalized after 3
months of CPAP treatment [109].

Table 2. Cardiovascular thromboembolic disorders and CPAP effectiveness.

Demonstrated Platelet-Derived Molecular Clinical Effect of OSA Treatment-Based on

Pathomechanism

Thromboembolic Disorders Clinical Studies

-platelet hyperaggregability for both ADP

and collagen

Reduction in risk of stroke in elderly
Stroke patients [110]
(2021, retrospective cohort study, 5757 patients)

-lower inhibitory rate of the ADP-dependent

No significant effect in the MI incidence

aggregation . reduction in prospective observation of the
-high relsu]ijualhplat‘elet rea;ctlylty afier Myocardial Infarction CPAP treatment patients [58] (2020, randomized
acetylsalicylic acid or clopidogre controlled trial, 2551 patients), [111] (2016,

therapy [98]

randomized controlled trial, 2717 patients)
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6. Erythrocytes

The cause of an increased cardiovascular morbidity in OSA patients could be found
in functional and structural changes of erythrocytes. OSA is associated with an increased
erythrocyte adhesion measured by the optic protocols on glass slide samples. Erythrocyte
adhesiveness and aggregation correlate with an increase of inflammatory acute phase
proteins [112].

Asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA) are
endogenous inhibitors of NO synthesis whose plasma concentrations were demonstrated
to be elevated in OSA patients. Plasma ADMA levels were associated with a lower
membrane fluidity of erythrocytes, suggesting that ADMA might have a close correlation
with the rheologic behavior of erythrocytes and the microcirculation [113]. ADMA and
the non-specific pharmacological NOS inhibitor, L-NAME, independently reduced the
deformability of red blood cells (RBC) obtained from rabbits treated with a high cholesterol
diet. The effect was reversed with activators of the NO pathway. These results suggest
that NO plays an important role in improving the microcirculation by restoring RBC
deformability. Impaired erythrocyte deformability may be partially dependent upon the
accumulation of ADMA in RBC [114]. Red blood cells contain a nitric oxide synthase (RBC-
NOS) which produces NO modifying RBC deformability through direct S-nitrosylation of
cytoskeleton proteins including spectrin-«, spectrin-f3 [115]. Other cytosolic erythrocytic
NG-dimethylated proteins like protein 4.1 could also play a role in changing the stability
of the erythrocyte membrane.

NO binds cooperatively to BCys93 in oxygenated Hb creating s-nitrosyloheamoglobin
(SNO-Hb). In the deoxygenated state of hemoglobin reactions of NO with heme-iron are
favored over thiol. Only a small fraction of the NO carried by Hb is released from RBCs,
but transition from high to low oxygen tension in the peripheral arterioles and capillaries
promotes its release as SNO-based vasodilatory activity [116]. No data was found on the
role of OSA and ROS in the hemoglobin S-nitrosylation.

Moreover, RBCs contain the arginine-rich proteins which could be a potential source
of inhibitory methylarginines (Figure 4). Protein-arginine methyltransferases (PRMTs)
catalyze the methylation of proteinic L-arginine to produce the monomethyl and dimethy-
larginine proteins. Bollenbach et al. observed that main sources of methylarginines include
proteins responsible for the stability of erythrocyte membrane spectrin-«, spectrin-3 and
protein 4.1. The same study observed that methylated arginine can change protein function
and some peptide chains with methylated arginine induced platelet aggregation [117].

Hb
[ R Ho-SNOY ~ -
luble P-selecti s .
| soluble P-selectin ‘ OSA H NOJ +cytruline ~ arginine
r A
‘ thromboxane TXA2 ' RBC-NOS ~

- J . S I N2

-nitrosylation

" MPV D * #*

| % — W ‘ ‘ membrane fluidity |

“ platelet subpopulatiol *

n
l ADP-dependent aggregation T J specing \
spectrin-p ~ PRMT
arginine source ————— ADMAT

proteolysis

Figure 4. OSA effect on platelets and erythrocytes. OSA: obstructive sleep apnea; MPV-mean platelet
volume; ADMA: asymmetric dimethylarginine, PMRT: protein-arginine methyl transferase, Hb-SNO:
s-nitrosyloheamoglobin; RBC-NOS: red bleed cell nitric oxide synthase. 1: increased; |: decreased.

In vitro, upon lysis, erythrocytes are able to release pathologically relevant quanti-
ties of free ADMA. After 2 h of incubation free ADMA level increased sevenfold [118].
However, another study suggests that relevant physiological rate of in vivo hemolysis is
unlikely to increase significantly human plasma concentration of free ADMA [119]. Further
studies need to be undertaken to examine the role of RBC in generation and storage of
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ADMA, bioavailability and synthesis of NO and its contribution to the pathogenesis of
endothelial dysfunction.

DDAH is an enzyme responsible for hydrolysis of both ADMA and L-NMMA, which
was found in human RBCs by immunoprecipitation using a specific monoclonal antibody
to human DDAH [120]. DDAH activity can be inhibited by SH-specific agents such as
inorganic and organic mercury compounds, and by S-nitrosothiols which block the SH
group of DDAH that is essential for its hydrolytic activity [121].

7. Conclusions

Numerous studies on pathophysiological mechanisms of sleep apnea contributing
to an increased cardiovascular risk were conducted. Some clinical studies have shown
the importance of molecular changes caused by intermittent hypoxia leading to the en-
dothelial dysfunction. Sleep apnea and all pathophysiological changes could also affect
platelets and erythrocytes, which may result in a hypercoagulative state and higher risk of
atherothrombotic events.

The enthusiasm for potential clinical usefulness of CPAP therapy is lowered by a
deficiency of strong randomized studies confirming its effectiveness in cardiovascular risk
reduction. The CPAP improves endothelial function. Nevertheless, when compared with
the natural history of OSA, the use of CPAP seems to result in an insignificant reduction
in the cardiovascular events incidence, as demonstrated in more than one large clinical
trials [111,122]. It is noteworthy that some trend for lowering the risk of stroke for those
subjects with good CPAP adherence therapy (>4 h per night) has been demonstrated, as
results from one study [123]. This review proves CPAP effectiveness in different subpop-
ulations of OSA patients and its additional positive effects in reduction of arrythmias,
lowering diabetes incidence and better hypertension treatment.

The discrepancies in the results of clinical studies and some translative difficulties with
transposition of the basic research results to clinical setting, may stem from simultaneous
role of both, endothelium and blood components in the pathophysiology of the OSA-related
thromboembolic complications as well as indicate their common role as the therapeutic
target in the course of CPAP treatment.

Therefore, future prospective studies are needed in order to define novel therapeu-
tic strategies aimed at minimizing the cardiovascular risk in subjects with obstructive
sleep apnea.
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Abstract: Introduction: Endothelial dysfunction resulting from decreased nitric oxide (NO) bioavail-
ability is an important mechanism that increases cardiovascular risk in subjects with obstructive sleep
apnea (OSA). NO is produced by nitric oxide synthase (NOS) in a reaction that converts L-arginine
to L-citrulline. Asymmetric-dimethylarginine (ADMA) is created by L-arginine and is a naturally
occurring competitive inhibitor of nitric oxide synthase (NOS). The aim of our study was to verify
if erythrocytes could play a role in the storage and accumulation of ADMA in OSA patients. The
crosstalk between erythrocyte-ADMA, SDMA, L-arginine, and L-citrulline levels and endothelial
function was investigated in OSA subjects both at baseline and prospectively following 1-year CPAP
(continuous positive airway pressure) treatment. Material and Methods: A total of 46 subjects with
OSA were enrolled in this study and divided into two groups: those with moderate-to-severe OSA
and those with mild or no OSA. A physical examination was followed by blood collection for the
assessment of biochemical cardiovascular risk factors and the nitric oxide bioavailability parameters
both in plasma and erythrocytes. Vasodilative endothelial function was assessed using Laser Doppler
Flowmetry (LDF). Results: No significant changes regarding the NO pathway metabolites were
noted apart from the plasma L-citrulline concentration, which was decreased in patients with OSA
(26.9 £ 7.4 vs. 33.1 4+ 9.4 uM, p < 0.05). The erythrocyte ADMA concentration was lower than
in plasma irrespective of the presence of OSA (0.33 + 0.12 vs. 0.45 4 0.08 uM in OSA, p < 0.05
and 0.33 £ 0.1 vs. 0.45 + 0.07 uM in the control, p < 0.05). No significant changes regarding the
LDF were found. CPAP treatment did not change the levels of NO metabolites in the erythrocytes.
Conclusions: The erythrocyte pool of the NO metabolic pathway intermediates does not depend
on OSA and its treatment, whereas the erythrocytes could constitute a high-volume buffer in their
storage Hence, the results from this prospective study are a step forward in understanding the role of
the erythrocyte compartment and the intra-erythrocyte pathways regulating NO bioavailability and
paracrine endothelial function in the hypoxia-reoxygenation setting, such as obstructive sleep apnea.

Keywords: obstructive sleep apnea; endothelial dysfunction; oxidative stress; nitric oxide;
asymmetric dimethylarginine

1. Introduction

Obstructive sleep apnea (OSA) is recognized as an independent cardiovascular risk
factor and is estimated to affect close to one billion patients worldwide [1]. Increased
intra-thoracic pressure, activation of the adrenergic system, increased release of inflamma-
tory cytokines, and oxidative stress, all leading to endothelial dysfunction [2,3] are among
the pivotal pathogenic factors that contribute to OSA-related target organ damage. The
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impairment of mitochondrial oxidative phosphorylation during hypoxia, subsequently fol-
lowed by reoxygenation, induces the production of reactive oxygen species (ROS) and the
uncontrolled phosphorylation of numerous proteins (Figure 1). ROS generation involves
the mitochondrial respiratory chain and numerous enzyme complexes, including NADPH
oxidase and xanthine oxidase (XO) [4]. ROS are capable of limiting NO bioavailability by
reacting with NO synthase (NOS) cofactors such as tetrahydrobiopterin. Superoxide can
easily react with NO itself, creating a highly toxic peroxynitrite (ONOO™), a source of ni-
trosative stress leading to post-translational modifications of numerous proteins (nitration
and S-nitrosylation) [5]. As far as the literature is concerned, it has been shown that the
expression of superoxide dismutase (SOD), a key antioxidant enzyme, is significantly lim-
ited in subjects with OSA [6], whereas malondialdehyde (MDA), a commonly investigated
marker of lipid peroxidation, is significantly increased in the course of OSA [7].

tetrahydrobiopterind,

glutathion ONOO- 1 NADPH oxidase
ADMA 2 % X0
y = Sy

[enos / %2 0 —
. ’\Hypoxm reoxygenanon\
L-Arginine — NO /SOD
—
‘,R?(,:'NOS : lipid peroxydation T
MDA T

Figure 1. Oxidative stress in OSA. Abbreviations: RBC-NOS: red blood cell nitric oxide syn-
thase; ADMA: asymmetric dimethylarginine SOD: superoxide dismutase; XOD: xanthine oxidase;
ONOO™: peroxynitrite; O, ~: superoxide; ROS: reactive oxygen species; MDA: malonyldialdehyde;
eNOS: endothelial nitric oxide synthase, RBC-NOS: nitric oxide synthase in the erythrocyte.

Alterations in the nitric oxide (NO) metabolic pathway and subsequent impairment of
endothelial vasodilative function may play a pivotal role in the pathogenesis of increased
cardiovascular risk in OSA. NO is not only an important vasodilator, but it also reduces
platelet degranulation and decreases platelet and leukocyte adhesion to the endothelium [8].
Asymmetric dimethylarginine (ADMA) is the most important competitive inhibitor of nitric
oxide synthase (NOS), thus regulating the bioavailability of NO. Elevated plasma levels
of ADMA have already been shown to be an early predictor of increased cardiovascular
risk [9]. ADMA is present not only in plasma but also in the intracellular compartment,
including endothelial cells and human erythrocytes [10]. Erythrocytes, due to their high
contribution to the hematocrit, could play an important role in the storage and accumula-
tion of ADMA [11], thus modulating the plasmatic concentration and finally endothelial
function by blocking nitric oxide synthase. ADMA is a highly regulated molecule, both in
terms of its biosynthesis, degradation, metabolism, and transport. Its biosynthesis in in-
traerythrocytic cells is possible by protein-arginine methyltransferases (PRMTs) catalyzing
the methylation of proteinic L-arginine [12]. RBCs contain arginine-rich proteins, derived
mostly from lysis of the nucleus during erythropoiesis, which could be a potential source
of inhibitory methylarginines [12]. Interestingly, increased methylation of the L-arginine
residue by PRMT has been shown to be increased in hypoxia [13]. In vitro, lysis of ery-
throcytes results in the release of pathologically relevant quantities of free ADMA, which
after 2 h of incubation increased sevenfold [14]. Nevertheless, another study suggests that
in vivo hemolysis is unlikely to significantly increase human plasma concentrations of free
ADMA [15].

Furthermore, the degradation of ADMA by the dimethylarginine dimethylaminohy-
drolases (DDAH1 and DDAH2) was decreased in the animal models of hypoxia [16]. Inter-
estingly, the expression of the DDAH enzyme, was also identified in human RBCs [17,18].

Noteworthy, in addition to the cellular production and degradation of ADMA, the
transmembrane transport of ADMA by CATs (cationic amino-acid transporters) determines
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its intracellular concentration. The transport of arginine and ADMA was examined in
animal models and cell cultures. CAT-1, CAT-2A, CAT-2B, and the system y + L amino acid
transporters were shown to be more relevant for transmembrane transport of arginine and
ADMA [19]. CAT-1 expression is involved in erythroid hematopoiesis through importing
L-arginine, which appears to be essential for the differentiation of RBCs [20]. CAT-1 is
expressed in all tissues and organs except for the liver, where CAT-2A is expressed strongly
and s the quantitative uptake of L-arginine and ADMA at high concentrations [19]. CAT-2B
is induced by pro-inflammatory cytokines in numerous tissues, along with arginase and
NOS [21]. In its physiological concentration range, ADMA is unlikely to impair CAT1-
mediated transport of L-arginine. Conversely, high L-arginine concentrations inhibit the
CAT1-mediated cellular uptake of ADMA [22].

Recently, it has been shown that increased cardiovascular morbidity in OSA patients
could be related to the functional and structural changes in erythrocytes [23]. The red
blood cells (RBCs) express a nitric oxide synthase (RBC-NOS, structurally identical with
the endothelial isoform—eNOS), which, by producing NO, modifies the erythrocytes’
deformability through direct S-nitrosylation of cytoskeleton proteins, including spectrin-o
and spectrin-f3 [24]. ADMA, by limiting NO production, may decrease the membrane
fluidity of RBCs, suggesting that ADMA might have a close correlation with the rheologic
behavior of erythrocytes in the microcirculation [25].

Hence, the goal of our study was to verify if ADMA concentrations within RBCs
depend on the severity of OSA. Secondly, we aimed to verify if erythrocytes could play a role
in the storage and accumulation of asymmetric dimethylarginine (ADMA) in OSA patients.
The correlations between the erythrocyte nitric oxide metabolic pathway intermediates and
the other risk factors and endothelial vasodilative function at the level of microcirculation
were also investigated.

2. Materials and Methods
2.1. Bioethics Approval

The study protocol has been approved by the Bioethics Committee of Wroclaw Medical
University: protocol nr KB-335/2018 from 29 May 2018 for studies involving humans. All
the volunteers agreed to participate in this project by signing a written informed consent
on the form previously verified by the Bioethics Committee. The project procedures are
consistent with the principles of the Declaration of Helsinki (Seventh Revision, 64th World
Medical Association meeting, Fortaleza, Brazil, 2013).

2.2. Subject Recruitment

Subjects suspected of OSA who were admitted to the hospital between January
2019-November 2020 for a polysomnography examination were considered for partic-
ipation in this study. The initial inclusion criteria for these subjects were: suspicion of OSA
based on signs and symptoms assessed by questionnaires (Berlin, Germany, STOP-BANG,
Epworth scale); age between 30-70 years; and written informed consent. The exclusion
criteria were the presence of diabetes, developed vascular disease such as past stroke,
past myocardial infarction, previous revascularization, anemia, polycythemia, and ma-
lignancies. Subjects with a history of premature cardiovascular death in family history
(men < 55 years old, women < 65 years old), comorbidity with rheumatic diseases, and tak-
ing drugs such as anticoagulants, antiplatelets, anti-inflammatory, immunosuppressants, as
well as nebivolol (due to interference with the nitric oxide metabolism), were also excluded.
After a careful analysis, a total of 47 subjects were enrolled in this study, but one subject
was excluded because of untreated newly diagnosed diabetes mellitus.

2.3. Measurements

About 40 mL of peripheral venous blood was collected in the morning for the fasting
condition, directly after the polysomnographic examination. In the hospital laboratory, we
provided biochemical blood tests assessing cardiovascular risk, which were performed ad
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hoc from the obtained serum samples. The samples for biochemical analysis of selected
intermediates involved in the nitric oxide biotransformation pathway were prepared
simultaneously and stored at —80 °C until subsequent analyses.

Assessment of endothelial vasodilatory function using Laser Doppler Flowmetry
(LDF) was performed in both groups, as described below.

One night, polysomnography was performed using the NOX-A1 system (Nox Medical,
Reykjavik, Iceland). Polysomnograms were described following the standard sleep criteria
introduced by the American Academy of Sleep Medicine Task Force [26].

Abnormal respiratory events were scored from the standardized airflow signal:

- apneas—defined as the absence of airflow for >10's,
- hypopneas (a reduction in the amplitude of breathing by >30% for >10 s with a
>3% decline in blood oxygen saturation SpO,) or followed by arousal.

2.4. Subgroups

After polysomnographic examination, the patients were divided into groups depend-
ing on the severity of their sleep apnea, based on the calculated apnea-hypopnea index
(AHI) [27]. Patients with moderate and severe sleep apnea for whom CPAP treatment was
indicated and recommended were collected in the OSA group. The patients with mild OSA
as well as those with excluded OSA following the diagnostics formed the control group,
without CPAP treatment. Such selection of the control group allowed for the matching of
clinically similar patients, initially suspected with OSA, where the PSG result was the only
one criterion assigning the subjects to a particular subgroup.

From the OSA group, only these subjects with compliance to the therapy and willing-
ness to participate in the follow-up were invited for the second evaluation, one year after
the diagnosis and beginning of the treatment (Figure 2).

declined evaluation
or met exclusion criteria

37 patients: ‘
—

1 patient
with untreated diabetes

-~
AHI<5 (N=8) AHI 5-15 (N=12) AHI 15-30 (N=11) AHI>30 (N=15)

A

|

(N=20)

Control group

blood basic biochemical analysis, evaluation of
CV risk factors, physical examination

OSA group

Evaluation of selected parameters involved in (N=26)

the nitric oxide bioavailability in plasma and
erytrocytes
jothelial fi (Laser Doppler) l

CPAP therapy

I Follow up group (N=10) | “ 1year

Figure 2. A flow chart of the study protocol. Abbreviations: OSA: Obstructive sleep apnea;
AHI: apnea hypopnea index; CV: cardiovascular; CPAP: continuous positive airway pressure.

2.5. Biochemical Analysis

The blood was collected using an S-Monovettes, (SARSTEDT, Sarstedt Germany).
Whole blood for RBC isolation was drawn into the tube containing sodium citrate at a
ratio of 1:10 (one part citrate to nine parts blood). The erythrocytes were obtained by
removing the plasma and buffy coat of the blood by centrifugation at 1000x g for 10 min at
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room temperature and subsequently washing four-times with phosphate buffered saline
(PBS). RBC count as well as contamination by leucocytes (WBC) and platelets (PLT) were
assessed using the Sysmex XT-2000i. Purified cells were finally adjusted to a concentration
0f 2.5 x 10? in the sample and stored at —80 °C until subsequent analyses. Each sample
contained the same number of cells: 2.5 x 10° erythrocytes/sample. As a result, all
measurements of the intra-erythrocyte metabolites were conducted in the same number of
pooled-down RBCs.

RBC metabolites extraction: RBC samples were thawed on ice, and afterwards, 10 uL
of an internal standard solution and 1200 pL of a cold extraction solution of methanol,
acetonitrile, and water (5:3:2) were added and vortexed (for 15 min, at 1200x g, at 4 °C).
Samples were then centrifuged (15 min at 2200x g, at 4 °C) and the supernatants were
transferred into the microcentrifuge tubes. Afterwards, the samples were dried at 50 °C.

The derivatization of amino acids was performed using benzoyl chloride (BCl) as
reagent. Dried samples were dissolved in 100 uL of water and vortexed (5 min, 1200x g,
25 °C). Subsequently, 50uL of borate buffer (0.025 M Na;B407 x 10 H,O, 1.77 mM NaOH,
pH =9.2), 400 pL of acetonitrile, and 10 uL of 10% BCl in acetonitrile were added and
vortexed again (10 min, 1200x g, 25 °C). Following this procedure, the samples were
dried at 45 °C with a SpeedVac-Vacuum-Concentrator and subsequently reconstituted in
50 uL of a 3% solution of methanol in water and centrifuged (10 min at 15,000 x g, 4 °C).
The supernatant was transferred into a chromatographic polypropylene vial with 200 uL
of insert.

The liquid chromatography—mass spectrometry analysis was conducted using the
SYNAPT-G2 Si mass spectrometer, which was coupled with an Acquity I-Class ultra-
performance liquid chromatography system (Waters, Milford, MA, USA). The mass spec-
trometer contained an electrospray ionization source. Data was acquired by a Mass-
Lynx 4.1 software (Waters) for the following ions (m/z): 237.1239, 243.1339, 263.1090,
267.1382, 279.1457, 286.1897, 307.1770, and 314.2209 for, ornithine, D6-ornithine, citrulline,
D4-cytrulline, arginine, D7-arginine, ADMA, SDMA, and D7-ADMA, respectively.

The plasma concentrations of the NO-pathway metabolites were measured, as pre-
viously described by Fleszar et al. 2018 [28]. Afterwards, the samples were centrifuged
(for 7 min, at 4 °C, using 22,000x g) and 100 uL of supernatant was diluted 4 x with water,
transferred to chromatographic glass vials for subsequent analysis, which was performed
using the equipment and methods described above.

2.6. Endothelial Function Assessment

The NO-dependent vasodilatory function of the endothelium was measured by Laser
Doppler Flowmetry (LDF), which enables the dynamic measurement of changes in the
superficial microcirculation following application of a local thermal stimulus. Standard
recording in the course of local heating consists of two main phases: the peak phase
(lasting a few minutes), which depends on the stimulation of local sensory nerves leading
to substance P excretion, and the plateau phase (after 20 min), conditioned mostly by
nitric oxide but also by noradrenaline and neuropeptide Y [29]. The probe of the laser
doppler flowmeter (Periflux 5000, Perimed, Jédrfilla, Sweden) was located on the forearm
skin without any visible superficial vasculature. The studied arm was immobilized using a
vacuum pillow, following the manufacturer’s recommendations. After 10 min of baseline
recording at 33° C, heating was increased to 44° C for the next half hour. In order to
prevent the effect of the baseline flow variability, the results are presented as the hyperemia
index (HI = perfusion following 20min of heating divided by the perfusion before heating)
(Figure 3).
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Figure 3. The Laser Doppler Flowmetry (LDF). Abbreviations: PU: perfusion unit; TB: total backscat-
ter (the amount of light returned to the detector), Temp1: temperature of the probe 33-44 °C.

2.7. Statistical Analysis

The differences between two continuous variables were assessed using the Mann—
Whitney U-test or a Student’s t-test, as appropriate. The Wilcoxon test was used to compare
paired groups before and after CPAP, as appropriate. Additionally, Spearman’s rank
correlation coefficient was performed. The data is presented as the mean with the standard
deviation (SD) or the median with the interquartile range (Q;-Qz3), dependending on the
normality of the distribution and variance homogeneity, previously assessed using the
Shapiro Wilk test and Levene’s test, as appropriate.

All calculations were conducted with the Statsoft® Statistica 13.3 software, Krakow,
Poland, and GraphPad PRISM (9.2.0, San Diego, CA, USA).

3. Results
3.1. Baseline Characteristics

In the study healthy, controls (AHI < 5) were grouped together with the mild ob-
structive sleep apnea patients (AHI < 15) and compared to the group with moderate and
severe OSA (AHI > 15). There were no significant differences regarding the age and sex
distribution between the two groups. However, there were significant differences between
the groups regarding weight, body mass index, white blood cells, CRP, uric acid, and
insulin, together with HOMA-IR and QUICKI. (Table 1).

Table 1. The baseline characteristics of groups including cardiovascular risk stratification. The results
are presented as mean =+ SD or median + (Q1-Q3).

Control Group OSA Group
AHI <15 AHI > 15
Parameter i e p-Value
(Mean + SD) (Mean + SD)
or Median(Q1-Q3)  or Median(Q1-Q3)

Men (n, %) 13 65% 24 92% NS
Women (n, %) 7 35% 2 8% NS
Age (years) 50.6 + 7.41 50.6 +9.95 NS
Height (cm) 173.6 +11.7 1749 + 6.93 NS
Weight (kg) 792+ 174 92.0 +16.2 <0.05
Hypertension (n, %) 4.0 20% 11.0 42% NS
BMI (kg/m?) median(Q1-Q3) 25.4 (23.7-28.2) 29.1 (26.4-33.1) <0.05
RBC (mIn/pL) 5.04 4 0.36 5.05 + 0.34 NS
WBC (k/pL) median(Q1-Q3) 5.66 (4.41-6.91) 6.66 (5.22-8.98) <0.05
Hb (g/dL) 152+ 1.13 15.3 + 1.00 NS
PLT (k/uL) 233.7 +45.0 243.0 + 62.6 NS
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Table 1. Cont.

Control Group OSA Group
AHI <15 AHI > 15
Parameter n=20 =26 p-Value
(Mean + SD) (Mean =+ SD)
or Median(Q1-Q3)  or Median(Q1-Q3)
Ht (%) 448 +3.14 455 +2.61 NS
MCV (fL) 88.9 4+ 2.53 90.2 +4.01 NS
MCH (pg) 302+ 1.11 30.3 +1.33 NS
MCHC (g/dL) 34.0 +0.83 33.6 + 091 NS
HbAlc (%) 5.52 +0.36 5.58 +0.38 NS
ALT (U/L) median(Q1-Q3) 25.0 (19.541.5) 33.5 (22-39) NS
LDL (mg/dL) 129.3 £+ 35.7 140.0 +27.6 NS
Total cholesterol (mg/dL) 212.1 £ 36.9 224.6 +39.9 NS
HDL (mg/dL) 5794113 51.6 +12.7 NS
Tuglyeenicies (ing/dL.) 124.6 (86-145) 164.9 (116-208) NS
median(Q1-Q3) . :
TSH (ulU/mL) median(Q1-Q3) 1.46 (1.04-1.64) 1.32 (0.9-1.8) NS
Creatinine (mg/dL) median(Q1-Q3) 0.97 (0.86-1.04) 0.99 (0.89-1.08) NS
eGFR (mL/min/1.73 m?) 80.5+ 11.8 86.5 + 14.8 NS
Uric acid (mg/dL) 495+ 1.05 6.38 +0.92 <0.05
Urea (mg/dL) 30.3 + 6.76 315+753 NS
Mg (mmol/L) 213 £0.11 212 £0.14 NS
K (mmol/L) 4.35+0.29 4.28 +£0.28 NS
Na (mmol/L) 1404 +1.83 1415 + 1.86 NS
hsCRP (mg/L) median(Q1-Q3) 0.46 (0.28-0.73) 1.43 (0.80-3.45) <0.05
Ca (mmol/L) 9.37 +£0.35 9.34 +0.27 NS
Glucose (mg/dL) 949 + 104 100.5 + 9.80 NS
Insulin (tU/mL) median(Q1-Q3) 6.15 (5.0-7.3) 11.9 (6.4-14.4) <0.05
HOMA-IR median(Q1-Q3) 1.48 (1.16-1.64) 2.93 (1.36-3.78) <0.05
QUICKI median 0.36 + 0.03 0.33 +0.03 <0.05
AHI (events/h) median(Q1-Q3) 6.1 (3.0-8.3) 36.4 (20-37) <0.05
ODI (events/h) median(Q1-Q3) 5.0 (2.2-9.0) 34.4 (20-39) <0.05
Mean saturation (%) 943 +1.2 925+17 <0.05
Duration of desaturation < 90%
(% of total sleep time) 0.1 (0.0-0.9) 5.1 (1.6-11.0) <0.05
median(Q1-Q3)

Abbreviations: NS: result not statistically significant; BMI: body mass index; RBC: red blood cells; WBC: white
blood cells; MCV: mean (red blood) cell volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpus-
cular hemoglobin concentration; PLT: platelets; eGFR: estimated glomerular filtration rate; HbAlc: glycated
hemoglobin; HOMA-IR: homeostatic model assessment of insulin resistance; QUICKI: quantitative insulin sen-
sitivity check index. HDL: high-density lipoprotein; LDL: low-density lipoprotein; hsCRP: high-sensitivity
C-reactive protein; TSH: thyroid-stimulating hormone; AHI: apnea-hypopnea index; ODI: oxygen desaturation
index; Hb: hemoglobin; Ht: hematocrit.

3.2. Assessment of Baseline Endothelial Function

No significant differences in endothelial function measured by the LDF were noted.
Nevertheless, the hyperemia index reached the lowest average values in non-treated OSA
subjects (11.2 & 5.9 in the control vs. 9.6 + 5.3 in OSA before CPAP), respectively, p > 0.05
for each analysis (Table 2).

Table 2. Assessment of endothelial function by laser-doppler-flowmetry (LDF).

Hyperemia Index

Mean + SD
Control group 112+59
OSA group before CPAP 9653
OSA after 1 year of CPAP 11.6 = 4.0
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3.3. Parameters of Nitric Oxide Bioavailability in Erythrocytes and Plasma

As shown in Figure 4, no significant differences regarding metabolites of the NO
pathway were found apart from the plasma citrulline concentration, which was lower in
patients with OSA (26.9 + 7.4 vs. 33.1 = 9.4 uM, p < 0.05). All of the altered nitric oxide
metabolites were identified at higher concentrations in plasma than in the erythrocyte
compartment, which was most significantly pronounced for the arginine concentrations.
The erythrocyte-ADMA concentration was lower than in plasma irrespective of the presence
of OSA (0.33 & 0.12 vs. 0.45 + 0.08 uM in OSA, p < 0.05 and 0.33 = 0.1 vs. 0.45 & 0.07 uM
in the control, p < 0.05).

ADMA L-Arginine
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Figure 4. (a-d) Nitric oxide metabolite concentrations in different compartments. Bars and whiskers
represent the mean + SD. Abbreviations: ADMA: asymmetric dimethylarginine; OSA: obstructive
sleep apnea. * denotes p < 0.05 vs. control in the same compartment; # denotes p < 0.05 between
compartments in the same group.

The substrate/inhibitor ratio of nitric oxide synthase in both the plasma and erythro-
cyte compartments was also assessed (Figure 5). The difference between the plasma and
erythrocyte nitric oxide bioavailability measured by the arginine/ ADMA ratio was mainly
determined by changes in the arginine concentration. There were no differences in the
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arginine/ ADMA ratio in both groups; nevertheless, the arginine/ ADMA ratio was about
10-fold lower in the erythrocyte compartment than in the plasma.

L-Arginine/ADMA ratio

200+
# #

150+

100

Control OSA Control OSA
Erythrocyte Plasma

Figure 5. The NO synthase substrate (arginine) to competitive inhibitor (ADMA) ratio in plasma
and erythrocytes. Bars and whiskers represent the mean =+ SD. Abbreviations: ADMA: asymmetric

dimethylarginine; OSA: obstructive sleep apnea. # denotes p < 0.05 vs. the erythrocyte compartment
in the same group.

3.4. Effect of CPAP

Subjects from the OSA group who were provided with CPAP therapy and were using
it regularly for about one year were asked for a second evaluation. Ten subjects met the
criteria and agreed to the examination. CPAP therapy after one year of use did not show
any significant changes in the bioavailability of NO metabolites’ (Figure 6).

ADMA L-Arginine
0.5+ 80
#
#
A 60
= 0.3+ -
° S 40-
:E; 0.2 :E;
0.1 e
0.0- 0
before after before after before after before after
CPAP CPAP CPAP CPAP
Erythrocytes Plasma Erythrocytes Plasma

(a) (b)

Figure 6. (a,b). The effect of 1-year CPAP therapy on the bioavailability of NO metabolites. Bars
and whiskers represent the mean =+ SD. Abbreviations: ADMA: asymmetric dimethylarginine; OSA:
obstructive sleep apnea. # denotes p < 0.05 between compartments in the same group.

There was a trend for CPAP towards lowering hsCRP (Figure 7 and Table S1). Nonethe-
less, the hyperemia index reached greater average values in OSA subjects following CPAP.
(9.6 = 5.3 in OSA before CPAP and 11.64 =+ 3.97 in OSA after 1-year CPAP, respectively,
p > 0.05).
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Figure 7. (a,)b) The effect of 1-year CPAP therapy on hsCRP and endothelial function measured by
laser doppler flowmetry.

4. Discussion

Recent findings postulate a pivotal role for endothelial dysfunction in OSA as the first
step leading to the development of target organ damage [30]. Nevertheless, the data from
human studies on this matter is scarce. Moreover, the role of erythrocytes in maintaining
the bioavailability of NO has yet to be proven. This is the first prospective study that
evaluated the NO metabolic pathway in both plasma and erythrocyte compartments in
patients with obstructive sleep apnea (OSA) as well as following 1-year CPAP treatment.
Furthermore, endothelial function, assessed by laser doppler flowmetry and reflecting the
vasodilative NO-dependent function of microcirculation, was measured in OSA subjects at
baseline and prospectively following CPAP treatment.

4.1. NO Biotranformation in Erythrocytes and Plasma in OSA and Non-OSA Subjects

Some studies have identified a cross-talk between the occurrence of OSA and high
plasma ADMA levels [31], which is not influenced by the presence or absence of conven-
tional risk factors [32]. In our study, the plasma ADMA concentrations were similar in both
groups, which has been previously demonstrated [33].

The levels of ADMA in our study measured in plasma of about 0.5 umol /L may be
below those required for competitive NOS inhibition, as the concentrations of its substrate,
L-arginine, are manyfold above the Km for NOS [34]. In our study, the average concentra-
tions of intraerythrocytic ADMA were even lower—about 0.3 umol/L. RBC could play a
more important role in the storage pool of ADMA. Interestingly, in patients undergoing
hemodialysis, the urea and creatinine had a rebound ratio measured by an increase after
1 h of hemodialysis of less than 10%. In contrast, a considerable rebound ratio of 30% of
ADMA was simultaneously detected [35]. Hence, we assume that ADMA may present a
multicompartmental distribution in which RBCs could play a pivotal role, including in
subjects with OSA.

RBCs contain eNOS and display NO-like bioactivity [36]. Noteworthy, in our study
the concentration of L-arginine in RBCs was about 10-fold lower than in plasma, resulting
in a lower L-arginine/ ADMA ratio and lower substrate bioavailability for NOS, which is
confirmed by the lower citrulline level (a side product of the NO synthesis). The L-arginine
concentration is under tight control by arginase 1 (Figure 8), whose activity is regulated
during ischemia-reperfusion/hypoxia-reoxygenation injuries [36]. The up-regulation of
arginase activity could be caused by the peroxynitrite donor in RBCs [37]. Diminished
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efflux of arginine from plasma to erythrocytes is another potential cause of 10-fold lower
arginine concentrations in RBCs than in plasma.

membrane
fluidity

Hb-SNO

; NO + citruline
arginase

ornithine+urea dimethyloamine
+citruline

Arginine

- \ =

ADMA

Arginine

Figure 8. Nitric oxide bioavailability in erythrocytes. Abbreviations: NO: nitric oxide; RBC-NOS:
nitric oxide synthase; ADMA: asymmetric dimethylarginine; CAT-1: cationic amino acid transporter-
1; HB-SNO: S-nitrosohemoglobin; DDAH: dimethylarginine dimethylaminohydrolase; y + L: amino
acid transporter.

The role of RBC-NOS in supporting NO production and maintaining endothelial
function remains uninvestigated. Only a small amount of the nitric oxide carried by the
Hb is released from the RBCs, but the transition from high to low oxygen tension in the
peripheral vasculature enhances its release as SNO-based vasodilatory action [38].

4.2. Effect of CPAP

Interestingly, in a follow-up study 1-year after CPAP treatment, there was a tendency
for higher concentrations of arginine in erythrocytes. This could be partially explained by
the lower activity of arginase 1, because of less ROS production, which increases arginase
1 activity. Together with intraerythrocytic arginine, increased its competitive inhibitor
ADMA, the Arginine/ ADMA ratio was maintained at a similar level. A one-year treatment
with CPAP also showed decreased CRP levels. Another study suggests that a lowered CRP
might be a valuable predictor of success in OSA treatment monitoring [39].

4.3. L-Citrulline and NO Production

Citrulline is efficiently recycled in endothelial, immune, and kidney cells and is easily
converted into arginine [40]. On the other hand, citrulline is a side product in the reaction
catalyzed by the eNOS as well as in the ADMA degradation, catalyzed by the DDAH,
which might also prevent excessive and uncontrolled NO synthesis [40]. In our study,
plasma citrulline concentrations were lower in OSA patients than in controls, which could
be the first sign of diminished nitric oxide synthesis.

4.4. Other Differences in the Demographic and Biochemical Characteristics between the Groups

The comparison of groups with AHI < 15 and mild OSA with AHI > 15 showed differ-
ences in some anthropometric and metabolic parameters, including BMI, weight, fasting
insulin, leukocytes, uric acid, and CRP values. Noteworthy, metabolic syndrome and all its
components constitute the risk factors for OSA development, and as a result they do coexist
commonly with OSA [41]. Obesity and insulin resistance, synergistically with OSA, could
multiply the cardiovascular risk by increasing oxidative stress, promoting inflammation
and apoptosis [42] and endothelial dysfunction, which at the early stages of atherogenesis in
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clinically healthy subjects might be reversible [43]. In fact, impairment of the availability of
NO could multiply the endothelial dysfunction in the comorbidity of OSA and pre-diabetes.
Therefore, a subgroup analysis of the control group including only “metabolically-matched”
subjects to the OSA group could provide detailed information on the direct effect of OSA on
endothelial function and the NO metabolites. Nevertheless, similar values of the reactive
hyperemia index (RHI), reflecting the endothelial vasodilative function of microcirculation
as well as the plasma and erythrocyte levels of the NO metabolites between the groups, do
not indicate that the presence of biochemical and demographical differences could blur the
effect of OSA and its treatment in the study group.

5. Study Limitations

The subjects enrolled in this study suspected of having OSA had concomitant car-
diovascular risk factors, such as glucose intolerance, hypertension, obesity, and smoking;
therefore, the impact of OSA severity could be interfered with. Furthermore, the erythro-
cytes contain transmembrane proteins, whose function may affect compartment distribution
and study outcomes. Nevertheless, rapid, ad hoc isolation of erythrocytes collected from
the blood drawn and subsequent freezing of the RBC samples at —80 °C limited these
phenomena. The small population of subjects enrolled in the study is another limitation.

6. Conclusions

The erythrocyte pool of the intermediates of the NO metabolic pathway does not
depend on the severity of OSA, and erythrocytes could constitute a high-volume buffer in
their storage in OSA patients. The use of CPAP for one year did not result in changes in
the balance between the erythrocyte and the plasmatic pool of the NO metabolic pathway
intermediates. The results from this prospective study are a step forward in understanding
the role of the erythrocyte compartment and the intra-erythrocyte pathways regulating
the NO bioavailability and paracrine endothelial function in the hypoxia-reoxygenation
setting, such as obstructive sleep apnea. Nevertheless, future large prospective studies with
precise matching of the cases in groups regarding comorbidities would limit the potentially
distracting effect of concomitant disorders on the results.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijerph192214719/s1, Table S1: Baseline characteristics of subjects
before and after 1 year of CPAP.
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7. STRESZCZENIE

Osoby z obturacyjnym bezdechem sennym charakteryzuja si¢ wyzszym ryzykiem
incydentdw sercowo-naczyniowych. Terapia CPAP, zgodnie z wynikami wielu prac, zmniejsza to
ryzyko, jednakze w stopniu niewystarczajgcym. Patofizjologia zwigzana z obturacyjnym
bezdechem sennym i nawracajacymi epizodami hipoksji i reoksygenacji obejmuje szereg zmian
w zakresie $rodblonka naczyniowego, jak rowniez elementow morfotycznych krwi,
a w szczego6lnosci erytrocytow. Z uwagi na obecno$¢ niezaleznej syntazy tlenku azotu (NOS) i jej
gldownego inhibitora ADMA w erytrocytach oraz na podkreslang role tlenku azotu w rozwoju
dysfunkcji $rodblonka naczyniowego, postanowiono zbadaé¢ jego biodostepnos¢ w bezdechu
sennym zaréwno w 0soczu jaki i w erytrocytach.

Do badania kwalifikowano osoby z podejrzeniem OBS w przedziale 30-70 lat. Do grupy
badanej wlaczono 46 osob, od ktorych pobrano okolo 40 ml krwi zylnej celem analizy
podstawowych parametrow biochemicznych stuzgcych do oceny ryzyka sercowo-naczyniowego
oraz badan biochemicznych oceniajacych osoczowe i wewnatrz-erytrocytarne elementy osi
biotransformacji NO. Po przeprowadzeniu polisomnografii, pacjentdow podzielono na podgrupy
w zaleznosci od ciezkosci OBS. U kazdego pacjenta wykonano nieinwazyjng oceng
wazodylatacyjnej funkcji §rédblonka naczyniowego za pomoca przeplywomierza laserowego
(Laser-Doppler). U pacjentow, u ktérych wdrozono terapie CPAP przeprowadzono ponownag
prospektywng ewaluacje funkcji $rodblonka - follow-up w 1-rocznej obserwacji i 0znaczono
metabolity szlaku tlenku azotu po okoto roku od rozpoczecia regularnego stosowania terapii.

W rezultacie stwierdzono brak r6znic w st¢zeniu asymetrycznej dimetyloargininy (ADMA
wewnatrz erytrocytow w zalezno$ci od cigzkosci bezdechu. Stezenie ADMA w osoczu bylo
najczegsciej okoto 2 razy wieksze niz w erytrocytach, wskazujac tym samym, ze erytrocyty moga
stanowi¢ wysokoobj¢tosciowy uktad buforowy dla tego inhibitora. Leczenie bezdechu sennego
CPAP nie indukowalo istotnej statystycznie poprawy funkcji srédblonka, jednak wigzato si¢ z
tendencjg do zwiekszonej odpowiedzi wazodylatacyjnej na bodziec termiczny w badaniu Laser
Doppler Flowmetry (LDF). L-Cytrulina, ktdrej obnizone osoczowe stezenie stwierdzono u 0sob
ze $rednim i ciezkim OBS, jako substrat w reakcji syntezy L-Argininy, moze stanowi¢ pierwszy
0soczowy marker zmniejszajacej si¢ biodostgpnosci tlenku azotu. Kardiometaboliczne markery
ryzyka sercowo-naczyniowego, jak stezenie kwasu moczowego i insuliny na czczo oraz hsCRP
lepiej korelowaty ze stopniem ci¢zkosci OBS niz zmiany dotyczace wyktadnikow biodostepnosci
tlenku azotu.

Wyniki naszego badania stanowig krok naprzod w zrozumieniu roli erytrocytow
w regulacji biodostgpnosci NO, jednak przy ztozono$ci mechanizméw regulujacych jego synteze
konieczne sa dalsze szczegdtowe badania. Brak roznic w stezeniach metabolitoéw regulujacych
bioaktywnos¢ NO u 0s6b z OBS jeszcze bez zaawansowanych zmian naczyniowych jest wynikiem
zwigkszonej odpowiedzi mechanizméw kompensacyjnych w odpowiedzi na zwiekszony stres
oksydacyjny. Brak korelacji pomigdzy osoczowym i wewnatrz-erytrocytarnym st¢zeniem ADMA
przemawia za czgsciowa niezaleznoscig tych dwoch kompartmentow, a takze znacznej roli
transportu przezblonowego w regulacji st¢zen aminokwaséw 1 innych molekul pomiedzy
komdrkami srodbtonka, osoczem i erytrocytami.
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8. SUMMARY

Patients with obstructive sleep apnea are characterized by higher risk of cardiovascular
events. Treatment with CPAP in a vast majority of studies was shown to reduce this risk but in an
insufficient manner. The pathophysiology associated with sleep apnea and recurrent episodes of
hypoxia and reoxygenation includes a number of changes in the vascular endothelium as well as
morphotic elements, in particular erythrocytes. Due to the presence of an independent nitric oxide
synthase (NOS) and its main inhibitor ADMA in erythrocytes, and the emphasized role of nitric
oxide in the development of vascular endothelial dysfunction, it was decided to investigate its
bioavailability in sleep apnea, both in plasma and in erythrocytes.

Subjects with suspected OSA aged 30-70 were qualified for the study. The study group
included 46 people, from whom approximately 40 ml of venous blood was collected for the
analysis of basic biochemical parameters assessing cardiovascular risk and biochemical tests
assessing plasma and intra-erythrocytic elements of the NO biotransformation axis. After
polysomnography, patients were divided into subgroups according to the severity of the apnea.
Each patient underwent a non-invasive assessment of the endothelium function using a Laser
Doppler Flowmetry (LDF). In patients with CPAP therapy, a prospective re-evaluation of
endothelial function was performed - follow-up in a 1-year follow-up and the metabolites of the
nitric oxide pathway were determined after about a year from the start of regular therapy.

As a result, there was no statistically significant difference in the concentration of
asymmetric dimethylarginine (ADMA\) - a competitive inhibitor of nitric oxide synthase - inside
erythrocytes depending on the severity of apnea. The concentration of ADMA in plasma was
usually about 2 times higher than in erythrocytes, hence erythrocytes may constitute a high-volume
buffer system for this inhibitor. Treatment of sleep apnea with the CPAP did not induce
a statistically significant improvement in endothelial function, however, it was associated with
atrend to rising vasodilative response to a thermal stimulus measured by the Laser Doppler
Flowmetry (LDF). L-Citrulline, a substrate in the L-Arginine synthesis, may be the first plasma
marker of decreasing bioavailability of nitric oxide, as lower plasma concentration of L-Citrulline
was found in subjects with moderate and severe apnea. Cardiometabolic markers of cardiovascular
risk, such as uric acid, fasting insulin concentrations, and hsCRP, correlated better with the severity
of sleep apnea than changes in markers of nitric oxide bioavailability.

The results from this prospective study are a step forward in understanding of the role of
the erythrocyte compartment in regulation of the NO synthesis, however, due to the complexity of
NO bioavailability, additional detailed studies are needed. We conclude that the lack of differences
in the measured metabolites regulating NO bioactivity in subjects with sleep apnea without
advanced vascular changes could be explained by increased compensatory mechanisms caused by
oxidative stress. The lack of correlation between the plasma and intra-erythrocyte ADMA
concentration suggests partial independence of these two compartments, as well as the important
role of transmembrane transport in regulating the concentrations of amino acids and other
molecules between the endothelium, plasma and erythrocytes.
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9. ZGODA KOMISJI BIOETYCZNEJ

KOMISIJA BIOETYCZNA

przy

Uniwersytecie Medycznym

we Wroctawiu

ul. Pasteura 1; 50-367 WROCLAW

OPINIA KOMISJI BIOETYCZNEJ Nr KB - 335/2018

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

dr hab. Jacek Daroszewski (endokrynologia. diabetologia)

prof. dr hab. Krzysztof Grabowski (chirurgia)

dr Henryk Kaczkowski  (chirurgia szczekowa, chirurgia stomatologiczna)
mgr Irena Knabel-Krzyszowska (farmacja)

prof. dr hab. Jerzy Liebhart (choroby wewngtrzne, alergologia)

ks. dr hab. Piotr Mrzyglod (duchowny)

mgr prawa Luiza Miller (prawo)

dr hab. Stawomir Sidorowicz (psychiatria)

dr hab. Leszek Szenborn (pediatria. choroby zakazne)

Danuta Tarkowska (pielegniarstwo)

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

dr hab. Andrzej Wojnar (histopatologia. dermatologia) przedstawiciel Dolnoslaskiej 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 f)ek]aracji Helsinskiej,
po zapoznaniu si¢ z projektem badawczym pt.:

..Ocena regulacji biodostgpnosci tlenku azotu w erytrocytach u 0s6b z zespotem bezdechu
sennego”
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zgloszonym przez lek. Jakuba Mochola uczestnika studiow doktoranckich w Katedrze

i Klinice Chorob Wewnetrznych, Zawodowych, Nadcisnienia Tetniczego i Onkologii
Klinicznej Uniwersytetu Medycznego im. Piastow Slaskich we Wroclawiu oraz zlozonvmi
wraz z wnioskiem dokumentami, w tajnym glosowaniu postanowila wyrazi¢ zgode¢ na
przeprowadzenie badania w Klinice Choréb Wewnetrznych, Zawodowych. Nadciénienia
Tetniczego i Onkologii Klinicznej USK nadzorem prof. dr hab. Adriana Doroszko pod
warunkiem zachowania anonimowosci uzyskanych danych.

Uwaga: Badanie to zostalo objgte ubezpieczeniem odpowiedzialnosei eywilnej Uniwersytetu
Medycznego we Wroctawiu z tytutu prowadzonej dzialalnosci.

Pouczenie: W ciagu 14 dni od otrzymania decyzji wnioskodawcy przystuguje prawo
odwolania do Komisji Odwolawczej za posrednictwem Komisji Bioetycznej UM we

Wroclawiu.

Opinia powyzsza dotyczy projektu badawcezego bedacego podstawa rozprawy doktorskiej.

Wroclaw, dnia &? maja 2018 .

63



	1. LISTA PUBLIKACJI WCHODZĄCYCH W SKŁAD CYKLU:
	Effect of Obstructive Sleep Apnea and CPAP Treatment on the Bioavailability of Erythrocyte and Plasma Nitric Oxide
	International Journal of Environmental Research and Public Health. 2022; 19(22):14719.
	2. WYKAZ SKRÓTOW I SYMBOLI
	3. OMÓWIENIE PUBLIKACJI
	4. PRACA NR 1:
	5. PRACA NR 2:
	6. OŚWIADCZENIA WSPÓŁAUTORÓW
	7. STRESZCZENIE
	8. SUMMARY
	9. ZGODA KOMISJI BIOETYCZNEJ

